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Thesis directed by senior research scientist Dr. Theodore Scambos and Distinguished Professor 

Robert S. Anderson  

  Earth’s glaciers, ice sheets, and ice shelves are changing significantly due to our 

warming climate. Glaciers that drain the Antarctic Ice Sheet have become more susceptible to 

rapid speed-up and retreat, especially once their floating portions become unstable or collapse. 

The world’s mountain glaciers are experiencing substantial melting and changing dynamics. Yet, 

the cryosphere is riddled with unsolved instabilities, unexplored tipping points, and unresolved 

ice-dynamic mysteries. This dissertation presents three studies that address three key topics in 

glaciology: drivers of ice shelf/fast-ice collapse, causes of rapid tidewater glacier retreat, and 

controls on mountain glacier waves called ‘ogives.’  

 First, in Chapter 2, I analyze and discuss the causes of the break-up of the decade-old 

Larsen B fast-ice that occurred in mid-January 2022. My study uses a plethora of satellite 

remote-sensing datasets, including optical imagery (primarily Landsat, MODIS, Sentinel-2, 

Worldview), synthetic aperture radar data (Sentinel-1), passive microwave data (AMSR-E/2), 

laser altimetry data (ICESat-2), aerial photography, and Worldview-derived digital elevation 

models (DEMs). I include ERA-5 and WaveWatch-III climate and ocean reanalysis data, and ice 

velocity measurements from in-situ GNSS data. By synthesizing all of these datasets, I diagnose 

the drivers of the fast-ice collapse and the initial glacier responses. Although 2022 was an 

anomalously warm year, the primary cause of the collapse was a large oceanic swell that broke 

up the fast-ice, the timing of which was associated with a corridor of low sea ice concentration in 

the northwestern Weddell Sea. Following the fast-ice break-out, the tributary glaciers and their 

ice tongues that earlier flowed into the embayment responded immediately. Crane, Hektoria, and 

Green Glacier lost their 300+ meter-thick floating ice tongues over the course of several weeks 

and then began calving at their grounding lines. Within a year, Crane Glacier accelerated by 50% 

and retreated 11 km.  
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 In Chapter 3, I investigate Hektoria Glacier’s unprecedented rapid retreat and extended 

dynamical response to the break-out. For this analysis, I include ASTER and SPOT-5 HRS 

stereo-image-derived DEMs, ICEBridge radar data, and POLENET seismological data. I find 

that Hektoria and Green Glaciers accelerated by 600%, increased their thinning rate by 30-fold 

and Hektoria Glacier ultimately retreated by 25 km, 10 km of which was over a lightly grounded 

“ice plain” (an area of bedrock with a very low slope). I propose that the geometry of the ice 

plain preconditioned the thinning glacier for a rapid buoyancy-driven retreat. Until now, this 

process has not been recorded in the modern day glaciological record. 

 In Chapter 4, I investigate a set of ogives formed on the Gilkey Glacier, Alaska. Ogives 

are topographic wave trains that can form where an icefall connects to a valley glacier below. I 

employ a combination of remote sensing and in-situ observations, such as the ITS_LIVE velocity 

dataset, GNSS station data, Worldview imagery and DEMs, and Landsat imagery, to 

characteristize ice plateau-icefall-glacier systems. Those constrain parameter values in a finite 

difference numerical model that simulates ogive formation by calculating ice thickness changes 

resulting from varying mass balance and/or ice velocity. I use this model to test two main ogive 

formation processes using both an idealized glacier and the Gilkey Glacier. My results suggest 

that the most plausible explanation for ogive formation is a steady icefall velocity encountering a 

receiving glacier with significant seasonal velocity variation. During the summer, the lower 

glacier accelerates, inducing thinning at the base of the icefall. As the glacier decelerates in 

winter, it induces thickening at the base of the icefall, thus resulting in annual waves (aka 

‘ogives’). Taken together, all three studies in this dissertation emphasize the importance of 

curiosity-driven science and the innate pursuit of knowledge.   
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1 Introduction 

 The cryosphere is the part of Earth that is frozen, which includes snow and ice on land, 

ice caps and ice sheets, glaciers, ice shelves, permafrost, and sea ice. As the climate continues to 

warm, the deterioration of Earth’s icy masses will persist and likely intensify, causing significant 

changes in Earth’s systems. Large bodies of ice on land, such as glaciers and ice sheets, as well 

as floating ice, such as ocean terminating glaciers, ice shelves, and sea ice, are undergoing 

extreme changes, ultimately resulting in sea level rise and the loss of some of Earth’s most 

fascinating and aesthetic features. Understanding the fate of the glaciers, ice shelves, and ice 

sheets and how their changes will impact society requires an in-depth understanding of the 

processes that control their changes. In this dissertation, I attempt to illuminate key processes in 

both ice-ocean systems as well as ice-land systems.  

2 Ice-Ocean systems   

2.1 Antarctica  

 The Antarctic ice sheet is Earth’s largest freshwater reservoir, storing ~58 m of total sea 

level rise (SLR; Fretwell et al., 2013). By 2100, anywhere from 0.28 to 1.01 m of SLR may 

occur, depending on what emissions and socioeconomic pathways we take, and how ice sheet 

processes unfold (IPCC, AR6, 2021). Unknowns in ice sheet processes, especially glacier and ice 

shelf instabilities, contribute to the uncertainty in SLR projections. Therefore, it is vital to study 

Antarctic glacier and ice shelf instability processes in order to narrow down the likelihood of 

different potential instabilities.  

An instability involves a feedback in which the process reinforces itself. Tipping points 

or thresholds also occur, whose crossing can incite a sudden irreversible shift in a system in 

which no further forcing towards the new state is required. In the ice-ocean system there are 
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several instability processes that are still controversial as to whether they can occur in nature and 

to what extent they can dramatically affect glacier or ice sheet evolution. In order to better 

understand these processes we can investigate the cryosphere system in Antarctica.  

In Antarctica, the enormous ice sheet flows off of the continent via glaciers and ice 

streams. Over 75% percent of Antarctica is fringed with ice shelves, a floating portion of the 

outlet glaciers that can provide a backstress (a longitudinal compressive stress) to the glacier(s) 

behind it (Fürst et al., 2016). One significant risk is surface meltwater-induced ice shelf break-

up, in which melt ponds cause the ice to fracture and then disintegrate, as discussed in greater 

detail below. Marine ice sheet instability (MISI) is the concept that the grounding line, the point 

at which the glacier goes afloat, will retreat on a retrograde bedrock slope, causing further retreat 

and a greater discharge of ice (Schoof, 2007). This has been occurring at Pine Island Glacier 

(Reed et al., 2024), yet the complex bedrock geology and geometries has made it difficult to 

predict whether MISI will occur elsewhere, and if so, to what extent (Sergienko, 2022). Marine 

ice cliff instability (MICI) is the theory that ice cannot support a subaerial ice cliff above ~100 m 

tall and would collapse, thus exposing a higher ice cliff behind, creating a runaway retreat 

(Bassis and Walker, 2012; Deconto and Pollard, 2016). This may happen if an ice shelf rapidly 

disintegrates, exposing high cliffs before the glacier can thin due to internal deformation.  

These and other potential instabilities may pose an extreme threat to large glacier systems 

in Antarctica. For example, the infamous “Doomsday Glacier”, otherwise known as Thwaites, 

has the ability to raise sea level by 65 cm and holds back up to 10 m from the rest of the interior 

of West Antarctica (Scambos et al., 2017). Remember, that’s 65 cm globally, meaning any 

coastal town in the world that is within a meter of present sea level will become ocean, not to 

mention the impact on storm surges (Calafat et al., 2022). However, before we can say whether 
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or not these processes will occur at Thwaites, or anywhere else for that matter, we must 

investigate places where abrupt changes in the ice-ocean system have already happened.   

2.2 Larsen B Embayment  

The Larsen B embayment had an ice shelf that rapidly disintegrated over six weeks in 2002 

(Scambos et al., 2004; Rack and Rott, 2004). This was due an extreme summer melt season (van 

den Broeke, 2005) and may have been exacerbated by an albedo feedback mechanism, in which 

the lower albedo of wet snow and melt ponds caused more melting. The catalyst of the collapse 

was likely a long-period wave action reaching the ice front (Massom et al., 2018) that initiated 

rapid hydrofracture calving, including a chain reaction of supraglacial drainage in which flexural 

response to the drainage of one lake initiated further hydrofracture drainage of adjacent lakes 

(Banwell et al., 2013). The sudden loss of the ice shelf exposed the glaciers to catastrophic 

changes in their dynamics, with greatly increased calving, rapid elevation loss, and retreat 

(Scambos et al., 2004). The glaciers of the northern Larsen B dumped 6-9 Gt yr-1 of ice into the 

ocean over the next ten years as a result of the increased flux (Berthier et al., 2012; Rott et al., 

2018). For perspective, that’s 11 olympic sized swimming pools of ice put into the ocean every 

day from only these few glaciers. In 2011, landfast sea ice occupied the embayment (sea ice that 

is attached to the shoreline, hereafter ‘fast-ice’), persisting for the next 11 years, which stabilized 

the glaciers and allowed them to readvance. But in 2022, that decade-long period of stabilization 

ceased when the sea ice broke out, yet again causing substantial changes in the glaciers (Ochwat 

et al., 2024).  

The Larsen B region is a near-perfect location for researching instability processes that 

plague uncertainties about the future of global sea level rise. In addition, the area represents a 

natural experiment for understanding the role of fast-ice stabilization of glaciers. In Chapter 2 
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and 3 of this dissertation, I investigate the processes of abrupt, irreversible, glacier change, 

exploring what can cause these changes and the consequential aftermath.  

Chapter 2 examines the fast-ice break-out at the Larsen B embayment in 2022. It 

illuminates the drivers of the collapse and the initial glacier response. Scientists have suggested 

several mechanisms that can cause the break-up of ice shelves, including hydrofracture from 

melt ponding, thinning causing weakening and subsequent deterioration of strength, and ocean 

swells flexing the shelf (Massom et al., 2018). In this study, we found that the fast-ice broke up 

due to a combination of factors: it was weakened by anomalously warm temperatures, there was 

an open sea ice corridor from the Atlantic ocean down the Weddell Sea coast, and then a large 

wave swell reached the embayment and broke-up the fast-ice (Ochwat et al., 2024). My study 

emphasizes ice shelf and sea ice susceptibility to wave-driven break-up and brings to light this 

increased vulnerability due to diminishing sea ice pack ice conditions. This ultimately raises the 

risk of ice shelf collapse. To complete the story, we investigated the immediate glacier response 

in the 14 months following the event. We considered the potential for glacier instabilities, such 

as the proposed MISI and MICI theories. We found that the glaciers in the embayment increased 

in speed (> 2-fold), thinned, and Crane and Hektoria glaciers dramatically retreated, 11 and 25 

km, respectively.  

Never before has a glacier retreated 25 km, 10 km of which was grounded ice, over the 

course of just two months. This unprecedented rapid retreat of Hektoria Glacier begged for a 

deeper analysis to investigate the retreat through the lens of known glacier instabilities. In 

Chapter 3 (Ochwat et al., submitted), we analyzed the characteristics of the retreat and propose a 

mechanism by which Hektoria Glacier retreated at the observed rate. Due to controversy in 

Hektoria’s grounding line location, we spent the first part of the chapter establishing evidence for 
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the location of the grounding line using several lines of reasoning and geophysical datasets. We 

then characterized the retreat in detail using geophysical observations including satellite imagery, 

elevation data, and seismic events. We used these results to rule out MICI as the mode of rapid 

runaway retreat. Ultimately, we proposed that a major factor in facilitating the rapid retreat was 

the presence of an ice plain. Once the fast-ice broke out, rapid thinning ensued, resulting in a 

large ice plain coming to near-flotation virtually instantaneously. This section calved via rapid 

slumping and toppling of calved blocks from the ice front over the ensuing two months. 

Batchelor et al. (2023) was the first to propose rapid buoyancy-driven retreat due to ice plain 

geometry. However, her study focuses on a paleo-glaciological example from the Scandinavian 

Ice Sheet. Chapter 3 documents our modern example of this catastrophic retreat process and 

sheds light on a minimally studied instability process.  

3 Land-Ice systems 

Antarctica and Greenland get the news coverage for SLR. However, it is the land-

terminating mountain glaciers of the world that are imminently dying (Rounce et al., 2023). 

These land-ice systems, in areas such as the Alps, Andes, Himalayas, and Alaska, have 

substantial impacts on societies. Furthermore, glaciers in Alaska are contributing more to SLR 

than any other icy region, including Greenland and Antarctica (Hugonnet et al., 2021). As we 

discussed tipping points and feedbacks above, Alaska’s ice is particularly susceptible to climatic 

changes due to the presence of large volumes of hypsometrically top-heavy or plateau icefields 

geometry (McGrath et al., 2017, Davies et al., 2022, Millan et al., 2022; Davies et al., 2024). An 

ice plateau occurs where there is a large plateau of ice that drains by icefalls connecting to large 

valley glaciers below. The equilibrium line altitude (ELA; a contour that separates the area of the 

glacier that is accumulating mass from the area of the glacier that is losing mass), is usually near 

the elevation of the icefalls, such that as the climate continues to warm, icefalls may disconnect 
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from the valley glaciers below, essentially causing the plateau to become “dead.” As the ELA 

continues to rise, it encompasses a larger volume of ice, creating a larger area of ablation and 

more run-off affecting the entire plateau (Pendleton et al., 2017). This process is known to be a 

tipping point in land-ice systems where there is a melt-acceleration feedback as the ELA 

increases in altitude (Davies, et al., 2024; Pendleton et al., 2017).   

The Juneau Icefield is an ideal place to study these dynamics, and is home to one of the 

interesting features that result from this kind of glacier geometry. At the base of icefalls that flow 

off the plateau, there are often topographic waves in the ice, known as ogives. Ogives have been 

a glaciological spectacle since being described in the mid 1800s (Forbes, 1845), yet it is unclear 

how they form and what their presence, or lack thereof can tell us about the unique glaciological 

conditions of a region. In addition to being sentinels of change, they can also act as relics of the 

icefalls before they disappear.  

In Chapter 4, we investigate the formation of ogives, using the Gilkey Glacier in the 

Juneau Icefield, Alaska as a study site. The Gilkey Glacier is one of several outlet glaciers that 

funnel ice from the plateau-like icefield into lower elevations, and generates a train of ogives on 

the glacier at the base of the icefall. We combine remote sensing data and in-situ observations to 

constrain the annual speed on the ice plateau, icefall, and valley glacier. Using a finite difference 

model, we test two hypotheses of ogive formation and then integrate the Gilkey Glacier 

observational data to test whether we can explain the observed train of ogives and what the 

results tell us about our model. Our results suggest that the plausible main driver of ogive 

formation is the large seasonal velocity variation of the lower glacier. Our study contributes to 

answering fundamental questions about glacier dynamics in ice-plateau settings.  
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4 Tying it all together  

Though we often think of land-ice systems and ocean-ice systems as separate, the physics 

of ice is a key commonality. Chapter 5 synthesizes the conclusions from Chapters 2, 3, and 4. In 

this chapter, first I will summarize crucial findings from investigating ice-ocean systems and 

glacier instabilities. Then, I will discuss Chapter 4 and remaining questions regarding ogives and 

ice-plateau-icefall dynamics. Lastly, I will synthesize the three studies and their implications on 

our icy world and ice-less future. 
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CHAPTER 2 

 

Triggers of the 2022 Larsen B multi-year landfast sea ice breakout and initial glacier 

response 

This chapter was originally published in The Cryosphere. 

Citation: Ochwat, N. E., Scambos, T. A., Banwell, A. F., Anderson, R. S., Maclennan, M. L., 

Picard, G., Shates, J. A., Marinsek, S., Margonari, L., Truffer, M., and Pettit, E. C.: 

Triggers of the 2022 Larsen B multi-year landfast sea ice breakout and initial glacier 

response, The Cryosphere, 18, 1709–1731, https://doi.org/10.5194/tc-18-1709-2024, 

2024 

 

Abstract 

In late March 2011, landfast sea ice (hereafter, ‘fast ice’) formed in the northern Larsen B 

embayment and persisted continuously as multi-year fast ice until January 2022. In the 11 years 

of fast ice presence, the northern Larsen B glaciers slowed significantly, thickened in their lower 

reaches, and developed extensive mélange areas leading to the formation of ice tongues that 

extended up to 16 km from the 2011 ice fronts. In situ measurements of ice speed on adjacent ice 

shelf areas spanning 2011 to 2017 show that the fast ice provided significant resistive stress to 

ice flow. Fast ice breakout began in late January 2022, and was closely followed by retreat and 

break-up of both the fast ice mélange and the glacier ice tongues. We investigate the probable 

triggers for the loss of fast ice and document the initial upstream glacier responses. The fast ice 

break-up is linked to the arrival of a strong ocean swell event (>1.5 m amplitude; wave period 

waves >5 s) originating from the northeast. Wave propagation to the ice front was facilitated by a 

12-year low in sea ice concentration in the northwestern Weddell Sea, creating a near-ice-free 

corridor to the open ocean. Remote sensing data in the months following the fast ice break-out 

reveals an initial ice flow speed increase (> 2-fold), elevation loss (9 to 11 m), and rapid calving 
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of floating and grounded ice for the three main embayment glaciers Crane (11 km), Hektoria (25 

km), and Green (18 km). 

1 Introduction  

As the climate warms, ice shelves in Antarctica are predicted to become more susceptible 

to collapse (Mercer, 1978; Gilbert and Kittel, 2021). In the late 1980s and mid 1990s several ice 

shelves along the Antarctic Peninsula (AP) coast retreated and eventually disintegrated, 

including the Wordie, Prince Gustav, Larsen Inlet, Larsen A ice shelves, and in March 2002, the 

northern two-thirds of the Larsen B Ice Shelf (Rott et al., 1996; Glasser and Scambos, 2008; 

Cook and Vaughan, 2010). In 2008 and 2009, several smaller break-up events occurred on the 

Wilkins Ice Shelf (Braun et al., 2009; Scambos et al., 2009). There has been significant research 

elucidating the causes of these collapses, focusing on both ice-shelf thinning due to basal and 

surface melting (Smith et al., 2020), as well as lake drainage mechanisms related to surface 

meltwater-induced ice-shelf flexure and hydrofracture (Doake and Vaughan 1991; Scambos et 

al., 2000; Scambos et al., 2003; Banwell et al., 2013; Banwell and MacAyeal, 2015) partly 

attributed to warmer climate conditions (Rott et al., 1998), plate-bending stresses on the ice-shelf 

front (Scambos et al., 2009), and ocean swell flexure (Massom et al., 2018). Massom et al. 

(2018) further implicate loss of fast ice and ocean swell in the Wilkins Ice Shelf breakup events, 

following loss of a protective pack ice buffer offshore – due to the vulnerability of fast ice to 

ocean swells (Crocker and Wadhams, 1989; Langhorne et al., 2001). While fast ice is 

consolidated sea ice that remains stationary attached to the coast and can be annual or perennial 

(Fraser et al., 2021), pack ice refers to sea ice that is comprised of separate floes and is under the 

influence of winds and ocean currents. The loose structure of pack ice has a strong damping 

effect on ocean swell (Squire, 2007). 
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Intense surface melt events on the eastern Antarctic Peninsula have been linked to 

atmospheric rivers (ARs; Wille et al., 2019; Wille et al., 2022) and foehn winds (Cape et al., 

2015; Datta et al., 2019; Laffin et al., 2022). ARs are long narrow bands of warm and moist air 

that can cause extreme warm temperatures, increase surface melting, advect sea ice away from 

the ice edge, reduce sea ice concentrations, and generate foehn events (Bozkurt et al., 2018; 

Wille et al., 2022; Liang et al., 2023). Foehn events occur when a moist air mass ascends on the 

windward side of a mountain range or ridge and cools at the (lower) wet-adiabatic rate, while 

losing moisture to precipitation. It then descends over the lee side, adiabatically warming at the 

higher dry-air rate, resulting in an increase in temperature. The loss of ice shelves can 

substantially reduce the stability of tributary outlet glaciers, leading to acceleration, increased 

calving, thinning, and ultimately, sea level rise. For example, when the Larsen B collapsed in 

2002, Crane Glacier thinned by 25 m yr-1 over much of its length (Needell and Holschuh, 2023) 

and immediately sped up by roughly 3-fold (Rignot et al., 2004) and the Hektoria-Green-Evans 

(hereafter, HGE) Glacier system ice flow speed increased by up to 8-fold (Rignot et al., 2004). 

After the collapse of the Larsen B in 2002, the embayment was frequently filled by seasonal sea 

ice (landfast and pack ice). However, in late March 2011, landfast sea ice (hereafter ‘fast ice’) 

formed in the Larsen B embayment, and the interior two-thirds of the embayment was 

continuously covered by multi-year fast ice until January 2022. On 19 January 2022, this fast ice 

cover was suddenly fractured and began to drift out, leading within days to retreat and break-up 

of the tributary glacier mélange and floating ice tongue areas (Fig. 2.1). Fast ice has been shown 

to stabilize outlet glaciers by reducing calving (Amundson et al, 2010; Robel 2017) and 

suppressing wave action against the outlet glacier (Murty, 1985; Langhorne et al., 2001) causing 

the glacier terminus to advance (Reeh et al., 2001). When fast ice or mélange breaks up, ice-shelf 
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calving resumes, sometimes releasing several decades of accumulated ice flux, and exposing the 

new terminus to ocean dynamics (Reeh et al., 2001; Cassotto et al., 2015).  

Several studies have suggested that break-up of fast ice can reduce the structural integrity 

of ice shelves and ultimately lead to their collapse (Khazendar et al., 2007; Massom et al., 2010; 

Borstad et al., 2013; Banwell et al., 2017; Massom et al., 2018). There have been many examples 

of tributary glacier acceleration and significant ice front retreats following the removal of fast ice 

or pack ice in Greenland and Antarctica (Miles et al., 2017, Miles et al., 2018, Gomez-Fell et al., 

2022). Others (Sun et al., 2023; Surawy-Stepney et al., 2023) suggest that fast ice does not 

provide sufficient buttressing (resistive stress to impact the system dynamics.  

Here we investigate the climatic and oceanic drivers that led to the rapid break-out of the 

decade-old Larsen B fast ice in January 2022, while also drawing parallels to previous fast ice 

and ice shelf collapses. We then assess the initial glacier dynamic response to the loss of the 

buttressing fast ice by evaluating changes in velocity, terminus position, and elevation of the 

Crane, Jorum, Punchbowl, and HGE glaciers. A preliminary assessment of the cause of the fast 

ice break-up was discussed as a sidebar in the NOAA State of the Climate 2022 report (Ochwat 

et al., 2023b). However, the current study evaluates the events in much greater detail and 

includes a quantitative look at the glacier response.  

2 Study area  

The Larsen B embayment (65.24° S, and 61.00° W; Fig. 2.1) is located on the eastern 

side of the AP, between Graham Land and the northwestern Weddell Sea and is ~7000 km2 in 

area. North of the embayment is the Seal Nunataks Ice Shelf (Shuman et al., 2016) and to the 

south is a remnant of the Larsen B Ice Shelf; the Scar Inlet Ice Shelf. Prior to 1995, the eastern 

coast of Graham Land was almost entirely flanked by ice shelves (e.g., Skvarca et al., 1999; 
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Cook and Vaughan, 2010), but after a series of disintegrations, only the Scar Inlet and Larsen C 

Ice Shelf remain. 

Due to the elevated narrow ridge of the northern AP (Graham Land) and the prevailing 

westerly wind, the climate of the Larsen B embayment region differs greatly between the 

western and eastern flanks. The ridge obstructs the Southern Hemisphere westerlies and induces 

strong orographic lifting and precipitation on the western side, while the eastern side is much 

drier and cooler (King et al., 2003; Van Wessem et al., 2015). The climate is heavily influenced 

by the phase of the Southern Annual Mode (SAM; Leeson et al., 2017; Fogt and Marshall, 2020). 

When the SAM index is positive, warming events occur more frequently on the eastern side of 

the Peninsula due to an increase in westerly flow across the Peninsula (Orr et al., 2008; Van 

Lipzig et al., 2008).  

 

Figure 2.1: a) Freeboard thickness from ICESat-2 data from 1 January 2021 to 1 January 2022. 
The yellow dashes show the TanDEM-X determined 2016 grounding zone (Rott et al., 2018) and 
black dashes are a slope change and calving-morphology inferred 2021 grounding zone (this 
study). An AMIGOS GPS installation on Scar Inlet Ice Shelf is indicated by the white star. The 
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background image is from Landsat 8 2 April 2021. b) MODIS image from 16 January 2022. c) 
MODIS image from 21 January 2022, two days after initial rifts in the fast ice formed. d, e, f) 
Images captured by a British Antarctic Survey overflight on 31 January, 11 days after the fast ice 
break-out event.  
 

3 Data and Methods 

The following datasets are used in various capacities to evaluate the triggers of the fast 

ice break-out as well as the initial glacier response. Reanalysis data is used to evaluate both 

potential atmospheric and oceanic triggers. Passive microwave data is used to determine sea ice 

extent and surface melt conditions. Optical satellite imagery from a number of satellite systems, 

and synthetic aperture radar data, are used for assessing glacier ice, fast ice, elevation changes, 

and determining glacier speeds. Laser altimetry data is also used for assessing initial glacier and 

fast ice elevation. Lastly, GNSS data is used to look at Scar Inlet Ice Shelf speeds.  

3.1 Reanalysis Data  

We used ERA-5 Reanalysis data (Hersbach et al., 2020) at both monthly and hourly 

temporal resolution to assess temperature and precipitation anomalies in 2017 to 2022, as well as 

foehn wind occurrence in the months prior to and including January 2022. To investigate the 

presence of foehn winds, we followed Laffin et al. (2022), who determined that foehn winds that 

produce surface melt require a temperature > 0°C, a wind speed of > 2.85 m s-1, humidity < 79%, 

and a wind direction from the north or northwest. These thresholds agree with Cape et al. 

(2015)’s determination of the onset of “foehn days” (foehn conditions for greater than 6 hours).  

To identify ARs during the last two weeks of January 2022, we use hourly ERA-5 to 

examine vertically integrated water vapor transport (IVT) bands that extend from the extra-

tropics towards the Antarctic ice sheet (Bozkurt et al., 2018; Wille et al., 2019). IVT is calculated 

as the vector magnitude of eastward integrated water vapor transport (uIVT) and northward 

integrated water vapor transport (vIVT). We identify an AR event during the breakout as a 
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continuous, extended region of locally high IVT that reaches a peak intensity of almost 300 kg 

m-1 s-1, consistent with Wille et al. (2022). 

Following Massom et al. (2018) and Teder et al. (2022), we investigate the occurrence of 

open-ocean corridors across the sea ice zone, using ERA-5 and WaveWatch III wave data. We 

used significant wave height as a proxy for wave energy (Teder et al., 2022), calculated to be 

four times the square root of the zeroth moment of the energy density spectrum (Massom et al., 

2018). We used peak wave period as an indication of longer swell wavelengths, which can 

transmit more energy into the fast ice plate (Robinson and Haskell, 1992; Massom et al., 2018). 

Mean wave direction is used to assess alignment with the corridor axis and propagation toward 

the ice front. We examined the hourly time series of ocean wave variables for January 2022 at 

two different locations, within the corridor and near the Larsen B fast ice front.  

3.2 Satellite Data  

3.2.1 Passive Microwave Data 

We combined passive microwave data from two successive sensors, namely the 

Advanced Microwave Scanning Radiometer for the Earth Observing System (AMSR-E) on the 

Aqua Satellite, and the Advanced Microwave Scanning Radiometer 2 (AMSR-2) on the 

‘Shizuku’ (GCOM-W1) satellite. Together, these passive microwave sensors provide nearly 

continuous daily data from 2002 until present (apart from a gap from October 2011 to June 2012 

between the two satellites’ operation). The daily overall sea ice concentration data product 

(Spreen et al., 2008) was used to assess overall sea ice extent and concentration on the same day 

(January 19th) for the 12-year period.        

We also used AMSR-E/2 data to investigate fast ice melt extent for each melt season 

(October 1 to March 31) from 2011 to 2022. To do this, we followed the algorithm from Torinesi 

et al. (2003) and methods of Picard et al. (2007). For each 12.5 km grid cell and each day, the 
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liquid water is detected as present if the 19 GHz horizontally-polarized brightness temperature is 

higher than a threshold that is empirically determined in each cell and for each year by using the 

brightness temperatures during the winter (dry snow) season. ‘Melt days’ are defined as days 

when meltwater is present on or near the ice surface, but active melting is not necessarily taking 

place. Finally, we calculated the total number of melt days for each melt season. We used the 

same fully automatic algorithm as used recently in Banwell et al. (2021, 2023) for Antarctic ice 

shelves. However, for the current study, a careful visual evaluation of the passive microwave 

data (brightness temperature timeseries) was done for all the pixels in proximity to the open 

ocean. This was necessary because the real footprint of the measurements acquired by the 

radiometer is larger than the pixel size and of elliptical shape (14 x 22 km) (Meier et al., 2018). 

The ellipse’s position and orientation changes from track to track with respect to the pixels. As a 

consequence, the fast ice pixel near the shore may be contaminated by signal coming from the 

nearby open ocean, hence potentially perturbing the detection of the melt. Our manual selection 

prevents this effect. 

3.2.2 Optical Imagery and Synthetic Aperture Radar  

We used MODIS (Moderate-Resolution Spectroradiometer), Landsat 8 and 9, Worldview 

(WV) -1, 2, and 3, and Synthetic Aperture Radar (SAR; Sentinel 1) to investigate changes in 

glacier characteristics and dynamics. The MODIS sensor, on the Aqua and Terra satellites, has a 

data archive from 2002 to present and was used to determine the dates of fast ice formation, 

seasonal area changes, break-up timing and extent of retreat. The Landsat 8 and 9 Operational 

Land Imager product was used to assess melt patterns during the 2021/2022 austral season and to 

determine ice flow speeds using a Python-based image cross-correlation software, PyCorr 

(Fahnestock et al., 2016). PyCorr measures ice displacement between two images by finding the 

peaks in normalized cross-correlation surfaces between image chips extracted in a grid pattern 
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over both images. For images separated by one year, using Landsat 8 and 9 panchromatic images 

(15 m spatial resolution) error is ∼±7.5 m yr-1, however shorter time intervals result in higher 

errors (Fahnestock et al., 2016). WV-1, 2, and 3 satellite images have very high resolution (< 0.5 

m) and were used for investigating the morphology of icebergs and the creation of digital 

elevation models (DEMs). Worldview in-track stereo-image DEMs (Table A1-S1) were obtained 

from the Polar Geospatial Center (PGC). The DEMs have a spatial resolution of 2 m and 

absolute accuracy of ~4 m in horizontal and vertical dimensions (from PGC documentation). We 

corrected for the geoid using EGM 2008 and then assessed the mean elevation difference (i.e., 

bias) for six bedrock regions in each of the WV DEMs relative to the REMA DEM (Howat et al., 

2022) and applied the mean offset to the WV DEMs, similar to the method used with the 

ArcticDEM for the Hunt Fjord Ice Shelf in Greenland (Ochwat et al., 2023a). 

We assessed calving styles and approximate grounding zone positions using the imagery 

and DEM data. In Figure 2.1a, the yellow dashes show Rott et al.’s (2018) 2016 grounding line, 

determined by surface elevation changes from TanDEM-X differencing. The black dashes show 

a slope change and calving-morphology inferred 2021 grounding line (this study). Our grounding 

zone is estimated from a break in slope in the DEMs and morphological changes, such as the 

appearance of broad surface undulations suggestive of bottom crevassing and changes in calving 

style at the glacier front. We do not suggest the grounding line advanced between the two 

estimates, but arise from the two different determination methods. Our grounding zone position 

is similar to the partial grounding zone proposed by Sun et al. (2023) and Tuckett et al. (2020); 

where a presence of an ice plain can explain why there are multiple determinations of a 

grounding zone (Friedl et al., 2019). Calving styles of grounded ice often show surface slumping 

or tilting prior to separation, indicative of listric faulting (Parizek et al., 2019), super-buoyancy 
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(Murray et al., 2015) or ice-cliff stresses (Bassis et al., 2021; Crawford et al., 2021). Further 

analysis of the evolution of the grounding zone position and the evolution of calving styles for 

the lower HGE Glaciers will be assessed in a later study.  

We used Sentinel-1A and -1B SAR data to estimate ice flow speeds. The Alaska Satellite 

Facility HyP3 Pipeline uses speckle tracking to create velocity rasters using SAR image pairs. 

The HyP3 pipeline utilizes GAMMA and auto-RIFT algorithms through the Vertex On-Demand 

Processing Tool (Gardner et al., 2018; Lei et al., 2021). The autoRIFT code includes an iterative 

process for determining the flow velocity, with varying relative errors that have an average of 

4% for both X and Y direction velocity (Lei et al., 2021). Sentinel-1A and -B have a repeat time 

of 6 days when used in combination, and 12 days if only 1A or 1B pairs are used. Sentinel-1B 

malfunctioned in December 2021, leaving only Sentinel-1A data available after that date.  

We extracted ice speed profiles in a band centered on the Airborne Thematic Mapper 

(ATM) profiles from Operation IceBridge for Crane, Jorum, Green, and Hektoria glaciers, 

generating five profiles that span the central 1 km near the approximate glacier centerlines. To 

approximate the mean monthly speed, we averaged the speed profile of two 12-day Sentinel-1 

cycles.  

3.2.3 Laser Altimetry  

To study changes in surface ice elevation, we combined the WV image-derived DEMs 

with ICESat-2 altimetry data. We used the ICESat-2 ATL06 version 5 product, which provides a 

linear surface approximation of 40 m overlapping segments along each ground track (Smith et 

al., 2021) with a 91-day repeat cycle (clouds permitting). We correct for the geoid prior to 

estimating the initial thickness of the fast ice, glacier tongues, and elevation of the glaciers. We 

used ICESat-2 data for the period January 2021 to December 2021 (Fig. 2.1) to determine the 

initial fast ice and glacier tongue freeboard. To account for tidal variations, we only used tracks 
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that crossed open water (as assessed in MODIS or Sentinel 1 imagery). For Figure 2.1, we 

applied offsets to each track according to the reported elevation of the open sea surface at the 

time of acquisition. Assuming the proportion of snow relative to ice thickness is low, we 

calculated fast ice thicknesses from the freeboard using the standard hydrostatic equilibrium 

floating ice relationship using a density of 1028 kg m-3 for sea water and 900 kg m-3 for ice. For 

analyzing glacier elevation changes, we extracted ICESat-2 data from where tracks cross < 200 

m of near-centerline tracks flown by Operation IceBridge using the ATM sensor, and averaged 

the data. Standard error analysis was performed on the individual WV and ICESat-2 elevations. 

We use the square-root of the sum of the squares of the error, where the errors are the standard 

error of the mean and the instrument error of WV or ICESat-2.   

3.2.4 GNSS data from AMIGOS station on Scar Inlet 

An Automated Meteorology-Ice-Geophysics Observing System (AMIGOS) unit with a 

dual-channel GPS receiver was placed on the Scar Inlet Ice Shelf in February of 2010 (Scambos 

et al., 2013) as part of the Larsen Ice Shelf System, Antarctica project (LARISSA; Wellner et al., 

2019). The system provided hourly position data spanning February 2010 through August 2017, 

with several data gaps due to power and system malfunctions, that were periodically repaired 

during re-visits. Precision of the hourly position data was approximately ±20 cm due to wind on 

the tower mounting of the GPS antenna. We used daily, weekly, and monthly averaged data to 

evaluate ice flow of the Scar Inlet Ice Shelf over the formation and thickening period of the 

adjacent fast ice. 

3.2.5 Aerial photography 

To evaluate how the fast ice break-up occurred and the potential calving styles of the 

outlet glaciers, we also analysed airborne photography. On 31 January 2022, the British 

Antarctic Survey flew a Twin Otter over the study area with a digital camera (Panasonic DMC-
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TZ80e) and a series of photos of the glacier fronts and ice tongue areas were taken along with 

approximate geolocation.  

4 Results     

4.1 Multi-year fast ice in the Larsen B embayment  

4.1.1 Formation and evolution of Larsen B multi-year fast ice   

The fast ice that formed in March 2011 had a few partial retreats during the 11 years that 

the interior embayment region was continuously covered. Portions of the fast ice broke out and 

reformed in May 2011 and March 2012. From March 2012 onwards, the fast ice maintained a 

minimum area of ~3975 km2 (based on MODIS imagery). From 2012 to 2016 the fast ice cover 

was relatively stable with a maximum area of ~6280 km2 in 2016. After 2016, the eastern portion 

of the fast ice, ~1200 km2 in area, seasonally re-formed and broke out. The lowest extent in the 

MODIS record was in February 2019, when a slightly larger area (2000 km2) broke out. In late 

2021 the outer portion broke out again, returning to the 2019 areal extent, and by early 2022 the 

extent was similar to the 2019 minimum (Supplemental Video. 1). Lateral rifts appeared in 

~2016 near the confluence of Scar Inlet Ice Shelf and Crane Glacier extending north and south 

from Cape Disappointment. Early assessments of the fast ice thickness in the Larsen B 

embayment near the oceanward ice front were 2.5 to 4 m (Scambos et al., 2017). In the inner 

embayment, altimetry data indicate a thickness of tens to hundreds of meters in areas of mélange 

containing fast ice and glacier tongue ice (Fig. 2.1; Fig. A1-S1 and A1-S2).  

4.1.2 Upstream glacier response to fast ice formation 

During the 2011-2022 period of fast ice presence in the embayment, changes in the 

glacier extents and GNSS data suggests that the fast ice stabilized the Larsen B tributary glaciers 

and buttressed the Scar Inlet Ice Shelf, relative to the state prior to the fast ice occupation. This 

corroborates the findings of Christie et al. (2022). MODIS and Landsat images show that the 

glacier tongues readvanced into the embayment, and the fjords became a floating composite of 
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glacier ice, large icebergs, and fast ice (hereafter, ‘mèlange’). The ice reached thicknesses of up 

to 320 m near the glacier tongue termini (inferred from freeboard estimates in Fig. 2.1). Crane 

Glacier’s terminus and associated mélange advanced at ~1 km yr-1 (11 km total) and the main 

trunk of the glacier thickened (Rott et al., 2018; Needell and Holschuh, 2023). The HGE floating 

tongue and mélange reformed into an ice-shelf-like feature with a central freeboard exceeding 40 

m. HGE advanced approximately 20 km from February 2011 to January 2022, with the new 

floating mixed-ice-type area covering ~250 km2. Jorum Glacier advanced ~4.5 km over the same 

period, while Punchbowl Glacier only readvanced ~0.5 km and did not create an extensive 

mélange or glacier tongue.  

GPS data from Scar Inlet Ice Shelf (Fig. 2.2) show an acceleration of ice shelf flow speed 

from installation of the GPS in early 2010 to late 2012, followed by a cyclical variation in flow 

speed that varied by season. This indicates that the ice shelf was accelerating prior to the 

formation and thickening of the multi-year fast ice. From late 2012 onwards, the acceleration of 

the ice shelf was halted, and an annual cycle with faster flow during late summer-early autumn 

and a springtime minimum flow speed was observed. We infer that significant buttressing of the 

ice shelf by the fast ice mitigated the acceleration of the shelf. Moreover, the seasonal cycle of 

flow speed, with highest flow speed during mid-summer, is interpreted as an effect of seasonal 

weakening of the fast ice plate due to summer warmth (Pettit et al., in prep). 
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Figure 2.2: Scar Inlet Ice Shelf ice flow speeds from AMIGOS GPS from 2010 to 2017. Blue line is 
the monthly mean, blue dots are the weekly means, and green vertical lines are the daily 
means.    
 

4.1.3 Multi-year fast ice break-up 

MODIS imagery shows that new narrow fractures started to form in the fast ice between 

18 and 19 January 2022, widening thereafter, and by 20 January the fast ice area was densely 

fractured and no longer coherent. By 21 January, floes derived from the fast ice plate had drifted 

9 to 16 km northeast into the Weddell Sea, exposing the tributary glacier fronts to open water 

(Fig. 2.1c). The fast ice floes continued to drift away, fully clearing the embayment by 8 

February.  

Pack ice began to reappear in the embayment in March 2022, but overall sea ice cover 

was not persistent through the next 12 months. Over the course of the late austral summer into 

the autumn and winter, MODIS images indicate overall sea ice cover in the embayment varied in 

extent and apparent coherency. Open water conditions in the embayment and the area adjacent to 
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the AP and James Ross Island persisted through March 2022. Landfast ice did not form in the 

embayment during the southern hemisphere autumn and winter 2022. In October 2022 the sea 

ice in the embayment varied in spatial extent, and began to decrease significantly in November 

2022, and by December 2022 there were minimal floating bergs or pack ice floes. From January 

to March 2023 the embayment was devoid of floating ice and remained open ocean. However, 

by the end of March 2023, pack ice and fast ice started to reform in the embayment. 

4.2 Potential Attributions of the 2021-2022 Fast Ice Breakout 

4.2.1 Seasonal meteorological conditions 

For November 2021 to January 2022, there is no substantial precipitation anomaly in our 

study area (Fig. A1-S3A). The wind speed anomaly composites indicate a slightly higher than 

average wind speed during the 2021/2022 melt season, with December having the largest 

anomaly, primarily in the Bellingshausen Sea (Fig. A1-S3B). The temperature anomaly over this 

period indicates the Bellingshausen Sea was slightly warmer (~2°C) than the 1979 to 2022 

climatological average, whereas the Larsen B embayment was up to 4°C warmer (Fig. 2.3).   
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Figure 2.3: ERA-5 surface air temperature anomalies around the Antarctic Peninsula. The blue 
box is the area of grid cells used for the foehn wind analysis (Fig. A1-S4).   
 

We also looked at the January 2022 mean hourly values of several meteorological 

variables that indicate foehn wind events: temperature, windspeed, wind direction, relative 

humidity and net ablation for the Larsen B region (blue box, Fig. 2.3), (Fig. A1-S4). Five 

identified foehn events occurred from 17 to 21 January 2022, two prior to the fast ice break-out, 

one during that event, and two after it. These events likely enhanced surface melting on the fast 

ice, potentially augmenting the break-up of the ice in the post-break-up days (19 and 21 January) 

and dispersing the fast ice floes northeastward in the following weeks. 

Since ARs can be linked to foehn events and therefore to increased surface melting 

(Bozkurt et al., 2018), we also investigated AR occurrence in the period of the fast ice break-out 

event. A time series of IVT in the Larsen B region indicates that IVT associated with an AR 

event from the northwest begins to increase on 19 January and peaks on 20 January 11:00 UTC 

(Fig. 2.4a and b; Wille et al., 2022). IVT remained high until 22 January, when the AR weakened 

and dissipated. This event occurred simultaneously as the series of foehn events from 19 to 22 
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January, suggesting the AR led to the foehn winds that occurred just after the initiation of the 

break-out.   

 

Figure 2.4: a) time series of IVT for January 2022 at 65.25°S, 61.25°W. b) map of ERA-5  IVT in 
the southern hemisphere at 11:00 UTC on 20 January 2022, during the peak IVT at Larsen B. The 
AR is identified as a long filament of high IVT that extends from the eastern Pacific across the 
Antarctic Peninsula and into the Atlantic Ocean. Red shading indicates the arrival of the swell 
and fast ice break-up. Blue shading indicates the duration of the AR event over Larsen B. 
 

4.2.2 Surface melt 

Figure 2.5 shows cumulative melt days for each melt season from 2012/2013 to 

2020/2021 over the Larsen B multi-year fast ice and Scar Inlet Ice Shelf, derived from AMSR-

E/2 passive microwave data. Figure 2.5a shows a map of the grid cells used in the analysis, as 

well as cumulative melt days for the 2019/2020 season, 2020/2021 season (i.e. the two melt 

seasons preceding the break-up event), and the mean cumulative melt days for each season from 

2012/2013 to 2020/2021. We do not include the 2021/2022 melt day data in Figure 2.5a because 

of the mid-season break out of the fast ice in that summer. Maps of cumulative melt days for all 

melt seasons are available in Figure A1-S5. Figure 2.5b shows the spatially-averaged melt days 

over the study area, as well as the cumulative days when the melt area was 100% of the study 
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area, for nine melt seasons leading up to the break-up event, as well as the melt season with the 

fast ice break-out (2021/2022).  

The 2021/2022 season did not have a particularly long or spatially more extensive melt 

season relative to the previous nine melt seasons. Of the years studied, 2019/2020 had both the 

longest melt season and the one with the highest number of days with 100% melt area; 

nonetheless the fast ice survived this season, as well as the preceding high-melt years.  

In addition to our analysis of passive microwave data (above), which may indicate the 

presence of surface meltwater ponding (e.g. Picard et al., 2022), we also analyzed optical 

satellite images for evidence of surface meltwater ponding. Landsat 8 images in November and 

December 2021 show the surface of the fast ice was extensively covered with melt ponds (Fig. 

A1-S6). However, by January 2022, the surface melt ponds on the fast ice appeared to have 

refrozen, and melt pond extent was reduced (Fig. A1-S6).  

 

Figure 2.5: Cumulative melt days derived from AMSR-E/2 passive microwave melt data. a) 
Cumulative melt days over the fast ice area in the Larsen B embayment (area within solid red 
lines) and over the Scar Inlet Ice Shelf (area within dashed red line) for the 2019/2020 and 
2020/2021 melt seasons, and the mean from 2012/2013 to 2020/2021. b) Spatially-averaged 
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melt days (blue shades) and cumulative days of 100% melt area (purple shades) over just the 
Larsen B embayment fast ice (solid red lines in panel a) from 2012/2013 to 2021/2022. The dark 
purple and dark blue bars show cumulative melt days from just 1 October through 18 January 
(i.e. the data available for the 2021/2022 season), and the light purple and light blue bars show 
cumulative melt days from 1 October through 31 March.  
 

4.2.3 Regional Sea ice Cover 

Figure 2.6a displays a mapping of sea ice concentration from AMSR-E/2 data in the 

Weddell Sea on 19 January 2022. Figure 2.6b shows a time series of overall sea ice area 

(concentration that is greater than 15% multiplied by area of pixel) for the date of 19 January for 

each year from 2010 to 2022 in a selected region (gray box in Fig. 2.6a; 2011/2012 did not have 

AMSR-E/2 sensor data on this date; MODIS imagery shows extensive sea ice cover in the 

Larsen B fast ice front area through this time). The selected region represents a potential ocean 

swell corridor leading to the Larsen B embayment from 2010 to 2022 (see Section 5.2; also 

Teder et al., 2022). For the 8-year period (2013 to 2020 inclusive) the overall sea ice area in this 

region of the northwest Weddell Sea was over 125,000 km2 (>50% of the box area). In 2011, sea 

ice area was just 100,000 km2 on 19 January; however, we note that the fast ice formed later in 

this year (March). The overall sea ice area dropped in 2021 to 75,000 km2, and in 2022 its area 

was just below 40,000 km2. As Figure 2.6a shows, a corridor is present along the eastern side of 

the Peninsula in January 2022, which opened on ~8 January 2022 according to the MODIS and 
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AMSR-E/2 record. This pathway, which allows for wave action to access the front of the Larsen 

B fast ice, had not been present since the fast ice’s formation in 2011 (Figs. 2.6b and A1-S7). 

 

Figure 2.6: a) Pack sea ice concentration and distribution map on 19 January 2022 from AMSR-2 
data (Spreen et al., 2008). Small red squares show the location of the ERA-5 wave height grid 
cells (Fig. 2.7). The gray box is the region selected for the overall sea ice area in 6b. The white 
arrow denotes the wave propagation direction on 19 January ERA-5 data. b) Overall sea ice area 
(concentration in each grid cell multiplied by the grid cell area) from AMSR-E and AMSR-2 data 
in the corridor region of the NW Weddell Sea for 2010 to 2022. Error in sea ice concentration 
according to Spreen et al. (2008) is ~7%. Purple vertical shading indicates the time period of fast 
ice formation.  
 

4.2.4 Wave action  

Examining both ERA-5 and WaveWatch-III wave data, the first large swell able to pass 

through the open-ocean (sea ice-free) corridor and reach the Larsen B fast ice edge occurred on 

18 and 19 January (Figs. 2.7 and A1-S8). In the early hours (UTC) of 18 January 2022, the 

significant wave height averaged ~0.1 m in the selected grid cell region. By the afternoon on 18 

January the average wave height rose steeply to a maximum of 1.75 m near Larsen B and to over 

2 m near James Ross Island ~150 km to the northeast (red boxes, Fig. 2.6). Simultaneously, the 

peak wave period increased to ~5 s, indicating a  wavelength equivalent to ~40 m. The wave 

propagation direction was bearing ~250° ± 25° through this period, similar to the orientation of 

the open corridor in the pack ice. There were no events in November or December 2021 that 
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included both a long peak period and a high significant wave height (and in any case, pack ice 

damped wave propagation in the region until ~8 January). Both months have peak periods 

consistently less than 6 s and wave heights below 1.4 m (Fig. A1-S8 and A1-S9). Furthermore, 

there were no other times during January 2022 when the wave swell had both a long peak period 

and high significant wave height (Fig. 2.7). Abrupt shifts in peak period and significant wave 

height (see Methods) are evident when the wave corridor opens near James Ross Island (gray 

band 8 Jan 2022) and when the event occurs (gray band 18 Jan 2022), as well as when the wind 

direction changes (Fig. A1-S4).  

 

Figure 2.7: ERA-5 significant wave height (blue) and peak period (red) for both the Larsen B area 
(solid lines) and near James Ross Island (dashed lines) during January 2022. The red and dark 
red lines and the blue and light blue lines correspond to the peak period and significant wave 
height, respectively. The opening of the wave corridor and fast ice break-up are denoted by the 
gray vertical bands.  
 

4.3 Initial glacier response to fast ice break-out 

4.3.1 Retreat of glacier fronts 

Four glaciers along the Larsen B embayment coast responded almost immediately to the 

fast ice break-out. Crane and Jorum Glaciers exhibited similar responses, losing most of their 

floating ice tongues within days of the fast ice breakout (Fig. 2.8a) and calving a number of large 

(several km2) full-thickness tabular icebergs. Once the floating tongue portion was removed, 

both glaciers underwent buoyancy-driven calving and a tidewater-style retreat at their grounding 
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zones, indicated by the presence of toppled icebergs in optical images and high-backscatter 

iceberg surfaces in Sentinel-1 data. Scattering intensity is related to surface roughness as well as 

how much melt has affected the surface of the berg; freshly toppled cold bergs will have a 

brighter surface, whereas tabular bergs that have been exposed to surface melt will display a 

decreased backscatter intensity (Young et al., 1998). Punchbowl Glacier began calving in a style 

that appears to be buoyant full thickness calving (Murray et al., 2015), indicated by toppled dark 

blue icebergs. Unlike Crane, Jorum, and HGE, Punchbowl did not readvance into the embayment 

during the fast-ice occupation. Hektoria and Green Glacier retained a 13 km extended thick 

(greater than 300 m) floating tongue after the immediate break-out, until March 2022. However, 

at this point their floating ice areas also underwent full-thickness tabular calving with occasional 

toppled icebergs (Fig. 2.8). From April to October 2022 the ice fronts were relatively stable, but 

rapid retreat reinitiated in November 2022. The calving style resembled tidewater glacier retreat 

for grounded ice with buoyant calving, similar to the Röhss Glacier response from the loss of the 

Prince Gustav Ice Shelf (Glasser et al., 2011) or calving regimes at Helheim Glacier, Greenland 

(Murray et al., 2015).  

In the weeks and months following the fast ice break-up, Crane, Jorum, and Punchbowl 

glaciers continued to retreat. By 8 February 2022 the Crane Glacier floating front (defined here 

as the limit of contiguous ice > 100 m in thickness; consistent with Needell and Holschuh, 2023) 

had retreated more than 6.5 km and was still calving large tabular bergs (several km2 and > 300 

m thick, based on WV DEMs; Fig. 2.8a). From 8 February until 11 March 2022 only 400 to 800 

m of retreat occurred. Crane continued its episodic periods of retreat of several hundred meters at 

a time throughout the 2022-2023 summer season (Fig. 2.8a). Its retreat totalled ~11 km, of which 

possibly 1 to 2 km was grounded ice using this study’s grounding zone or no grounded ice using 
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Rott et al. (2018)’s, 2016 grounding line (Fig. 2.8b). Similar to Crane in calving style, the Jorum 

Glacier main trunk lost ~5 km of floating ice and its (former) tributary branch glacier lost ~6 km. 

Punchbowl Glacier, in contrast, has only lost a few hundred meters of its ice front as of May 1 

2023.  

Hektoria and Green Glacier responded to the fast ice break-out in later months. Hektoria 

Glacier had an extended thick (> 300 m) floating tongue that persisted until 12 to 17 March 

2022, when it retreated ~7 km (Fig. 2.8c). From 26 to 30 March, Hektoria’s floating tongue 

retreated another ~6 km, exposing an arcuate ice front. From April 2022 until August, Hektoria’s 

ice front retreated ~1 km. This retreat is inferred to be the start of the grounded ice retreat based 

on a change in calving style and surface morphology of the upstream ice. For all of September 

and October Hektoria’s front did not change. Hektoria retreated ~3 km by 14 November and 

another 1.2 km by 30 November 2022. In December 2022, Hektoria underwent another series of 

retreats totaling ~4 km. From 17 January to 15 March 2023, another ~1.5 km retreat into the 

fjord occurred, and Hektoria is still actively retreating as of April 2023 and has retreated a total 

of ~25 km, of which ~10 km may have been grounded ice using this study’s grounding zone or 1 

to 5 km of grounded ice using Rott et al., (2018)’s 2016 grounding line (Fig. 2.8d). Green 
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Glacier has also retreated substantially but not as far into its fjord. Following a similar timeline 

to Hektoria, Green has retreated ~18 km total.  

 

 

Figure 2.8: Yellow points are Rott et al., 2018’s grounding zone, black dashed lines are this 
study’s inferred grounding zone, orange dotted lines are Tuckett et al., 2020’s grounding zone 
and ice plain location; a) Crane Glacier retreat fronts from November 2021 to April 2023, length 
scale is the same as panel b; b) Crane Glacier with pre-break out terminus position and April 
2023 terminus position; c) HGE system retreat fronts from November 2021 to April 2023, length 
scale is the same as panel d; d) HGE system with pre-break out terminus position and April 2023 
terminus position. For a) and c) the background is a Landsat 8 image from 21 November 2021, 
and for b) and d) the background is a Landsat 9 image from 15 March 2023. 
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4.3.2 Glacier centerline speed changes 

Initial ice flow speed profiles along near-centerline tracks of Crane, Jorum, Green and 

Hektoria glaciers all show an increase in speed of various magnitudes since the fast ice break-out 

event. For all the glaciers besides Punchbowl, the floating portions increased in speed 

dramatically immediately after the break-out event while the grounded portion of the glaciers 

took many months to be affected, according to this study’s grounding zone estimation (Fig. 2.9a-

c; gray shaded bands on profiles and dashed white lines on insets). Additionally, the observed 

speed profiles in the 26-month period (January 2021 to March 2023) show far less local 

variability upstream of our inferred grounding line. 

The Crane Glacier tongue accelerated and extended along-flow immediately after the 

event leading to an increase of speed from 1000 m yr-1 to 1300 m yr-1 within the first two months 

(Fig. 2.9a; light blue to yellow-green solid lines). The grounded portion of Crane Glacier 

responded in the months following. By November 2022 the grounded ice speed increased from 

800 to 900 m yr-1 (Fig. 2.9a; yellow to dark-yellow solid lines) and by March 2023 the speed was 

1200 m yr-1 (Fig. 2.9a; red solid lines). Crane Glacier is still undergoing retreat and acceleration 

as of March 2023.  

Jorum Glacier did not experience as dramatic a change in speed after the event. Jorum 

Glacier has three flow speed sections: the upper glacier was slow-moving at 100 to 200 m yr-1, 

the glacier’s steep portion accelerated to 500 m yr-1 over a distance of 1.5 km, and the lower 

glacier flowed at ~475 m yr-1 prior to the break-out (Fig. A1-S10). By November 2022, this 

lower section increased in speed by ~75 to 100 m yr-1, and has remained at ~550 m yr-1 as of 
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March 2023 (Fig. A1-S10). Jorum Glacier’s floating tongue quickly calved away after the event 

so the floating icebergs and loose mélange were not tracked for speed. 

The HGE system experienced significant changes after the break-up of the fast ice. While 

the floating portion of the system did not experience speed changes immediately after the fast ice 

loss (Fig. 2.9a-c; January to March 2022; light blue to yellow-green solid lines). The floating 

tongue was removed by April 2022 leaving only grounded ice, according to this study’s 

grounding zone estimation. The mélange speed is tracked when the mélange is cohesive (solid 

lines downstream of this study’s grounding line from April 2022 onwards), reaching ~1500 

(Hektoria) and 1700 m yr-1 (Green) by October 2022.  

Speed changes occurred in the lower trunk areas of both Green and Hektoria glaciers. 

Green Glacier increased from ~500 m yr-1 prior to fast ice break-up to 1150 m yr-1 by January 

2023. Green Glacier’s SAR-derived and Landsat-derived ice speeds for December 2022 and 

January 2023 agree with the general trend (Fig. 2.9b; light brown and brown solid lines). 

Hektoria Glacier’s Landsat-derived ice speeds show a velocity increase 10 km upstream of the 

grounding line from September 2022 to January 2023 from 400 to 900 m yr-1 (Fig. 2.9c; light 
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brown and brown solid lines). Both Green and Hektoria are still undergoing retreat and 

acceleration as of March 2023.  

 

Figure 2.9: Monthly averaged ice flow speeds along the IceBridge flight centerlines, derived 
from Sentinel-1 speckle tracking from Alaska Satellite Facility HYP3-pipeline, solid-colored lines. 
Image pair flow speeds from Landsat imagery (using PyCorr) are indicated by colored solid dots. 
Gray bands on profiles and dashed white line on image insets show inferred grounding zones, 
with the Rott et al. (2018) grounding zone of 2016 as yellow points on insets. a) Crane Glacier 
velocity profile. b) Green Glacier velocity profile. c) Hektoria Glacier velocity profile. The open 
circles represent the melange speed from the January 2023 Landsat velocity data. The along-
track distances are set at an arbitrary point well upstream of each glacier’s grounding zone. 
Blue dashed lines are reference years Dec 2021 and Dec 2020, prior to break-out. Background 
image is a Landsat 9 image from 06 October 2022.  
 

4.3.3 Elevation changes  

We used ICESat-2 altimetry and WV-1, -2, and -3 stereo-image DEMs to assess 

elevation changes of the Larsen B embayment glaciers from 2017 to present. For each glacier, 

we evaluated three reference points along the near-centerline to these changes. Lower Crane 

Glacier (red box, Fig. 2.10) may have thinned by up to 16 m immediately after the fast ice break-

out, however the trend is incomplete due to the glacier’s rapid retreat and calving. This abrupt 

thinning may have been a consequence of a change in calving style near the front, e.g., listric 
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faulting in the ice (e.g., Parizek et al., 2019). Our trend for the middle and upper section of Crane 

(orange and blue box, Fig. 2.10) shows thickening from 2017 to 2022, consistent with Needell 

and Holschuh’s (2023) findings. Thinning may have now begun in those regions, however the 

data are inconclusive, as the thinning is only 1 to 3 m as of February 2023, which is within the 

measurement error and surface roughness variations on the glacier. Jorum and Punchbowl 

glaciers show very variable results as well (Fig. A1-S11).  

 

Figure 2.10: Crane Glacier near-centerline elevation changes through time. Background image is 
from Landsat 9 17 January 2023 Landsat. The time series plot corresponds to the area of the 
box of the same color. The gray band indicates the date of the fast ice break-out event. Note 
the different vertical scales on the figure. 
 

The HGE system shows thinning in various regions and rapid calving and retreat in the 

elevation data.. Figure 2.11 (yellow box) shows the HGE system floating tongue freeboard as 40 

m, which is consistent with a ~320 m glacier thickness, assuming hydrostatic equilibrium. After 

the break-out event, icebergs (which we define as ice with >5 m freeboard) are present in the 

fjord until the open ocean period (December 2022). Lower Hektoria Glacier lacks elevation 

change data points from the start of the collapse, simply because the downstream-most regions 

calved and drifted away before a repeat elevation measurement could be acquired (blue and 
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green boxes; Fig. 2.11). The upper portion of Hektoria (dark orange box; Fig. 2.11) appears to 

have thinned since early 2018 (or prior). Minimal thinning occurred from April 2022 to late 

December 2022. As of 6 April 2023, this portion of the glacier is just 400 m upstream from the 

rapidly retreating glacier terminus and is unlikely to remain intact for further measurements. 

Both the lower and upper Green Glacier (orange and blue boxes, respectively; Fig. 2.11) show 

strong thinning above the level of surface variability from 2017-present. Lower Green Glacier 

thinned ~11 m between March 2022 to late December 2022, going from 79 m to 68 ±2.3 m. 

Upper Green Glacier thinned ~9 m between January 2021 to late December 2022, going from 

162 ±0.5 m to 153 ±2.3 m. There are no data available between January 2021 and July 2022, so 
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the initiation of thinning of the glacier is uncertain. However, from July 2022 until late 

December 2022, ~5 m of the total 9 m of thinning occurred.  

 

Figure 2.11: Hektoria and Green Glacier system elevation changes through time. Background 
image is from Landsat 9 17 January 2023 Landsat, yellow points indicate the Rott et al. (2018) 
2016 grounding zone and white dashed line is the grounding zone inferred in this study. The 
pink box in the study area inset is the area depicted for Green Glacier and the orange box is 
Hektoria Glacier. The time series plot corresponds to the area of the box of the same color. The 
gray band indicates the date of the fast ice break-out event.   
 

 

5 Discussion  
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Figure 2.12 summarizes the chronology of events in the 22-year period from 2001-2023 

of the Larsen B embayment and the tributary glaciers. We document the changes that have 

occurred during the two break-out events and how the glaciers and the Scar Inlet Ice Shelf have 

responded to those events. Below we discuss the conditions and aftermath of the 2022 event in 

light of our findings and related literature.  
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Figure 2.12: Schematic of the chronology of events from 2001-2023 of the Larsen B embayment 
region discussed in the text. 
 

 

 

 

5.1 Meteorological Conditions and Modes of Atmospheric Variability 
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The AP climate is influenced by several large-scale modes of atmospheric variability. 

These patterns are drivers of the formation and demise of pack ice, fast ice, the mass balance and 

stability of the glaciers and ice shelves. Climate patterns and variability are driven by several 

modes with a variety of time scales, e.g., the Interdecadal Pacific Oscillation (IPO) at 10 to 30 

years and SAM phase oscillations, changing on the scale of weeks to months. The IPO was in a 

negative phase from 2000 to 2014, favoring an increase of overall sea ice extent at ~0.57 ± 0.33 

× 106 km2 per decade (Meehl et al., 2016). Additionally, slightly cooler conditions around the AP 

in the 2010s limited the area of melt ponding on the Scar Inlet Ice Shelf and the northern Larsen 

C (Cape et al., 2015; Bevan et al., 2018). This situation paired with intensified cyclonic 

circulation in the Weddell Sea (Christie et al., 2022), which may be broadly favorable for the 

formation of the Larsen B embayment fast ice and advancement of the glacier tongues (Fig. 

2.12), yet due to local variability it can be difficult to pinpoint its exact drivers in a specific 

season. It appears the IPO reversed in 2015/2016 but that remains to be confirmed (Li et al., 

2021). The SAM index has been trending toward more frequent periods of positive phase for 

many decades (Kwon et al., 2020; Li et al., 2021). A positive SAM is generally associated with a 

deepening of the Amundsen Sea Low, which subsequently enhances northwesterly flow across 

the AP, bringing warm air masses and an increase in foehn events into this region (Li et al., 

2021; Turner et al., 2022). A positive SAM is also correlated with AR events, due to enhanced 

moisture fluxes towards the Antarctic Peninsula and a more easterly storm track, which can 

increase warming on the eastern (lee) side of the Antarctic Peninsula during AR-driven foehn 

events (Wille et al., 2021; Shields et al., 2022; Wille et al., 2022). Strong westerly winds increase 

pack ice drift eastward and northward, exposing the AP’s eastern coast and ice fronts to open 
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ocean. This may have caused the low sea ice cover in the Weddell Sea in summer 2021/2022 and 

lack of pack ice in the corridor region in January 2022 (Turner et al., 2022).  

We found that the climate of the Larsen B region was anomalously warm from November 

2021 to January 2022. However, despite the climate being warmer, the number of melt days, and 

mean areal extent of melt, over the fast ice derived from the passive microwave data in the 

2021/2022 season were not a record (Fig. 2.5). According to the optical imagery, melt ponds 

were evident in Landsat 8 satellite images mainly in November and December 2022, however 

the areal extent of melt ponds in the Larsen B region declined prior to the fast ice break-out event 

in late January 2022 (Fig. A1-S6). These observations suggest that neither surface melting, nor 

related hydrofracturing of pre-existing melt ponds in the thick glacier tongues, were a direct 

cause of the 19 January fast ice fracturing or the subsequent break-up, although they do point to a 

warmer (and likely weaker) fast ice cover at mid-summer of 2021/2022.  

The low overall sea ice concentration and westerly winds from a deep Amundsen Sea 

Low led to an open water corridor between the pack ice and the eastern coast of the AP (Turner 

et al., 2022). This led to the region in front of the Larsen B having the lowest total overall sea ice 

area for the date in 13 years (2010-2022; Fig. 2.6). In February 2021, there was a smaller open 

corridor, however, the area was not as wide as in early January 2022 and did not create an 

unobstructed ice-free lane to Southern Ocean swell. With low sea ice damping, ocean swell 

events could impact the eastern fast ice and coastal areas; these have been shown to destabilize 

fast ice and ice shelves (Crocker and Wadhams 1989; Langhorne et al. 2001; Banwell et al., 

2017; Massom et al., 2018; Teder et al., 2022). However, swell events in February 2021 were 

low amplitude or proceeded from the coast to the northeast, i.e. likely driven by foehn events.  
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5.2 The fast ice break-out event  

Despite high temperatures and surface melt and meltwater ponding (Scambos et al., 2003; 

Banwell et al., 2013), alongside thinning due to both basal melting and surface melting 

(Adusumili et al., 2018; Smith et al., 2020), known to be primary drivers of ice shelf collapse, 

our analysis shows that the Larsen B multi-year fast ice persisted through warm and high melt 

years (e.g., 2019/2020; Bevan et al 2020; Banwell et at., 2021) without breaking up. Until the 

2021/2022 melt season, the absence of a large sea ice-free corridor prevented high ocean swells 

from the northeast from reaching the fast ice (Fig. 2.12). Long period ocean swells, such that the 

wavelength is substantially greater than the ice thickness, can expose ice shelves and fast ice to 

flexural strains (Crocker and Wadhams, 1989;  Langhorne et al. 2001; Banwell et al., 2017; 

Massom et al., 2018). In our case, the fast ice was several meters thick, wave height was nearly 

1.75 m, and the wave period at the time of the event was 5 to 6 s, corresponding to wavelengths 

of order of 40 m (Fig. 2.7). The resulting strains can weaken the outer margins of the fast ice or 

ice shelf through plate-bending and fracturing. As the outer margin breaks, the stress is 

redistributed within the fast ice, possibly initiating further fractures within the ice (Massom et al., 

2018). The fast ice was potentially preconditioned to break-up by the rifts that were open near 

the confluence of the Crane Glacier tongue and Scar Inlet Ice Shelf, however, contrary to Sun et 

al. (2023) we attribute the break-up to the long period, high-amplitude swell that came from the 

northeast through the open sea ice corridor. This order of events and ultimate cause of break-up 

is similar to what was proposed in Gomez-Fall et al. (2022) for the collapse of the Parker Ice 

Tongue.  

The rapid removal of the fast ice fragments from the embayment coincides with the 

presence of foehn winds that were likely caused by an AR event. Recently, ARs and AR-

triggered foehn events have been linked to the collapse of ice shelves due to their ability to cause 
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extreme surface melting and subsequent hydrofracture (Laffin et al., 2022; Wille et al., 2022). 

Here, we found that foehn events happened prior to, during, and after the January 2022 Larsen B 

wave event. We cannot rule out the possibility that these foehn events may have sufficiently 

increased melting on the thick glacier tongues to cause hydrofracturing, which may have acted to 

further fracture the fast ice and facilitate break-up. As a secondary driver, the winds likely 

hastened the removal of the floating ice or helped create the open corridor for wave entry to 

reach the ice fronts. These findings parallel that of Massom et al. (2018) who attributes the 

Larsen B Ice Shelf break-up in 2002 to the removal of sea ice due to westerly/north westerly 

winds that not only enabled an ocean swell to reach the ice shelf but also helped to quickly 

evacuate large icebergs and mélange out of the embayment. Additionally, the AR and foehn 

events in January 2022 may have affected sea surface slope. It is possible that a sea surface 

sloping oceanward gravitationally promoted calving and removal of the floating ice, similar to 

the calving of large icebergs off the Amery Ice Shelf in 2019 (Francis et al., 2021), the Brunt Ice 

Shelf in 2021 (Francis et al., 2022), and Larsen D in 2020 (Christie et al., 2022). We suggest 

further research to investigate the presence of cyclone(s) and the sea surface slope during the 

time of the break-up event.  

5.3 The initial glacier response 

After the break-up of the ice shelf in 2002, the presence of fast ice significantly affected 

the tributary glaciers’ dynamics, providing sufficient backstress that suppressed calving and 

permitted the tributary glaciers to form thick ice tongues and readvance into the embayment 

during 2010 to 2022 after the initial break-up in 2002 (Fig. 2.2; Needell and Holschuh, 2023), 

corresponding to an Eastern Antarctic Peninsula-wide ice front advance discussed in Christie et 

al. (2022). Rigid mélange and/or fast or pack ice can stabilize rifts (Larour et al., 2021), and can 

allow ice shelves, tidewater glaciers, or floating glacier tongues to advance, as has been seen in 
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Greenland (Moon et al., 2015), the Parker Ice Tongue (Gomez-Fell et al., 2022), the Cook West 

Ice Shelf (Miles et al., 2018), and other areas (Reeh et al., 2001; Massom et al., 2010; Cassotto et 

al., 2015; Banwell et al., 2017). During the 2010 to 2022 period of the occupation of the Larsen 

B multi-year fast ice, the tributary glaciers Crane, Hektoria and Green readvanced and 

decelerated (Rott et al., 2018) and the Scar Inlet Ice Shelf decelerated with clear seasonal 

variability associated with the presence of the fast ice (Fig 2). The loss of fast ice can affect the 

seasonal variability of velocity and calving dynamics of ice shelves, as seen for the Totten Ice 

Shelf (Greene et al., 2018) and Parker Ice Tongue (Gomez-Fell et al., 2022). Due to the fast ice 

moving as a cohesive unit coupled with the lack of iceberg rotation embedded in the fast ice, 

suggests a degree of mechanical coupling of the glacier tongues, and Scar Inlet Ice Shelf, to the 

fast ice, similar to the relationship of mélange and multiyear fast ice for the Voyeykov Ice Shelf 

prior to disaggregation (Arthur et al., 2021). The Larsen B fast ice played an integral role in the 

growth, deceleration, and stability of the Larsen B outlet glaciers, their floating tongues, and the 

Scar Inlet Ice Shelf. Given that the fast ice was 5-10 m thick, it likely provided backstress greater 

than the 107 N m-1 threshold required to suppress calving (Robel, 2017). Contrary to recent 

modelling results (Sun et al., 2023; Surawy-Stepney et al., 2023), in absence of any other 

plausible cause, our observations show the loss of the fast ice led directly to dramatic dynamical 

changes in the aforementioned tributary glaciers tongues and thereafter the subsequent grounded 

glaciers.  

According to de Rydt et al. (2015), an “immediate” glacier response is one that occurs < 

2 years after an initial event. Here we see an immediate disaggregation of the glacier tongues 

after the fast ice broke out. These responses mimic Voyeykov Ice Shelf where over the course of 

several months the ice shelf lost stabilizing land fast ice, then mélange, followed by partial loss 
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of the ice shelf (Arthur et al., 2021). The immediate complete disaggregation of multiple floating 

ice tongues after the loss of the fast ice suggests that the fast ice was not only preventing calving 

but also supplied sufficient backstress that essentially held the tongues together. The glacier 

speeds began to gradually increase after the loss of their thick floating tongues (Fig. 2.9). 

The calving regimes and dynamical changes of the Larsen B tributary glaciers are similar 

to their response after the 2002 Larsen B ice shelf disintegration, suggesting that calving is an 

immediate response to stress perturbations (Hulbe et al. 2008). At first glance, the two events 

were quite different; for example, the tributary glaciers were stable prior to the 2002 event and 

though they were readvancing and stabilizing prior to the 2022 event they were still in an 

imbalanced state (Seehaus et al., 2023), additionally the ice shelf was old and thick whereas the 

fast ice was much younger and an order of magnitude thinner. However, despite these 

differences, the similarities in the tributary glacier response to the two events are important to 

identify.  

Crane Glacier experienced significant changes after the Larsen B Ice Shelf disintegration 

and fast ice break-out. In the three years following the Larsen B Ice Shelf disintegration event 

(2002 to 2005), the Crane Glacier ice front and grounding zone retreated 18 km into the fjord, 

and the ice front height increased from 60 m to just over 100 m (Scambos et al., 2011, De Rydt 

et al., 2015). Simultaneously, the glacier trunk upstream of the ice front lost elevation at a rate of 

35 m yr-1 (Shuman et al., 2011). As of March 2023, the 2022 event has caused Crane Glacier to 

retreat ~11 km in 14 months (Fig. 2.8). However, significant thinning in the upstream areas has 

yet to occur (Fig. 2.10). Between 2002 and 2003, Crane Glacier ice flow increased rapidly, 

roughly 3-fold from ~500 m yr-1 to ~1500 m yr-1 (Rignot et al., 2004). In 2007, Crane’s terminus 

had speeds up to ~ 3500 m yr-1 with a steady deceleration the following years (Wuite et al., 
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2015). By 2017 terminus speeds were ~1000 m yr-1 (Rott et al., 2020) and remained that way 

until the break-out. In what is likely grounded ice (relative to both the grounding zone locations 

in this study and in Rott et al., 2018), speeds prior to the break-out were ~750 m yr-1 and 

subsequently increased to ~1050 m yr-1 by early 2023 (Fig. 2.9). Crane Glacier has responded 

similarly to the two episodes of buttressing loss in the last 20 years, although the magnitude of 

change was greater in the immediate aftermath of the 2002 event (Fig. 2.12).  

Hektoria’s calving in 2022 is similar to the 2002 event where initially floating tabular 

bergs calved and then an arcuate calving front formed with large rifts and slumping. In 

2022/2023, Hektoria retreated ~25 km, with ~10 km of that retreat (or 1 to 5 km referencing the 

Rott et al.’s 2016 grounding line (Rott et al., 2018); Fig. 2.8) likely to be partially grounded ice 

on an ice plain (Tuckett et al., 2020). This is greater than the 2002 event in which Hektoria lost 

~15 km of floating ice in the first year and it was not until a year after the loss of the ice shelf in 

2003 that Hektoria began calving at its grounded terminus (Rack and Rott, 2004). This could 

possibly be explained with the lower Hektoria glacier being much closer to floatation in 2022 

than it was in 2002 and possibly with a higher amount of accumulated damage. In that case, 

acceleration and thinning would have first been needed to bring the Hektoria Glacier to a height 

near floatation before significant retreat of grounded ice could occur after the 2022 event. In 

2002 to 2003 Hektoria’s ice flow speeds increased 8-fold from ~250 m yr-1 to over ~2000 m yr-1. 

Hektoria’s terminus retreat paused from 2007 to 2009 and then reactivated in 2009 until the 

long-term fast ice formed in the embayment and stabilized the front in 2011 (Fig. 2.12). 

Following the fast ice breakout several kilometers upstream of the grounding line, Hektoria’s ice 

flow speeds increased from 400 m yr-1 to ~900 m yr-1 (Fig. 2.9). Although the magnitude is not 

as great as the 2002 event, the glaciers have had a dramatic acceleration. Hektoria’s thinning 
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from 2002 to 2003 was between 5 to 38 m yr-1 (Scambos et al., 2004), whereas the 2022 event 

resulted in thinning of between 8 to 11 m on Green Glacier from March 2022 to January 2023 

(Fig. 2.11). Again, this is a similar and only slightly subdued response to the loss of embayment 

ice.  

Both Crane and Hektoria experienced rapid changes after both the 2002 and 2022 events. 

The speed up of both glaciers was immediate, yet gradual, as the evolution of the system 

adjusted to new geometry, particularly the glacier bed. This gradual, slightly delayed increase in 

velocity may be why Sun et al. (2023) did not capture the acceleration as their velocity data 

ended in July/August 2022 and the majority of the acceleration took place after that (Fig. 2.9). 

However, that is along the same timeline of changes experienced in the 2002 event as the first 

velocity data was only available December 2002, nine months after the ice shelf break-up (Wuite 

et al., 2015). Comparison of the speeds, thinning, and retreat rates, reveals that the 2002 event 

had a greater impact on the glacier dynamics within the first year of the loss of ice shelf/multi-

year fast ice buttressing. This is an expected response, as the loss of the Larsen B Ice Shelf 

should result in a higher de-buttressing effect than the more recent loss of the much thinner fast 

ice and thick glacier tongues. 

6 Conclusions 

The climate of the AP has been warming over the past several decades (Vaughan et al., 

2003; Zagorodnov et al., 2012), interrupted by a decade-scale cooling that coincided with the 

formation of the fast ice in 2011 (Turner et al., 2016). During the 2021/2022 summer, the Larsen 

B region of the AP experienced anomalously high temperatures, and strong westerly winds 

contributed to an ice-free corridor to open along the eastern coast of the Peninsula that in turn 

allowed long-period high amplitude ocean swell to reach the fast ice. In the 2021/2022 summer 

the Antarctic sea ice extent was at its lowest sea ice extent in the satellite record (prior to 2023) 
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with the Weddell Sea contributing 26% to that negative anomaly (Turner et al., 2022). The sea 

ice extent in the Weddell Sea in 2022 was the 12th lowest in the satellite record (Turner et al., 

2022) and the pack ice area immediately near the Larsen B embayment was at its lowest since 

2010.  

The large-amplitude wave event with a long period swell that occurred 18 to 19 January 

reached the fast ice front via the pack ice-free corridor. We infer that this flexed the fast ice, 

causing it to fracture and redistribute the stresses within the thin ice plate, which would be 

seasonally at its weakest due to the recent warm air temperature. We note, however, that surface 

meltwater-induced flexure and hydrofracture of the glacier tongues do not appear to play a direct 

role in this case. An AR and foehn wind event occurred during and after the fast ice break-out, 

contributing to the quick removal of the fast ice from the embayment.  

All of the glacier responses following the Larsen B embayment fast ice break-out are 

reminiscent of the effects on glacier flow and decreased surface elevation after the Larsen B ice 

shelf removal (i.e., extreme and varied; Rignot et al., 2004; Scambos et al., 2004), despite the 

fast ice being substantially thinner than the ice shelf (5 to 10 m compared to ~250 m; Fig. 2.1) 

and the glaciers being in different states prior to the break-outs (Seehaus et al., 2023). We 

conclude that the fast ice slab was acting to significantly buttress the glaciers’ floating tongues, 

and its removal led to the disaggregation of the tongues and destabilization and dynamical 

changes of the grounded glaciers.  

Antarctica’s coastline is fringed with multi-year fast ice (Fraser et al., 2021) that is likely 

buttressing large glaciers around the continent. As the climate continues to change (Gilbert and 

Kittel, 2021), Antarctica’s fast ice may become more susceptible to breakup due to increasing 

exposure to ocean swells via open-ocean corridors through pack ice (Reid and Massom, 2022; 
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Teder et al., 2022). As Antarctic overall sea ice concentrations are projected to decrease over the 

current century (Holmes et al., 2022), this risk is inherently higher. Antarctic-wide fast-ice-

buttressed glaciers will likely be subject to substantial dynamical changes and potential retreat if 

pack ice decline leads to multi-year fast ice break up.  

This case study affirms the importance of examining the impacts of large-scale 

circulation patterns on foehn conditions, overall sea ice area, and ocean swells on the AP and 

other vulnerable ice shelf and outlet glacier areas. It is important to continue monitoring not only 

the glaciers feeding into the Larsen B embayment in terms of their response to changing fast ice 

conditions, but also other key glacier-ice shelf-fast ice interactive systems around Antarctica and 

their response to increased coastal exposure (Reid and Massom, 2022; Teder et al., 2022) 
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CHAPTER 3 

 

Record rate of tidewater glacier retreat at Hektoria Glacier, Antarctic Peninsula 

This chapter will be submitted to Nature Geoscience in November 2024. 

Coathors: Naomi Ochwat, Ted Scambos, Robert S. Anderson, J. Paul Winberry, Adrian 

Luckman, Etienne Berthier, Maud Bernat, and Yulia K. Antropova 

 

Abstract 

Hektoria Glacier on the Eastern Antarctic Peninsula underwent an unprecedented rate of 

tidewater-style glacier retreat from 2022 to 2023 after the loss of decade-old fast ice in the 

Larsen B embayment in January 2022. The glacier retreated ~25 km between February 2022 and 

March 2023. In two months, November to December 2022, ~10 km of grounded ice calved; a 

retreat rate an order of magnitude faster than any reported in the modern record. Following the 

fast ice break-out, a 6-fold ice speed increase resulted in a 40-fold increase in the glacier thinning 

rate. In November 2022, Hektoria Glacier transitioned from calving large tabular icebergs to 

buoyancy-driven calving associated with the change in basal shear stress where the glacier was 

grounded. We infer that the record retreat was accomplished by an extremely rapid calving style 

resulting from ice plain bed geometry. The Hektoria case implies that glaciers with ice plain bed 

geometry can be easily destabilized by loss of buttressing features. 

1 Introduction  

Glaciers that feed ice shelves or landfast ice areas (hereafter, ‘fast ice’) are subject to 

dynamical changes upon the removal of the buttressing features (Fürst et al., 2016; Greene et al., 

2018; Ochwat et al., 2024). As the climate continues to warm, ice shelves and multi-year fast ice 

are increasingly susceptible to collapse (Gilbert and Kittel, 2021), thus exposing the glaciers to 

new stress regimes and external forcings. These dynamical changes have been documented and 

investigated in detail on the Antarctic Peninsula (AP) following the loss of the Prince Gustav Ice 

Shelf (Glasser et al., 2011), Larsen A and Larsen B Ice Shelves (e.g. Rott et al., 1996; Rott et al., 



 

 

52 

2002; Rignot et al., 2004; Scambos et al., 2014; Royston et al., 2016), the Wilkins Ice Shelf 

(Rankle et al., 2017), and others. These areas provide a natural observatory to examine potential 

feedbacks and instabilities that may occur in other, larger, glaciers that have at-risk buttressing 

floating ice. 

In particular, the Larsen B ice shelf and tributary glaciers were relatively stable until the 

mid-1990s. In March 2002 the ice shelf broke up over several weeks, initiating a substantial 

change in the glaciers that fed it (Hulbe et al., 2008). The glaciers rapidly retreated into their 

fjords, thinned, and sped up (Scambos et al., 2004; Wuite et al., 2015). In 2011, the embayment 

filled with fast ice, partially stabilizing the glaciers, allowing them to advance into the 

embayment (Needell and Holshuh, 2023; Ochwat et al., 2024). In 2022, the decade-old fast ice 

broke out causing the glaciers to lose their 300+ m thick floating ice tongues and rapidly retreat 

(Sun et al., 2023; Ochwat et al., 2024; Surawy-Stepney et al., 2024). Ochwat et al. (2024) 

documents the triggers that caused the fast ice to break-out and the initial glacier acceleration 

and thinning until spring 2023. Ochwat et al. (2024) found that Crane, Hektoria, Green, and 

Jorum Glaciers began to accelerate, up to 2-fold. However, significant thinning had yet to occur 

at their specific study sites with only 5-10 m measured on Green Glacier. The authors did not 

examine Hektoria Glacier’s extraordinary retreat.  

Analogues for unusually rapid retreats are seen in Alaska, Greenland, Antarctica, and 

Patagonia. Pfeffer (2007) defines “rapid” as retreat rates that are greater than 200 m yr-1, for 

example Columbia Glacier, Alaska, was known for its retreat rates of 1000 m yr-1 between 1980-

2005 (Pfeffer, 2007; O’Neel et al., 2005). The LaConte Glacier, Alaska, retreated 2 km in ~6 

years (O’Neel et al., 2001). In central western Greenland, rapid retreats of several hundred 

meters per year are observed (Catania et al., 2018). On the Antarctic Peninsula, Röhss Glacier 
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retreated 15 km in ~8 years after the loss of the Prince Gustav Ice Shelf (Glasser et al., 2011). 

The Upsala Glacier East, Patagonia, a lake-terminating glacier, rapidly retreated in the 1980s at 

440 m yr-1 (Warren et al., 1995) and 1000 m yr-1 between 2008-2011 with 40 m yr-1 of thinning 

(Sakakibara et al., 2013). With the exception of some lake-terminating glaciers, rapid retreats are 

usually restricted to tidewater glaciers.  

The typical tidewater glacier cycle includes a period of rapid retreat (Meier and Post, 

1987, Pfeffer, 2007). A tidewater glacier builds an underwater shoal from sediment transport as 

it advances. When the glacier advances into deeper water, sediment transport is no longer 

sufficient to maintain a shoal of necessary size for the water depth, and the glacier begins to thin 

and undergo a period of rapid retreat until it reaches a new equilibrium and begins building a 

new shoal (Brinkerhoff et al., 2017). However, in the Antarctic, coastal glaciers usually feed ice 

shelves or ice tongues and do not undergo the cyclical processes of classic tidewater glaciers. 

Instead, the removal of buttressing features (ice shelves or multi-year fast ice), may promote the 

transition of Antarctic glaciers to a tidewater geometry.   

Rapid retreats in Antarctica have been associated with the proposed Marine Ice Cliff 

Instability (MICI) as the driving cause of retreat and not the tidewater glacier cycle (Alley et al., 

2023). MICI is a consequence of high (>100 m) unsupported marine-terminating ice cliffs, 

resulting in very high ice-front stresses that can rapidly accelerate ice-front calving (Bassis and 

Walker, 2012; Pollard et al., 2015; Parizek et al., 2019). The Marine Ice Shelf Instability (MISI), 

on the other hand, is the hypothesis that outlet glaciers retreating into retrograde slopes will 

undergo a rapid grounding line retreat, creating a thick floating or near-floating ice front area 

driven by the increased ice thickness to flow rapidly, ultimately resulting in ice sheet collapse 

(e.g., Schoof, 2012; Joughin et al., 2014; Favier et al., 2014; Gudmundsson et al., 2019). Retreat 
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of the grounding line, in a retrograde slope or flat glacier bed geometry may initiate rapid calving 

and instabilities are not limited to MISI (Sergienko, 2022). Recently, Batchelor et al. (2023) 

interpreted bathymetric geomorphological data in Norway as a setting in which a nearly planar 

bed profile (an ice plain) promoted rapid buoyancy-driven glacier retreat (Batchelor et al., 2023). 

Friedl et al. (2020) suggests that the presence of an ice plain allows a large region of the glacier 

to reach flotation simultaneously upon thinning.  

In this study, we characterize the rapid retreat of Hektoria-Green (HG) Glacier, 

specifically Hektoria Glacier. The HG system underwent an unprecedented tidewater-style 

glacier retreat, receding ~25 km (~300 km2) in 14 months, 10 km of which was Hektoria’s 

grounded ice, measured along the central flowline (Fig. 3.1 and A2-SV1; Ochwat et al., 2024) 

This retreat is an order of magnitude greater than any known tidewater glacier retreat. First, we 

analyze the location of the grounding line prior to the loss of the Larsen B fast ice that includes 

utilizing several remote sensing and geophysical datasets. We include an evaluation of the 

calving style and characteristics of the glacier terminus and icebergs during the retreat. Lastly, 

we propose the 2022-2023 rapid retreat was due to buoyancy-driven calving over an ice plain 

area.  
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Figure 3.1: The retreat of Hektoria and Green Glaciers. A) Hektoria and Green glaciers prior to 
the loss of the fast ice; B) March 2022 image displaying the retreat of the floating ice tongue; C) 
Toppled icebergs that are present after the loss of the ice tongue; D) October 2022 image 
showing Hektoria and Green Glacier prior to the period of rapid retreat; E) forwardly rotated 
iceberg at the calving front in April 2022 at the transition from floating to grounded ice; F) 
Image of the new stable terminus location of Hektoria Glacier in March 2023. In panels A and B, 
several proposed grounding lines are displayed; the black dashed line is a 2021 grounding line 
(1; panels C and D), the light orange dashed line is a 2019 grounding line (50), the dark orange 
points are a 2016 grounding line (49), the blue small dashes are a 2016 grounding line (41). The 
green line is the March 2023-February 2024 terminus position, light purple is the terminus from 
August – October 2022, the dark purple is the terminus in December 2021 prior to the fast ice 
collapse. 
 

2 Results 

2.1 Assessment of the phases of the 2022-2023 retreat 

After the loss of the Larsen B fast ice the Hektoria-Green glacier system underwent three phases 

of retreat, identified by iceberg morphology and calving style (Fig. 3.2). Tabular bergs are 

identified by their aspect ratio, dark rough surface, and they resemble the glacier surface near the 

retreating ice front (Sulak et al., 2017; Alley et al., 2023). The first phase of retreat occurred 
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immediately after the loss of the fast ice, February-March 2022 (Fig. 3.2), when the 300+ m 

thick (Ochwat et al., 2024) floating ice tongue disaggregated and drifted away (Figs. 3.1A, B, D, 

and Fig. 3.5C). During this period the HG lost ~216 km2 of the floating ice tongue, with a total 

of 16 km of retreat at a retreat rate of up to 0.8 km day-1. 

 

Figure 3.2: Hektoria Glacier retreat rates and area loss over the period of February 2022 until 
August 2023. Blue ticks are glacier earthquakes on 6 November 2022, 12 December 2022, 23 
December 2022, and 25 December 2022; seismograms are in Supplemental Figure A2-S6. Inset 
panels show the glacier morphological changes that occurred during the key periods of retreat. 
“Tabular bergs” is from Landsat 9 on 19 March 2022, “Staircase and Slumping” is from 
Worldview 30 October 2022, “Rifting and Rotated Bergs 1” is from Landsat 9 on 25 December 
2022, “Rifting and Rotated Bergs 2” is from Planet on 28 December 2022, and “Sea ice in 
embayment” is from Landsat 9 on 7 September 2023.  
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Figure 3.3: Time series of elevation and velocity changes of Hektoria and Green Glacier. A) 
Elevation profile of Hektoria Glacier (red track; Reference Ground Track (RGT) 1329) extracted 
from ICESat-2 data and Worldview DEMs from April 2017 to September 2023. B) Elevation 
profile across Green Glacier (pink track; RGT 239) from November 2017 to July 2023. C) Velocity 
along Hektoria Glacier’s central flow line (blue track). The profiles are opaque at the transition 
from glacier ice to iceberg mélange at the time of the velocity measurement. Important time 
periods are indicated by text in the plot as well as the 2023/2024 terminus and the 2021 
grounding line. Inset is 21 December 2021 Landsat 8 image with the ICESat-2 tracks and along 
flow track, the 2021 grounding line, August/October 2022 terminus, and the 2023/2024 
terminus are depicted.  
 

A quiescent period ensued during the Austral Winter 2022 while the sea ice and mélange 

remained in the immediate vicinity of the glaciers’ termini (Fig. 3.2). During this time, the 

mélange likely provided enough backstress to prevent further calving (Cassotto et al., 2015; 

Robel, 2017). During the quiescent period Hektoria sped up by over 70% and began to 

dynamically thin (Fig. 3.3A and C); the same occurred on Green Glacier (Fig. 3.3B, Fig. A2-S5).  

By October 2022, Hektoria Glacier’s ice front had a staircase-like structure, with 

slumping and listric faulting, and ice cliff heights of 50 m (Fig. 3.2 “Staircase & slumping”; Fig. 
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A2-S4; Parizek et al., 2019; supplemental video in Crawford et al., 2021). Buoyancy-driven 

calving produces toppled icebergs that have a smoother, lighter surface that is often a dark blue, 

the iceberg has a scalloped surface shape suggesting the rift face is exposed (rather than upper 

surface) and they are generally smaller in size than tabular bergs (Fig. 3.1C; Sulak et al., 2017). 

From November through December 2022 the third phase of calving occurred, in which grounded 

ice calved at unprecedented rates for grounded ice of 0.8 km day-1 losing an additional 40 km2 

via buoyantly-driven iceberg calving (Fig. 3.1C; Fig. A2-S4) and retreated ~10 km measured 

along the central flow line. The size of these icebergs during this period indicates the glacier 

thickness was a minimum of 380-400 m (Fig. A2-S1). A notably rapid period of grounded ice 

retreat occurred from 25 December to 28 December where 2 km and ~4 km2 of area was lost 

(Fig. 3.2). From January to March 2023 Hektoria retreated another 2 km. As of February 2024, 

Hektoria has remained at the same terminus location yet the dynamics have changed 

substantially as it continues to calve, accelerate, and thin (Fig. 3.3). The terminus no longer has a 

cliffed front and it continues to slump into a mélange that fills the HG embayment (A2-SV2).  

Green Glacier underwent similar phases of retreat, yet only lost 4.5 km of grounded ice 

until Austral Winter 2023. Hektoria Glacier stayed relatively stable in Austral Spring 2023, 

however, Green Glacier has undergone several periods of minimal advancement and subsequent 

retreat of up to 2 km until April 2024 and is still actively calving and retreating.  

The phases of retreat correspond to calving in different zones of the glacier. The initial 

phase was associated with the loss of the floating ice tongue. The quiescent phase saw a 

transition from floating to grounded ice. The last phase of rapid retreat was associated with 

calving from the lightly grounded ice plain region of the glacier. The grounding line is 

determined through various remote sensing and geophysical methods, as described below.  
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2.2 Grounding line constraints from elevation profiles 

We utilize several datasets and observations to infer the grounding line location prior to 

the collapse of the HG floating ice tongue. We examine ICESat-2, DEMs, and optical imagery to 

determine the transition from floating to grounded ice.  

 

Figure 3.4: Time series of elevations along four profiles in the Hektoria-Green glacier system 
and corresponding velocities. Panels A-D) four elevation profiles show satellite stereo-image 
derived DEMs spanning 2011 to late 2022, with several surface features and interpreted state 
of the glacier ice labeled. Black arrows highlight the moving position of surface features 
interpreted as bottom crevasses on the basis of longer wavelength. Right inset: Landsat 8 image 
from 21 December 2021 showing elevation profile locations, recent published grounding line 
locations, the date of the data used to infer their location, including Ochwat 2021 (black dashed 
line; 1), Wallis 2019/20 (light orange dashed line; 50), Tuckett 2016 (blue dashed line; 41), and 
Rott 2016 (dark orange points; 49). and higher amplitude undulations (few hundred meters and 
tens of meters, respectively). Panel E shows the ITS_LIVE velocity from 2011-2022 at four points 
on Hektoria’s central flow line.  
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Figure 3.4 displays a time series of ASTER, SPOT 5 and WV DEM derived elevation 

profiles along four flow-lines on Hektoria Glacier. The profiles show several fixed features that 

we interpret as dynamically supported topography, indicating that the glacier is grounded in 

those locations. Figure 3.4A and 3.4B show a “surface bump 1”, that thinned 2-3 m yr-1 from 

2011-2022, yet it is not advected downstream. Velocities during this period and location are 300-

400 m yr-1 (Fig. 3.4E, blue points), therefore, if this feature was floating it would have been 

advected downstream by at least 3 km. The “surface bump 1” is also evident in Figure 3.4C, 

however, it thinned substantially (5+ m yr-1), suggesting that around 2018 this area may have lost 

considerable contact with the bedrock or at least reached a state of very low basal shear stress. 

Figure 3.4D shows several features, including “surface bump 2”, that do not move downstream 

either, suggesting this area of the glacier is fully grounded through the entire time-series.  

Downstream of the proposed grounding line (Ochwat et al., 2024), long-wavelength 

undulations are present in all of the profiles and clearly show advection with the speed of the 

glacier (some data sets are noisy; however, the longer-scale surface features are still present; 

Figs. 3.3A and 3.4C). We interpret these as bottom crevasses, indicating a transition to fully 

floating hydrostatic equilibrium in those areas.  

All profiles show two distinct breaks in the slope – after the surface bump 1 feature, 

which we identify as the upstream edge of the ice plain, as well as at the downstream end where 

the bottom crevasses appear. The two distinct breaks in the slope are a morphological indicator 

of an ice plain (Friedl et al., 2020; Tuckett et al., 2020).  

2.3 Grounding line constraints from surface texture and calving style 

We used optical images to examine the morphological transition from partially grounded 

to floating ice. In Figure 3.1B and Figure 3.4, we focus on spatial differences in the surface 

characteristics of the Hektoria-Green Glaciers. The lower glacier ice transitions from a smooth 
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finely crevassed surface to a surface with longer-wavelength surface undulations or depressions 

representative of basal crevassing and therefore floating ice. This area of floating ice calved 

primarily as large tabular icebergs between early February and early March 2022. In April 2022, 

the calving style of the retreating ice front changed to buoyantly rotated icebergs (Fig. 3.1C). In 

some areas, these blocks were forwardly rotated (Fig. 3.1E), which is only possible in areas of 

high basal shear stress (i.e., grounded ice) or substantial amounts of melt undercutting (Alley et 

al., 2023). We rule out the latter due to the rapidity of the calving and the relatively cool ocean 

temperatures in this area (Nicholls et al., 2004). In addition, the staircase-like structures and 

slumping (Fig. A2-S4) that developed during retreat in the area above our inferred grounding 

line in Figure 3.1 are indicative of listric faulting (Parizek et al., 2019), super-buoyancy (Murray 

et al., 2015) or ice-cliff stresses under certain scenarios (Bassis et al., 2021, Crawford et al., 

2021). All of these calving styles suggest the glacier was partially grounded in the ice plain 

region.  

2.4 Glacier earthquakes 

During key periods of Hektoria Glacier’s retreat glacier earthquakes (GEQs) were 

detected in this region (Fig. 3.2, blue ticks, Supplemental Figs. A2-S6, A2-S7, and Table A2-S1). 

A comprehensive search for GEQs during the 2022-2023 time period revealed no events in the 

Hektoria region prior to November of 2022. Modeling the seismic waveforms of the observed 

events indicates the events were generated by a nearly horizontal source oriented roughly 

perpendicular to the Hektoria calving front that had peak forces of ~0.5-2 x 1010 N, consistent 

with generation by calved icebergs with mass of ~1011 kg (Fig. A2-S7; Sergeant et al., 2019, 

Olsen et al., 2021). Glacier earthquakes and their relationship to calving mechanisms have been 

well-studied in Greenland and minimally in Antarctica (Nettles and Ekström, 2010; Murray et 

al., 2015; Sergeant et al., 2019; Winberry et al., 2020). Buoyancy-driven calving can produce 
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glacier earthquakes when icebergs capsize at the terminus of the glacier creating a force against 

the front and the solid earth; this momentarily creates a cm-scale speed reversal in the glacier and 

an upward force on the Earth (Nettles and Ekström et al., 2010; Murray et al., 2015; Sergeant et 

al., 2019). These types of earthquakes are characterized by long periods (30-150 s, moment-

magnitude Mw = 5 tectonic earthquake) and are detectable globally (Sergeant et al., 2019). These 

types of glacier earthquakes can only occur at grounded or nearly grounded termini (Sergeant et 

al., 2019, see their Figure 1). Six GEQs occurred at Hektoria Glacier during the rapid retreat, 

three of which correspond solely to the retreat of Hektoria’s front (Fig. A2-S7). The presence of 

these GEQs during Hektoria Glacier’s retreat is further evidence that the glacier terminus was 

grounded during the rapid calving events.  

2.5 Glacier response following the fast ice break-out  

During the period of rapid retreat (2022-2023), Hektoria and Green glaciers rapidly 

thinned and accelerated. ICESat-2 and Worldview DEM data show that Hektoria and Green’s 

thinning rate increased non-linearly in several phases, accelerating through time (Fig. 3.3). All 

thinning rates are the maximum rate measured at 64.845°S and 65.95°S, respectively, on the 

ICEsat-2 tracks in Figure 3A and B. Prior to the break-out, from 2017 through 2021, both 

Hektoria and Green Glacier thinned on average 3 m yr-1 (Fig. 3.3A and B). Immediately after the 

break-out, from March to December 2022 the thinning rate increased to 19 m yr-1 for Hektoria 

and 4 m yr-1 for Green. From December 2022 to March 2023 the rate for the remaining portion of 

Hektoria Glacier, in the catchment cirque, increased to 64 m yr-1 (Fig. 3.3A). By September 2023 

Hektoria was thinning at rates of 80 m yr-1 and Green Glacier 54 m yr-1 (Hektoria measured at 

64.841°S, as a trough had formed in the cirque creating the maximum thinning rate, Fig. 3.3A).  

Similarly, Sentinel-1 derived velocities reveal a continuation of acceleration since the fast 

ice break-out. Ochwat et al. (2024) show a speed increase in Green Glacier of 500 m yr-1 to 1150 
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m yr-1 by January 2023, and here we show the speed has continued to increase to 1700 m yr-1 by 

December 2023 (Fig. A2-S5; measured at 7500 m), representing ~3.5-fold increase in speed 

since the loss of the fast ice. Hektoria Glacier accelerated from 400 to 900 m yr-1 by January 

2023 and by December 2023 to 1700 m yr-1 near the terminus, a more than 4-fold increase 

(measured at 7500 m; Fig. 3.3C; Ochwat et al., 2024). In both Hektoria and Green Glacier, the 

acceleration is greatest near the terminus of the glacier and propagates upstream through the time 

series. At 8 km upstream of the current terminus of Hektoria Glacier, glacier flow speed has 

increased 70% (500 m yr-1 to 700 m yr-1). At 11 km upstream of the Green Glacier terminus the 

glacier flow speed has yet to be affected by the loss of the fast ice and new calving regime.  

3 Discussion 

3.1 Grounding Line Controversy 

As shown in Figure 3.1, several recent studies have presented grounding line maps for the 

Hektoria-Green glacier system that show substantial disagreements. The mappings are derived 

from different analyses: break in ice surface slope, derived from SAR-based TanDEM-X DEMs 

(Rott et al., 2020); Sentinel-1 SAR-based displacement variations and their correlation with tidal 

oscillations (Wallis et al., 2024); or surface morphological and elevation variations suggesting 

that the grounding line is downstream from the break-in-slope due to the presence of an ice plain 

(Tuckett et al., 2020; Ochwat et al., 2024). The first two studies place the grounding line farther 

upstream, at substantial breaks in slope (though not exactly at the same place; Fig. 3.1A) and the 

second study places the grounding line lower on the glacier by approximately 12 km (again, not 

in exactly the same location, but similar). 
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Figure 3.5 Time series schematic of an idealized glacier cross section and Hektoria Glacier’s 
configuration and rapid retreat. Black dashed line is the elevation of an ice surface with the ice 
in hydrostatic equilibrium, the red dashed line is a dimensionless amplitude of tidal flexure 
where Td = 0 on grounded ice and Td = 1 for ice in full hydrostatic equilibrium. Point F is the 
landward limit of tidal flexure (hinge line); Point G is the grounding line, the last point at which 
the glacier touches the bedrock surface; Point H is the point of hydrostatic equilibrium of 
floating ice shelf or tongue. A) the idealized glacier and ice-shelf configuration; B) A conceptual 
model sketch of Hektoria Glacier’s profile prior to the fast ice break-out, showing a bedrock 
high similar to that shown in Figure 3.3; C) Sketch of the Hektoria Glacier system as it loses its 
floating ice tongue, including surface depressions and basal crevasses creating full thickness 
rifts and tabular icebergs; D) Sketch of Hektoria Glacier as it begins to calve at its grounding line 
(April 2022); E) Sketch showing dynamic thinning of the lower glacier, with the ice plain nearing 
hydrostatic equilibrium and calving blocks buoyantly rotating, causing glacier earthquakes when 
capsizing against the terminus (November-December 2022); F) Hektoria Glacier retreats to a 
new more stable terminus position at the slope break or bedrock high (March 2023) and 
continues to calve, speed up, and dynamically thin.  
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An ice plain is a flat region of bedrock upstream of the grounding line, where the glacier 

ice has a very low slope (< 5°) and is near hydrostatic equilibrium (Fig. 3.5B; Brunt et al., 2011; 

Friedl et al., 2020). In an idealized glacier-ice-tongue/shelf scenario (Fig. 3.5A; see also 

Vaughan, 1994) the true grounding line (Point G: where the glacier first loses contact with the 

bedrock) is close in proximity to the landward limit of tidal flexure (Point F), and is far inland of 

the first point of hydrostatic equilibrium (Point H). In an ice plain geometry (Fig. 3.5B), point G 

is closer to point H (if ice thicknesses are similar in both cases) and point F is well inland of 

point G; there is also the coupling line (Point C), near point F, which is the upstream limit of the 

ice plain and is often confused with point G because it is the first break-in-slope. The two key 

differences between these geometries are: 1) the landward limit of tidal flexure extends far 

beyond the grounding line and high tidal variations can change the location of true landward 

limit of tidal flexure point F and may induce partial ungrounding of the glacier during high tides 

(Brunt et al., 2011); and 2) the ice plain area of the glacier is near hydrostatic equilibrium and is 

therefore sensitive to external perturbations (Brunt et al., 2011).  

Tuckett et al. (2020) was the first to propose the presence of the ice plain at Hektoria 

Glacier. Tuckett et al. (2020) identify surface features that suggest grounded ice as well as two 

breaks-in-slope, one near the Rott et al. (2020) and Wallis et al. (2024) location, and one near our 

suggested position of the grounding line. The two breaks-in-slope can indicate an ice plain 

(Friedl et al., 2020).  

We evaluated the Hektoria topographic features through 2011-2022 and concluded the 

larger features (10s of meters relief, few kilometers in lateral dimension) in the area between the 

two groups of grounding line locations do not advect downstream at the speed of the glacier, 

strongly suggesting that the glacier is grounded over much of the proposed ice plain area (Fig. 
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3.3). Satellite images of the 2022-2023 calving of the notional ice plain area showed a distinct 

change in style as retreat proceeded past the Tuckett-Ochwat grounding line estimates, switching 

from frequent tabular calvings to nearly entirely toppled icebergs. This coincided with structural 

evolution of the ice plain towards a staircase fracture style. This again indicates a substantial 

change in the basal shear stress. Additionally, IceBridge radar data from 2017 show a transition 

zone from grounded to floating ice in the area of the Tuckett-Ochwat grounding line (Figs. A2-

S2 and A2-S3), IceBridge radar data in other years was inconclusive. Finally, we identified a 

series of glacial earthquakes that occurred in the region simultaneously as rapid retreat via 

buoyant calving consumed the proposed ice plain area, which points to a distinct change in 

glacier-bed conditions. We conclude that there was indeed an ice plain in the region between the 

two groups of grounding line estimates, which thinned near flotation after the fast ice break-out 

in 2022. This bedrock topographic setting of the lower Hektoria-Green glacier ice was the cause 

of the record-setting tidewater retreat rate of Hektoria’s ice from November 2022 – December 

2022.   

The grounding line determined by Rott et al. (2020) was likely due to identifying Point C 

as the grounding line via the break-in-slope method. Friedl et al. (2020) and Brunt et al. (2011) 

noted that this was a common feature in ice plain areas that could lead to mis-mapping of the 

actual grounding line. The Wallis et al. (2024) grounding line was determined by identifying 

cyclical variations in the range distance (after subtracting displacement due to ice velocity) in 

Sentinel 1 SAR. However, the range variations can be interpreted in two ways: as vertical motion 

due to tides, or as cyclical tidally-paced variations in flow speed. Such variations have been 

noted in several low-slope ice streams and ice plain areas in previous studies (e.g. Ice Stream 

D/Bindschadler Ice Stream; Anandakrishnan et al., 2003 and Walker et al., 2012; Helheim 
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Glacier; Voytenko et al., 2015). Wallis et al. (2024) interprets range variations as vertical 

motion. We suggest that at lower tide ranges the terminus of the glacier is more grounded, 

causing a rise in basal shear stress that induces a slowdown. Therefore, the presence of a lightly-

grounded, near-flotation ice plain can reconcile the various grounding lines. 

3.2 Record pace of Hektoria Glacier retreat across the ice plain 2022-2023 

Hektoria Glacier’s rapid retreat is unprecedented in the modern glaciological record (Fig. 

3.2). However, rapid retreats at nearly this rate have occurred before. Röhss Glacier on the James 

Ross Island from January 2001-December 2002 lost 9.1 km of grounded ice, 7.5 of it in the first 

year (Glasser et al., 2011), a similar albeit slower rapid retreat as seen at Hektoria Glacier. The 

Röhss Glacier retreat occurred six years after the loss of the Prince Gustav Ice Shelf and 

continued to retreat until 2009, losing 70% of its area and retreating a total of 15 km (Glasser et 

al., 2011). This is not unlike a previous retreat of Hektoria itself after the loss of the Larsen B ice 

shelf, in which the glacier retreated 500 m from 10 February to 26 February in 2011 at a rate of 

at least 35 m day-1 (Fluegel and Walker, 2024). The retreat rate in November to December 2022, 

9 km of grounded ice in only two months, surpasses all the reported retreat rates in Alaska and 

Greenland, by an order of magnitude. 

The dynamical thinning at Hektoria Glacier is also unprecedented. Previously, Hektoria 

Glacier was reported to have thinned ~38 m during six months 2002 after the loss of the Larsen 

B ice shelf (Scambos et al., 2004). During this same time period, Crane Glacier, south of 

Hektoria Glacier, thinned over 100 m in approximately two years, with about 40m of thinning 

due to subglacial lake drainage (Scambos et al., 2011, Shuman et al., 2011). Other record-

breaking thinning rates have been reported to have occurred in Patagonia on the HPS12, a 

tidewater glacier which thinned at a maximum rate of 44 m yr-1 (Dussaillant et al., 2019). 
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Hektoria’s thinning rate of 80 m yr-1 is heretofore unseen and coincides with 6-fold increase in 

velocity measured in the glacier cirque.  

When the fast ice broke out, the terminus of the ice tongue lost a small amount of 

buttressing from the fast ice (Parsons et al., 2024), which mostly served to suppress the calving 

rate and allowed the tongue to advance between 2011 and 2022 (Robel, 2017). This loss 

instigated an increase in rifting and the rapid disaggregation of the ice tongue into tabular 

icebergs. Unlike the Larsen B Ice Shelf collapse in 2002, the optical imagery does not show 

substantial meltwater ponding that would have prompted rapid hydrofracture of the ice tongue 

rifts (Ochwat et al., 2024). The collapse of the HG ice tongue is similar to the disaggregation of 

Voyeykov Ice Shelf, Wilkes Land, Antarctica, which partially collapsed after the break-out of 

mélange and multiyear landfast sea ice in 2007 (Arthur et al., 2021, Teder et al., 2024). Yet, in 

this case, after the loss of the floating ice tongue, Hektoria and Green glaciers’ calving style 

completely changed, and an unprecedented dynamically thinning and rapid tidewater retreat 

ensued. 

3.3  Broader implications  

Glacier instabilities, such as MICI and MISI, remain one of the greatest uncertainties in 

the future projection of sea level rise (Fox-Kemper et al., 2021). However, these instabilities may 

not always be the cause of rapid retreats. MICI ensues in various scenarios, dependent on cliff 

height (> 100 m), the ice thickness gradient upstream, the water depth, and the possibility of 

iceberg mélange providing enough backstress to support the ice cliff (Amundson et al., 2010; 

Bassis et al., 2021). Crawford et al. (2021) and Clerc et al. (2019) show the spectrum of 

possibilities of ice cliff failure and its relationship to the viscous-elastic flow response of the 

glacier, suggesting cliff height may thin due to the increase in ice influx speed, thus preventing 

MICI from occurring or stopping it prior to a runaway retreat. At Hektoria, the ice cliff heights 
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rarely exceeded 60 m (Fig. 3.3A, Fig. A2-S4) suggesting MICI was not a driver in the rapid 

retreat.  

At Hektoria Glacier, rapid grounding line retreat occurred, likely due to the presence of 

an ice plain. This instability may not be associated with MISI and is perhaps more representative 

of other grounding line instabilities (e.g. Sergienko, 2022; Batchelor et al., 2023). The ice plain 

grounding line retreat combined with buoyancy-driven calving ultimately resulted in the collapse 

of the glacier. With the buoyancy-driven glacier earthquake inducing mode of calving similar to 

Helheim Glacier discussed in Murray et al. (2015), yet with an instability due to the bed’s ice 

plain geometry. Using oceanographic glacial landforms, Batchelor et al. (2023) infer a rapid 

buoyancy-driven retreat of Norwegian ice streams and ice shelves 15-19 kya during the last 

glacial maximum. They infer retreat rates of 55-610 m day-1, similar to Hektoria Glacier’s retreat 

rates in 2022 (Fig. 3.2). Ice plains have been detected in other areas of Antarctica such as the 

Bungenstockrücken region of the Filchner-Ronne Ice Shelf (Freer et al., 2023; Brunt et al., 

2011), Pine Island Glacier (Corr et al., 2001), Amery Ice Shelf (Fricker et al., 2009), and 

Thwaites Glacier (Batchelor et al., 2023), which may be susceptible to rapid retreats. The loss of 

any of the supporting ice shelves may instigate rapid thinning, bringing the whole ice plain 

region to hydrostatic equilibrium and initiating the rapid buoyancy-driven retreat, as observed in 

this study. Therefore, it is imperative to obtain comprehensive bedrock data of the glaciers 

around Antarctica to better evaluate the potential for this type of instability to occur. 

Additionally, like Batchelor et al. (2023), we emphasize the need to incorporate nonlinear 

grounding-line behavior and subsequent rapid buoyancy-driven retreats in models predicting 

future sea level rise and the fate of the Antarctic glaciers.  

4 Methods 

4.1 Satellite image time-series for morphological evolution 
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We used MODIS (Moderate-Resolution Spectroradiometer), Landsat 8 and 9, Worldview 

(WV) -1, 2, and 3, Sentinel 2, and Synthetic Aperture Radar (SAR; Sentinel 1) to investigate 

changes in glacier extent, characteristics and dynamics. All these sensors were used to assess 

glacier surface and calving morphology, to infer crevassing and rifting styles, and to time the 

stages of retreat. The MODIS sensor, on the Aqua and Terra satellites, has a near-continuous 

daily image data archive from 2002 to present with coarse resolution (250-1000m). The Landsat 

8 and 9 Operational Land Imager product has a panchromatic band with 15 m resolution and an 

orbital repeat time every 8-16 days. To assess smaller periods of rapid retreat, we used Sentinel 2 

imagery acquired every 12 days (with 10 m resolution) and Planet data, acquired by numerous 

small multispectral imaging satellites (1-5 m resolution). Additionally, we use WV-1, 2, and 3 

satellite images that provide very high resolution (< 0.5 m) stereo-optical images.  

4.2 Image-derived elevation and velocity changes  

Satellite optical imagery was used for investigating the morphology and freeboard of 

icebergs and the creation of digital elevation models (DEMs) of the glacier surfaces. To evaluate 

elevation changes of surface features on Hektoria Glacier through the 2011-2022 period we 

utilized DEMs derived from ASTER (AST_L1A) data and SPOT5 HRS (1A) stereo-imagery. 

The DEM processing follows Bernat et al., (2023). All the DEMs are co-registered and vertically 

adjusted to the 25 November 2006 SPOT5 DEM. This SPOT5 reference DEM is referred to the 

EGM96 geoid and was vertically coregistered to the earlier laser altimeter satellite, ICESat, 

which operated from 2003 to 2009. The ASTER and other SPOT5 DEMs are vertically adjusted 

using low-elevation-change regions, such as bedrock outcrops. A single constant vertical offset is 

applied to each DEM. This results in a vertical uncertainty of about 5 m for ASTER DEMs and 

about 2 m for SPOT5 DEMs (Berthier et al., 2012).  
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WV-1, 2, and 3 in-track stereo-image DEMs were obtained from the Polar Geospatial 

Center (PGC; https://www.pgc.umn.edu/) to evaluate elevation changes post fast ice break-out. 

The DEMs have a spatial resolution of 2 m and absolute accuracy of ~±4 m in horizontal and 

vertical dimensions (from PGC documentation; https://www.pgc.umn.edu/guides/stereo-derived-

elevation-models/pgc-dem-products-arcticdem-rema-and-earthdem/). We applied a geoid 

correction using EGM 2008 and then assessed the mean elevation difference (i.e., bias) for six 

bedrock regions in each of the WV DEMs relative to the Reference Elevation Map of Antarctica 

DEM (REMA; Howat et al., 2019) and applied the mean offset to the WV DEMs, as done in 

Ochwat et al. (2024). Additionally, we used these to assess iceberg thickness and infer minimum 

bed depths (Fig. A2-S1). The commonly known BedMachine (Morlighem et al., 2020) and Huss 

and Farinotti (2014) bed map have dramatically different bed estimates for this area of the AP 

and are inconsistent with the ice thicknesses we derived from iceberg freeboard and geometry.  

4.3 Ice flow speeds 

To determine ice flow speeds through time we used standard feature tracking methods 

between consecutive pairs of Sentinel 1A and B SAR satellite images. From 2015 to 2017, 

Sentinel 1A provided 12-day image pairs and from 2017 until late 2021 and the addition of 

Sentinel 1B provided 6-day image pairs. We used the standard Gamma software 

(https://www.gamma-rs.ch/software ) to track coherent speckle and surface features between the 

image pairs. Surface structure must remain relatively constant in the pair interval, which is 

generally the case for the minimum repeat pairs (Luckman et al., 2007). We applied feature 

tracking to all image pairs of the 6 (when available) and 12-day repeat-pass period images for 

2021-2023 and mosaiced all velocity maps into monthly averaged composites to give improved 

spatial consistency. Once the velocity mosaics were generated, we extracted ice speed profiles 

along the central flowline of Hektoria and Green Glacier. We also use ITS_LIVE velocity data to 

https://www.pgc.umn.edu/
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track the flow speed from 2011-2022 of four points along the central flow line of Hektoria 

Glacier using the Inter-mission Land Ice Velocity Experiment (ITS_LIVE) mapping tool, with 

the days between image pairs ranging from 30-120 (https://mappin.itsliveiceflow.science/; 

Gardner et al., 2019).  

4.4 Laser Altimetry  

To study changes in surface ice elevation, we combined the WV image-derived DEMs 

with altimetry data from the Ice, Cloud, and Land Elevation Satellite 2 (ICESat-2), launched in 

2018. We used the ICESat-2 ATL06 version 5 product, which provides a linear surface 

approximation of 40 m long overlapping segments along each ground track (Smith et al., 2021) 

with a 91-day repeat cycle (clouds permitting). We correct for the geoid (EGM 2008) prior to 

estimating the initial thickness of the fast ice, glacier tongues, and elevation of the glaciers. We 

use the along-track ICESat-2 data to examine thickness changes from 2018 to 2023. We 

extracted the WV DEM elevation data from 2017 to 2023 along the same track (RGT 1329 and 

239) to fill in temporal gaps of the ICESat-2 data.  

4.5 Airborne radar profiles 

Unfortunately, despite several attempts to map the base of the ice in the glacier fjords and 

ice tongue areas of the Larsen B embayment, a careful examination of the available IceBridge 

CReSIS radar data provides only very limited and subjective indications of the ice base in the 

central Hektoria Glacier outflow. From 2009 to 2018 IceBridge collected radar data in the HG 

region, however, most of the radar data near the Hektoria glacier grounding zone have no 

reliable information on the bed signal and, hence, cannot be used for the glacier thickness and 

bed signal analysis. Nevertheless, the radar profile from 2017 shows a small area of the region 

with distinct reflections near the grounding zone. Here we followed the method in Antropova et 

al. (2024) to assess the Normalized Bed Reflection Power (NBRP) and the Normalized Internal 
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Reflection Power (NIRP) for the 2017 track 005. NBRP and NIRP indicate the power of the 

microwave signal reflected from the bed of the glacier and within the ice column, respectively. 

NIRP serves as a qualitative assessment of the signal power losses. Hence, in general, we 

consider the NBRP signal reliable if it is higher than NIRP. Relatively high values of NBRP 

coefficients suggest the existence of water underlying the ice (i.e., floating ice), while low NBRP 

values indicate rocks and/or sediments under the ice layer (Gades et al., 2000, Copland and 

Sharp, 2001). We used the NBRP and NIRP to identify a transition zone between grounded and 

floating ice, limited by the available data (Fig. A2-S2 and A2-S3).  

4.6 Glacial-Earthquake Event-Detection, Location, and Waveform Modeling.  

Glacier earthquake (GEQ) detections were made using a grid search method that is 

broadly similar to previous studies. We first downloaded and bandpass filter (40-20s) the vertical 

component seismic data in the West Antarctic and Antarctic Peninsula region. We then 

computed envelopes using a 60 s short-term average to 1000 s long-term average (STA/LTA) 

ratio for each station. We selected time-windows with potential GEQs by finding 500 s time 

windows during which at least 3 stations have a peak STA/LTA ratio that exceeds 2.5. Next, we 

generated potential event sources on a 100 km grid that spanned the Antarctic continent. For 

each potential source, we shifted the envelopes to account for the expected travel time difference 

between the grid point and each station. The coherence of the shifted envelopes was then used as 

a measure of event location likelihood at the grid point. Since we were focused on finding 

potential glacial events in the Antarctic Peninsula region, we removed events with optimum 

locations outside the study region, defined by a bounding box that spanned -3000 to -1500 km 

(Polar Stereographic X) and from 500 to 2000 km (Polar Stereographic Y). For 2022, this 

resulted in approximately 40 event detections. Most of these events are tectonic earthquakes 

originating from the Southern Ocean that were incorrectly located due to the relatively small 
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aperture of our network. We culled these events via visual inspection as the dispersive nature 

makes them very easy to distinguish from GEQs. We used GEQs to associate the calving with 

the bed condition of Hektoria Glacier.  

To constrain event size and azimuth, we model the GEQs as a centroid single force (CSF) 

(Nettles and Ekström, 2010, Walter et al., 2012). We download Green’s functions from 

EarthScope Consortium’s Syngine (Krischer et al., 2017). Due to the relatively low signal-to-

noise ratios on the horizontal components of the seismograms, we were not able to estimate the 

dip of the source and prescribe it to be horizontal. We performed a simple grid search to obtain 

the optimal force and azimuth of the CSF that best reproduced the observed seismograms. As 

noted in previous work, there is a 180° ambiguity in the estimated azimuth that arises from the 

potential misalignment of the waveforms (Copland and Sharp, 2001). 
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CHAPTER 4  

 

Wavering Ways Waves Work: Applying models and satellite and field observations to 

glacier surface waves 

This chapter is in prep and will be submitted to a journal in early 2025. 

Coauthors: Naomi Ochwat, Yoram Terleth, Robert S. Anderson, Alison Banwell, Martin Truffer, 

and Ted Scambos 

1 Introduction  

Ogives are among the most striking and least studied glacier surface features. They 

consist of two types of features, both arcuate shaped pointing downglacier. The name “ogives” 

originates from the Middle English “oggif” and Middle French “augive”, both relating to arches. 

The first type of ogive is referred to as “Forbes bands” or “band ogives” (hereafter called Forbes 

bands), which are alternating bands of light and dark surface color of the glacier. The second 

type of ogive are “wave ogives”, which are glacier surface undulations in crest-trough 

topography, like waves. Both features form at the bottom of icefalls, occur annually with the 

wavelength corresponding to the annual glacier displacement. They may occur on the same 

glacier, or independently. They are found in glaciated regions with icefalls all over the world.  

Theories of ogive formation processes were debated during the nascence of glaciology 

(e.g. Forbes 1845; Streiff-Becker 1952; Nye 1958; Nye 1959). For Forbes bands, King and 

Lewis (1961) proposed that seasonal differences related to snowfall and melt within the icefall 

changed the mass and density of the ice, relative to the season, causing the ice to alternate 

between light and dark colors downstream of the icefall once the “chaotic surface layers” were 

melted away. Fisher (1962) took this theory one step further and measured apparent density 

differences in the light and dark bands and attributed them to seasonal temperature differences 

within the icefall. Later studies, Vincent et al. (2018) and Goodsell et al. (2002), proposed 
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different mechanisms for the formation of Forbes bands, but concluded that the bands form from 

different ice types, although the origin of each ice type remained to be determined.  

Compared to Forbes bands, much less is known about the formation processes of wave 

ogives, which is the focus of this study. Early studies acknowledged the presence of wave ogives 

and attributed their origin to surface ablation differences associated with the Forbes bands. For 

example, Atherton (1963) was one of the first to specifically investigate wave ogive formation 

and proposed that velocity fluctuations ultimately produced the features. However, there were 

competing hypotheses from Nye (1957) who suggested the seasonal ablation pattern in icefalls 

gave rise (pun intended) to wave ogives. In 1986, Waddington synthesized the existing literature 

into two main hypotheses of ogive formation. He proposed that ogives may be formed from both 

seasonal mass balance differences, as well as seasonal velocity changes (Waddington, 1986). 

The mass balance mechanism suggests that during summer, icefall ice experiences greater 

ablation rates compared to winter, resulting in a smaller volume of ice entering the lower glacier 

in the summer, creating the trough of the ogive. In winter, when accumulation is more sustained 

and ablation is lower, a larger volume of ice enters the lower glacier, giving rise to the crest of 

the ogive (Nye 1958; Waddington 1986). Conversely, the velocity variation hypothesis poses 

that the substantial difference between the velocity of the icefall (that has a near constant 

seasonal velocity) and lower glacier, paired with a seasonal variation in velocity of the lower 

glacier, results in “stretching” of the ice in summer and “pile-up” of ice in winter, creating the 

large ogives (Waddington, 1986). Despite some acceptance of the velocity-origin theory 

(Goodsell et al., 2002), the formation process of wave ogives has not been fully agreed upon or 

explored since 1986.  
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Our study focuses on geophysical observations and modeling of wave ogives, hereafter 

simply referred to as “ogives.” We seek to better understand the formation process for ogives, 

using data from the well-developed ogive train present on Gilkey Glacier, below the Vaughan 

Lewis Icefall in the Juneau Icefield region of Alaska. Our research combines a variety of in-situ 

Global Navigation Satellite System (GNSS) and satellite-derived velocity observations, 

combined with timelapse camera data, in order to constrain parameter values in a finite-

difference numerical model that simulates ogive formation. We then use this model to test the 

plausibility of the two formation mechanisms described above; i) seasonal mass balance 

variation; and ii)  and seasonal velocity variation.   

2 Study Area  

 

Figure 4.1: Gilkey and Vaughan Lewis glaciers, the Vaughan Lewis icefall, and Gilkey Glacier 
ogives in the Juneau Icefield, Alaska. Image from Worldview-1 from 1 October 2018. Insets i and 
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ii show photographs of the study area from their respective i and ii locations on the map (pink 
“V” showing view angle). Location of the timelapse camera is depicted as green diamond in the 
map and inset ii. First discernible ogive is denoted by the yellow bracket and labeled in map, 
inset ii, and panel B. The black X is the “base of the icefall.” Three GNSS stations collected data, 
named GPS 1, 2 and 3; two on crests (orange and green X), and one in a trough (green dot) of 
the ogives near the base of the Vaughan Lewis Icefall; A) Map of Alaska, indicating the location 
of the Juneau Icefield. B) Elevation profile of the Gilkey Glacier (yellow track in panel A, with the 
red star indicating the end of the yellow track) through time, taken from  Worldview-derived 
DEMs. Base of icefall and first discernable ogive labelled. C) Wavelength of ogives from the base 
of the icefall (red track in panel A). The exact locations of the yellow and red tracks in panel A 
differ slightly as a result of the red line following the glacier’s central flowline, whereas the 
yellow line connects the GNSS points, which we required for future analysis. See Fig. 4.2 for the 
thickness profile along the yellow track. 
 

The Juneau Icefield in southeast Alaska is a plateau icefield with ~1000 glaciers feeding 

into Canada and the Pacific ocean (Davies et al., 2022). Juneau’s plateau icefield geometry has a 

large flat area in the accumulation zone with steep icefalls draining the plateau, which feed large 

valley glaciers (here referred to as “lower glacier”). The Juneau Icefield has 55 icefalls, with 22 

glaciers reported as having ogives (Davies et al. 2022), including the Gilkey Glacier (Fig. 4.1). 

The Gilkey Glacier has an area of ~220 km2 (GLIMS database; Raup et al., 2007) with several 

tributary glaciers and numerous icefalls that feed the large valley trunk. The Vaughan Lewis 

Glacier flows from the plateau at ~1800 m elevation through the Vaughan Lewis Icefall and into 

the Gilkey Glacier (~1030 m elevation), where at the bottom of the icefall, ogives form and 

advect downglacier. The ogives here represent the quintessential feature with large amplitudes 

and crescent shape. We chose the Gilkey Glacier to study ogive formation due to the presence of 

the classical ogives, the well documented history of the Juneau Icefield, and the ability to collect 

field data with ease via support from the Juneau Icefield Research Program (JIRP).  

3 Methods 

We used several different remote sensing datasets to gain an understanding of ogive 

characteristics and constrain parameter values for the finite difference numerical model. Field 

data was collected on the Gilkey Glacier in Summer 2023 and Summer 2024.  
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3.1 Satellite remote sensing  

To establish an ice velocity time series for the Gilkey Glacier and assess mean seasonal 

and annual ice velocity variations, we used the Inter-mission Land Ice Velocity Experiment 

(ITS_LIVE) velocity dataset (Lei et al., 2021; Gardner et al., 2019). ITS_LIVE utilizes a variety 

of satellite sensors (e.g. Landsat, Sentinel -1, -2), including optical and synthetic aperture radar 

(SAR) data, to track the velocity of glaciers around the globe at sub-seasonal, seasonal, and 

annual timescales. Feature tracking software operates by finding similar features in images 

(backscatter intensity for SAR data), matching the same feature in the later image, and dividing 

the distance between the features by the time between the two images to calculate a velocity 

(Gardner et al., 2019). We used the ITS_LIVE Browse Tool to track the flow velocity of the 

Vaughan Lewis glacier and Gilkey Glacier from 2018 to 2023, using all available image pairs 

with 30 to 90 days separation, in order to capture the seasonal and sub-seasonal signals.  

To evaluate the glacier geometry, and more specifically changes in ogive characteristics, 

through time, we utilized the ArcticDEM strips from the Polar Geospatial Center (PGC; Porter et 

al., 2022). The ArcticDEM is a high resolution (2 m in the horizontal) digital elevation model 

(DEM) that is mosaiced from many smaller high resolution DEM images, called “strips”. The 

ArcticDEM strips are created from high resolution (<0.5 m) Worldview satellite imagery and are 

time-dependent. Not all strips were used because winter imagery made differentiating the ogives 

difficult due to the presence of snow. To document the wavelength of the ogives, we used optical 

imagery from several sensors, including Landsat 8 and 9’s panchromatic bands (15 m resolution) 

and Worldview-1, -2, and -3 (<0.5 - 2 m resolution). We also used these images to measure the 

width of the icefall chute, Gilkey Glacier, and estimate the transition length of the velocity 

gradient used for the model.  
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3.2 Field data collection  

3.2.1 Timelapse camera deployment 

On 16 July 2023, we installed a timelapse camera on the nunatak above the Gilkey 

Glacier that separates the Vaughan Lewis Icefall from the now disconnected Little Vaughan 

Lewis (Fig. 4.1, green diamond). We programmed a Harbortronics assisted Canon SLR camera 

to take a photo every 30 minutes while the battery remained powered via a small solar panel 

mounted to a tripod. In July 2024 we retrieved the images from the camera. As described below, 

these images were used to quantify icefall velocity and test the assumption of a steady icefall 

velocity throughout the year.  

From a total of 17,456 timelapse camera images collected between July 2023 and July 

2024, we manually selected 472 images that had sufficient light and visibility for feature 

tracking, while compromising to retain relatively small time (<4 days) increments between 

image pairs. We used the openly available ImGRAFT package (Messerli and Grinsted, 2015) to 

correct our camera model to the 2 m ArcticDEM strip from the Worldview image, acquired on 

30 July 2020, through manual definition of 8 ground control points. ImGRAFT computes 

displacement between subsequent image pairs for a series of grid points on the glacier. We 

removed the calculated displacements between each image pair that do not meet a minimum 

correlation threshold of 0.7, and removed displacements whose direction of motion was not 

consistent with the downslope direction in the icefall. ImGRAFT then computed flow velocity in 

the direction of ice flow for each point and for each image pair. We removed outliers (+/- 2 

standard deviations) and took the spatial mean of these velocities as our ice velocity for the time 

interval between the two images, further defining the range of uncertainty as +/- 2 standard 

deviations.  
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3.2.2. GNSS deployment  

We used two sets of in-situ GNSS data collected a year apart and from different GNSS 

systems. We describe the two methods below.  

In July 2023, we installed four GNSS units on the Gilkey Glacier near the base of the 

Vaughan Lewis Icefall. We deployed the units on the troughs and crests of two ogives; the first 

pair on the fourth ogive downstream of the icefall and the second pair on the sixth ogive, ~500 m 

and 800 m away from the base of the icefall, respectively (Fig. 4.1). For safety reasons, we could 

not deploy the GNSS any closer to the icefall. However, the GNSS unit in the trough of the 

fourth ogive malfunctioned and did not collect data. For the three units that successfully 

functioned, we collected 2 GNSS positional points every 5 minutes for 2-3 days depending on 

battery life. We then converted the raw data files into RINEX files and submitted them to the 

Canadian Geodetic Survey Precise Point Positioning program as ITRF Kinematic processing 

(https://webapp.csrs-scrs.nrcan-rncan.gc.ca/geod/tools-outils/ppp.php). This produced solutions 

for the data from which we were then able to calculate the horizontal velocity. First, we 

calculated the distance from the initial location for each point in time for all stations, then we 

cleaned the data by visually inspecting outliers and removing them as required (Banwell et al., 

2024). In general, we removed individual values and clusters of values that jumped distances 

greater than 20% than the previous hundreds of data points (we still show these outlier values as 

opaque colors in our data plots). We plotted the original and clean data and fit a line of best fit 

(i.e., linear regression) through the clean data; the slope constrains the mean velocity over the 

timeseries.  

In July 2024, we deployed an additional 18 GNSS units (Emlid Reach RS2) on the 

Vaughan Lewis Glacier above the Vaughan Lewis Icefall (Fig. 4.2) over a period of five days. 

After downloading the data, we converted the raw data from latitude and longitude to UTM 8N, 
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and calculated the velocity by finding the distance between day 1 and day 6 and dividing by 

time. We used the GNSS and timelapse imagery derived velocity data to gain a greater 

understanding of ice flow through the entire system and estimate the initial velocity conditions 

and the variation to be used in the model. 

3.2.2 Ice Thickness Calculations  

Using the velocity data and Worldview-derived DEMs, we calculated ice thickness using 

two methods; 1) a equation for the slope-dependent basal shear stress, and 2) Glen’s Flow Law 

that is dependent on observed surface velocities. For both methods, we used values for the slope 

and velocity estimated at 400 m downglacier of the base of the icefall, which is the location 

of the crest of the first completely discernable ogive (Figs. 4.1 and 4.4).  

For the first method to calculate ice thickness, we used the equation for basal shear stress 

that is dependent on the slope of the glacier (Cuffey and Paterson, 2014; their equation 8.6):  

𝑏 =  𝑓′𝜌𝑔𝐻𝑆           (1)  

Where b is 105 Pa, ρ is the density of ice (~900 kg m-3), g is the acceleration due to 

gravity (9.8 m s-2), H is the ice thickness in m, S is the slope (tangent of the angle), and f' is the 

valley geometry correction factor. We have assumed f’ to be 1, and therefore ignore lateral drag 

of the valley walls, essentially assuming an infinitely wide glacier (Cuffey and Paterson, 2014).  

For the second method, we used Glen’s Flow Law to calculate ice thickness from the 

velocity data. Here, it is important to note that in this calculation we assumed that Us (i.e. surface 

velocity) is caused solely through internal deformation and does not take into account basal 

sliding. This is in opposition to how Us is defined in the analytical and numerical models (see 

below). We reconcile these differences by acknowledging a proportion of the glacier’s 

movement is likely caused by basal sliding, which we account for by using the mean annual 

velocity and not the seasonal pulse. The seasonal pulse is most likely induced by an increase in 
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basal sliding, whereas the annual mean may be more representative of the baseline internal 

deformation. We discuss this further in the Discussion section. To solve for H from the mean Us, 

we invert the formula for the internal deformation generated surface velocity: 

𝑈𝑠 =  
2𝐴

4
(ρ𝑔𝑆)3𝐻4          (2)  

The ice thickness (H) is therefore:  

 𝐻 =  ⌊
𝑈𝑠

2𝐴

4
(𝜌𝑔𝑆)3

⌋

1
4⁄

        (3)  

Where Us is the surface velocity, A is the flow-law coefficient 2x10-16 Pa−n yr−1 and 

assuming n = 3.  

3.3 Modeling ogives  

First we considered an analytical solution to simulate ogive formation prior to running 

the finite difference model. An analytical solution allowed us to better understand the physics 

behind the phenomena in order to simplify the complexities of glacier flow to be used in the 

numerical model.    

3.3.1 Analytical model of ogive amplitude  

In order to test the various hypotheses of ogive formation, we must first take into account 

the basic principles of mass continuity. Since an ogive train is essentially an alternating series of 

thicker and thinner areas of glacier ice, we use ice thickness calculations along a glacier profile 

through time to see if ogive-like structures are generated.  

The expression we use to relate ice thickness, ice discharge, velocity, and mass balance, 

through time is:  

𝑑𝐻

𝑑𝑡
=  −

𝑑𝑄

𝑑𝑥
 +  𝑏            (4) 

Where H is ice thickness, x is distance downglacier, t is time, Q is ice discharge (m2 yr-1), 

and here b is the local meteorological mass balance (m yr-1). If we assume that the dominant 
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mechanism of Q, the ice discharge, is basal sliding (i.e. ignoring internal deformation), then we 

can approximate that Q = UsH in which H is the local ice thickness, and Us is the sliding 

velocity. We assume Us is the velocity throughout the vertical ice column, and hence also the 

(measurable) surface velocity. By ignoring internal deformation, this calculation becomes an 

endmember case, which we discuss further in more detail in the Discussion.  

If we have a constant steady system, in which there are no changes throughout time for 

the mass balance or ice discharge, then we would expect the ice thickness and velocity to stay the 

same throughout time as well. However, if the mass balance or sliding velocity varies over the 

course of a year then that will be translated into a change in thickness. Ignoring the mass balance 

(b), we can assume that sliding velocity varies through a year from Uso to Usmax in a pulse that 

lasts a fraction of the year (T) and the spatial pattern is characterized by λ, then we can calculate 

how the ice thickness should change through that time following the integral: 

𝑑𝐻 =  − ∫
𝑑𝑄

𝑑𝑥

𝑇

0
          (5)  

From this, we would expect the ice to thin in the region of the glacier where acceleration 

occurs.  

The spatial gradient in ice discharge may be scaled by:  

𝑑𝑄 

𝑑𝑥
~ 

𝑑(𝑈𝑠𝐻)

𝑑𝑥
  ~ 

𝐻(𝑈𝑠𝑚𝑎𝑥−𝑈𝑠𝑜)

𝜆
       (6) 

Here we have assumed that H does not vary dramatically within one year (the ogive is 

small in amplitude relative to the ice thickness). Combining these equations yields an estimate of 

how the ice should thin over the duration of the sliding pulse: 

𝑑𝐻 =  − 
𝐻(𝑈𝑠𝑚𝑎𝑥−𝑈𝑠𝑜) 𝑇

𝜆
        (7) 
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The negative sign in equation 7 ensures that in the stretching region, where 
𝑑𝑄

𝑑𝑥
 >0, the ice 

will thin, generating a trough in the ogive train.   

Now that we have described the analytical model that describes how ogive amplitude is 

related to ice thickness, given our assumption of ignoring internal deformation, we can use these 

physics to create a 1-D finite difference model.  

3.3.2 Numerical Model  

We created a one-dimensional domain with a prescribed initial thickness (H(x)) and the 

distance from the base of the icefall defined as x. To test the role of seasonal mass balance 

variation, we forced a sinusoidal function through time, imposing a shift at an artificial ELA 

(~750 m) to test the possibility of the ablation mechanism of ogive formation (Fig. 4.3). The 

mass balance of the icefall is defined as aicefall and the valley glacier as avalley. The transition from 

the icefall to the valley glacier occurs over the length scale λ. The mass balance through time is 

defined as:  

𝑎(𝑥)  =  𝑎𝑣𝑎𝑙𝑙𝑒𝑦  +  (𝑎𝑖𝑐𝑒𝑓𝑎𝑙𝑙 − 𝑎𝑣𝑎𝑙𝑙𝑒𝑦) × ( 
𝜋

2
− atan (

𝑥 − 𝑥𝑖𝑐𝑒𝑓𝑎𝑙𝑙

𝜆
))   (8)  

At each timestep the mass balance updates as: 

𝑎(𝑥, 𝑡)  = 𝑎(𝑥)  + 𝑎𝑚𝑝𝑚𝑏(𝑏) × 𝑠𝑖𝑛(
2𝑡𝜋

𝑃
)      (9)  

Where t is time, P is the period (one year), and the amplitude of seasonal mass balance 

variation is variation is ampmb. 

To test the role of velocity variation on ogive formation, we imposed a gaussian velocity 

field (u(x, t)) that captured the velocity pulse described above (essentially, Usmax-Uso through 

time; Fig. 4.2C). In the x direction, u(x) is uniform (u(x) = uicefall) until a location xicefall (1000 m), 

where we then forced a gradual decrease in velocity, occurring over the length scale λ, 

simulating the slowdown that occurs at the bottom of an icefall. The proportion of the width of 
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the icefall to the valley glacier can help account for the change in the discharge due to ice 

thickness differences, therefore, we scale the velocity by the proportion of the width of the icefall 

(wicefall) to the width of the valley glacier (wvalley). The gaussian pulse varies around uvalley with 

time of t and a period of one year (P) and with amplitude ampu, the pulse is defined by the time 

period of sliding, tsig, and the width of the peak as tslide: 

𝑢(𝑥)  =  𝑢𝑣𝑎𝑙𝑙𝑒𝑦 + ((𝑢𝑖𝑐𝑒𝑓𝑎𝑙𝑙 − 𝑢𝑣𝑎𝑙𝑙𝑒𝑦) × (
𝑤𝑖𝑐𝑒𝑓𝑎𝑙𝑙

𝑤𝑣𝑎𝑙𝑙𝑒𝑦
)) × (

𝜋

2
− 𝑎𝑡𝑎𝑛 (

𝑥 − 𝑥𝑖𝑐𝑒𝑓𝑎𝑙𝑙

𝜆
))   (10) 

𝑢(𝑥, 𝑡)  =  𝑎𝑚𝑝𝑢  ×  ((
𝜋

2
) +   𝑎𝑡𝑎𝑛 (

𝑥 − 𝑥𝑖𝑐𝑒𝑓𝑎𝑙𝑙

𝜆
)) × 𝑒

−(
𝑡−𝑡𝑠𝑙𝑖𝑑𝑒

𝑡𝑠𝑖𝑔
)2

       (11)  

The imposed velocity variation and/or mass balance variation allows the ice thickness (H) 

to vary through time, theoretically creating ogives if the variations are sufficient to cause 

changes in thickness (Fig. 4.2). In equation 12, we calculate H through forward forward finite 

differences:  

𝐻(𝑡, 𝑥) =  𝐻(𝑡 − 1, 𝑥)  × (𝑎(𝑡, 𝑥) − (
𝑑𝐻(𝑥) × 𝑢(𝑥,𝑡)

𝑑𝑥
)).                 (12) 

This allows us to plot the ice thickness changes through time and assess whether ogives 

do or do not form along the profile of the glacier for an idealized glacier. For the Gilkey Glacier, 

we use the same numerical model to investigate the characteristics of ogives and limitations of 

the model. We use this model to generate ogives in an idealized glacier setting, using estimated 

parameters from literature on the Alaskan region. This allows us to draw generalized conclusions 

about ogive formation prior to using the model on a real glacier. This ensures us that the real 

glacier with ogives, the Gilkey Glacier, is not a special case. Then we input parameters estimated 

from data on the Gilkey Glacier. 

4 Results  

4.1 Gilkey Glacier characteristics from Worldview-derived DEMs, velocity data, and math! 

4.1.1 Ogive setting and wavelength 
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The geometry of the Vaughan Lewis Glacier, icefall, and Gilkey Glacier were evaluated 

using the optical satellite imagery and ArcticDEM strips. The Vaughan Lewis Icefall drops 

almost 500 m in less than a kilometer of distance through a narrow (~400 m) chute, resulting in a 

slope greater than 40° through the icefall. The icefall feeds into the trunk of the lower Gilkey 

Glacier along with two other tributaries at the same juncture. At the base of the icefall, wave 

ogives are fully developed, which are up to ~750 m wide within a few hundred meters 

downglacier (Fig. 4.1).  

Figures 4.1B and C show characteristics of the ogives that are observed between the base 

of the Vaughan Lewis Icefall to 3000 m downglacier. Figure 4.1B shows the troughs and crests 

of the ogives, which beginning with the first discernable ogive, are 5 to 8 m in amplitude, 

equivalent to heights from crests to troughs of 10 to 16 m (Fig. 4.1). The ogive widths vary over 

space, beginning as 700-750 m wide and downglacier narrowing to 400 m wide. Also, the first 

ogive at the bottom of the icefall has variable widths from year to year, likely due to 

discrepancies in the location of the crest of the first ogive, it is difficult to distinguish within the 

icefall (see map in Fig. 4.1 and inset ii). In the first 500 m horizontally downglacier from the 

icefall, the ogives have wavelengths of ~130 m, which is approximately the same as the annual 

mean velocity in this region of the glacier (Fig. 4.3). Between 500 and 1000 m horizontally 

downglacier from the icefall, the wavelength increases to ~175 m, then slowly decreases over to 

~150 m at a distance of 3000 m downglacier from the base of the icefall.  

4.1.2 Ice thickness 

As explained in the Methods, we calculated ice thickness using two methods; 1) an equation for 

the slope-dependent basal shear stress (Equation 1), and 2) Glen’s Flow Law that is dependent on 

observed surface velocities (Equation 3). We calculated the slope using the DEMs as 0.05 for the 

lower Gilkey Glacier. We input this value into Equation 1, which yielded an estimated ice 
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thickness of ~227 m at the point 400 m from the base of the icefall. We chose 400 m from the 

base of the icefall because that is the crest of the first discernable ogive (Fig. 4.1A). We use the 

mean annual velocity derived from the Gilkey Glacier data points of the ITS_LIVE dataset (Fig. 

4.3B, yellow and pink lines). We plug 133 m yr-1 in Equation 3 to calculate the ice thickness 

based on Glen’s Flow Law, which resulted in an ice thickness of ~350 m (Fig. 4.2).  

In Figure 4.4, we show the two point calculations for ice thickness described above, 

along with ice thickness profiles from the base of the icefall to 1.5 km downstream taken from 

Millan et al. (2022) and Farinotti et al. (2019)’s estimations. Both Millan et al., (2022) and 

Farinotti et al. (2019)’s methods used Glen’s Flow Law based inversion models to calculate the 

ice thickness, similar to our Equation 3. At 400 m from the base of the icefall (Fig. 4.2, red X in 

photo), Millan et al. (2022) reports a thickness of ~380 m and Farinotti et al. (2019) ~340 m, 

compared to our calculations of 227 and 350 m (purple and yellow dots, respectively). If we omit 

our slope-based calculation (Equation 1; 227 m, purple dot), then all thickness estimates based 

on Glen’s Flow Law are in relative agreement, suggesting the ice is between 340-380 m thick at 

400 m from the base of the icefall. The ice thickness estimates from Millan et al. (2022) and 

Farinotti et al. (2019) increase downglacier until roughly 900 m horizontally from the base of the 

icefall, where the ice thickness plateaus at ~475 m (Fig. 4.2).  
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Figure 4.2: Ice thickness of the Gilkey Glacier from four different sources. The blue line is the ice 
thickness from Farinotti et al. (2019), the orange line is the ice thickness from Millan et al., 
2022, the purple dot is the calculated ice thickness from Glen’s Flow Law (our equation 3), and 
the yellow dot is the calculated ce thickness from basal shear stress and slope (our equation 1). 
The red X in the image inset is where we calculated our estimates in order to compare with the 
literature, as discussed in Section “Ogive wavelength”.  
 

4.1.2 Ice velocity observations  

To determine input parameter values for the numerical model to simulate the Gilkey 

Glacier and to describe the general characteristics of the glaciers in our study area, we utilized 

several satellite and in-situ velocity datasets shown in Figure 4.3. The satellite-derived 

ITS_LIVE velocities (Fig. 4.3A) are from two points in the Vaughan Lewis Glacier and two 

points in the Gilkey Glacier from 2018 through 2022. We find that in the lower glacier, the 

seasonal velocity varies between the mean annual maximum of 250 m yr-1 and mean annual 

minimum of ~60 m yr-1, with a mean annual velocity of ~130 m yr-1 (Fig. 4.3A). We also find 

that the annual peak in velocity usually occurs in late April/early May and is usually lowest in 

July, though we note that the data are sparse from September to March, likely due to winter 
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darkness inhibiting feature tracking. Our 2024 GNSS data show that the Vaughan Lewis Glacier 

ice that feeds the Vaughan Lewis Icefall accelerates near the icefall, increasing from 60 to 90 m 

yr-1 (Fig. 4.3B). Our timelapse imagery derived velocities show that as the ice flows through the 

steep icefall (> 40°), it accelerates to 1800-2500 m yr-1, with a mean annual velocity of ~2200 m 

yr-1 (Fig. 4.4). We note that there are no data from December 2023 to February 2024, but the 

absence of any significant variation in the months around the data gap suggests there was not a 

substantial change during that period. The ice decelerates as it enters the Gilkey, with a mean 

summer velocity of 114 m yr-1 determined from our 2023 GNSS data (Fig. 4.3D and B, Table 

4.1). This annual mean velocity is reflected in the initial ogive spacing at the base of the icefall, 

where one year of ice flow is represented by one complete ogive (Fig. 4.1C).  

 

Figure 4.3: Velocity estimates from satellite remote sensing and in-situ data. A) Map of ITS_LIVE 
and GNSS measurement locations and timelapse camera (green diamond), on 10 October 2018 
Worldview-1 image of the study area. B) ITS_LIVE velocity from January 2018 to December 2022 
from two locations above the icefall and two locations below the icefall, denoted by colored 
stars. Gray shading are the annual periods of peak velocity; C) 2024 GNSS velocity from the 
array of GNSS units located above the icefall in July 2024; D) 2023 GNSS velocity of three GNSS 
units located on the lower Gilkey Glacier, the plot shows distance over time, where the slope 
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equals the velocity indicated in the top left corner next to the X and O that match the map. 
Data points that are opaque in color are outliers that are ignored for regression analysis.  
 

 

Figure 4.4: Velocity of the lower Vaughan Lewis Icefall derived from the timelapse camera 
imagery acquired from July 2022 to July 2023. The location of the camera is denoted by the 
green diamond in Figure 4.1, and by the green diamond in Figure 4.3. A) Photo of timelapse 
camera set-up; B) Timelapse camera derived velocities. Gray vertical lines are error bars for 
each data point taken as +/- 2 standard deviations of the mean velocity between the image 
pairs.   
 

4.2 Icefall and ogive location analysis  

In order to try to find a generalized relationship between icefalls, ogive presence, and 

seasonal velocity variations, we utilized the geographic dataset from Davies et al. (2022) and 

ITS_LIVE data. Davies et al. (2022) provide a comprehensive map of all of the 

geomorphological features on the Juneau Icefield, including icefalls, ogives, glaciers, and more. 

First we discarded icefalls that did not connect to a valley glacier. We also discarded ogives that 

were Forbes bands in style. We employed the ITS_LIVE data set to identify the seasonal velocity 

pattern below the icefalls and categorized those velocity patterns by ogive presence. Figure 4.5A 

shows our map of the location of the icefalls denoted by dots, which we colored based on our 

examination of icefall and ogive locations, where green indicates the presence of ogives, and red 

indicates no ogives. Figure 4.5B shows the annual variability in velocity measured at the base of 

the icefalls where there were (‘true’) and were not (‘false’) ogives present. In icefall-glacier 
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locations where there were no ogives present, annual variability in velocity ranges from no 

variability to over 600 m yr-1 of variability, with a median of ~130 m yr-1. In locations where 

ogives were present, the range in velocity variability is similar from no variability to over 550 m 

yr-1, with a median of 180 m yr-1. We discuss these findings in the Discussion section.  

 

Figure 4.5: Locations of glaciers with icefalls in the Juneau Icefield, alongside ice velocity 
variability for glaciers with and without ogives. A) Map of icefall locations taken from Davies et 
al., 2022, green dots indicate presence of ogives and magenta indicates lack of ogives, 
background image from Open Street Maps. B) Violin plot of seasonal variability of ice velocity of 
locations with (green) and without (red) ogives, where the dashed lines are the median values 
and the dotted lines are the first and third quartiles.  
 

4.3 Modeling results  

4.3.1 Idealized glacier 

In order to test the two primary theories of ogive formation, we first ran the finite 

difference model in an idealized glacier scenario. We chose parameter values that were able to 

create ogives with realistic topography in order to compare the two theories of formation. For 

both experiments, we chose initial parameter values from representative ranges from published 

literature and data (e.g., Burgess et al., 2013; Armstrong et al., 2017, McNeil et al., 2020). We 

experimented with these ranges and chose one to discuss here. We set the initial glacier thickness 
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to 70 m and scaled the transition from icefall to valley glacier velocities with a length scale (λ) of 

100 m.  

To first test whether mass balance plays a significant role in ogive formation for an 

idealized glacier, we imposed a sinusoidal mass balance function and held the velocity steady 

throughout the year (Fig. 4.6A and C). The mass balance values were based on estimates of 

glaciers on the Juneau Icefield, such as Lemon Creek and Taku Glacier, 50 km and 25 km 

southeast of  Gilkey Glacier, respectively (McNeil et al., 2020). The imposed seasonal mass 

balance varied along the glacier profile from +2 m to +4.5 m w.e. in the icefall, and -2.6 to +2.5 

mwe at 2500 m downstream of the glacier, see Figure 4.6B, with a seasonal oscillation of 

approximately 3 m w.e.. At the ELA (x = 750 m), the mass balance decay begins such that 

downglacier of the base of the icefall the mass balance is slightly negative; ~ -0.2 m w.e. (Fig. 

4.6C). We ran the model for 50 years, in order to allow enough time for the glacier thickness to 

reach a steady state. Figure 4.7A displays the modeled ice thickness along the glacier profile. 

Figure 4.7B shows the ice thickness anomaly resulting from the seasonal variability of mass 

balance. The ice thickness anomaly clearly shows ogives and allows us to analyze the amplitude 

and wavelength of the features. Downglacier from the top two ogives, the ogives tend to be less 

than 2 m in amplitude, have a wavelength of 160 m, and quickly diminish in amplitude and 

wavelength with distance downglacier.  
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Figure 4.6: For an idealized glacier scenario, imposed values for the parameter surface mass 
balance sinusoidal function as a function of time and distance downglacier (results depicted in 
Fig. 4.7). Mass balance is denoted as MB A) Mass balance through time along the distance of 
the glacier profile, where 0 is an arbitrary point within the icefall and 1000 m is the base of the 
icefall. B) Seasonal mass balance variation along the glacier profile, where blue is the end of 
winter and summer is orange. Note that the ELA location is at roughly x=750 m, where the end 
of the year balance crosses 0. C) Sinusoidal function of the seasonal oscillation of mass balance 
at 2500 m distance along the glacier profile. 
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Figure 4.7: Idealized glacier model runs. Red vertical line depicts the base of the icefall in all 
plots. Note the different scales. A) Final ice thickness profile after 50 years of imposed mass 
balance variation only. Note ogives are barely depicted. B) Ice thickness anomaly when 
increasing ice thickness trend is removed, the true pattern of ogives is revealed. C) Final ice 
thickness profile after 50 years of imposed mass balance variation and seasonal velocity 
variation. D) Ice thickness anomaly along the glacier due to a seasonal velocity variation.  
 

Next, we tested the role of seasonal velocity variation in ogive formation for the idealized 

glacier. To do this, we omitted any mass balance variation through time and held the icefall 

velocity constant through the year at 730 m yr-1, as the hypothesis requires. We varied the 

velocity of the lower glacier from a minimum of 120 m yr-1 to a peak (i.e., the maximum in the 

seasonal pulse) of ~160 m yr-1, values that optimized realistic ogive amplitudes. We ran this for 
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50 years (Fig. 4.8A-C). We defined the duration of the seasonal pulse to be approximately two 

months long (tsig) and the timing of the peak sliding to be at 4.8 months (tslide). We ran the model 

for 50 years. The model results show that with seasonal velocity variation, while mass balance is 

held constant, the ogives form immediately at the base of the icefall (Figs. 4.7C and D). The 

ogives reach amplitudes as high as 11 m, almost triple the size of the ogives formed from varying 

just mass balance for the idealized glacier. Downglacier from the top two ogives, the ogive 

wavelength is ~160 m and increases downglacier. We address this pattern in the Discussion.  

 

Figure 4.8: For an idealized glacier scenario, imposed values for velocity as a function of time 
and distance downglacier (results depicted in Fig. 4.7). A) Velocity through time along 3000 m 
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of the glacier profile. The icefall is set to a steady velocity of 730 m yr-1 and an initial ice 
thickness of 70 m. At 1000 m along the profile the icefall ends and the ice velocities are slower, 
while seasonal velocity variation begins downglacier from this point. B) The winter minimum 
(blue) and summer maximum (orange) velocities along the profile. C) The annual cycle of 
velocity variation at 2500 m along the distance of the profile with a minimum of 120 m yr-1 and 
a maximum of 150 m yr-1.  
 

4.3.2 Gilkey Glacier Experiment 

In order to explore the output and limitations of the numerical model in a real 

glaciological setting, we employ the field-collected and satellite remote sensing data described 

above to constrain various parameter values in the model. We run the model with only the mass 

balance variation, then only the velocity variation, then both simultaneously. Arguably, the most 

important input parameters for the model are the characteristics of the velocities. Table 4.1 

summarizes the datasets and the key velocity information for each data set.  

Data Location Mean annual 

max(m yr-1) 

Mean annual 

min (m yr-1) 

Dataset mean 

velocity (m yr-1) 

2024 GNSS 

data 

Upper and lower 

VL 

N/A N/A 71 

2023 GNSS 

data 

Upper and lower 

Gilkey 

N/A N/A 115  

ITS_LIVE Upper and lower 

VL 

177  32 65 

ITS_LIVE Upper and lower 

Gilkey 

253 66 133  

Timelapse 

imagery 

Icefall 1835 2555 2190  

Table 4.1. Summary of velocities in key sections of the Gilkey Glacier derived from a variety of 
datasets described in the Methods section.   
 

We include the mass balance sinusoidal variation and the velocity gaussian pulse 

seasonal variation, separately and then together. We set the initial ice thickness to 70 m, the 

icefall velocity to 2190 m yr-1 and the lower Gilkey a seasonal velocity minimum of ~120 m yr-1 
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and a peak reaching ~280 m yr-1 at the end of April, and the transition length of 100 m (Fig. 4.9). 

As in the idealized glacier model, we scale the transition length by ratio of the icefall width to 

the Gilkey Glacier ogive width (see Methods). Due to uncertainty in the mass balance of this 

particular glacier, we set the mass balance to be the same as the idealized glacier that is estimated 

from nearby glaciers on the Juneau Icefield (Fig. 4.6; see above and McNeil et al., 2020). We ran 

the model for 50 years. When we run only the mass balance variation, we find that ogives of an 

amplitude of <5 m are formed, relative to a total ice thickness of over 3000 m (Fig. 4.10A and 

B). When we run only the seasonal velocity variation, we find that ogives of an amplitude of 100 

m are formed, relative to a total ice thickness of over 1700 m (Fig. 4.10C and D). When we 

include both seasonal mass balance variation and the velocity variation, we find large ogives of 

an amplitude of 125 m, a wavelength of ~200 m, and an ice thickness of up to 2500 m (Fig. 

4.10D and E). The wavelength of the ogives declines from 300 m near the icefall to ~100 m at 

the end of the calculation space (i.e., downglacier); this change in wavelength is discussed 

further in the Discussion. The amplitude of the ogives decreases with distance from the base of 

the icefall; at 3000 m horizontally from the base of the icefall, the amplitude is only 10s of 

meters, coinciding with a decrease in wavelength to ~160 m.   
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Figure 4.9: For the Gilkey Glacier scenario, imposed values for the parameter velocity variation 
as a function of time and distance downglacier. A) the seasonal velocity as it varies along the 
distance of the glacier through time; B) The velocity along the glacier profile, with winter (blue) 
and summer (orange) velocities depicted, and C) velocity variation over several annual cycles at 
a distance of 2500 m. 
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Figure 4.10: Results of the Gilkey Glacier model runs, after 50 years. The red vertical line 
represents the base of the icefall, approximately at the black X on Figure 4.1. For the imposed 
mass balance variation only, A) final ice thickness; and B) the ice thickness anomaly For the 
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imposed ice thickness variation only, C) final ice thickness; and D) the ice thickness anomaly. 
When both the mass balance and ice velocity variations are imposed on the model, E) final ice 
thickness; and F) the ice thickness anomaly.  
 

5 Discussion 

5.1 Characterization of Gilkey Glacier  

Our study synthesizes data from two field campaigns, timelapse imagery, and the 

ITS_LIVE satellite dataset (Gardner et al., 2019). Although our study is focused on ogive 

formation for a specific glacier, this unique dataset allows us to further our understanding of 

plateau icefield systems in general. For example, very few prior studies have investigated icefall 

velocities (Armstrong et al., 2017), given their difficulty in measurement. Here we measured 

icefall velocities using timelapse imagery and found a nearly steady velocity throughout the year. 

This lack of intra-annual variation in ice velocity supports the notion that basal sliding in icefalls 

is minor, as seasonal variation in hydrology, i.e. which may alter subglacial water pressure, is 

unlikely through the icefall (Armstrong et al., 2017). Yet, we are unable to completely 

confidently partition the motion between internal deformation and sliding, as well as from 

toppling seracs that occur frequently.  

Our measured icefall velocity of ~2200 m yr-1 is similar to that measured in the only 

other study that includes both ogives and icefall velocities (King and Lewis, 1961), which found 

that the top of the ogive-forming Odinsbre Icefall, Norway displayed velocities of ~2000 m yr-1. 

Despite our results and those of King and Lewis (1961), not all icefalls move as quickly, for 

example the Khumbu Glacier Icefall has a measured velocity of ~365 m yr-1 (Altena and Kääb, 

2020) and the Mer de Glace 700-800 m yr-1 (Berthier et al., 2005). It is not surprising that the 

velocity of icefalls varies with location. Given these high flow velocities, mass conservation 

suggests that the icefall ice thickness is much more thin than that of the upper and/or lower 

glacier. 
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Previous studies have suggested the relationship between ogive wavelength downglacier 

and annual glacier velocity is a way to study velocity changes through time (King and Lewis, 

1961, Fisher 1962, Waddington 1986). For example, Aniya et al. (1988) attempted to employ 

variations in ogive wavelength with distance to reconstruct the glacier dynamic history of the 

Soler Glacier in Chile. In our study, we find that once the model has achieved a steady state, the 

wavelength of the ogives at the base of the Vaughan Lewis Icefall is indeed attributable to the 

annual mean velocity there, yet downglacier from the icefall, the wavelength declines despite 

relatively steady velocities (Fig. 4.1C). This suggests that one should not use ogive wavelengths 

as proxies of the history of glacier dynamics. Our modeled variations in ogive wavelength 

downglacier from the icefall is primarily due instead to changes in ice thickness and hence in ice 

surface velocity. In our model, which is driven by an imposed spatial distribution of sliding 

velocity, as sliding velocity declines, ice thickness must increase to conserve mass, as seen in 

Figure 4.10. As velocity declines, the modeled wavelength of surface features (i.e. ogives) 

declines. The reality on Gilkey glacier, based on our observations as opposed to modeling, is 

more nuanced. The ogive wavelengths (Fig. 4.1C) increase slightly with distance downglacier 

for ~1 km, before declining subtly thereafter. If this is not due to temporal variation in the 

original ogives generated at the base of the icefall, it must reflect the spatial variation in the 

velocity of the glacier: increasing velocities over the first kilometers, followed by slightly 

decreasing speeds over the next few kilometers.   

5.2 Theories of ogive formation 

Ogives have tantalized scientists for over a hundred years. There have been no recently 

published observations or models to explain how they are created, despite advances in 

understanding Forbes bands (Vincent et al., 2018; Goodsell et al., 2002). As stated in our 

introduction, the two main hypotheses for ogive formation are as follows: 1) The seasonal mass 
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balance variation, suggests that in summer, greater ablation rates in the icefall are higher 

compared to the valley portion of the glacier, thus a smaller volume of ice enters the lower 

glacier, relative to winter. 2) The velocity variation hypothesis, suggests that a seasonal velocity 

variation in the lower glacier creates waves by summer acceleration, thinning the ice, and in 

winter slowdown, thickening the ice (Waddington, 1986). 

In our idealized glacier model runs, we test the ability of each hypothesized formation 

process to create ogives of representative amplitudes. When we hold ice velocity steady and 

seasonally vary mass balance, we create small ogives with an amplitude of less than 2 m. These 

ogives are substantially smaller than what we observe on the Gilkey Glacier (with amplitudes of 

11 m) or other ogives reported in Alaska; the nearby Antler Glacier has ogives with 5 m 

amplitude (Hashimoto et al., 1966). Therefore, although this mass balance driven formation 

process indeed can create ridge and trough topography, as Nye (1961) and Waddington (1986) 

proposed, it likely is not the dominant mechanism responsible for large amplitude ogives that we 

see around the world, including on the Gilkey Glacier.  

When we test the seasonal velocity variation mechanism on the idealized glacier, while 

holding mass balance steady throughout the year, ogives of ~10 m in amplitude are created. This 

amplitude is much more similar to what we observe in nature, both on the Gilkey Glacier as well 

as other locations around Alaska (e.g. Root Glacier, ~11 m in amplitude, based on our 

ArcticDEM analysis).  

When the model is applied to the Gilkey Glacier, although the magnitude of the resultant 

ogives and ice thickness differ to the results in the idealized model runs, a similar pattern 

emerges; the ogives formed from seasonal velocity variation alone are far larger in amplitude 

than those formed from the mass balance variation model run ( <5 m for mass balance variation, 
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compared to 125 m for velocity variation). These results, paired with those from the idealized 

glacier runs show that both the mass balance variation process and velocity variation process can 

produce ogives; however, it is clear the velocity variation can generate larger amplitude ogives 

even just with small variations in velocity (~40 m yr-1).      

When we constrain our numerical model with the velocity parameter values estimated 

from our in-situ and satellite derived observations of Gilkey Glacier, combined with the mass 

balance variation that we imposed previously, we illuminate limitations of our model and deduce 

information on ice plateau dynamics (Fig. 4.10C). We create unrealistically large amplitude 

ogives and an overly thick glacier (Figs. 4.9 and 4.10). Ogive amplitudes in this run reach 125 m 

and 166 m in wavelength that decrease downglacier, with glacier thickness over 2500 m (Fig. 

4.10C). In reality, Gilkey Glacier’s ogives are 5-8 m in amplitude and the estimated ice thickness 

is 300-500 m. Given the solution in the analytical model described in Methods, we anticipate that 

the velocity variation determines the ogive amplitude, which also scales with the ice thickness 

(Equation 7). Since our model produced ice thicknesses of over 2500 m, >5 times the estimated 

ice thickness, and we have a velocity variation magnitude of over 100 m yr-1, we would expect to 

see ogives with amplitudes of 100s of m, >5 times the actual Gilkey Glacier ogives. We discuss 

the reason for our high modeled ice thickness in the next paragraph.  

In the Gilkey Glacier model run, we assumed that the lower glacier and icefall velocities 

are uniform vertically through the glacier thickness, with ideal basal sliding conditions at the 

base and zero internal deformation. This creates an inverse relationship between velocity and ice 

thickness, as ice discharge is simply the product of sliding velocity and mean ice thickness across 

the width of the glacier. Due to this relationship, the high icefall velocities we employ create 

unrealistically thick ice at the base of the icefall. In reality, this relationship between ice velocity 
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and ice thickness is highly nonlinear in cases where internal deformation of ice, captured by 

Glen’s Flow Law, dominates; surface ice velocity is proportional to thickness raised to the fourth 

power (H4), and ice discharge is proportional to ice thickness to the fifth power (H5). If our 

model included internal deformation, we would not need as thick an ice mass to generate the 

observed several-fold reduction in ice velocities (the icefall velocity compared to the lower 

glacier velocity; Table 4.1). In addition, we have little constraint on the thickness of ice in the 

icefall. Due to the large difference between the Millan et al. (2022) and Farinotti et al. (2019) 

estimates of ice thickness of the Vaughan Lewis Glacier, a mass conservation estimate of the 

icefall thickness is not well-bounded. It is possible the icefall ice thickness is substantially 

thinner than our model’s prescribed initial ice thickness of 70 m, although DEM data for the 

sercas suggest it is at least 20 m thick. Ideally, a future study would involve detailed ground 

penetrating radar (GPR) surveys of both the Vaughan Lewis Glacier and the Gilkey Glacier, the 

results of which would then impose strong constraints on the icefall ice thickness by 

conservation of mass. 

For all the idealized glacier and Gilkey Glacier model experiments, our model produces 

ogive wavelengths that decline with horizontal distance from the base of the icefall. The 

wavelength reduces by almost 3-fold from the start of ogives to the end of our model domain, i.e. 

3000 m downglacier. In contrast, our analysis of in-situ data of ogive wavelengths of the Gilkey 

Glacier shows an increase in wavelength before becoming nearly uniform for several kilometers. 

In fact, the decay of ogive wavelength in our model is likely an artifact of numerical diffusion. 

Employing second order upwind differencing in the model, which essentially includes three 

points in calculation of the gradient in discharge instead of just two, prevents this behavior. We 

also suggest the width scaling of our model could be improved upon, such that the model more 
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accurately adjusts the velocity according to the width of the icefall and glacier. Here we simply 

use a proportion, but a more complex treatment of this feature may improve results. Finally, the 

shape of the velocity decay may also be adjusted, such that the deceleration occurs more abruptly 

with horizontal distance.  

Despite the limitations of our model, the idealized glacier runs and the Gilkey Glacier 

runs inform us of the dominant ogive formation process. Our results suggest that seasonal mass 

balance alone is not sufficient to create the scale of the observed ogives in nature. Although 

ogives can be formed through this mechanism, seasonally varying velocity has far greater 

leverage on the size and wavelength of ogives. Therefore, we find the most plausible mechanism 

of ogive formation is seasonal variation in the velocity of the lower glacier.  

Atherton (1963) utilized observations from the eastern fork of Vimmelskaftet, Greenland 

to form the original hypothesis of velocity variation driven ogive formation. He suggested the 

presence of multiple waves in the icefall was due to the increased strain during winter 

slowdowns. We see a similar pattern in the Vaughan Lewis Icefall (Fig. 4.1, Inset ii), lending 

additional support for this method of formation. Ultimately, the cause of the ogives is likely due 

to temporal variation in the strain field as the glacier slows down at the base of the icefall. The 

summer pulse of sliding will stretch and thin the ice over the distance it takes to accelerate, 

followed by a return to lower sliding velocities that will cause a greater negative gradient in 

velocity and hence thickening. However, it is still unclear why some icefalls do not form ogives, 

even with seasonally varying lower glacier velocities.  

5.3 Why do ogives not form under all icefalls? 

Our results suggest that ogive formation requires a seasonal velocity variation of the 

lower glacier below an icefall. Yet, not all icefalls create ogives, even when the lower glacier has 

a seasonal velocity variation. Figure 4.5 showed us that there is no clear relationship between the 
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annual variability of ice velocity in the lower glacier and the presence of ogives. Therefore, 

despite our promising modeling results, variable velocity is not sufficient to determine whether 

or not ogives will form at the base of the icefall. So what (o)gives?  

We propose several research avenues to investigate why not all icefalls form ogives. 

First, in our analysis of the Juneau Icefield region ogives (Fig. 4.5), we did not distinguish the 

amplitude or wavelength of the different ogive trains. It would be interesting to investigate the 

variety of ogive amplitudes and wavelengths in the Juneau Icefield. In addition, if we broaden 

our study area to include regions outside of Juneau that have ogives (e.g. Wrangell St. Elias 

National Park, Alaska), we could perform an analysis on the relationship of ogive presence and 

other characteristics such as the steepness and width of the icefall, the proportion of icefall width 

to valley glacier, the elevation difference of the icefall and lower glacier, minimum and 

maximum baseline velocities of the lower glacier and ice plateau areas, lower glacier ice 

thickness and many other factors. It would be ideal to examine these characteristics in greater 

detail utilizing the plethora of remote sensing tools and datasets (e.g. ITS_LIVE velocities, 

ArcticDEM, Millan et al., 2022 ice thickness, etc). To build upon the analysis modeling 

presented here, we can perform a series of sensitivity tests using the finite difference model to 

identify any parameter thresholds that may exist in the model. Areas of sensitivity analysis 

would include minimum and maximum values of seasonal velocity, seasonal velocity amplitude, 

and the velocity difference between the icefall and lower glacier. Additional field data collection 

would include measurement of the strain rate at the bottom of the icefalls, collecting GPR ice 

thickness measurements, and additional timelapse imagery focused on the base of the icefall, 

where ogives originate. An experimental investigation using glacier-like materials in a laboratory 
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could also be employed. Lastly, our results suggest a plausible ogive formation mechanism, yet 

the process of ogive diffusion downstream remains to be explored.  

6 Conclusions  

Prior to this study, ogives have only been minimally studied. Despite the initial 

fascination in the early days of glaciology, their origin and representation of glacier dynamics 

has been relatively understudied since the 1980s. Ogives form in precarious glaciated regions, 

where icefalls meet valley glaciers. These regions are notoriously difficult to obtain field data 

due to access issues relating to safety. Even with the advent of satellite remote sensing, the 

highly dynamic topography of icefalls makes it difficult to track changes from space. Our study 

includes one of the first comprehensive datasets of velocities that cover the entire system, from 

the plateau icefield, through the icefall, down to the valley glacier. This complete velocity profile 

may help inform future studies on ice-plateau-icefall and feedback dynamics in a changing 

climate. We have tested ogive formation hypotheses by using our integrated dataset to constrain 

values for ice velocity in a finite difference model that is able to capture and test the plausibility 

of the existing hypotheses. We determined that ogive formation is plausible if there is a large 

seasonal velocity variation in the valley glacier below the icefall. We found that the seasonal 

mass balance ogive formation theory alone cannot explain the observed ogives amplitudes on the 

Gilkey Glacier. Further work is necessary to constrain whether a threshold of velocity variation 

for ogive formation exists, and/or other factors that might explain why not all icefalls create 

trains of ogives.  
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CHAPTER 5 

 

1 Implications of the Larsen B fast-ice and tributary glacier dynamics  

The work I have presented in Chapters 2 and 3 increases our understanding of ice-ocean 

systems in a changing climate. In these chapters, I presented a detailed analysis of the recent 

events that occurred in the Larsen B embayment on the Antarctic Peninsula. The results from 

Chapter 2 emphasize that ocean waves have the potential to contribute to ice-shelf and multi-year 

fast-ice instability. Although this idea is not new (Massom et al., 2018), my study adds to the 

growing consensus that ocean waves can play a significant role in the stability of floating ice 

bodies. In addition, this is the first recorded occurrence of a large wave swell driving the break-

up of mutli-year fast-ice. The glacier response to the event was catastrophic: grounded regions of 

Crane Glacier experienced a 50% increase in speed, and Hektoria Glacier’s speed increased by 

600%. This increase in speed and associated thinning occurred simultaneously as both glaciers 

retreated into their fjords. Record-breaking thinning occurred on Hektoria and Green Glacier, 

and Hektoria’s retreat was so extreme it warranted its own study (Chapter 3).  

The immediate responses of Hektoria and Crane Glaciers to the Larsen B fast-ice 

collapse suggest a clear connection between their stability and the presence of the fast-ice. 

However, questions pertaining to the physics behind the ability of fast-ice to directly buttress 

glaciers remain, especially as to what exactly it means to “buttress.” Sun et al. (2023) and 

Suraway-stepney et al. (2024) investigate the Larsen B fast-ice and conclude that the fast-ice was 

not providing a backstress to the grounded glaciers, but rather suppressed the calving of the 

glacier terminus, such that when the fast-ice broke up the calving of the floating ice tongues 

quickly followed. Other studies (e.g., Green et al., 2018; Miles et al., 2017) suggest that fast-ice 

is a stabilizing feature for grounded glaciers regardless of the degree of direct buttressing applied 

by the fast-ice. In contrast to Sun et al. (2023) and Suraway-Stepney et al (2024), Parsons et al. 
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(2024) quantified the backstress applied by the fast-ice on Crane Glacier’s terminus in the Larsen 

B embayment, suggesting the fast-ice provided sufficient buttressing to the floating ice tongue to 

allow it to advance (i.e., calving was suppressed by its presence). Needell and Holshuch (2021) 

show an obvious slowdown on the grounded portion of Crane Glacier throughout the fast-ice 

occupation, which suggests that the fast-ice buttressed the grounded portion of the glacier. This 

lack of consensus on the ability of fast-ice to suppress calving and to provide a backstress to 

grounded glacier areas suggests further work is needed. My overview is that the controversy is 

partially due to semantics in what exactly qualifies as buttressing. How much of a backstress is 

required for fast-ice to “buttress” a glacier? Is it sufficient for it to simply suppress calving, or 

does it need to be enough to slow down the grounded glaciers? Regardless of the detailed 

answers to the questions posed, it is obvious that fast-ice plays an important role in glacier 

dynamics, glacier readvance, and requires further research.  

In Chapter 2 we detail the events that led up to the break-out of the fast-ice and the 

outcomes of the event. We reported that the ice tongues that had re-advanced into the 

embayment 10+ km were over 300 m thick in some places, and when the fast-ice broke-up they 

also disintegrated within a month. The relationship between the fast-ice and the formation of the 

ice tongues suggests the possibility that fast-ice can support glacier extension and ice tongue 

advance. With several decades of uninterrupted cooling, we can infer that the ice tongues would 

have merged, ultimately producing an ice shelf. The early stages of this process were 

demonstrated by the ice tongue advance during the 2011-2022 fast-ice occupation at the Larsen 

B embayment. This suggests that one way ice shelves may form is during a cooling climate in 

which multi-decadal fast-ice forms in the glacier fjords and embayments, not unlike the 

formation of the Arctic-style ice shelves in the North (Jeffries et al., 2017), although the 
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significantly warmer summer conditions there make the resulting ice shelves thinner and less 

stable. As the fast-ice suppresses calving and the ice tongue begins to advance, it will come into 

direct contact with fjord walls and pinning points, increasing the buttressing effect and thus 

advancing further, in a positive feedback. If the fast-ice still remains, the floating ice tongue may 

continue to replace the relatively thin (<20 m) fast-ice with several hundred meter thick ice, 

subsequently forming a true ice shelf. Ice shelves may form through another process, based on 

the retreat of a marine-based ice sheet during a prolonged warming period. Over multiple 

centuries, as warm ocean water erodes the grounding line, a new ice shelf may form, as predicted 

at Thwaites (Betts et al., 2024) and what has potentially happened in the Ross Sea Embayment 

since the mid-Holocene (Conway et al., 1999). A comprehensive study of the development of ice 

shelves via the presence of fast-ice would be valuable. 

The retreat of Hektoria and Crane Glaciers in the aftermath of the loss of the fast-ice is 

alarming and warrants a deeper exploration of glacier instabilities are and what causes them. 

Although a marine ice cliff instability has been hypothesized (Deconto and Pollard, 2016), 

neither of these glaciers possessed terminal cliff heights greater than 100 m, suggesting ice cliff 

instability did not drive their rapid retreats. In Chapter 3, we find that the ice plain geometry at 

Hektoria Glacier is likely to have caused rapid buoyancy-driven retreat. This is the first recorded 

occurrence of the process in the modern record, and lends credence to Batchelor’s (2023) 

hypothesis based on geomorphologic analysis of the bathymetry formerly covered by the 

Scandinavian Ice Sheet during the last glacial maximum. The rapid buoyancy-driven retreat 

resulted from a gradual thinning that occurred over several months following the fast-ice break-

up. Once the glacier thinned to near flotation the whole area lifted off the ground and calved 

away, essentially surpassing a tipping point. This is a new type of instability that may occur after 
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reaching such a tipping point. A new stable terminus appears to have been established on 

Hektoria Glacier, 10 km from its previous grounding zone, although it continues to thin at rates 

greater than 80 m yr-1.  

As a scientific community, our preoccupation around instabilities as runaway processes 

needs a paradigm shift. We may be overlooking processes that can result in a period of instability 

followed by a new normal. That period of instability may very well be catastrophic, as was the 

case of Hektoria Glacier. If something like that were to happen on, for example, Thwaites 

Glacier in central West Antarctica, even just a few kilometers of retreat occurring over several 

months would be calamitous. Our results highlight the need to redefine rapid glacier retreat, and 

show that we need to include retreat mechanisms that occur in pulses, not only in complete 

runaway processes in our ice sheet and consequent sea level rise models. We need to put forth 

greater research effort into how we can define these pulses, determine what starts them and what 

can stop them.  

2 Broader impact of ice dynamics of ogives in Alaska  

My study in Chapter 4 investigates ogive formation. Ogives form in valley glaciers at the 

bottom of icefalls, yet how they form has remained an enigma to scientists since the mid 1800s 

(Forbes, 1845). I synthesize geophysical data from remote sensing and field campaigns to 

characteristize of the ogives below the Vaughan Lewis Icefall. This is the first comprehensive 

study that includes velocities data of an ice plateau, icefall, and lower glacier.  

We find that as the plateau ice is funneled through a narrow chute (the icefall), it 

accelerates 30-fold, before decelerating 20-fold as it enters the lower glacier. We found that the 

seasonal velocity variation at the top of the icefall and in the icefall itself, is minimal. However, 

in the lower glacier, the velocity variation is such that the annual peak pulse is nearly double that 

of the mean annual velocity. We use these velocity measurements to constrain a finite difference 
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model in combination with idealized glacier conditions to test the two main hypotheses of ogive 

formation: seasonal mass balance variation and seasonal velocity variation of the lower glacier. 

With all experiments, we find that Gilkey Glacier is not a special case, ogives can be formed 

using velocity and mass balance values commonly observed in Alaskan glaciers today. More 

importantly, we find that the dominating process of ogive formation is the seasonal velocity 

variation, as opposed to seasonal surface mass balance variation. Despite our study’s limitations, 

which are discussed in detail in Chapter 4, our results may spark renewed interest in modeling 

ogive formation processes, ice plateau-icefall dynamics, and other crest-trough topographic 

patterns on glaciers. In the following paragraphs, I discuss Chapter 4 in the context of these 

broader themes.  

Our model assumes ice flow velocity is entirely controlled by basal sliding, i.e., I assume 

no internal deformation. In reality, it is likely that internal deformation accounts for a significant 

proportion of the minimum ice velocity. In future research, utilizing a model that includes both 

internal deformation and basal sliding would help to better elucidate the controlling factors on 

ogive formation, in particular the temporal and spatial patterns of sliding. I also recommend 

investigating ogive formation in plastic deformation models to provide insight into the buckling 

capacity of ice, and running 2D full-stokes models to examine the complex ssgrss associated 

with the base of icefalls.  

Our study is unique in its documentation of velocity measurements. These can be used in 

future studies for icefall dynamics, including understanding icefall velocities and icefall 

disconnection. Due to access and safety concerns, icefall velocities are extremely difficult to 

measure. We provide a year-long velocity time series derived from timelapse camera imagery. 

These data help to confirm the hypothesis that icefall velocities are near-steady throughout the 
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annual cycle, perhaps reflecting a well-drained subglacial hydrologic system (Armstrong et al., 

2017). In addition, this comprehensive dataset may aid in research efforts focused on 

investigating the effects of climate change on ice plateaus in glaciated regions, such as the timing 

of icefall disconnections. An icefall disconnection occurs when an icefall that drains a plateau 

icefield becomes disconnected with a lower glacier. When this happens, both the plateau icefield 

and the lower glacier become stagnant and eventually melt away through significant melt-

accelerating feedbacks (Davies et al., 2024). Future studies may combine our velocity results 

with projected climate scenarios to identify when the icefalls will become disconnected, thus 

potentially enabling us to predict the fate of the valley glaciers and ice plateaus. In addition, it is 

possible to use old satellite imagery or aerial photographs to date previous icefall disconnections 

to determine how quickly these events may occur in the future (e.g., Little Vaughan Lewis 

Icefall; Davies et al., 2022). Our geophysical measurements offer a foundation of in-situ data to 

further investigate tipping points in this dynamic glacier system.  

Lastly, ogives are not the only wave like feature in glacier ice. There are several other 

glaciological phenomena in which waves, sometimes called “rolls” or “rumples” are created. On 

ice shelves, in both the Arctic and Antarctic, undulating surface topography originates from 

compressive stresses that cause the glacier ice to buckle and/or to create rumples (Jefferies, 

2017; MacAyeal et al., 2021). In the Arctic, a relationship between the wavelength of the 

rumples and the thickness of the ice was identified (Jefferies, 2017; Ochwat et al., 2023). In both 

Arctic and Antarctic rumples, the distinct peak-valley topography originates from a process that 

differs from ogives, and has specific consequences for ice dynamics in these systems. For 

example, the rumpling of ice shelves causes them to weaken and lose much of their buttressing 

force against upstream glacier ice (Borstad and others, 2013; MacAyeal et al., 2021). Well-
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known examples of such rumples in Antarctica are those on the McMurdo Ice Shelf, adjacent to 

the New Zealand Scott Base research station, as well as those on the Brunt Ice Shelf, called the 

McDonald Ice Rumples. However, we suggest that there are some parallels between glacier 

ogives and ice shelf rumples due to the compressional forces that may help to drive their 

formations, further research is needed to examine stresses in the icefall and lower glacier.  

Another example of waves in ice features can be seen in rock glaciers where there are 

distinct lobes of debris that have notable “ridge and furrow” topography. However, these wave-

like features likely originate from pulses of glaciation (Lehmann et al., 2024; Anderson et al., 

2018) and can provide insights into paleoclimate characteristics and paleo-glaciological 

processes. As one of the most unique solid substances on Earth, ice has a tendency to form 

distinct wave-like patterns, all due to different processes that can affect ice dynamics in various 

ways. This natural phenomena can tell us more about the fascinating physics of ice, its viscous-

elastic behavior, and its place in our world.  

3 Commonalities between ice dynamics at the Larsen B embayment and ogives in Alaskan 

valley glaciers 

This dissertation seeks to further the understanding of glaciers in systems that are 

susceptible to irreversible change. As described above, Chapter 2 and 3 investigate the Larsen B 

system and glacier instabilities of floating ice and tidewater glaciers. Due to the loss of the fast-

ice, Hektoria Glacier experienced a tipping point at which it rapidly retreated at rates never 

before seen in the modern record. Chapter 4 explores the formation of ogives, which only occur 

at the base of icefalls. Since icefalls are increasingly disconnecting from their large valley 

glaciers below, ogives will soon be disappearing as well. It is in our best interest to study their 

formation before that tipping point is reached. These two seemingly different systems are both 

undergoing rapid changes as climate change continues to wreak havoc on our icy world. In both 
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cases, we need to study the dynamics of the ice, from rapid retreat processes, to origins of ogive 

formation, before it is too late. As a last thought, it is worth acknowledging that the Antarctic 

Peninsula is an ice plateau with icefalls that feed large valley glaciers, so what we can glean from 

Alaska now will contribute to our understanding of the ice dynamics in that region in the future. 

Perhaps one day, there will be ogives at Crane Glacier.  
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APPENDIX I 

 

Supplementary Material for Chapter 1, as published in The Cryosphere.  

 

 

 

Table 1: DEMs from Worldview Imagery 

Sensor Acquisition Date Sensor Acquisition Date 

WV2 3/9/17 WV3 4/21/21 

WV2 4/18/17 WV3 1/15/22 

WV1 4/22/17 WV2 2/14/22 

WV2 11/27/17 WV3 2/19/22 

WV2 3/26/18 WV2 10/3/22 

WV2 9/30/18 WV3 11/21/22 

WV3 2/9/20 WV3 12/25/22 

WV2 3/22/21 WV2 2/16/23 

 

Table A1-S1: Date and sensor of Worldview images used for this study.  
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Figure A1-S1: ICESat-2 data showing the freeboard elevation of the outer edge of the HGE 
floating tongue. A) 28 January 2022 ice edge during a period of open water at the front. B) 
MODIS image from 4 February 2022, the same day that the ICESat-2 data was acquired, shows 
sea ice in the embayment during the time the elevation data was collected. C) Worldview image 
from 9 February 2022 shows a detailed view (blue box on Panel A) of the ICESat 2 Spot 3 track. 
D) Elevation data collected on 4 February of Spot 1 ICESat-2 track (green), showing the ice edge 
near the center of the HGE floating front (red circle, red arrow). E) ICESat-2 Spot 3 track (purple 
track), where an ice edge is present for a small portion of the track (Panel C, pink circles). 
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Figure A1-S2: Worldview DEMs from October 2022 show the freeboard of tabular bergs calved 
from the HGE ice tongue, note that north is Grid North in ESPG: 3031.  
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Figure A1-S3: Precipitation and windspeed anomalies (1979-2022) for the AP region in 
November 2021, December 2021, and January 2022.  
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Figure A1-S4: ERA-5 climate variables on hourly time scale during January 2022. The horizontal 
dashed lines indicate foehn wind thresholds determined by Laffin et al., 2022. The vertical 
dashed lines show the when the wave corridor opened and when the fast ice broke-up. The 
gray shaded lines indicate periods when all of the foehn wind thresholds were met, suggesting 
times of foehn wind events.  
 

 

Figure A1-S5: Cumulative melt day maps from 2012/2013 to 2020/2021 for the Larsen B 
embayment (solid lines) and Scar Inlet Ice Shelf (dashed lines). 
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Figure A1-S6: Melt pond evolution using Landsat imagery from November 2021 to January 
2022.  
 

 

 

Figure A1-S7: Sea ice concentration in Weddell Sea on 20 January from 2010 to 2011 and 2013 
to 2022. The open corridor was not present in any of the previous seasons on record during this 
time of year.  
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Figure A1-S8: We obtain ocean wave-field data from the WaveWatch III model hindcast from 
the Collaboration for Australian Weather and Climate Research (CAWCR; Wave Hindcast 
Aggregated Collection; Durrant et al., 2019). From June 2013 onwards the dataset is generated 
using WaveWatch III v4.18 wave model forced with NCEP CFSv2 hourly winds and daily sea ice 
producing gridded spectral wave data on a global 0.4 (24 arcminute) grid. Here we examine an 
hourly time series of the variables for January 2022, averaging over four grid cells in front of the 
Larsen B embayment and near the James Ross Island, where a wave corridor was present. 
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Figure A1-S9: Wavewatch wave data showing the peak period and significant wave height for 
November and December 2021 for locations near James Ross Island and in front of the Larsen B 
embayment.  

 

Figure A1-S10:  Jorum Glacier speeds derived from the ASF Vertex Tool and Hyp3 pipeline using 
Sentinel 1 imagery from December 2020 to March 2023.  
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Figure A1-S11: Jorum and Punchbowl elevation changes from ICEsat and Worldview DEMs. 
 

Supplemental Video 1 
 

Evolution of Larsen B embayment from 2012 to 2022 from MODIS imagery. 

https://doi.org/10.5446/66845 (Ochwat, 2024). 
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APPENDIX II 

 

Supplementary Material for Chapter 2 for submission in Nature Geoscience. 

 

 
Figure A2-S1: Iceberg distribution size during two episodes of retreat. The black dashed line is 
the 2021 grounding zone. In Panel A nine icebergs were measured along the primary axes three 
times and averaged. The maximum length is the minimum ice thickness, which is ~407 m. In 
Panel B the purple line is the previous ice front (Panel A ice extent) and ten icebergs were 
measured, showing a minimum ice thickness of ~378 m.  
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Figure A2-S2: Map of IceBridge dataset acquired over Hektoria Glacier on October 31, 2017 
overlying a true-color Landsat-8 optical image acquired on 13 September December 3, 2017. 
The dataset is classified based on the signal analysis in Figure S3. The red contour is Ochwat et 
al., (2024) grounding line.  
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Figure A2-S3: IceBridge data over Hektoria Glacier. a) Ice surface and bottom heights; b) 
Normalized Bed Reflection Power (NBRP) and Normalized Internal Reflection Power (NIRP). The 
grounded part of the glacier is highlighted by light orange color, the floating ice is highlighted by 
blue color, and the region where both NBRP and NIRP values start to increase is highlighted by 
gray colors. This region is likely associated with the transition of the glacier from grounded to 
floating, however the bed signal in this zone is obscured by high internal reflection (NIRP > 
NBRP) associated with the crevasses clearly seen in the Landsat-8 images (Fig. A2-S2).  
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Figure A2-S4: Worldview 2 orthoimage and DEM that show the terminus of Hektoria Glacier on 
3 October 2022, prior to the initiation of the rapid calving period. The terminus has a ~50 m 
high cliff front and displays slumping and rifting upstream of the terminus. The iceberg at the 
front is clearly rotated “toes-out” indicating it was calved via buoyancy-driven processes.  
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Figure A2-S5: Green Glacier velocity from January 2022 to December 2023. Upper panel depicts 
the along-flow profile (red line) and the lower panel depicts the Icebridge ATM track profile in 
order to compare the speeds to those presented in Ochwat et al., (2024).  
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Figure A2-S6: Example glacial earthquake location and waveforms. Glacier earthquakes are 
identified on 5 separate days that correspond to periods of rapid retreat. As noted in previous 
studies (i.e. 48), the relatively long-wavelength seismic waves (~100 km for 30 s Rayeleigh 
waves) generated by glacial earthquakes and the sparse station coverage results in relatively 
large uncertainties (~50 km) in event location. Thus, while uncertainty remains, the occurrence 
of these events during the time period of Hektoria glacier’s rapid retreat make Hektoria glacier 
the most plausible source of these events.  
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Figure A2-S7: Example of waveform modeling for Dec 25, 2022 Event; A) Landsat image from 
December 8, 2022 with the force vector inferred from the modeling of the waveforms. Note: 
force vector has been placed manually near the calving front of Hektoria Glacier for visual 
clarity; B) the bandpass-filtered (20-50s) observed (black) and synthetic (red) waveforms from a 
grid search for horizontal force magnitude and direction; C) variance reduction.  
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Event Arrival Time @LPLY Peak Force  Azimuth  

Nov-6-2022 20:08:32 3.5 X 109 N  164 

Nov-6-2022 20:49:31 6.1 X 109 N  -170 

Dec-12-2022 06:02:58 2.1 X 1010 N  168 

Dec-12-2022 13:15:14 8.6 X 109 N  172 

Dec-19-2022 05:59:45 1.37 X 1010 N  170 

Dec-25-2022 17:19:25 1.9 X 1010 N  174 

Table A2-S1: Event times and estimate force magnitudes and directions for the 6 observed 
GEQs that we observed to originate from the Hektoria Glacier region. 
 

*We report event arrival time at station LPLY since it is the closest station to the source location(s) of the 

GEQs for which the seismic arrival is clearly observed for all events.   
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Supplemental Video 1: Timelapse of Sentinel 1 SAR orthorectified S1_AWS_EW_HH imagery 
from January 2022 to April 2024. Video available upon request.  
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Supplemental Video 2: GoPro footage of Hektoria Glacier reconnaissance flight February 26th 
2024 courtesy of Captain Franco Saravalli. Video available upon request.  
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