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Ice streams are the primary pathway by which Antarctic ice is evacuated to the ocean. Because 

the Antarctic ice sheets lose mass primarily through oceanic melt and calving, ice-stream 

dynamics exert a primary control on the mass balance of the ice sheets. Thus, changes in melt 

rates at the ice-sheet margins, or in accumulation in the ice-sheet interiors, affect ice-sheet mass 

balance on timescales modulated by the response time of the ice streams. Even abrupt changes in 

melt at the margins can cause ice-stream speedup and resultant thinning lasting millennia, so 

understanding the upstream propagation of marginally forced changes across timescales is key 

for understanding the ice sheets’ ongoing contribution to sea-level rise. This dissertation is 



 

comprised of three studies that use observations and models to understand changes to Antarctic 

ice-stream dynamics on timescales from decades to millennia. 

The first chapter synthesizes remotely sensed observations of Smith, Pope, and Kohler glaciers 

in West Antarctica to investigate the causes and extent of their retreat. These glaciers have 

displayed some of the largest measured grounding-line retreat, most rapid thinning, and largest 

speedup amongst Antarctic ice streams. This retreat has drawn interest in their stability both in 

its own right and as a harbinger of future changes to larger neighboring ice streams. In this study, 

recent melt rates were determined using flux divergence estimates derived from observations of 

ice thickness and surface velocity. Out-of-balance melt at the beginning of the study period 

indicates that the imbalance of this system predates the beginning of satellite velocity 

observations in 1996. Throughout much of 1996-2010, there was both greater melt over the ice 

shelves than flux across the grounding line, implying loss of floating ice and elevated melt 

forcing, and greater grounding-line flux than accumulation, implying adjustment of the grounded 

ice in response to the ongoing imbalance. The grounding line position of Kohler glacier, and a 

large melt channel that is unlikely to be a steady-state feature, suggest that the perturbation to 

this system began on Kohler glacier sometime around the 1970s. Viscosity of the ice shelves, 

inferred using a numerical model, indicates that weakening of the Crosson ice shelf was 

necessary to allow the observed speedup, though it is unable to determine whether the weakening 

was a cause or effect of the ongoing retreat. 

The second chapter uses a suite of numerical model simulations to determine the dominant 

drivers of the recent retreat of Smith, Pope, and Kohler glaciers, and extends those simulations 

that best match observations to evaluate likely future retreat. Similar to the findings of previous 

studies, the distribution of sub-shelf melt is found to be the primary control on the rate of 



 

grounding-line retreat, while the shelf-averaged melt rate exerts a secondary control. The model 

simulations indicate that, despite ongoing imbalance, the grounding-line position in 1996 was not 

inherently unstable, but rather elevated melt at the grounding line was required to cause the 

observed retreat. A weakening of the ice-shelf margins was found to hasten the onset of 

grounding-line retreat and led to greater speedup. However, without increases in melt beyond 

1996 levels, marginal weakening was insufficient to initiate grounding-line retreat. All 

simulations that capture the observed retreat continue to lose mass until at least 2100, suggesting 

that ice in this basin may contribute over 8 mm to global mean sea level by 2100. The magnitude 

of thinning deep in the catchment suggests that the retreat of Kohler and Smith glacier may 

hasten the destabilization of the neighboring Thwaites glacier catchment. 

The third chapter uses the timescale of the recently drilled South Pole Ice Core (SPICEcore) and 

nearby geophysical observations to infer the history of ice flow near the South Pole during the 

last 10,000 years. The South Pole is located 180 km from the nearest ice divide and drains from 

the East Antarctic plateau through Academy glacier/Foundation ice stream. As a result, ice flow 

near the South Pole is potentially affected by the dynamics of these ice streams, and so the 

history of ice flow in this region has the potential to inform understanding of how marginally 

forced changes affect the ice-sheet interior. Because the South Pole is far from an ice divide, the 

accumulation record in SPICEcore incorporates both spatial variations in accumulation upstream 

and temporal variations in regional accumulation. Comparison between the SPICEcore 

accumulation record, derived by correcting measured layer thicknesses for thinning, with an 

accumulation record derived from new GPS and radar measurements upstream, yields insight 

into past ice flow and accumulation. When ice speeds are modeled as increasing by 15% since 10 

ka, the upstream accumulation explains 77% of the variance in the SPICEcore-derived 



 

accumulation (vs. 22% without speedup). This correlation is only expected if the ice-flow 

direction and spatial pattern of accumulation were stable throughout the Holocene. The 15% 

speedup in turn suggests a slight (3-4%) steepening or thickening of the ice-sheet interior and 

provides a new constraint on the evolution of the East Antarctic Ice Sheet following the glacial 

termination. 
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Chapter 1 Introduction 

1.1 Motivation 

The Antarctic ice sheets gains mass through accumulation of snowfall, and this mass is primarily 

evacuated through fast-flowing pathways termed ice streams. Ice streams generally reach the ocean 

and go afloat in an area referred to as the grounding line/zone, forming floating extensions called 

ice shelves. Due to cold temperatures inhibiting surface melt, the ice sheets’ mass is lost through 

an approximately equal combination of oceanic melting beneath these ice shelves and iceberg 

calving from their fronts (Depoorter et al., 2013; Eric Rignot et al., 2013). Recent work indicates 

that West Antarctica in particular is losing mass, potentially at an accelerating rate, contributing 

7.6 ± 3.9 mm to sea level rise between 1992 and 2017  (Pritchard et al., 2009; A. Shepherd et al., 

2018). If melted or otherwise evacuated into the ocean, the Antarctic ice sheets would contribute 

~58 m to global mean sea level (Fretwell et al., 2012), though actual contribution to sea level 

during past interglacials was likely <10 m higher than present (Kopp et al., 2009). In 2007, the 

Intergovernmental Panel on Climate Change (IPCC) concluded that “The state of understanding 

[of ice sheet dynamics] prevents a best estimate [of 21st-century sea level rise] from being made” 

(IPCC, 2007). While significant progress has been made, the 2013 IPCC report still argued that 

“The Antarctic ice sheet represents the largest potential source of future SLR” (Ciais et al., 2013). 

The difference in impacts upon coastal populations from the lower and upper bounds of this 

uncertainty is profound; more than twice as many Americans are projected to be displaced under 

the highest rather than lowest sea-lever rise scenarios (Dahl et al., 2017). Figure 1-1 shows 

projected 21st-century sea level rise and population displaced in the coastal United States under a 

likely scenario, though the effects of sea-level rise are global, and tens of millions of people would 

be displaced in other countries under such a scenario. 
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1.2 Changes to the Antarctic ice sheets 

The most notable recent change to the Antarctic ice sheets is marginal thinning, generally localized 

to the outermost 200 km (e.g., Pritchard et al., 2009), largely thought to be instigated by ocean-

forced sub-shelf melting (Jacobs et al., 2012; Rintoul et al., 2016). However, ice-sheet dynamics 

create long responses to forcing, so observed changes are a superposed response to past and present 

forcings (e.g., Jenkins et al., 2018). Moreover, the future evolution of the ice sheets will depend 

not only on future forcing but also on the continuing adjustment necessitated by the disequilibrium 

of their present state. This superposition of responses suggests that it is useful to disentangle the 

drivers of present-day change. For example, if observed retreat is predominantly due to 

contemporaneous forcing, we might conclude that further forcing is required for continued retreat. 

Conversely, if much of the response can be attributed to internal dynamics, we might argue that 

changes would continue regardless of forcing until something about the system changed (e.g. the 

grounding line retreated to a stable, prograde slope). 

The rate at which marginal changes will affect the thick, grounded ice-sheet interiors is arguably 

the glaciological question of most societal interest; only ice that sits above floatation contributes 

to sea level, and cold surface temperatures in the Antarctic imply that interior ice is unlikely to 

melt in-situ. For the marine-based West Antarctic Ice Sheet (WAIS), grounding-line retreat can 

reduce the distance that ice needs to be transported to reach the ocean. However, for the land-based 

East Antarctic Ice Sheet (EAIS), the extent of grounding-line retreat is inherently limited by the 

location where the bed exceeds sea level. Thus, loss of the EAIS ice presently above floatation 

requires transportation to lower elevation and/or latitude where melt or calving is possible, and 

changes to EAIS volume can only occur as rapidly as ice can be evacuated to the ocean. A change 

in flow that could cause such evacuation is unlikely to be initiated in the interior of the ice sheet 
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where changes to accumulation or temperature would take thousands of years to affect flow, but 

instead rapid (order decades to centuries) loss is only expected to result from an upstream 

propagation of marginal imbalance. 

While rapid contribution of the Antarctic ice sheets to sea-level rise requires thinning and speedup 

of presently slow flowing, interior regions, knowledge of past changes to interior ice flow is 

limited. Geologic evidence indicates that ice was hundreds of meters thicker near the margins of 

the EAIS during last glacial maximum (LGM; see review in Mackintosh et al., 2014). Ice-core 

evidence and associated modeling indicate that the EAIS interior was ~100-150 m thinner due to 

diminished snowfall at LGM temperatures (e.g., Lorius et al., 1984; Parrenin et al., 2007). By 

contrast, geologic evidence suggests that the WAIS was ~125 m thicker during the LGM (Ackert 

et al., 2007). However, collapse of the WAIS during past warm periods is indicated by geologic 

evidence (Scherer et al., 1998), sea-level records (Dutton et al., 2015), and ecological evidence 

(Barnes & Hillenbrand, 2010). Nevertheless, the available data are spatially and temporally sparse, 

and inferences of past ice thickness are much more common than estimates of past flow. As a 

result, the speed with which marginal changes have propagated upstream in the past, as well as 

how current changes may influence interior catchments, remains largely unconstrained by data. 

In the absence of direct evidence, results from numerical models are perhaps the most important 

indicator of how quickly marginal changes can spread inland. Recent modeling studies find that 

changes to ice flow might rapidly propagate into the deep interior and cause significant thinning 

of the East Antarctic ice sheet (e.g., DeConto & Pollard, 2016; Mengel & Levermann, 2014). For 

the WAIS, modeling studies indicate that present marginal changes will propagate inland unabated 

regardless of forcing (Favier et al., 2014; I. R. Joughin et al., 2014). However, these studies remain 

limited in scope; while some large, likely vulnerable drainages have been studied in detail, most 
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have only been modeled in coarse, continental-scale models (Golledge et al., 2012; Pollard et al., 

2015). However, there are severe limitations to assessing future ice-sheet stability with these large-

scale models; the large domains prevent detailed assessment of individual catchments, bedrock 

protuberances that could afford stability may be averaged out over the coarse grid scales, use of 

simplified physics is necessitated by the large domains, and the models are often run from initial 

conditions that fail to accurately capture modern ice-sheet geometry. Given these limitations, 

smaller-scale models with problem-specific quality control of data, fine resolution in areas of 

interest, appropriate physics, and initial conditions appropriate to the problem, when targeted 

towards those ice streams thought to be most crucial for overall ice-sheet stability, are a key tool 

to understanding future contributions to sea level rise. 

In this dissertation, I use a combination of observations and numerical models to understand past, 

present, and likely future changes to the Antarctic ice sheets. I focus on two study areas (Figure 

1-2), investigating modern changes in melt, ice-flow speed, grounding-line position, and ice 

thickness in the Amundsen Sea Embayment region of the WAIS and at millennial-scale changes 

in accumulation and ice velocity in the EAIS interior. These changes in velocity in the EAIS 

interior likely result in part from gradual changes to interior accumulation, but upstream 

propagation of marginal effects also likely played a role in causing the observed change in speed, 

linking this work on long-term changes to that on recent changes to the WAIS margin. 

1.3 Organization 

Chapter 2 synthesizes existing remote sensing observations to understand the recent retreat of 

Smith glacier and Crosson and Dotson ice shelves in West Antarctica. These results were published 

in The Cryosphere as Changes in flow of Crosson and Dotson Ice Shelves, West Antarctica in 

response to elevated melt (Lilien, Joughin, et al., 2018). This manuscript uses flux divergence to 
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calculate melt rates through time over these ice shelves, identifying significant ongoing imbalance. 

Using inverse methods, it identifies areas of shelf weakening that were likely important for the 

speedup of these glaciers. Finally, using the melt patterns, grounding line position, and ice-shelf 

topography we speculate on the timing of the perturbation that initiated the imbalance of these 

glaciers. 

Chapter 3 uses a suite of prognostic ice-flow models to determine the importance of different 

processes affecting the ongoing retreat of Smith, Pope, and Kohler glaciers. These results will soon 

be submitted as a manuscript entitled Melt at grounding line controls observed and future 

retreat of Smith, Pope, and Kohler glaciers to The Cryosphere. The goals of this study are 

twofold: attempt to replicate recent observed changes to Smith glacier using ice-flow models and 

assess the likely future evolution of this system. The results indicate that sustained, elevated melt 

near Smith Glacier’s grounding line was necessary to cause the observed retreat. A number of the 

simulations successfully replicated the observed retreat of Smith glacier’s grounding line, the 

pattern of thinning, and some of the observed speedup. Those simulations that matched 

observations all indicate that continuing retreat is likely over the next century. 

Chapter 4 combines geophysical and ice-core measurements to constrain the accumulation and 

ice-flow history near the South Pole during the last 10,000 years. This work was published in 

Geophysical Research Letters as Holocene ice-flow speedup in the vicinity of South Pole 

(Lilien, Fudge, et al., 2018). Using GPS and radar measurements, we construct an estimate of 

present-day accumulation upstream of the South Pole Ice Core and determine what the modern 

accumulation rate is at a given travel time to the core. We compare this accumulation record to the 

accumulation inferred directly from the core’s depth-age relationship. This comparison reveals 
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that the accumulation pattern and flow direction have been approximately constant for 10,000 

years while ice-flow speeds have increased by ~15% during that time.  
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 a) 

 

 b) 

 

Figure 1-1: Likely 21st-century sea-level rise and its effects upon the coastal United States. 

a. Observed and projected sea level rise from the IPCC fifth assessment report (Ciais et al., 2013). 

b. Effects of 0.9 m (3 ft) of sea level rise on the coastal united states (Hauer et al., 2016). Colors 

show population affected in a given county; gray counties are excluded from the analysis. 

Projection includes expected population growth. Under this scenario, 4.2 million people would 

have their homes inundated. 
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Figure 1-2: Locations of areas studied in this thesis. 

Red outline shows drainage area of Smith, Pope, and Kohler glaciers, and shaded red region shows 

location of figures in Chapter 2 and Chapter 3. Blue outline shows the drainage area of Academy 

glacier, with shaded blue area showing location of figures in Chapter 4.  
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Chapter 2 Changes in flow of Crosson and Dotson Ice Shelves, West 

Antarctica in response to elevated melt 

Abstract. Crosson and Dotson Ice Shelves are two of the most rapidly changing outlets in West 

Antarctica, displaying both significant thinning and grounding-line retreat in recent decades.  We 

used remotely sensed measurements of velocity and ice geometry to investigate the processes 

controlling their changes in speed and grounding-line position over the past 20 years.  We 

combined these observations with inverse modeling of the viscosity of the ice shelves to 

understand how weakening of the shelves affected this speedup.  These ice shelves have lost mass 

continuously since the 1990s, and we find that this loss results from increasing melt beneath both 

shelves and the increasing speed of Crosson.  High melt rates persisted over the period covered by 

our observations (1996-2014), with the highest rates beneath areas that ungrounded during this 

time.  Grounding-line flux exceeded basinwide accumulation by about a factor of two throughout 

the study period, consistent with earlier studies, resulting in significant loss of grounded as well as 

floating ice.  The near doubling of Crosson’s speed in some areas during this time likely is the 

result of weakening of its margins and retreat of its grounding line.  This speedup contrasts with 

Dotson, which has maintained its speed despite high, increasing melt rates near its grounding line, 

likely a result of the sustained competency of the shelf.  Our results indicate that changes to melt 

rates began before 1996 and suggest that observed increases in melt in the 2000s compounded an 

ongoing retreat of this system.  Advection of a channel along Dotson, as well as the grounding-

line position of Kohler Glacier, suggest that Dotson experienced a change in flow around the 

1970s, which may be the initial cause of its continuing retreat. 
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2.1 Introduction 

Glaciers in the Amundsen Sea Embayment are susceptible to internal instability triggered by 

increased ocean melting of buttressing ice shelves and are currently the dominant source of sea 

level rise from Antarctica (A. P. Shepherd et al., 2012).  Observations (E. Rignot et al., 2014) and 

modeling (Favier et al., 2014; I. Joughin et al., 2010; I. R. Joughin et al., 2014) suggest that collapse 

is potentially underway on Pine Island and Thwaites Glaciers, the largest in the region.  The 

neighboring Smith, Pope, and Kohler Glaciers thinned at 9 ma-1 just upstream of their grounding 

lines from 2003-2008, outpacing the mass loss of those larger catchments in relative terms 

(Pritchard et al., 2009).  The lower reaches of these glaciers, which discharge to Crosson and 

Dotson Ice Shelves (for brevity, we hereafter refer to these ice shelves simply as Crosson and 

Dotson), doubled their speeds, as their respective grounding lines retreated by as much as 35 km 

in places from 1996 to 2011 (E. Rignot et al., 2014).  During this same period, portions of Crosson 

sped up at a rate comparable to the grounded areas upstream, while Dotson remained at near-

constant velocity (J. Mouginot et al., 2014).  Thus, this pair of ice shelves with differing speedup 

but similar incoming fluxes and neighboring catchments provides an ideal area in which to study 

the processes controlling ice-shelf stability. 

Ice shelves affect upstream dynamics by exerting stresses at the grounding line.  For ice masses, 

the driving stress, 𝜏𝑑, is resisted by basal drag, 𝜏𝑏, longitudinal stress gradients, 𝜏𝐿, and lateral 

stress gradients, 𝜏𝑊.  To maintain force balance, any reduction in resistance must be compensated 

by increases in other forces.  This adjustment generally causes the glacier to speed up to increase 

strain-rate dependent stresses (𝜏𝐿 and 𝜏𝑊) within the ice.  Reduction in ice-shelf resistance (also 

called buttressing) can be caused by thinning (e.g. from increased basal melt) or changes in extent 

(e.g. from shelf breakup or increased calving).  Weakening of ice-shelf margins, due to heating, 
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fabric formation, or crevassing or rifting (through-propagating crevasses) also effectively reduces 

the lateral stress gradients and reduces buttressing (C. Borstad et al., 2016; Macgregor et al., 2012).  

Despite either mechanical or rheological “weakening”, marginal ice can still exert a greater 

resistance to flow as a glacier speeds up due to the dependence of stress on strain rate. 

Areas of compression and tension in ice shelves have been identified as key to shelf stability 

(Doake et al., 1998; Sanderson, 1979).  There is generally a region of tensile stress near the calving 

front, while upstream of this region, some components of the stress tensor are in a compressive 

regime; the boundary between the two is often arcuate, and thus is referred to as a “compressive 

arch.”  Changes seaward of the arch have little effect on upstream dynamics since the shelf is 

essentially freely spreading in this region.  Changes at or upstream of the arch, such as rifting, or 

other weakening, can cause widespread speedup because compression, and thus resistance to 

upstream flow, is reduced. 

The dynamics and stability of ice shelf/ice stream systems are also strongly controlled by 

grounding-line position.  Retreat of the grounding line along a landward-sloping (retrograde) bed 

causes imbalanced flux due to the nonlinear dependence of ice flux across the grounding line on 

ice thickness there in what is termed the marine ice-sheet instability (Weertman, 1974).  

Theoretical work has shown that, once perturbed, a grounding line on a retrograde bed will retreat 

until it reaches a prograde slope (Christian Schoof, 2007).  Additionally, ungrounding increases 

the sensitivity to melt by exposing more ice to the ocean (Jenkins et al., 2016).  In the case of a 

retrograde bed, the deepening of the grounding line caused by ungrounding also increases melt 

because the melting point decreases with depth.  For glaciers along the Amundsen Sea, this effect 

can be intensified because warm, dense circumpolar deep water generally intrudes at depth and 

results in elevated melt at deeper grounding lines (Jenkins et al., 2016; Thoma et al., 2008).  Retreat 
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of the grounding line thus causes both imbalanced flux at the grounding line and allows elevated 

melt rates beneath floating ice.  Theoretical arguments provide some insight into the importance 

of rifting, ungrounding, and loss of buttressing in idealized conditions, but their role in controlling 

flow during complex evolution of real ice streams is not fully known.  Here we investigate the role 

of these processes in recently observed speed and thickness changes of Crosson, Dotson and their 

tributary glaciers. 

2.1.1 Study Area 

Pope Glacier and the eastern branch of Smith Glacier together feed Crosson, while the western 

branch of Smith Glacier and Kohler Glacier feed Dotson (Figure 2-1).  The terminology for these 

tributaries has varied in the literature, and we adopt the names used in Scheuchl et al. (2016) for 

consistency and clarity.  The largest grounding line retreat (>2 km a-1) occurred in the area where 

the branches of Smith Glacier flow together before splitting into their respective shelves (Figure 

2-2).  The grounding-line position of Smith Glacier was relatively stable from 1992 to 1996, but it 

then retreated substantially in the 18 years following (E. Rignot et al., 2014; Scheuchl et al., 2016).  

By contrast, the grounding line of Kohler experienced limited retreat (~0.2 km a-1) from 1996 to 

2011 and subsequently re-advanced to near its 1996 position by 2014 (Scheuchl et al., 2016).  

Though data are unavailable for intermediate dates, Pope Glacier’s grounding line retreated by 

11.5 km (0.64 km a-1) from 1996 to 2014 (Scheuchl et al., 2016).  The ice generally thinned most 

strongly over the areas that ungrounded and up to ~15km upstream (contours in Figure 2-2).  This 

correspondence between thinning and retreat is spatially coincident with speedup, which was 

strongest over grounded portions of Smith Glacier.  Ice speeds in the strongly thinned, grounded 

area and downstream on Crosson peaked in 2009 and 2010 then declined slightly by 2014.  There 

were also significant changes in the extent of ice at the margins of Crosson (~250 km2 of ice extent 
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lost) and thus in the amount of contact with its sidewalls and with the tongue of Haynes Glacier 

(Figure 2-1b) through this period.  Digitized shelf-front positions throughout the ASE indicate 

extensive rifting of Crosson, resulting in detachment from both of its margins, as well as breakup 

of the Haynes Glacier tongue from 1984 to 2004 (Macgregor et al., 2012), which could have 

reduced the ability of the shelf to transmit resistive stresses.  No similar changes in extent were 

observed over Dotson. 

The extensive and synchronous changes in the ASE have mainly been attributed to changes in 

basal melt (e.g. I. R. Joughin et al., 2012 and references therein) caused by warming ocean water 

or increased intrusion of warm, salty circumpolar deep water (Jenkins et al., 2010; Pritchard et al., 

2012; Thoma et al., 2008).  Recent work has used radio echo sounding (RES) data to infer thinning 

rates of 70 m a-1 (Khazendar et al., 2016), but the extent of these estimates is limited in space and 

time, and converting to a melt rate requires assumptions about the magnitude of dynamic thinning 

in the area, and about the steady-state melt rates.  Gourmelen et al. (2017) used thinning rates from 

Cryosat-2 to obtain a more spatially complete record of melt rates under Dotson, particularly 

focusing on melt rates in a channel beneath the shelf (Figure 2-1), and found that melt rates in the 

channel are much higher than the surrounding ice (though lower than at the grounding lines of 

Smith and Kohler).  Observations of ocean temperature in front of Crosson are sparse due to 

persistent sea ice and ice mélange, though there are observations elsewhere in nearby Pine Island 

Bay (Jacobs et al., 2012; Wåhlin et al., 2013).  Recently, the front of Dotson has been better 

instrumented, and observations show inflow at the eastern margin of the shelf and outflow at the 

western margin (Ha et al., 2014; Miles et al., 2015), indicating clockwise circulation beneath the 

shelf.  The inflow is persistently warm at depth while the outflow is cooler and fresher, indicating 

the presence of meltwater.  Available data suggest that in 2006, water in Pine Island Bay, which 
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may access Crosson, was about 0.7°C warmer, and less variable in temperature, than the inflow to 

Dotson (Jacobs et al., 2012; Walker et al., 2007).  However, attempting to infer melt rates beneath 

the shelves from these few measurements is challenging.  Furthermore, sub-ice-shelf bathymetry 

has only recently become available (Millan et al., 2017), limiting model-based analyses of ocean 

circulation beneath these shelves. 

Previous ice-flow modeling, which excluded the floating ice, suggested that these glaciers will 

continue to retreat even in the absence of a change in forcing (D. N. Goldberg et al., 2015).  Since 

changes in the ASE are thought to be ocean-forced, however, understanding of processes over the 

floating ice and at the grounding line are key to explaining recent behavior and to any prediction 

of future behavior.  Here we use remote-sensing observations of ice velocities, surface elevations, 

and ice-bottom elevations of these ice shelves through time to determine the partitioning of their 

mass loss and to constrain snapshot inversions of their viscosity.  We use the history of melt, 

terminus position, and shelf viscosity to understand the causes of changes to these shelves’ mass 

balance and speed. 

2.2 Data 

 Before describing the calculations of mass loss and modeling, we first summarize the data used 

in this study. 

2.2.1 Velocity 

Surface velocities were obtained from both synthetic aperture radar (SAR) and optical satellites.  

The SAR velocities come from the European Remote-sensing Satellites (ERS-1 and -2) for 1996 

and the Advanced Land Observation Satellite for 2006-2010.  These SAR data were processed 

using a combination of interferometry and speckle tracking (I. R. Joughin, 2002).  We used feature 
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tracking of Landsat-8 imagery to obtain velocities for the 2014-2015 austral summer.  Velocity 

data for 2006 and 2011 are part of the NASA Making Earth System Data Records for Use in 

Research Environments (MEaSUREs) data set (J. Mouginot et al., 2014).  Errors range from a few 

meters per year over slower grounded ice to >100 m a-1 over Dotson in 1996 due to the short 

satellite repeat period and errors introduced by tidal displacement. 

2.2.2 Surface elevations 

To estimate past surface elevations, we began with elevations from a high-quality digital elevation 

model (DEM) with elevations relative to the EGM2008 geoid.  This reference surface is a mosaic 

DEMs created through processing of stereo imagery from the DigitalGlobe WorldView/GeoEye 

satellites (D. E. Shean et al., 2016), using imagery spanning 2010-2015.  Most of the stereo pairs 

used to create this mosaic come from the 2010-11, 2012-13, and 2013-14 austral summers, so we 

assign the mosaic an approximate timestamp of January 1, 2013.  This surface elevation product 

is posted at 32m, and we estimate the error to be ±1.0 m.  To find surface elevations in different 

years, we added the observed thinning rates, as discussed below, to this reference surface.  Because 

there are published estimates of thinning rates over the ice shelves (Fernando S. Paolo et al., 2015; 

A. Shepherd et al., 2004), we used these rates for floating ice and addressed grounded ice 

separately. 

Over grounded ice, we used thinning rates derived from a combination of points from ICESat-1 

and the Airborne Topographic Mapper (ATM) as well as DEMs produced from stereo pairs of 

Worldview imagery; details of how this time series was produced can be found in Appendix A of  

Goldberg et al. (2015).  These observations of surface elevation span 2003-2015, necessitating 

extrapolation to determine elevations at the beginning of our study period.  To extend to 1996, we 

fit a quadratic function to each pixel of the 2003-2014 elevation change record; the use of a 
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quadratic description of the thinning follows previous work (Wingham et al., 2009).  We then used 

these thinning functions to calculate surface elevations over these glaciers during 1996-2002.  To 

assess relative to previous methods, we calculated estimated surface elevations for 2003-2008 

using this quadratic function to test its ability to match the available ICESat-1 data. Residuals are 

smaller than those resulting from using a quadratic fit to the elevation and thinning rate from 2004 

alone, as was done in Mouginot et al. (2014). While we are unable to formally calculate the 

uncertainty of the surface elevations produced by this extrapolation, we estimate it as ~50% of the 

change from the earliest measurement (in 2003). 

Over floating ice, we used 1994-2012 thinning rates derived from satellite radar altimetry data by 

Paolo et al. (2015).  The results from Paolo et al. (2015) show little spatial variability over these 

particular shelves, and so we used the thinning rates for the middle of each shelf where low surface 

slopes should lead to the smallest errors.  These values were 3.1 m a-1 for Crosson and 2.6 m a-1 

for Dotson.  Because of relatively high surface slopes and the 30-km resolution of these estimates, 

the thinning rates are not accurate fully to the margins of the shelves, and there are ~5 m a-1 

differences in our thinning function upstream and downstream of the grounding line.  The thinning 

rates on the grounded ice are more accurate because the entirety of any change to thickness is 

manifest in the surface elevation while over floating ice ~90% of the thickness change is 

accommodated through raising the ice bottom due to hydrostatic balance.  Thus, we smoothed the 

thinning over the shelves for 10 km downstream of the grounding line to preserve continuity and 

reasonable surface slopes. 

2.2.3 Ice-bottom Elevations 

We use a 1-km bed elevation dataset generated from all available airborne RES data with an 

anisotropic interpolation routine that weights measurements along flow more heavily than those 
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across flow; details can be found in Medley et al. (2014) and the supplementary materials to 

Joughin et al. (2014).  This method reduces many of the artifacts that can occur when interpolating 

sparse ice thickness measurements, while avoiding making any assumptions about the present state 

of balance (e.g. assumptions for mass conservation methods (Morlighem et al., 2011)), though like 

other methods used to interpolate radar data it still has high uncertainty due to the sparseness of 

the underlying radar profiles.  We assume bed elevation errors of ~50 m for the study area. 

Over floating ice, we used the surface elevation for a given year and an assumption of hydrostatic 

equilibrium to calculate the elevation of the lower ice surface.  In doing so, we first determined 

the firn-air content by choosing the value that minimizes the misfit in ice thickness between 

coincident surface elevation (converted to ice thickness by subtracting the air content and assuming 

floatation) and ice thickness measurements; elevation and thickness measurements were taken 

from the ATM and Multichannel Coherent Radar Depth Sounder (MCoRDS) flown on NASA’s 

Operation IceBridge.  The ice thickness measurements from the MCoRDS radar are calculated 

from the two-way travel time of the radar using a wave speed for pure ice, but the air content in 

the firn changes the radar wavespeed.  In our minimization, we convert the thickness to a travel 

time, reversing the MCoRDS processing methods, then convert the travel time back to thickness 

using a wavespeed that accounts for the air content of the firn.  This approach provides point 

measurements of firn-air content along tracks separated by several kilometers, which we then 

gridded and subtracted from the surface elevation, resampled to 400-m posting, before applying 

the assumption of hydrostatic equilibrium to compute the ice bottom elevation.  We find the firn-

air content to range between 12-18 m across most of the ice shelves (Figure A-2); a firn model 

forced with output from RACMO2.3 shows greater firn-air content than we observe, generally 

between ~20-25 m over these shelves (Ligtenberg et al., 2011).  Residuals between the ice 
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thickness obtained using firn-air content estimates and direct measurements of ice thickness from 

MCoRDS have an RMS of 22 m.  This error is larger than the ~10-m crossover precision in the 

MCoRDS data in this area, but comparable to the absolute accuracy of those measurements, which 

include error from uncertainty from the dielectric constant, limited sampling rate, and uncertainty 

in picking the reflector. 

2.2.4 Ice-front positions 

We digitized the shelf-front positions of Crosson and Dotson from 2012 to 2016, extending the 

earlier 1972-2012 record (Macgregor et al., 2012).  The shelf-front positions were traced on 

Landsat-8 imagery, using the panchromatic data (band 8). Shadowing and brightening of steep 

areas cause an approximately four-pixel (±60m) nominal uncertainty in the front position, though 

actual error is ~500m on Crosson due to ambiguity in discriminating between ice front and 

persistent mélange. 

2.3 Methods 

We derived annual flux, melt, and calving rates through time using the observed velocity and ice 

thickness.  We compared these values to flux at the grounding line and accumulation on the shelves 

to determine changes in the ice-shelf mass balance.  Since stresses in the ice cannot be measured 

remotely, we performed snapshot inversions for viscosity using a numerical model to quantify how 

changes in velocity and geometry affected the stress balance and strength of Crosson and Dotson. 

2.3.1 Flux and melt calculation 

Following earlier work (J. Mouginot et al., 2014), we used the average of five closely spaced gates 

to calculate inflow and outflow fluxes along the shelf boundaries.  For grounding-line flux, gates 

were drawn at 2-km intervals beginning just upstream of the 2014 grounding line.  Onto each gate 



 19 

profile, we interpolated surface and bed elevations and the component of velocity orthogonal to 

the gate. We filled gaps < 3km wide via 2-D linear interpolation of surrounding velocities and 

filled larger gaps by 1-D linear interpolation between the velocities at that point the two closest 

years with sufficient coverage.  Where we have velocity data, we take the error to be the formal 

value, and where we have interpolated we estimate it to be the difference between the interpolated 

value and the values at neighboring years. 

We calculated melt rates over different portions of the shelves to understand the spatial distribution 

of melt.  Basal melt is effectively a downward flux of ice out of the shelf bottom, so to calculate 

melt we divided the shelves into polygons (Figure 2-3a), calculated the incoming and outgoing 

flux for each polygon, then used mass conservation to determine the melt rate.  We used the 

average flux through five parallel gates on each side of the polygons to reduce errors in the 

horizontal fluxes.  Where possible, we located the upstream sides of the polygons over ice that was 

grounded in 1996 to reduce errors in the velocity caused by tidal variation over the short repeat 

cycle employed by ERS during this period.  We estimate the error in the margins of floating ice, 

which propagates to error in the area, to be 5%; this error does not affect our calculation of melt 

for individual polygons but does affect our estimate of total melt on each shelf.  To relate the flux 

into and out of a polygon to the melt rate, we integrated the mass change of the polygon and applied 

divergence theorem: 

∫ 𝑚𝑏̇
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where 𝑚𝑏̇  is the basal melt rate, 𝑸 the depth-integrated flux, �̇�𝑠 the surface mass balance (SMB, 

water equivalent), 
𝜕𝐻

𝜕𝑡
 the thickness change, Ω a polygon with boundary dΩ, 𝐧 the unit normal to 
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the boundary, 𝐀 the area of the polygon, and 𝐬 the distance along the boundary.  To determine melt 

rates from the flux balance of each polygon, we used the rate of thickness change from Paolo et 

al. (2015) and SMB from RACMO2.3 (Van Wessem et al., 2014).  For the SMB, we use the annual 

mean for 1979-2013, which has an uncertainty of ±20% (Van Wessem et al., 2014).  The 

assumption of a spatially uniform thinning rate for each shelf introduces additional error that is 

difficult to quantify, but without more measurements of surface change this difficulty is 

unavoidable.  We computed mass loss rates for both ice shelves and catchments.  The former is 

useful because the ablation on the shelves is greater than the grounding line flux, causing them to 

lose significant mass annually, while the latter gives an indication of the system’s contribution to 

global sea level rise and is useful for comparison to other studies. 

2.3.2 Modeling 

We used a diagnostic model implemented in Elmer/Ice (Olivier Gagliardini et al., 2013; Zwinger 

et al., 2007) to infer ice-shelf viscosity.  Elmer/Ice is an open-source, finite element software 

package capable of solving the full Stokes equations in three dimensions, or lower-order 

approximations to ice flow such as the shallow-shelf equations (Olivier Gagliardini et al., 2013; 

MacAyeal, 1989).  We used a three-dimensional, full-Stokes model with separate domains for 

grounded and floating ice.  While the assumptions of the shallow-shelf equations are likely 

applicable at least to the floating portion of our domain, we implemented the Full-Stokes model to 

accurately capture the effects of ~10 pinning points beneath these shelves and avoid 

approximations to the stress state. 

We performed multiple diagnostic runs in which we varied the model geometry to reflect different 

years, which allowed us to infer properties through time as a series of snapshot inversions.  The 

upstream margins of the model domain were located at the divides in ice flow, determined from 
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InSAR velocity measurements.  We found the downstream margin using the digitized shelf-front 

positions described above.  The grounding-line positions from (E. Rignot et al., 2014; Scheuchl et 

al., 2016) were used to determine the boundary between the grounded and floating domains for 

each year.  We used these horizontal extents, in conjunction with the different surface and bed 

DEMs described above, to create a suite of three-dimensional model meshes using the software 

GMSH (Geuzaine & Remacle, 2009).  These horizontally unstructured meshes have a resolution 

of ~300-m over floating ice.  The meshes have eleven vertical layers, with six of these in the 

bottom third to capture the zone of maximum internal deformation; there is little internal 

deformation over most of the floating domain, but this concentration of layers is useful for 

capturing temperature gradients in the ice column and dynamics around pinning points. 

To obtain an initial estimate of viscosity for the enhancement factor inversions, we first determined 

a temperature profile in the ice.  This initial estimate was made using a steady-state thermo-

mechanical model in Elmer/Ice.  The model solves the Stokes equations to determine advection, 

with ice viscosity as a function of temperature, and solves an advection-diffusion equation for heat 

using limiters to prevent ice from going above the pressure-melting point (Zwinger et al., 2007).  

Strain heating and frictional heating at the bed were both included in this temperature model.  For 

boundary conditions, we used surface temperatures from RACMO2.3 (Van Wessem et al., 2014) 

and geothermal heat flux estimates from geomagnetics (Maule et al., 2005).  We first ran the 

temperature model over grounded ice; the downstream temperatures from the grounded ice were 

then used as the upstream boundary condition for a similar model of the floating ice. 

After obtaining an initial viscosity from the temperature model, we used inverse methods to infer 

the enhancement factor that produced modeled velocities that best match observations.  The 

enhancement factor alters the viscosity of the ice relative to that predicted solely by modeled 
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temperature.  It would be possible to use the model to find a depth-variable enhancement factor, 

but, to have the number of degrees of freedom in the inversion match the number of observables, 

we instead determined a single depth-independent value.  We began with a profile of viscosity 

with depth from the temperature model, and used adjoint methods (MacAyeal, 1993; Morlighem 

et al., 2010) to infer an enhancement factor that results in the best fit to observations for each 

column of ice.  Because we were inferring variations along shear margins with sharp transitions in 

velocity, temperature, and rheology, we did not apply regularization to the inversion for the 

enhancement factor, and simply minimized the areally integrated misfit between observed and 

modeled velocity.  The lack of regularization may have concentrated the weakening or 

strengthening into smaller areas than would have been found with regularization, but any solution, 

regularized or not, likely would have to introduce weakening into these same areas in order to 

reproduce the velocity field.  Thus, the lack of regularization likely did not affect the general spatial 

pattern of weakening. 

For boundary conditions, we used observed surface velocity for all depths over lateral margins 

(including shear margins, calving front, and grounding line).  For the basal boundary, we used zero 

basal shear stress over floating ice and basal shear stress equal to half the driving stress over the 

pinning points observed from SAR grounding lines. 

2.3.3 Stress Changes 

The location of changes in rheology relative to the compressive arch is an important factor in 

determining whether those rheological changes affect the broader flow patterns of the shelf.  To 

determine the location of the compressive arch on Crosson and Dotson, we used the modeled stress 

field to calculate the stress associated with shelf spreading, 𝜏𝐿 = 2𝜏̅𝑥𝑥 + �̅�𝑦𝑦 where �̅�𝑥𝑥 and 𝜏̅𝑦𝑦 

are the depth averaged deviatoric stresses along and across flow.  We chose this criterion because 
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where it is compressive it shows resistance to spreading upstream and where it is tensile it indicates 

a spreading shelf not resisting flow.  This approach differs from previous literature, which used 

the second principal stress to identify compressive arches; other studies choose that criterion in 

part because the first principal stress is consistently tensile (Doake et al., 1998), which is not the 

case on Crosson and Dotson, and so ignoring the first principal stress misses an important aspect 

of the stress balance here.   

2.4 Results 

2.4.1 Flux and Melt 

Figure 2-3 shows the components of the flux balance of Crosson and Dotson throughout the study 

period.  The three columns for each year show the outgoing flux, incoming flux, and loss, 

respectively.  The outgoing flux is partitioned into the melt on different portions of the shelves and 

the calving flux. The outgoing flux from some polygons is equal to the incoming flux of others; 

when adding all the melt together the flux across these internal boundaries cancels, leaving the 

total melt on the shelf.  The incoming flux consists of ice-shelf surface accumulation and the flux 

across the grounding line; we partition the grounding-line flux into a steady-state amount (i.e. the 

accumulation in the catchment upstream) and any additional amount (in excess of steady state) 

entering the shelves in each year.  The difference between the incoming and outgoing fluxes for 

the shelves provides an estimate of net mass loss from the shelves, while the difference between 

upstream accumulation and grounding-line flux yields net loss from grounded ice. 

The grounding-line fluxes into Crosson and Dotson both exceeded their upstream accumulation in 

1996.  By 2014, the fluxes across the grounding lines increased by 30% and 60%, respectively.  

Increases in outgoing flux (calving and melt) outpaced increases in grounding-line flux for both 

Crosson and Dotson, leading to loss of shelf volume.  Due to Crosson’s speedup, its calving-front 
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fluxes increased from 1996 to 2010 then declined slightly to 2014, while the calving-front flux 

from Dotson declined due to both thinning and slight slowdown.  Total melt beneath each shelf 

also increased from 1996 to 2010 and declined slightly to 2014.  The melt beneath Dotson (27.7 

Gt a-1) in 1996 was higher than beneath Crosson (10.9 Gt a-1).  This difference is due in part to the 

much greater area of the shelf (~5200 km2 vs ~2400 km2), but also due to high melt rates near the 

grounding lines of Kohler and western Smith Glaciers, which feed Dotson.  Notably, sub-shelf 

melt rates on Dotson are greater than the grounding-line flux for each of the years surveyed, 

resulting in loss of shelf volume irrespective of its calving rate. 

Figure 2-3 also shows melt for different regions of each shelf. The greatest increase in melt 

occurred on western Smith Glacier (SW1 in Figure 2-3), but the most intense melt (~23 m a-1) in 

1996 was within 10 km of Kohler’s grounding line (K1 in Figure 2-3) and rates there remained 

high through our study period.  Melt rates ~10km farther downstream from Kohler (K2) were 

lower (~7 m a-1) but doubled during the study period.  The areas of western Smith Glacier with the 

highest melt (SW1 in Figure 2-3), found both here and elsewhere (Khazendar et al., 2016), had 

ungrounded since 1996 (Figure 2-1).  Melt rates increased through the study period beneath all 

portions of Crosson except that nearest the calving front (C2 in Figure 2-3).  Melt over areas that 

were floating throughout the study period is unaffected by ungrounding, so the increasing melt in 

these areas is indicative of a change in ocean forcing through this time.  By contrast, the decrease 

in melt rates from 2010-2014 may have been caused either by the ice draft shallowing into cooler 

water or by a change in ocean forcing.  

Table 2-1 compares our estimates of flux and melt to those from previous studies. Our estimates 

of grounding-line flux agree with previous estimates (Depoorter et al., 2013; J. Mouginot et al., 

2014; Eric Rignot, 2008; Eric Rignot et al., 2013).  Our estimate of the partitioning of the mass 
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loss, however, differs substantially from Rignot et al. (2013) and Depoorter et al. (2013); this 

discrepancy stems from different values of the calving-front flux, as well as different data used to 

determine the thinning.  Published estimates of thinning rates range from 2.6 m a-1 to 5.6 m a-1 

over Dotson and do not agree to within their stated errors, leading to a difference of 16 Gt a-1 when 

applied to the whole shelf (Fernando S. Paolo et al., 2015; Pritchard et al., 2012; A. Shepherd et 

al., 2004).  The thinning rates measured via radar altimetry use a longer time series of thickness 

data (Fernando S. Paolo et al., 2015), and so we expect these values to be more representative of 

the average thinning over our study period than previous laser-altimeter based estimates, which 

range from 36-63 Gt a-1 (Depoorter et al., 2013; Pritchard et al., 2012; Eric Rignot et al., 2013; A. 

Shepherd et al., 2010).  Additionally, this longer dataset matches recent, high-resolution radar-

based estimates (Gourmelen et al., 2017).  Some of the range in measured thinning may reflect 

real multi-annual variability (F. S. Paolo et al., 2018) that is sampled differently during the 5-year 

laser-altimetry record compared to the 18-year radar-altimetry record.  However, even if this 

discrepancy reflects real variability, we likely underestimate the error in our melt and flux 

calculations by using a temporally constant thinning rate and propagating only the stated error 

from Paolo et al. (2015).  While using different thinning rates substantially alters the estimated 

melt, melt rates on Dotson calculated using any of these values are larger than the grounding-line 

flux.  Thus, using a different thinning rate within the range of published values would not 

substantially alter our conclusions, though it would imply greater magnitude of melt. 

2.4.2 Buttressing 

Previous work has shown rifts along the margins causing gradual separation of Crosson from the 

seaward portion of its embayment between 1984 and 2012 (Macgregor et al., 2012).  Our tracing 

of more recent ice-front positions shows that this separation has continued to the present (Figure 
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2-4a).  We find that in 2014 the rifts on the eastern margin of Crosson connected to the ice front, 

effectively detaching the last ~35 km of the shelf from the right side of the embayment (see labels 

in Figure 2-4).  Since the ice shelf was already separated from its western margin, this detachment 

left the outer ~35 km essentially as a floating ice tongue within its embayment.  Since there have 

been no large calving events, the central portion of the ice front advanced back to near its 1972 

position but provided no buttressing and did not change the force balance. 

There was also a progressive loss of contact between the front of Crosson and the Haynes Glacier 

tongue from 1984-2004 (Macgregor et al., 2012).  These changes continued through 2012, and 

rifting also increased through this period (Figure 2-4b and c).  We found the linear extent of ice 

along three transects near the front of Crosson through time to determine the portion of the ice 

front that may have experienced back force from neighboring ice.  This ice extent is similar to the 

calving-front position for Haynes Glacier found in MacGregor et al. (2012), but we used two 

additional transects to determine the locality of effects on the front of Crosson, the Haynes tongue, 

and the Thwaites tongue.  We find a generally decreasing trend starting at least as early as 1984, 

with reduction to almost no area in contact by 2004 (Figure 2-4d).  The approximately steady 

decline of this tongue suggests there was no sudden drop in resistance at the margin of Crosson, 

and any speedup caused by the breakup of this tongue would most likely have been gradual, 

beginning at least as early as the 1980s and continuing into the 2000s. 

2.4.3 Modeled Weakening 

Figure 2-5 shows the inferred enhancement through time from the diagnostic model, which 

indicates a reduction in the strength of Crosson’s margins from 1996 to 2014.  By contrast, there 

is no notable change in the inferred rheology of Dotson.  Stiff ice at the calving front of Crosson 

is similar to results from Thomas and MacAyeal (1982), which they attribute to ice that is thinner 
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and cooler than expected.  This effect is likely not real, but rather is introduced by the model as 

compensation for poor estimates of temperature and thickness at the calving front.  The general 

pattern of weakening is consistent with areas of high shear, where increases in strain heating, 

crystal fabric, or rifting could have caused a positive feedback with speedup; faster ice motion 

could have caused weakening through strain heating or rifting, allowing further speedup.  Because 

we do not account for spatial variability of thinning within each shelf, what we interpret as 

weakening could in fact be a result of thinning; i.e. we may infer weaker ice in regions where ice 

is in fact simply thinner.  Similarly, areas where the model identifies strengthening may result from 

local thickening on those portions of the shelves.  While this ambiguity prevents us from 

interpreting changes in enhancement as a particular physical process, it does not adversely affect 

our determination of which areas afforded more or less resistance to flow. 

2.5 Discussion 

Here we examine how variations in ice thickness, melt, and ice strength appear to have affected 

the flow pattern, grounding line position, and mass balance of these ice shelves.  Because of the 

differing behavior of the shelves, we address different processes over each shelf.  On Dotson, melt 

alone exceeded flux onto the shelf for every year surveyed, implying elevated melt rates at least 

as early as 1996.  Crosson’s speedup, which caused more ice to reach the calving front, may have 

caused its imbalance, and we are unable to determine if Crosson’s melt rates would be sustainable 

in the absence of this speedup.  Thus, we first focus on the causes and implications of Dotson’s 

elevated melt and then discuss Crosson’s speedup in the following section.  Finally, we compare 

the estimates of melt from this study to previous work and discuss the implications for the 

dynamics of the system. 
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2.5.1 Causes of Dotson’s imbalance 

Changes in the Amundsen Sea Embayment have generally been attributed to oceanic forcing (I. 

Joughin et al., 2010; e.g. A. Shepherd et al., 2004).  It is possible that an increase in ocean heat 

content prior to our study period may have contributed to Dotson’s observed imbalance.  In this 

case, elevated melt rates on Dotson may have directly led to a retreat of its grounding line, resulting 

in further exposure to melt and continued retreat.  Alternatively, some of the change may have 

resulted from ongoing thinning. For example, model results indicate a glacier catchment may thin 

for decades, leading to an abrupt retreat of the grounding line (Jamieson et al., 2012; I. R. Joughin 

et al., 2014). Thus, even modest but sustained thinning could perturb the grounding line from a 

stable position.  In either case, once perturbed, the grounding line may undergo a rapid retreat to 

another stable position, thus leading to greater exposure of sub-shelf area and elevated melt (e.g. 

Jenkins et al., 2016).  We now present evidence that suggests a large retreat of Kohler’s grounding 

line took place prior to our study period, then evaluate whether ongoing thinning or ocean forcing 

caused this grounding-line retreat and Dotson’s mass imbalance. 

2.5.1.1 Prior retreat of Dotson’s grounding line 

The bathymetry near Dotson’s present-day grounding line suggests that any recent unstable retreat 

would likely have taken place at Kohler Glacier.  While the Smith Glacier grounding line was 

positioned on a bedrock high in 1996, Kohler Glacier’s grounding line was ~1200m deep, just 

upstream of a ~20 km long retrograde slope (Figure 2-6b) (Millan et al., 2017).  If the grounding 

line formerly was positioned downstream of this retrograde slope (e.g. dashed line in Figure 2-6b), 

it likely would have retreated rapidly if perturbed.  The unsustainably high melt rates in this area 

(K1 and K2 in Figure 2-3) indicate that such a retreat of Kohler’s grounding line had likely taken 

place recently prior to 1992.  The overall mass balance for Dotson implies that exposure of K1 and 
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K2 to ocean forcing would have been the difference between sustainable and non-sustainable melt.  

Comparing the calving flux and the melt from D1 and D2 alone to the steady-state grounding-line 

flux (Figure 2-3) shows that Dotson would have been approximately in balance with 1996 melt 

rates if only this area had been exposed.  Adding in the melt found beneath K1 and K2, even at 

1996 rates (the lowest in our study period), however, would have resulted in melt exceeding 

grounding-line flux.  Extrapolating back using current thinning rates of ~2.5 m a-1, most of the 

shelf would have been entirely grounded 150 years prior, implying that the melt rates within this 

overdeepening could not have been sustained over centennial timescales.  Thus, it is possible that 

some time in the several decades prior to 1990s, the grounding line retreated several 10s of 

kilometers from our hypothesized position (Figure 2-6 dashed line), increasing exposure to melting 

in the K1 and K2 region (Figure 2-3). 

Velocity data provide an additional constraint on the possible timing of a retreat of Kohler’s 

grounding line.  Feature tracking of Landsat imagery gives sparse velocity measurements on 

Dotson for the period 1974-1982, and comparison of these data with recent velocities suggests that 

there was no substantial speedup of Dotson from 1974 to the present (Lucchitta et al., 1994; Eric 

Rignot, 2008).  Speedup near the grounding line usually accompanies ungrounding due to the 

associated loss of basal resistance, so the lack of speedup suggests any substantial grounding line 

retreat on Dotson likely took place prior to 1974.  Combining this lower limit on retreat initiation 

with the upper limit placed by the unsustainably high melt rates, we infer that the imbalance began 

years to decades before 1974.  Previous work has found that grounding-line flux over Crosson and 

Dotson combined approximately balanced accumulation in 1974 (Eric Rignot, 2008).  That 

balance is inferred primarily from speedup of the outer portion of Crosson during that time; 

however, speedup on the outer portion of the shelf can take place independently of speedup near 
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the grounding line (see section 2.5.2  below).  On the other hand, the near-constant velocities on 

Dotson from 1974-1996, combined with the imbalance in 1996, suggest that Dotson may have 

been out of balance in the 1970s.  Moreover, even if Dotson’s grounding-line flux were in balance 

with upstream accumulation, the melt rates on the shelf may have been elevated.  We therefore 

consider the available data to be ambiguous about the state of balance from the mid 1970s to early 

1990s, and thus reconcilable with this proposed timing of retreat initiation. 

In summary, observations of grounding line position and velocity are consistent with past retreat 

of Kohler Glacier due to marine ice-sheet instability (e.g. retreat from the example position shown 

in Figure 2-6b), and this retreat likely occurred in the years to decades before 1974.  This 

consistency does not, however, identify the initial cause of that retreat, which could have been 

triggered either by an unstable response to ongoing thinning or by an increase in basal melt.  To 

further investigate these two scenarios, we discuss how the present-day geometry of Dotson, 

particularly a large basal channel (Figure 2-1c and Figure 2-6a), informs our understanding of its 

history of melt and flow.   

2.5.1.2 History of melt 

Surface features on an ice shelf can preserve information about the flow and melt history as ice 

advects seaward (Fahnestock et al., 2000). To help differentiate whether ongoing thinning or ocean 

forcing triggered Kohler’s grounding line retreat and Dotson’s imbalance, we use the large surface 

trough visible in the surface topography (Figure 2-1c and Figure 2-6a) to estimate the onset and 

spatial extent of changes on Dotson.  Present day melt rates in this channel, particularly after it 

turns towards the ice front, have been previously studied (Gourmelen et al., 2017), but here we 

focus on the portion of the channel that is transverse to flow.  The surface expression of this portion 

of the channel is 5-10 km wide in a region where ice speeds are 150-200 m a-1.  Downstream of 
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this channel, the shelf thickens by ~200 m.  In steady state, an ice shelf should only thicken along 

flow if there is basal freeze-on, high SMB, or a narrowing of the embayment.  Dotson has nearly 

parallel sidewalls and the magnitude of the downstream increase in thickness is large compared to 

the SMB (~0.5-1.2 m a-1; Van Wessem et al., 2014), so these causes can be eliminated.  Previous 

work (Depoorter et al., 2013; Gourmelen et al., 2017; Eric Rignot et al., 2013) found no evidence 

of large-scale freeze-on beneath Dotson, and we eliminated the possibility of localized freeze-on 

being the primary cause of the channel by comparing radar observations to floatation levels.  

Where marine ice is present, ice penetrating radar generally does not propagate into the saline 

marine ice layer, hence the radar only records the thickness of the meteoric ice. As result, 

significant differences between the radar (meteoric-only) and hydrostatic-equilibrium (full 

column) derived thicknesses indicate the presence of marine ice (Crabtree & Doake, 1986; Robin 

et al., 1983; Thyssen, 1988). No such differences are found for Dotson, indicating little or no 

marine ice (Further details can be found in Appendix B.1). Thus, having ruled out other causes, 

we conclude the channel was produced by a transient change in ice flux or melt. 

The channel originates near the grounding line on the eastern (shelf-right) margin of Dotson and 

continues along the grounding line to the western (shelf-left) margin and extends to the shelf front. 

This pattern is similar to the pattern of ocean circulation inferred from oceanographic 

measurements.  Available data show warm inflow at the eastern margin and meltwater-laden 

outflow at the western margin, indicating clockwise circulation beneath the shelf (Ha et al., 2014; 

Miles et al., 2015).  This circulation pattern suggests that the channel originates where the warm 

CDW inflow first comes into contact with the ice shelf draft.  Generally, melt that begins at depth 

is sustained by entrainment of additional warm water as the buoyant meltwater plume rises along 

the underside of the ice (Jenkins, 2011).  Basal melt channels have been observed in many locations 
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around Antarctica (e.g. Alley et al., 2016), and are thought to form in the location where the 

meltwater plume rises along the bottom of the shelf (Marsh et al., 2016; Stanton et al., 2013).  The 

shallowing of this channel as it curves along the grounding line to the western margin of Dotson 

is consistent with this model of channel formation.  The abrupt beginning of the channel on the 

eastern margin and the continuation of the channel to the shelf front on the left are thus consistent 

with the available oceanographic constraints.  However, high resolution measurements of melt 

from 2010-2016 do not show high melt rates throughout this channel, but rather localized melt 

near the grounding line along the western portion of the channel before it turns toward the shelf 

front (Gourmelen et al., 2017).  While ice divergence following the initiation of channel incision 

may have had an effect on the channel width (Drews, 2015), there is no change in the divergence 

of the measured surface velocities around the transverse portion of the channel (conversely, along 

the flow-parallel portion there is significant convergence).  Thus, any change in width due to 

divergence is at or below the level of uncertainty in the velocity measurements, and therefore small 

compared to the advection of the channel.  Thus, the present pattern of melt suggests that transverse 

portion of the channel is at least partially a mark of past thinning rather than a signal of currently 

elevated melt. 

To constrain the timing of the formation of the channel, we assumed that it resulted from a 

perturbation at the grounding line and used the 1996 velocity to determine how long the 

perturbation would take to advect to the current channel location (Figure 2-6a).  For this 

calculation, we assume the perturbation happens at or close to the grounding line; since grounding 

line positions and surface elevations before 1992 are unknown, this is the simplest assumption.  

Additionally, the present-day concentration of melt immediately near the grounding line in the 

western portion of this channel suggests such an assumption is reasonable (Gourmelen et al., 



 33 

2017).  Estimates for the timing of the perturbation are 30-45 years before 2013 (i.e. 1968-1983) 

for various points along the channel. This timing is consistent with our inference of when a retreat 

of Kohler’s grounding line may have occurred, suggesting that there were widespread changes in 

melt near Dotson’s grounding line in the decades prior to 1974, and that the channel and the retreat 

of Kohler’s grounding line were both consequences of these changes.  This timing is consistent 

with prior work on the upstream propagation of thinning over these glaciers, which found that 

thinning initiated around 197030 at the grounding lines of Smith and Kohler (Konrad et al., 2017), 

as well as with an altimetry-based study of Dotson, which found that the shelf had been thinning 

for at least two decades but not more than a century (Gourmelen et al., 2017).  Grounding-retreat 

is thought to have begun on other glaciers in the region at a similar time (e.g. Jenkins et al., 2010), 

but the complex nature of ice streams’ response to perturbations prevents interpreting a 

synchronous change as evidence of synchronous forcing. 

While ocean forcing is likely responsible for these changes, we cannot fully eliminate other 

possibilities.  The most likely alternative is that retreat of Kohler Glacier’s grounding line, perhaps 

due to ongoing thinning, resulted in changes to the circulation patterns beneath the shelf, causing 

increased melt and channel incision.  Exposure of deeper ice at Kohler’s retreated grounding line 

could have led to increased melt not only at the grounding line, but also downstream as meltwater 

from the grounding line entrained warm water.  This increased outflow, which would have risen 

along the bottom of the shelf as it flowed northward along the left margin of Dotson, may have 

enhanced overall circulation beneath the shelf, incising the channel as additional warm water 

cycled through the cavity.  Such grounding line retreat may have also resulted in speedup and thus 

dynamic thinning in the area of the channel as the portion of shelf downstream of Kohler thinned 

and resistance to flow was reduced.  Incision of the transverse portion of the channel through 
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dynamic thinning would also be consistent with the low melt rates in that area found by Gourmelen 

et al. (2017). 

2.5.2 Causes of Crosson’s speedup 

Understanding the changes in flow in this area, particularly the observed changes in Crosson’s 

velocity, is important for predicting the future stability of this system as well as understanding the 

causes of increased calving and grounding-line flux through the study period.  Crosson’s speedup 

was strongest in two distinct regions: near eastern Smith Glacier’s grounding line and near the 

eastern (shelf-right) margin of the calving front (Figure 2-2).  These two regions suggest that 

multiple processes may have influenced the speedup, and so we discuss these regions separately. 

2.5.2.1 Speedup of the outer shelf 

The most notable changes near Crosson’s calving front are the loss of the Haynes Glacier tongue 

and the increased rifting near the eastern margin.  The rifts in this area coincide with inferred 

enhancement from our diagnostic model (Figure 2-5), suggesting that the strength of this area is 

important to the flow of the shelf.  To understand how this rifting may have affected the shelf, we 

compared the enhancement to Crosson’s compressive arch (contour in Figure 2-5). 

The spreading side walls of Crosson’s embayment result in a transition from compression to 

extension that is nearly perpendicular to flow, with most changes to enhancement downstream of 

this transition (Figure 2-5).  The overall dynamics of Crosson would have been relatively 

insensitive to weakening seaward of this transition, but changes landward of this transition would 

have resulted in broad speedup.  Because the weakening on Crosson was primarily just in the 

tensile area, the effects of the weakening would have been isolated to the freely spreading area 

downstream of the arch, which is consistent with the observed speedup (Figure 2-2b&c).  This 

weakening is unlikely to have had a widespread effect on the shelf dynamics, but breakup of the 
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outer shelf exposes the inner shelf to further weakening.  This weakening would involve dynamic 

effects beyond the immediate vicinity of the rifting/damage, possibly causing speedup upstream 

on the portions of Crosson that remained at nearly constant velocity through the 1990s and 2000s.  

By contrast, there has been little weakening of Dotson. 

The local nature of the speedup on the outer portion of Crosson suggests a local cause (e.g. the 

breakup of neighboring ice).  Loss of resistance at the shelf front can increase calving rates, 

reducing lateral contact area and initiating speedup (Cassotto et al., 2015). The Haynes Glacier 

tongue may have provided a small but critical shear resistance on the corner of the shelf, and the 

gradual loss of this tongue may have allowed a cycle of increasing speedup and weakening of 

Crosson’s eastern corner.  The speedup of this area of the shelf began before the 1990s (Lucchitta 

et al., 1994; Eric Rignot, 2008) and continued through 2009, and the Haynes tongue broke up 

throughout this same period.  However, due to feedbacks between strain heating or rifting and 

speedup, the observed Crosson weakening may either have caused or been caused by its speedup, 

and the simultaneous breakup of the Haynes tongue may have been unrelated or a response to the 

same forcing that weakened Crosson.  Utilizing a parameterization of damage (e.g. C. Borstad et 

al., 2016) in a prognostic model, which would let weakening of the shelf evolve with speedup, 

could help to identify whether these changes initiated with the breakup of the Haynes tongue or 

some other forcing. 

2.5.2.2 Speedup near the grounding line 

Speedup near eastern Smith Glacier’s grounding line is most likely associated with loss of basal 

resistance caused by grounding-line retreat.  The grounding line could have been perturbed directly 

through increased basal melt, either synchronously or asynchronously with the increased melt on 

Dotson.  However, the changes in Crosson’s grounding-line position also could be a result of the 
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ungrounding on Dotson.  Thinning of western Smith Glacier would have led to thinning of the 

eastern branch as well. Such thinning could have led to ungrounding of the trunk of eastern Smith 

Glacier and thus loss of basal resistance, dynamic thinning, and speedup.  Finally, we cannot 

eliminate the possibility that weakening of the outer shelf resulted in this speedup.  Prior work has 

addressed the effect that thinning (equivalently, weakening) over different portions of Crosson and 

Dotson would have on ice loss upstream (Daniel N. Goldberg et al., 2016), and the areas in which 

we find weakening encompass several regions that are important for upstream dynamics.  That 

work suggests that while the overall dynamics are insensitive to the bulk of weakening we find 

here, weakening in key areas, particularly near the Haynes tongue and at the western shear margin, 

is important for loss of grounded ice upstream, and thus may have influenced speeds near the 

grounding line as well.  The velocity and thinning signatures of these different causes of retreat 

could be addressed with a prognostic ice-flow model.   

2.5.3 Comparison to previous melt estimates 

Despite the limited resolution, the broad spatial and temporal coverage afforded by the methods 

used here have advantages compared to previous estimates of melt.  First, the radar-based methods 

used by Khazendar et al. (2016) do not directly represent melt but rather anomalous melt under 

the assumption of no dynamic thinning.  Adding the flux divergence recovers the melt rate (Table 

A-1 and Figure A-1) and yields a different spatial pattern with higher peak melt (187 m/yr).  

Irrespective of correction for this dynamic component, these estimates are 1-5 year snapshots of 

melt at single points, and the interannual variability in melt rates in the region (e.g. Dutrieux et al., 

2014; Jacobs et al., 2012) prevents extrapolation through time.  Average melt rates beneath the 

shelves cannot be easily obtained from these point measurements, but the polygon-based methods 
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we use, though limited in spatial resolution, yield average rates beneath large portions of the 

shelves. 

While Gourmelen et. al (2017) are able to compute spatially resolved melt rates beneath all of 

Dotson, their altimetry-based method has greater sensitivity to certain errors than the methods we 

employ.  The amount of snow on an ice shelf significantly influences surface elevations because 

the lower-density snow does not hydrostatically depress the shelf as much as an equivalent 

thickness of ice.  Thus, uncertainty in SMB leads to significant uncertainty in thickness changes, 

particularly because SMB may be inversely correlated with basal melt on seasonal-to-interannual 

timescales (F. S. Paolo et al., 2018).  Moreover, mismeasurement of the surface elevation is 

increased tenfold in estimating the melt rate using altimetry-based methods, leading to substantial 

uncertainty.  Our method is primarily sensitive to horizontal flux divergence, so it is less sensitive 

to errors in surface elevation and SMB than the method of Gourmelen et al. 

The peak regionally-averaged melt rates found in this study (23 m/yr) occur in the same regions 

(K1, SW1 and SE1) as found in other studies but the values are lower than the locally computed 

rates (50 m/yr in Gourmelen et. al (2017) and 129 m/yr in Khazendar et al. (2016)).  This difference 

is not surprising, since the polygon-based method we use has limited spatial resolution and thus 

misses variations in melt rate in small-scale features such as within the channel on Dotson.  Over 

broad scales, flux-gate and altimetry-based methods should agree, and indeed the overall melt rate 

we find beneath Dotson, 7.7±1.3 m/yr, agrees with the 6.1±0.7 m/yr found by Gourmelen et al. 

(2017).  The lower peak melt rates found here compared to prior studies may also result from our 

assuming a spatially constant thinning rate over shelves where thinning rates vary substantially 

(Gourmelen et al., 2017).  The shelf-wide rates used here likely cause us to underestimate melt in 

small polygons where thinning is most rapid (e.g. K1, SW1, and SE1 in Figure 2-3).  Similarly, 
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they may cause us to slightly overestimate melt over broad, slower-changing regions (e.g., D1 and 

D2), but this effect should be smaller due to the shelf-wide thinning rate being more representative 

of rates in these regions.  On scales smaller than the polygons we use to calculate melt, thinning 

may reach 50 m/yr (Gourmelen et al., 2017), comparable to flux divergence in these areas. This 

thinning may cause the polygon-averaged rates to locally underestimate melt by a factor of two 

and introduce an error in the polygon average that we estimate may be as high as 50% in small 

polygons near the grounding line.  

2.6 Summary 

We used observations of elevation and velocity along with an inverse model to investigate the 

causes of grounding-line retreat and speedup on Crosson and Dotson ice shelves.  These two ice 

shelves exhibited contrasting responses to changes in forcing, despite comparable grounding-line 

flux and similar changes in basal melt.  Confirming earlier results (J. Mouginot et al., 2014; Eric 

Rignot, 2008), we find that both ice shelves were out of balance at the beginning of our 

observational period in 1996.  We find that thinning and speedup early in the study period are 

likely an ongoing response to earlier changes.  Similar to previous studies, we show that basal melt 

rates increased on areas that were floating throughout the study period, and we find that total basal 

melt was further increased as ungrounding exposed more area to melt.  We find that the melt rates, 

grounding line position, and incised channel geometry on Dotson suggest that it began to retreat 

in the early 1970s or before.  These conditions lead us to speculate that a change in melt, likely 

resulting from a change in ocean forcing years or decades before 1974, may have led to Dotson’s 

imbalance in 1996.  Our results indicate that Dotson’s grounding-line retreat and thinning exposed 

more sub-shelf area, increasing its sensitivity to ocean forcing and likely contributing to the high 

melt rates that we and others find during the 2000s.  Prior work has shown that Crosson sped up 
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through our study period, primarily near eastern Smith Glacier’s grounding line and near the 

former tongue of Haynes glacier.  We used a diagnostic ice-flow model to show that this speedup 

was likely the result of multiple factors, including weakening at its eastern margin and a retreat of 

eastern Smith Glacier’s grounding line.  Determining the initial cause of change to this system is 

key to understanding whether the present retreat results from ongoing oceanic or climatic changes, 

natural variability, or internal instability, and thus important for placing these observations in the 

context of other changes to submarine basins around Antarctica.  In the future, prognostic 

modeling of this system beginning in 1996 or before (i.e. “hindcasting”), could help test how 

different initial perturbations to the system would have affected its flow speed and mass balance, 

and thus provide context to these changes relative to those observed in other glaciers. 
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Figure 2-1: Overview of study area. 

a. 1996 surface speed overlaid on the mosaic of Antarctica (MOA) (Haran et al., 2013).  Yellow 

and green lines show grounding line positions in 1996 and 2011 respectively (E. Rignot et al., 

2014).  Black lines indicate catchment boundaries of Crosson and Dotson used for flux 

calculations. b. Surface elevation relative to the EGM2008 geoid from WorldView/GeoEye stereo 

DEM mosaic (D. E. Shean et al., 2016). c) Ice bottom elevation relative to the EGM2008 geoid, 

which represents bed elevation over grounded ice. 
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Figure 2-2: Recent changes in velocity and surface elevation.  

a. Color shows change in speed from 1996 to 2014.  Contours indicate thinning of grounded ice 

from 2003-2008 at 10-m intervals, derived from OIB altimetry, ICESat-1 and WorldView/GeoEye 

DEMs.  Colored lines indicate flowlines plotted in panels (b - e). Background is MOA. b – e. 

Velocity profiles as distance from the 2014 calving front (CF). Dashed lines indicate grounding 

line positions in different years. Red shading indicates areas that thinned by more than 5 m a-1 

from 2003-2008. 
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Figure 2-3: Flux and melt changes over Crosson and Dotson.  

a. Areas used for flux divergence calculations, outlined in yellow, plotted over bathymetry from 

Millan et al., (2017). b. and c. Flux and melt over Crosson and Dotson respectively.  Stacked, 

colored bars show melt over each of the polygons from (a) while white bars on top show calving 

flux; these bars sum to the total outgoing flux.  Solid gray bars show the steady-state (SS) 

grounding line (GL) flux (calculated from catchment-wide SMB), the dotted gray bars show the 

SMB over the shelves, and the solid black bar indicates the additional flux crossing the grounding 

line each year due to dynamic imbalance; these bars total to all incoming flux to the shelves.  Light 

gray slashed bars indicate the loss of grounded ice (equal to the black bars in the previous column) 

and the cross-hatched light grey region shows the additional loss of floating ice (equal to the 

difference between the first two columns); these total to the annual mass loss rates.  
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Figure 2-4: Crosson Ice Shelf front position. 

a. Selection of digitized shelf-front positions from MacGregor et al. (2012) and from our work, 

with grounding lines from Rignot et al. (2014). Teal, purple, and gold overlays correspond to 

transects used for (d). Box shows the outline of zoomed in area for (b) and (c). b-c. Zoomed in 

Landsat imagery from 1996 and 2014 respectively. Isolated rifts in 1996 appear connected by 

2014, effectively detaching Crosson from its eastern margin.  The disintegration of the Haynes 

Glacier Tongue also occurred during this period. d. Time series of ice-shelf-front distance relative 

to the 1996 grounding line. 
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Figure 2-5: Inferred enhancement to ice flow. 

a. 1996, b. 2010, and c. 2014. The enhancement factor gives the depth-averaged weakening of the 

ice relative to that predicted by a temperature model, with values larger than 1.0 indicating 

weakening.  Black line indicates the zero contour of τL in 1996, i.e. the boundary between the 

compressive (upstream) and extensional (seaward) regimes.  Backgrounds are Landsat images 

from the same year as the inversion. 
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Figure 2-6: Evidence for pre-satellite retreat of Dotson.  

a. Detail of Dotson surface trough (region outlined in blue). Solid black lines show flowlines 

calculated from the 1996 velocity, with dots placed every 5 years.  Large black circles are spaced 

every 25 years and labeled with age in years.  Background is 2012 surface elevation. b. A possible 

location of the grounding line before recent retreat (black dashed line).  This position is illustrative 

only, but shows a location that would have been susceptible to a retreat that would have increased 

melt rates and grounding line flux.  Other lines show grounding line positions as above.  Black 

box shows location of panel (a). Background is bathymetry (Millan et al., 2017).  
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Table 2-1: Comparison of fluxes and melt between this study and prior work. 

This study is in white columns and those from Rignot et al. (2013) (R13) and Depoorter et al. 

(2013) (D13) are in gray.  Values from this study are for 2010, while the Depoorter et. al. values 

are for 2009, and the Rignot et al. values are for 2007-2008.  Columns show grounding-line flux, 

calving flux, basal melt rate, and volume change. All values are given in gigatons per year (Gt a-

1). 

 Grounding-Line Flux Calving Flux Basal Melt Rate Volume Change 

  (R13) (D13)  (R13) (D13)  (R13) (D13)  (R13) (D13) 

Crosson 25±1 27.4±2 -- 18±2 12±2 -- 19±3 38.5±3 -- -9±2 -19±1 -- 

Dotson 30±1 28.4±3 -- 5±1 6±1 -- 41±2 45.2±3 -- -11±3 -17±2 -- 

Total 55±2 55±5 51±5 25±3 17±3 18±2 60±5 83.7±6 78±7 -20±4 -36±3 -36±3 
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Chapter 3 Melt at grounding line controls observed and future 

retreat of Smith, Pope, and Kohler glaciers 

Abstract. Smith, Pope, and Kohler Glaciers and the corresponding Crosson and Dotson Ice 

Shelves have undergone speedup, thinning, and rapid grounding-line retreat in recent years, 

leaving them in a state likely conducive to future retreat. We conducted a suite of numerical model 

simulations of these glaciers and compared the results to observations to determine the processes 

controlling their recent evolution. The model simulations indicate that the state of these glaciers in 

the 1990s was not inherently unstable, i.e. that small perturbations to the grounding line would not 

necessarily have caused the large retreat that has been observed. Instead, sustained, elevated melt 

at the grounding line was needed to cause the observed retreat. Weakening of the margins of 

Crosson Ice Shelf may have hastened the onset of grounding-line retreat but is unlikely to have 

initiated these rapid changes without an accompanying increase in melt. In the simulations that 

most closely match the observed thinning, speedup, and retreat, modeled grounding-line retreat 

and ice loss continue unabated throughout the 21st century, and subsequent retreat along Smith 

Glacier’s trough appears likely. Given the rapid progression of grounding-line retreat in the model 

simulations, thinning associated with the retreat of Smith Glacier may reach the ice divide and 

undermine a portion of the Thwaites catchment as quickly as changes initiated at Thwaites’ 

terminus.   

3.1 Introduction 

Glaciers along the Amundsen Sea Embayment (ASE) have long been thought to be vulnerable to 

catastrophic retreat (Hughes, 1981), and the major ice streams in the region have recently 

undergone significant speedup and grounding-line retreat (J. Mouginot et al., 2014; E. Rignot et 

al., 2014; Scheuchl et al., 2016). Largely due to synchronicity between variability in ocean 
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temperature and glacier response, ocean-induced melting is thought to be the primary driver of 

these changes (Jenkins et al., 2010; I. R. Joughin et al., 2012). Oceanographic observations 

(Assmann et al., 2013) and modeling (Thoma et al., 2008) indicate that variable transport of warm 

circumpolar deep water (CDW) onto the continental shelf has caused significant variability in sub-

shelf melt over the past two decades, with melt thought to have peaked around 2010 (Jenkins et 

al., 2018). Melt rates influence the large-scale flow of ice streams by affecting ice-shelf thickness; 

thinner ice shelves provide less buttressing to ice upstream, and ice is forced to flow faster to 

increase strain-rate dependent stresses in the ice. Ice-flow modeling (e.g., I. R. Joughin et al., 2014) 

and glaciological observations (e.g., E. Rignot et al., 2014) suggest that retreat of Thwaites and 

perhaps Pine Island Glacier, the largest along the ASE, will continue under all realistic melt 

scenarios (Favier et al., 2014; I. Joughin et al., 2010).  

Despite their lower ice discharge relative to Thwaites and Pine Island Glaciers, Smith, Pope and 

Kohler Glaciers (see Figure 3-1 for an overview of the area) have gained attention as some of the 

most rapidly changing outlets along the Amundsen Sea Embayment (J. Mouginot et al., 2014). 

These glaciers, and the associated Crosson and Dotson Ice Shelves, have undergone >30 km of 

grounding-line retreat in recent decades (E. Rignot et al., 2014; Scheuchl et al., 2016), leaving 

their grounding lines positioned more than 1 km below sea level, where they are vulnerable to 

warm ocean waters (Jenkins et al., 2018; Thoma et al., 2008). By contrast, the Thwaites grounding 

line sits approximately 50 km downstream of the deepest portions of its basin (E. Rignot et al., 

2014) and the Pine Island grounding line has remained stable on the retrograde slope at the seaward 

end of its overdeepening from 2009-2015 (I. Joughin et al., 2016). Thus, the positioning of Smith 

Glacier’s grounding line in the deep portion of its trough suggests that it is in a more advanced 

stage of retreat than its larger neighbors. Indeed, Smith Glacier comprises one of the most 
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extensive instances of modern glacier retreat and can serve as an important example of a marine 

ice-sheet basin in an advanced state of collapse.  

Modeling of the grounded portion of the Smith, Pope, Kohler catchment indicates that further 

retreat is committed on decadal timescales (D. N. Goldberg et al., 2015). However, this modeling 

was focused on transient calibration and did not assess causes of retreat or examine likely changes 

over periods longer than 30 years. Additional modeling work shows that the ice-shelf response is 

highly sensitive to the sub-shelf melt rates, which, when determined from an ocean model, are in 

turn highly dependent on how well the bathymetry is resolved (D. N. Goldberg et al., 2018). 

Regardless of the initial cause of retreat, the ice shelves are unsustainable at present melt rates, 

and Dotson Ice Shelf may melt through in the next 50 years (Gourmelen et al., 2017). The ice 

presently within the Smith, Pope, Kohler drainage could raise global mean sea level by a relatively 

modest 6 cm (Fretwell et al., 2012), but thinning can lead to drainage capture and therefore 

increased loss of ice volume. Thus, due to a shared divide, rapid thinning could potentially hasten 

the collapse of the larger reservoir of ice in the neighboring Thwaites catchment. 

Although there is evidence of increased transport of warm ocean waters beneath these ice shelves, 

the complex nature of ice-sheet dynamics involves the responses to past and present forcing. 

Present observations represent a combination of adjustment to past imbalance and response to 

recent melt (e.g., Jenkins et al., 2018). In the case of Smith, Pope, and Kohler Glaciers, multiple 

lines of evidence suggest that retreat began before widespread satellite observations (Gourmelen 

et al., 2017; Konrad et al., 2017; Lilien, Joughin, et al., 2018), though the exact cause and timing 

of retreat initiation are unknown. Separating the effects of different forcings is key to 

understanding the extent to which continued forcing is required to sustain retreat. Since future 

forcing is uncertain, identifying whether retreat is inevitable within the expected range of ocean 
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warming is particularly valuable. Because of the short length of the satellite record, separating the 

compounded influence of the possible drivers of retreat is difficult with observations alone, and 

numerical ice-flow models are an important tool for identifying plausible scenarios that could have 

resulted in the observed changes to ice thickness, velocity, and grounding-line position. 

Here, we describe a suite of model simulations designed to investigate which processes control the 

ongoing retreat of Smith, Pope, and Kohler Glaciers. Our modeling experiments tested the effects 

of melt distribution, melt intensity, basal resistance, and marginal buttressing on speedup, thinning, 

and grounding-line position. We compared these modeled changes to remotely sensed 

observations in order to determine which processes have driven retreat over the last two decades. 

After comparing the modeled velocity, surface elevation, and grounding-line position to 

observations, we ran a subset of the simulations for a longer duration to investigate the sensitivity 

of the future evolution of this system to a range of forcing. 

Simulations of Antarctic ice streams generally require a melt forcing to determine the mass balance 

of the bottom of the ice shelves. Spatially resolved sub-shelf melt rates have only recently been 

measured for ice shelves in the ASE (Gourmelen et al., 2017; D. E. Shean et al., 2017), and these 

observations are limited by their brief record and low temporal resolution. Thus, use of these high-

resolution melt rates as inputs to prognostic ice-flow models that extend further into the past or 

into the future requires extrapolation. To avoid such extrapolation, models are usually forced with 

simple, often solely depth-dependent, parameterizations of melt (e.g., Favier et al., 2014; I. Joughin 

et al., 2010). Significant progress has been made in coupling state-of-the-art ice and ocean models 

(e.g., De Rydt & Gudmundsson, 2016; Jordan et al., 2018), though to our knowledge only one 

study has applied a fully coupled model with moving grounding line to the geometry of a real 

glacier (H. Seroussi et al., 2017). Coupled simulations capture spatial and temporal variability in 
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melt rates but require substantial high-performance computing resources. Moreover, modeled sub-

shelf melt rates are highly sensitive to the sub-shelf bathymetry (D. N. Goldberg et al., 2018), 

which is difficult to measure or infer due to the ice and ocean cover. Because these coupled ice-

ocean models require additional development and substantial high-performance computing 

resources, and are sensitive to uncertain bathymetry, they are not yet readily available for assessing 

sensitivity to a suite of forcings. 

While ocean forcing is thought to be the primary driver of retreat along the ASE, a glacier’s 

sensitivity to sub-shelf melt is modulated by additional processes. Grounding-line retreat exposes 

additional and, for a retrograde bed, deeper sub-shelf area to melt, potentially increasing the 

integrated melt rate without any change in ocean heat content (De Rydt et al., 2014). Additionally, 

ungrounding on a retrograde bed causes ice-flow speeds to increase due to the nonlinear 

dependence of ice velocity on ice thickness. These feedbacks cause some grounding-line positions 

to be inherently unstable, such that upstream perturbations to those grounding-line positions can 

lead to self-sustaining retreat (e.g., Christian Schoof, 2007). Changes to the effective viscosity of 

ice shelves, such as weakening from mechanical damage, fabric development, or higher ice 

temperatures, can reduce the shelf’s ability to transmit stresses and thus reduce buttressing in the 

same manner as a decrease in the shelf’s cross sectional area (e.g., C. Borstad et al., 2016). 

Observations (Macgregor et al., 2012) and inverse modeling (Lilien, Joughin, et al., 2018) suggest 

that changes to viscosity have indeed played a role in the speedup of Crosson Ice Shelf, and a 

modeling sensitivity study suggests that weakening of several key regions of the ice shelves would 

significantly alter ice discharge (Daniel N. Goldberg et al., 2016). While some other processes, 

such as loss of terminal buttressing due to retreat of the neighboring Haynes Glacier, may have 

destabilized Crosson Ice Shelf, changes to melt, marginal weakening, and feedbacks between 
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ungrounding and increased ice-flow speeds represent the most likely drivers of retreat in this 

system. 

3.2 Methods 

We conducted a suite of prognostic numerical model simulations of Smith, Pope, and Kohler 

Glaciers, primarily using a shallow-shelf (SSA) model implemented in the finite element software 

package Elmer/Ice (Olivier Gagliardini et al., 2013; Zwinger et al., 2007). The shallow-shelf 

equations describe ice flow in two dimensions under the assumptions that the ice is thin relative to 

its extent and that ice velocity is uniform with depth (i.e., the model is depth-averaged); while a 

simplification, these assumptions are generally applicable to ice streams (MacAyeal, 1989) and 

have been applied to other glaciers in the ASE (e.g., Favier et al., 2014; I. R. Joughin et al., 2014). 

To validate the use of these simplified ice physics, we performed one simulation using a state-of-

the-art full-Stokes (FS) ice-flow model, also implemented in Elmer/Ice. In slower flowing regions 

where our inversion results show that internal deformation comprises a significant portion of 

motion, incorporating the variation of velocity with depth may be important. The full-Stokes 

simulation allows to identify potential drawbacks of applying the simplified shallow-shelf model 

to this particular system of glaciers. 

3.2.1 Model setup 

The model domain extended from the ice divide (determined from the measured velocity field) to 

the 1996 calving front. For the majority of simulations, the horizontal mesh resolution was 300 m 

near the grounding line and 3 km elsewhere. The full-Stokes domain was extruded to 9 vertical 

layers, with 5 layers concentrated in the bottom third of the ice, giving an effective resolution of 

20 to 500 m depending on ice thickness and depth within the ice column. This resolution is 

generally considered sufficient to accurately capture grounding-line dynamics (Pattyn et al., 2013), 
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and sensitivity to mesh resolution is explored further in Appendix B.2.1. The upper ice surface at 

initialization was found by adjusting a high-quality reference digital elevation model (DEM) 

mosaic, derived from WorldView/GeoEye stereo imagery, to match expected conditions in 1996. 

This adjustment used thinning rates found from ICESat-1, the Airborne Topographic Mapper from 

NASA’s Operation IceBridge, and WorldView/GeoEye stereo DEMs (further description of the 

determination of this surface can be found in Lilien, Joughin, et al., 2018). The bed elevations were 

determined from all publicly available airborne radio echo sounding data, anisotropically 

interpolated to 1-km posting so as to weight measurements along flow more heavily than those 

across flow; details can be found in Medley et al. (2014) and the supplementary materials to 

Joughin et al. (2014). The advantage to this method of interpolation is that it is free of assumptions 

related to a particular state of mass balance, unlike mass conservation methods. The lower ice 

surface was then determined using those bed elevations beneath grounded ice and an assumption 

of hydrostatic equilibrium downstream of the 1996 grounding line. Firn-air content for the 

hydrostatic calculation was found by comparing coincident ice-thickness and surface-elevation 

measurements over the ice shelves (supplementary materials of Lilien, Joughin, et al., 2018). 

All model simulations were initialized to best match the transient state of these ice streams in 

1996, the earliest year with relatively complete maps of ice velocity in this area. The velocity 

measurements were acquired by the European Remote-Sensing Satellites (ERS-1 and 2) and 

processed using a combination of interferometry and speckle tracking (I. R. Joughin, 2002). 

Model initialization consisted of an iterative process using a full-Stokes, diagnostic 

thermomechanical model in Elmer/Ice. We iterated between updating the temperature field and 

using inverse procedures to infer the basal shear stress of grounded ice and the enhancement 

factors over floating ice. These inferred fields minimized the misfit between modeled velocity 
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and the measurements from 1996. In order to minimize transient effects of data errors while 

capturing the real transient state of these ice streams in 1996, the model was briefly relaxed by 

running forward in time for one year under constant forcing. Then, the inversions were repeated 

to infer the final inputs for the forward model. Further details of inversion procedures, 

temperature initialization, and relaxation are provided in Appendix B. 

3.2.2 Prognostic simulations 

We ran suite of more than 20 ice-flow model simulations for at least 23 years, all beginning in 

model-year 1996. These relatively brief simulations enabled comparison with observations, and 6 

of these simulations were subsequently run over 100 years to investigate likely future evolution of 

these glaciers; those 6 simulations were selected after the full suite of shorter runs and were chosen 

to represent a range of retreat rates. Table 3-1 summarizes the inputs for all model runs, indicating 

the model physics, run length, melt distribution and intensity, and any other forcing as described 

below. In all model simulations, time stepping used a backwards-difference formula with timestep 

size of 0.05 years. 

Most of the model simulations used a Coulomb-type sliding law proposed by Schoof (2005) and 

Gagliardini et al. (2007), which takes the form 

 

𝜏𝑏 = 𝐶𝑁 (
𝜒𝑢𝑏

−𝑚

1 + 𝜒
)

1
𝑚

𝑢𝑏 Equation 1 

  

where 𝜏𝑏 is the basal shear stress, 𝑢𝑏 the basal velocity, 𝑁 the effective pressure, 𝐶 proportional 

to the maximum bed slope, 𝑚 the sliding law exponent, and 𝜒 =  
𝑢𝑏

𝐶𝑚𝑁𝑚𝐴𝑐
, where 𝐴𝑐  is a coefficient 

that is determined using the inversion results. This sliding law was derived to represent sliding 
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over a rigid bed with cavitation behind obstacles, but its high- and low-pressure limits make it 

suitable for describing Antarctic ice streams. At high effective pressure, generally found in slow-

flowing regions that may be underlain by hard beds, the sliding law approximates Weertman 

(1957) sliding (𝜏𝑏 ∝ ub
m). At low effective pressures, this Equation 1 approaches Coulomb-type 

sliding (𝜏𝑏 ∝ C𝑁), which is thought to be appropriate for sliding over soft beds (e.g., Iverson et 

al., 1998; Tulaczyk et al., 2000) and hard beds where fast-sliding with cavitation takes place (C. 

Schoof, 2005). We take 𝑚 = 3, and assume that the effective pressure is equal to the ice 

overburden minus the hydrostatic pressure. This assumption is valid if a drainage system connects 

every point on the glacier bed to the ocean, which is only likely for areas near the grounding line. 

However, this assumption is often employed (e.g., Morlighem et al., 2010), and because coupling 

to a hydrologic model is beyond the scope of this study, we retain the assumption here. To some 

extent, errors in the assumption compensated for in the solution or the sliding coefficient, 𝐶, though 

it may introduce errors as the basal shear stress is reduced too drastically in response to inland 

thinning. For comparison, we ran four additional simulations with a commonly used Weertman-

type sliding law (𝜏𝑏 = Awub
m), with Aw calculated from the same inversion results, again with 

𝑚 = 3. 

3.2.2.1 Melt sensitivity experiments 

We explored the effect of a variety of plausible melt forcings on the evolution of Smith, Pope, and 

Kohler Glaciers. The forcings can be separated into melt intensity (i.e. shelf-integrated melt) and 

its spatial distribution; simulations were conducted varying the melt intensity and distribution 

independently to determine their relative importance in controlling retreat. Because of their low 

computational expense, we used simple prescriptions of melt: three depth-dependent 

parameterizations (Favier et al., 2014; I. Joughin et al., 2010; D. Shean, 2016), all tuned to fit the 
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melt-depth relationship of nearby Pine Island Glacier, and an interpolation from previously 

published high-resolution melt-rate estimates inferred from Cryosat-2 by assuming hydrostatic 

equilibrium (Gourmelen et al., 2017), which was extended to cover both ice shelves. Hereafter, we 

refer to these melt distributions as F2014, J2010, S2016, and Cryo2, respectively. The 

parameterizations are intended to span a reasonable range of likely melt distributions, and none of 

them were expected to match the Cryosat-inferred pattern of melt exactly. Any depth-dependent 

parameterization will fail the span of melt rates observed at a given depth. However, the depth-

dependent parameterizations capture the general form of the Cryo2-inferred melt rates, despite not 

having been tuned to Crosson and Dotson Ice Shelves (Figure 3-2). 

Melt rates inferred from Cryosat 2 are limited to areas that were floating during the period of 2010-

2016, which potentially complicates forcing the model with the Cryo2 distribution. If additional 

area beyond what was afloat in 2016 were to unground in a model simulation, some extrapolation 

is needed to apply a melt forcing to that area. Fortuitously, modeled grounding-line retreat rates 

with the Cryo2 melt forcing were low, and these simulations did not generally require extrapolating 

the Cryosat-inferred melt distribution. For the minor extrapolation that was necessitated, we first 

smoothed the melt rates to 2-km resolution then used nearest-neighbor interpolation to extend the 

rates inland. However, during the first 25 years of the model simulations no extrapolation was 

required, so the limited extent of the inferred melt rates does not affect comparison modeled and 

observed retreat. 

During each timestep from model years 1996-2014, each melt distribution was scaled to match the 

shelf-total melt rate. Note that this scheme differs from prior studies (Favier et al., 2014; I. Joughin 

et al., 2010; I. R. Joughin et al., 2014) that instead fix the parameterization for a particular run and 

accept temporal variation in melt rate as the depth of shelf’s underside evolves; comparative 
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advantages and disadvantages of our approach are discussed in section 3.4.2.2 . The melt intensity 

was determined by linear interpolation between available measurements of shelf-total melt 

obtained from flux divergence measurements through time (Lilien, Joughin, et al., 2018). In 

general, this scheme requires adjusting the depth-dependent parameterizations down from the “1x” 

versions by a factor of 4-5, and the Cryo2 rates down by 20%, in order to match the relatively low 

melt rates 1996; such scaling is unsurprising given the large differences between the Dotson and 

Crosson cavities and the Pine Island Glacier cavity for which the parameterizations were originally 

tuned. Through the simulations, the scaling factor for melt was generally increased to force the 

observed increases in melt. For the depth-dependent parameterizations, this increase was 

compounded by the need to compensate for the rapid decrease of ice-shelf draft due to intense melt 

at depth, which can result in the shelves “shallowing out” of high melt rates over most of their 

area. Thus, the scaling through time varied significantly based upon how quickly the ice-shelf draft 

shallowed and how much new area became exposed to the ocean and contributed to the shelf-total 

melt rate. After 2014, when melt-rate estimates are no longer available, the scaling was fixed to 

the value determined for 2014 and the total melt rate was allowed to vary as in previous studies. 

For partially floating elements, melt was applied only over the floating portion, and the model 

resolution employed avoided significant sensitivity to this choice (Hélène Seroussi & Morlighem, 

2018).  

We also conducted simulations changing melt intensity to twice that observed (simulations 3, 11, 

18, and 25 in Table 3-1). To vary the melt intensity, we again rescaled the parameterization at 

every timestep through 2014 in order to force the total melt rate to match twice the observations. 

To distinguish these from what previous authors refer to as “1x”, “2x”, and “4x”, we instead refer 

to the different intensities as “1Obs” and “2Obs”. It is important to note that in the prior studies, 
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“Nx” referred to scaling of the parameters, which, due to shallowing of the ice-shelf draft, could 

lead to substantially less melt than N times the observations. During the period of observations, 

2Obs actually doubled the shelf-wide integrated melt.  

3.2.2.2 Marginal weakening experiments 

We manually masked the areas within 10 km of the edge of Crosson and Dotson Ice Shelves and 

applied an ad-hoc change to the depth-averaged enhancement factor over these areas to test the 

model’s sensitivity to marginal weakening. These runs were conducted using the shallow-shelf 

model and used an enhancement factor of 4 (a 44% reduction in B) to weaken the margins. These 

weakening experiments were done with all four melt distributions at 1Obs melt intensity. One 

additional simulation was run with an enhancement factor of 1.8 (a 17% reduction in B) using the 

J2010 melt parameterization at 1Obs intensity (simulation 5 in Table 3-1). In order to test the effect 

of marginal weakening in the absence of any increase in melt, an additional set of simulations were 

conducted fixing the melt parameterization to its 1996 scaling and applying the enhancement factor 

of 4; these simulations again used each of the four melt distributions at 1Obs intensity (simulations 

4, 12, 19, and 26 in Table 3-1). We refer to these experiments with weakened margins but fixed 

melt parameterization as “control melt” simulations (simulations 6, 13, 20, and 27 in Table 3-1). 

3.2.2.3 Forced ungrounding experiments 

Since model simulations cannot be expected to perfectly replicate observed grounding-line retreat, 

we ran an additional suite of experiments to test the effect of the ungrounding itself on thinning 

and speedup. These simulations allow us to assess whether feedbacks between ungrounding, 

thinning, and speedup may have caused the observed retreat, and to separate errors in modeled 

grounding-line retreat rates from their effects on ice-flow speed and thinning. To estimate the 

grounding-line position at times between the three available measurements (1996, 2011, and 
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2014), we linearly interpolated the time of ungrounding along a suite of flowlines spaced 

approximately every kilometer across flow, creating maps of the grounded area every 0.1 years. 

At each model timestep through a forcing period (1996-2001 or 1996-2014 depending on the 

simulation), the grounding-line position was set to match the nearest grounding map, without 

changing the ice geometry, (i.e. the basal shear stress was set to zero and melt was applied under 

ungrounded area). We only forced retreat and not the re-advance of Kohler between 2011 and 2014 

since forcing re-advance is complicated by the changing geometry after the ice goes afloat. After 

the period of forced ungrounding finished, the grounding line was allowed to retreat freely based 

upon hydrostatic equilibrium. Simulations were conducted with all four melt distributions at 1Obs 

intensity and with both 5 and 18 years of forced ungrounding (simulations 7-8, 14-15, 21-22, 28-

29 in Table 3-1). 

3.3 Results 

Model outputs are composed of the spatio-temporal evolution of a number of variables, notably 

ice velocity, ice thickness, and grounding-line position. To distill this many-dimensional output 

into a manageable format, we focus on comparing the changes to grounding-line position and ice-

surface speeds along the centerlines of the three main outlet glaciers under various forcings. 

3.3.1 Melt variability 

Figure 3-3 shows the results of the eight experiments designed to evaluate the melt intensity and 

distribution (experiments 1-3, 10-11, 17-18, and 24-25 in Table 3-1). Collectively, the results show 

that grounding-line position and the pattern of thinning are highly sensitivity to the spatial 

distribution of melt. For the 1Obs experiments, there was <10 km of grounding-line retreat in the 

shallow-shelf simulations, and the retreat that does occur happens after model year 25. Amongst 

the 1Obs shallow-shelf simulations, only the one with J2010 melt shows more than 2 km of retreat, 
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during which time Smith Glacier’s grounding line retreated by ~9 km. The full-Stokes simulation 

with 1Obs, however, shows substantial (30 km) retreat along Smith Glacier during that time, in 

relatively good agreement with the observations. 

Over the first 25 years, retreat in the shallow-shelf models is generally confined to simulations 

with the 2Obs melt forcing and is greatest with parameterizations that concentrate melt at depth. 

While the timing of retreat onset varies with melt forcing, the 2Obs parameterizations generally 

yield similar retreat along Smith and Kohler glaciers. An exception is the Cryo2 melt, which 

consistently produces the least retreat. For Pope, the 2Obs extent of the retreat varies greatly with 

melt distribution, ranging from 0 to 18 km compared the observed 5-km retreat. Along Smith and 

Kohler glaciers, both of which had deep (800-1000 m.b.s.l.) grounding lines in 1996, melt 

distributions with greater rates at depth tend to cause faster retreat (Figure 3-3b-d). With the 2Obs 

melt, the simulations using the three depth-dependent parameterizations quickly retreat into similar 

positions along Smith and Kohler Glaciers (see observed change from 1996 to 20011 in Figure 

3-3f). Along Smith and Kohler Glaciers, simulations with the J2010 distribution retreat most 

rapidly, followed by S2016, F2014, and Cryo2. Melt rates near the grounding line need to reach 

some threshold before retreat commences; in the shallow-shelf model of Smith Glacier, retreat of 

the grounding line does not begin unless melt rates of ~100 m a-1 or higher are reached near the 

grounding line. Retreat commences more easily in the full-Stokes model, requiring only ~50 m a-

1 of melt.  The grounding-line retreat rate of Pope Glacier, which had a slightly shallower (~750 

m.b.s.l.) grounding line, has a less direct relationship with melt distribution. While retreat initiates 

most quickly with the J2010 parameterization, it is eventually overtaken by retreat with the S2016 

and F2014 parameterizations (Figure 3-3c). 
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3.3.2 Marginal weakening 

We ran nine simulations with weakened margins, and all displayed notable differences in 

grounding-line position and speedup compared to the simulations with no weakening. Figure 3-4 

shows the effects of weakening on grounding-line retreat and ice-flow speedup. The grounding-

line position of Smith and Pope Glaciers are sensitive to the shelf viscosity. With the J2010 melt 

parameterization, the retreat for Smith Glacier initiates ~10 years sooner with enhancement of 4 

in the margins (Figure 3-4a-b). While this lag can lead to substantial differences in grounding-line 

position at any given time, the simulations with full-strength margins generally continue to retreat 

and reach that same state 10 years later. The notable exception is the simulation with the S2016 

melt, which shows >10 km more grounding-line retreat when the margins are weakened (Figure 

3-4a). Kohler Glacier’s grounding line also retreats sooner with enhanced margins, but as retreat 

progresses grounding-line position does not differ by more than ~2 km from the unweakened case 

(Figure 3-4c). In the case of the S2016, F2014, and Cryo2 melt forcings, within 50 years, 

weakening of the margins causes grounding-line retreat on Pope and Kohler glaciers that did not 

take place even in 100 years without marginal weakening (Figure 3-4a and c). Simulations with 

enhancement of 1.8 display approximately half as much change in the timing of retreat as an 

enhancement of 4 does (not shown). Effects of marginal strength on ice speeds differ markedly 

between the two ice shelves; Crosson/ Pope flows almost 50% faster in some regions (Figure 3-4d-

e) when the margins are weakened while Dotson/Kohler is nearly insensitive to the strength of the 

margins (Figure 3-4f). 

Although some of the simulations with weakened margins show more retreat, these simulations all 

are forced using the 1Obs melt intensity and thus incorporate the increases in melt observed 

between 1996 and 2014. In the “control melt” simulations with weakening but with the melt 
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parameterization fixed at 1996 values, there is only minor grounding-line retreat over the 50-year 

duration of the simulations (Figure 3-4a-c). If the weakening alone were sufficient to cause 

grounding-line retreat, we would expect to have seen retreat in these simulations. 

3.3.3 Forced ungrounding 

Figure 3-5 shows the results of the simulations in which the grounding line was forced to migrate 

at the rate observed. The forced ungrounding had differing effects depending on the melt 

distribution, and in some cases no subsequent grounding-line retreat ensued after the period of 

imposed ungrounding. For Smith Glacier, the effect of exposing additional area to melt and 

decreasing basal resistance results in significant speedup near the grounding line that continued 

over 25 years even when only 5 years’ retreat was forced. Ice-flow speeds on Pope and Kohler 

glaciers are relatively unaffected by the forced 5-year grounding-line retreat, but when forced 

through 2014 (18 years) they display some speedup as well (Figure 3-5d and f). In simulations 

with the 5-year forced ungrounding, the grounding line is able to stabilize temporarily (Figure 

3-5a-c), though retreat subsequently ensues on Smith Glacier for the melt distributions that 

concentrate melt at depth (J2010, S2016). For the 18-year forced-ungrounding simulations, 

however, little grounding-line retreat occurs in the subsequent 25 years, and by the end of the 50-

year simulations the grounding-line positions using all four simulations approximate the retreated 

position found with the J2010 1Obs melt and a freely evolving grounding line. 

3.3.4 Longer term simulations 

Figure 3-6 shows the evolution of the ice volume and grounding-line position for the centennial-

scale simulations, displaying sustained loss of ice volume through 2100 CE. These six simulations 

(simulations 2, 4, 10, 17, 19, 24 in Table 3-1) were simply extensions of model runs mentioned 

above; four used the different melt distributions at 1Obs intensity and no marginal weakening 
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while two used the J2010 and S2016 melt distribution at 1Obs intensity with marginal weakening. 

Simulations with marginal weakening and/or the J2010 melt parameterization show continuing 

grounding-line retreat throughout the simulation (Figure 3-6). In simulations with significant 

retreat, the grounding line of Smith Glacier eventually extends upstream of Kohler, and the 

grounding lines of these two glaciers merge. Even in these simulations with the most retreat, melt 

rates remain below 75 Gt a-1 (within 25% of 2014 levels) for most of the 21st century before 

gradually increasing to 120 Gt a-1 between 2080 and 2100, as more deep ice is exposed to melt. 

Even with these relatively modest melt rates, the overall contribution to sea-level rise ranges from 

6–to–10 mm by 2100 and Smith Glacier’s grounding line retreats by >80 km in the simulations 

with J2010 melt distribution. Despite continued loss of ice volume, significant grounding-line 

retreat never initiates when using the F2014, S2016, or Cryo2 melt distributions with 1Obs 

intensity. Even in these simulations with little retreat, contributions to sea level exceed 2 mm by 

2100. 

3.4 Discussion 

After evaluating how well the model simulations are able to replicate observed retreat over 1996-

2018, we discuss how necessarily subjective modeling choices may have affected these results. 

We then evaluate the implications for the future evolution of this system. 

3.4.1 Match to observations 

Here we evaluate how different model forcings affect the match between the simulations and the 

observations of grounding-line position, thinning, and speed change. 
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3.4.1.1 Grounding-line position 

The extensive, observed 30-km retreat (E. Rignot et al., 2014; Scheuchl et al., 2016) provides a 

clear metric for whether model simulations match the data. Along the Smith centerline, the bed 

depth remains at around 1 km b.s.l. for the first 10 km upstream from the grounding line before 

deepening to close to 2 km b.s.l. over the following ~10 km (Figure 3-3f), and in many simulations 

the grounding line never retreats off this relatively flat, shallow portion of the bed. This geometry 

leads to an essentially bimodal distribution bimodal distribution of grounding-line position along 

the Smith glacier centerline. Model simulations where the retreat reaches the retrograde slope past 

10 km all reach >20 km of grounding-line retreat (Figure 3-3c). While only the full-Stokes 

simulation matches the timing of the observed retreat under 1Obs melt intensity, the pattern of 

retreat is similar regardless of model physics (discussed more in 3.4.2.1 ). We partition the 

simulations into those that display 15 km or more grounding-line retreat on Smith glacier, 

regardless of the timing, and those that do not; those that display this large retreat are considered 

generally good matches to the observed grounding-line positions where ~30-km of retreat was 

observed. The simulations that matched this large retreat were: those with the J2010 melt 

parameterization, regardless of melt intensity or marginal weakening; those with the S2016 or 

F2014 parameterization and 2Obs melt; and the simulation with the S2016 parameterization, 1Obs 

melt, and marginal enhancement of 4 (Table 3-1). 

We find that grounding-line position is controlled by a combination of melt distribution, melt 

intensity, and marginal weakening, though melt near the grounding-line (a product of melt 

distribution and intensity) is the primary driver of retreat. This result confirms the conclusion of 

previous work that has also highlighted the importance of the melt distribution for determining 

ice-shelf stability (e.g., Olivier Gagliardini et al., 2010; D. N. Goldberg et al., 2018; Hélène 
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Seroussi & Morlighem, 2018). To match the observed grounding-line retreat using the 1Obs melt 

intensity, the models suggest that melt must have been concentrated near the grounding line. 

Concentrated melt at depth is expected given that the warm, salty CDW which drives melt 

generally intrudes at depth (e.g., Jacobs et al., 2012). However, without elevated melt intensity 

(relative to 1996) or greater concentration of melt at the grounding line than considered by our 

melt forcings, the “control melt” simulations show that the modeled grounding-line positions of 

Smith, Pope, and Kohler glaciers would have remained stable for the 50 years following 1996. The 

stable grounding-line position found by forcing the model with Cryo2 melt (Gourmelen et al., 

2017) may result from underestimation of melt near the grounding line due to the difficulty of 

using satellite altimetry to infer melt rates in an area not in hydrostatic equilibrium (Fricker & 

Padman, 2006; Eric Rignot, 1998). Moreover, since melt rates were inferred over 2010-2016, the 

inferred melt rate beneath areas that ungrounded during that time mix periods of no melt and more 

intense melt. While our rescaling of parameterizations can increase the melt rates at the grounding 

line as the shelf-averaged ice draft decreases, the Cryo2 distribution does not allow the shelf to 

shallow out of melt, and so any underestimation of melt near the grounding line persists through 

the simulation. Thus, effective melt rates at the grounding line are lowest using the Cryo2 

distribution, and they remain too low to instantiate retreat. Estimates of melt rates from ocean 

models should eventually provide a better option for forcing models, but computational constraints 

and poorly constrained cavity geometry prevent their widespread application at present (e.g., 

De Rydt & Gudmundsson, 2016). 

It is possible that weakening of the margins of Crosson affected the timing of grounding-line 

retreat. Our model simulations applied an ad-hoc enhancement of 4 to the margins, which is akin 

to ~5 C of warming (Cuffey & Paterson, 2010), development of a relatively weak anisotropic 



 66 

fabric (Ma et al., 2010), or some damage due to rifting (e.g., C. P. Borstad et al., 2013). While 

snapshot inversions for ice-shelf viscosity in 1996, 2011, and 2014 indicate some weakening of 

Crosson Ice Shelf (Lilien, Joughin, et al., 2018), this weakening cannot be definitively associated 

with a particular process. Thus, we are unable to identify if the weakening of the margins was 

causal in the observed speedup and retreat or if it was merely a result of the otherwise-initiated 

speedup (e.g. caused by rifting due speedup associated with ungrounding). We consider it unlikely, 

however, that changes to the strength of the shelf were the primary cause of retreat since the 

simulations marginal weakening but no increase beyond 1996 melt rates showed little retreat. 

Additionally, inversion results do not show significant weakening of Dotson Ice Shelf through this 

time (Lilien, Joughin, et al., 2018), suggesting that weakening was not the cause of Kohler 

Glacier’s retreat even if it affected Pope and Smith Glacier, and thus does not explain widespread 

retreat in the area. 

The modeled grounding-line positions demonstrate the stepwise nature of grounding-line retreat 

and highlight the complexity of assessing whether unstable retreat is taking place. Previous 

modeling has found that grounding lines tend to remain in relatively favorable positions for a 

period before abruptly retreating (e.g., I. Joughin et al., 2010), and the presence of grounding-line 

wedges at various points on the continental shelf indicate that retreat since the last glacial 

maximum followed a similar stepwise pattern with extended periods of stability (Graham et al., 

2010; Smith et al., 2014). Similarly, exposure dating of glacial erratics along Pine Island Glacier 

indicate that during the Holocene it experienced periods slow retreat punctuated by decades or 

centuries of rapid thinning (Johnson et al., 2014).  Our forced ungrounding experiments were 

designed to test whether the grounding line was situated such that some perturbation necessarily 

led to a continued step back to a new stable grounding-line position. While forced ungrounding 
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for 5 years resulted in retreat of one simulation that otherwise remained stable (17 vs. 19 in Table 

3-1), even with elevated melt intensity the grounding line was able to stabilize on the retrograde 

slopes under some melt distributions (Figure 3-5), at least over the period of our simulations. 

Additionally, regardless of melt distribution, little further retreat was found in the 25 years 

following 18 years of forced ungrounding (Figure 3-5). The re-stabilization of the retreated 

grounding line indicates that small perturbations do not necessarily lead to immediate retreat, 

though 25- to 50-year simulations may simply be too short to capture the retreat that may 

eventually ensue. These forced ungrounding experiments also serve as a check upon the low 

temporal resolution of the melt forcing; the shelf-total melt was linearly interpolated between 

measurements in 1996 and 2006, and a brief period of elevated melt could have perturbed the 

grounding line during a subset of that time. However, the simulations with 5 years of forced 

ungrounding suggest that such a perturbation would not have led to immediate and sustained 

grounding-line retreat. Rather, sustained high melt rates at the grounding line appear to be 

necessary to cause the continuing grounding-line retreat that has been observed. 

3.4.1.2 Ice surface elevation 

In Figure 3-7, we compare modeled and measured ice-surface lowering. The comparison is 

confined to ice that was grounded in 1996 since observations have greater signal-to-noise ratio 

over grounded ice; on grounded ice, all thinning is expressed as surface lowering whereas on 

floating ice only ~10% of thinning is expressed at the surface. Observations of surface lowering 

were derived from the various altimetry products described in section 3.2.1 . The full-Stokes 

simulation slightly overestimates thinning along Smith Glacier while producing thickening 

upstream of Kohler Glacier’s grounding line (Figure 3-7a). In general, the shallow-shelf 

simulations match the pattern of observed surface change reasonably well in the Smith and Pope 
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drainages, but the simulations generally thin too little in the Kohler drainage (Figure 3-7b-d). Even 

the simulations with 1Obs forcing that showed the most thinning slightly underestimate surface 

lowering. Part of this difference may reflect errors in the bed elevation; if the true bed elevation 

were greater than estimated in the bed product we used, a larger portion of dynamic thinning would 

have directly affected the surface height rather than contributing to ice-draft shallowing. An 

additional portion of the model-data mismatch is likely due to timing of retreat; a delayed response 

of the model could lead to underprediction of surface lowering. Given that the shallow-shelf 

simulations have delayed grounding-line retreat, it is unsurprising that they generally 

underestimate surface change.  

The thickening (or lack of thinning) on Kohler may result from difficulties in initiating a model of 

an out-of-balance system. Melt and calving in 1996 were already larger than accumulation, likely 

due to elevated melt on Kohler (Lilien, Joughin, et al., 2018), and it is possible that the relaxation 

of the model prior to the simulations dampened real surface changes rather than artifacts from data 

errors in the Kohler drainage. Regardless of its cause, this discrepancy is transient and surface 

lowering eventually propagates up the trunk of Kohler as in observations. However, this thickening 

on Kohler, along with the shallow-shelf simulations’ delayed grounding-line retreat and thinning, 

suggest that the simulations may underestimate future ice loss. 

3.4.1.3 Ice-flow speed 

We compare the model results to velocity mosaics for 2006-2012, 2014, and 2016-2018. The 2007-

2010 velocities are derived from the Advanced Land Observation Satellite, processed using a 

combination of interferometry and speckle tracking (I. R. Joughin, 2002). We used feature tracking 

of Landsat-8 imagery to obtain velocities for the 2014–2015 austral summer. Velocity data for 

2006 and 2011 are part of the NASA MEaSUREs dataset (J. Mouginot et al., 2014). We determined 



 69 

the 2016–2018 velocity using speckle-tracking applied to data to Copernicus Sentinel-1A/B data. 

These observations indicate speedup both near the grounding lines of Smith and Kohler Glaciers 

and farther out on Crosson Ice Shelf (J. Mouginot et al., 2014). While the speedup near the 

grounding line is likely due a loss of basal resistance as a result of ungrounding, the speedup of 

the outer shelf may be due to changes in shelf viscosity or loss of buttressing at the terminus due 

to the breakup of the Haynes glacier tongue (Lilien, Joughin, et al., 2018).  

The simulations indicate that ungrounding primarily affects speeds near the grounding line while 

speeds farther out on the shelf remain constant or decrease (Figure 3-1 and Figure 3-5). This 

heterogeneity results from buttressing; if the shelves were spreading freely, a change in grounding-

line speed would cause an equal change in the speed of the shelves. Thus, speedup of the ice 

shelves is likely a result of local changes to buttressing. The model experiments with weakened 

margins find speedup along the Pope Glacier centerline on the outer portion of Crosson Ice Shelf 

(Figure 3-4d). While the modeled speed changes in the simulations with weakening closely match 

the observed speeds 40-60 km from the 1996 calving front, they show too little speedup closer to 

the front. This discrepancy across the shelf suggests that part of the observed changes in speed 

may be a result of forcing near the calving front, possibly associated with a loss of buttressing due 

to the breakup of the Haynes glacier tongue around 2002 or the progressive rifting of this area. 

While the simulations with weakened margins do not fully capture the observed velocity changes 

near the shelf margin, the marginal weakening does cause the model to more accurately reproduce 

speedup of the bulk of Crosson Ice Shelf. There are variety of possible reasons that the model does 

not capture the full spatial complexity of the observed speedup, for example weakening of the ice 

shelves, bed elevation errors, or inferred basal resistance being too low, and we cannot identify a 

single cause. 
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For the grounded ice, the simulations tend to under predict speedup on Smith Glacier, while 

generally overpredicting speed changes on Kohler Glacier (Figure 3-1). The timing of the speedup 

corresponds with the timing of rapid grounding-line retreat, so the delay in modeled grounding-

line retreat likely causes the delay in modeled speedup. The scarcity of observations of grounding-

line position and ice velocity earlier in the satellite records complicate the interpretation. Reliable 

grounding-line positions are unavailable between 1996 and 2011, and ice velocities are unavailable 

between 1996 and 2006. Significant retreat occurred during this time period, and transient speedup, 

such as that seen in the full-Stokes model along Kohler Glacier from 2005-2014 (Figure 3-1d), 

could have occurred during the gap in the observations. 

3.4.2 Model limitations 

We now evaluate effects that our choices in model complexity and melt forcing have on 

interpreting our results. In addition, the relative insensitivity of the modeled retreat to our choice 

of sliding law and of the model resolution are shown in Appendix B. 

3.4.2.1 Model complexity 

Full-Stokes models require significantly greater computing resources than shallow-shelf models 

of similar resolution. In the case of our simulations, the shallow-shelf simulations took ~1% of the 

CPU hours of an equivalent full-Stokes simulation, necessitating high-performance computing 

resources rather than local workstations. Thus, using the simplified physics of shallow-shelf 

models is desirable in cases where it is sufficient to capture the relevant processes. While we find 

slower initiation of retreat with shallow-shelf than with full-Stokes models, after initialization the 

pattern of retreat is similar between both classes of models. 

Uncertainties in the model inputs, and necessary choices when initializing models, create 

significant spread in model retreat rates that could explain the difference between full-Stokes and 
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shallow-shelf simulations. For example, at Pine Island Glacier uncertainty in bed elevation 

propagates to uncertainty in the timing of retreat of around 5-10 years depending on assumptions 

about the spectrum of the bed roughness (Sun et al., 2014). Moreover, with idealized geometry 

L1L2 models, a class of depth-integrated models with slightly greater complexity than shallow-

shelf models, are more sensitive to high-frequency noise than full-Stokes models (Sun et al., 2014), 

suggesting the possibility that the uncertainty in bedrock elevation may affect the full-Stokes and 

shallow-shelf models in different ways.  

The spacing of bed elevation measurements in our study region does not resolve detail with 

wavelengths of ~5 km and below. In addition, noise with longer wavelengths may be present if 

there are systematic biases in the measurements. Without constraints on this roughness, we cannot 

realistically assess how bed uncertainty may have affected the two types of models differently. 

However, comparison of observed and modeled grounding-line position and surface elevation 

suggest that errors in the bed dataset have indeed affected our results. The path of ungrounding of 

Smith Glacier for most model simulations progresses directly through an area that has been 

identified as having remained grounded through 2014 (E. Rignot et al., 2014; Scheuchl et al., 2016) 

despite the thinning rates in that area matching observations there. If the bed elevations were 

accurately captured by the bed product, accurately modeling thinning would be sufficient to 

accurately model retreat. By contrast, in an area where the bed is shallower than the bed product 

suggests, ungrounding would occur too early in the model and a greater portion of thinning would 

be expressed as ice-draft shallowing rather than surface lowering. Since the model finds 

ungrounding of a portion of Smith while approximately matching thinning rates there, it is likely 

that the bed is shallower there than the bed product indicates.  
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Bed elevation is only one of several inputs and aspects of initialization that could potentially cause 

different responses of models with differing physics. Time to full relaxation in the model spin-up, 

differences in the inferred basal shear stress resulting from inversion procedure implementation, 

or different response to errors in surface elevation all may explain a portion of the difference 

between full-Stokes and shallow-shelf models. Assessing the effect of uncertainties in these 

parameters would require considerable investigation that is beyond the scope of this study. 

However, given that there are known errors in the bed topography, and that the unconstrained 

frequency of bed noise affects the models differently, bed errors alone may change the timing of 

retreat by as much the model-data mismatch. Thus, while the difference in timing between full-

Stokes and shallow-shelf models might indicate substantially better full-Stokes performance for at 

least one of the three glaciers, it could also reflect the uncertainty and not an indication that one 

type of model is better suited to describing this system. Indeed, while the full-Stokes model better 

matches the timing of retreat on Smith Glacier, its finds thinning rates that are a poorer match to 

observations and does not do a better job than the shallow-shelf model at reproducing retreat on 

Pope or Kohler glaciers. Unfortunately, we did have the computational resources to run sufficient 

full-Stokes runs to make a robust comparison of relative performance. 

3.4.2.2 Melt forcing scheme 

The application of the melt parameterizations in this study differs from previous work because, at 

each timestep where there are data, it rescales the parameterization so that model matches the 

observed shelf-wide integrated melt through time (Lilien, Joughin, et al., 2018). The primary 

advantage of this scheme is that it prevents the large, likely unrealistic changes to the shelf-total 

melt rate that occur as concentrated melt at depth causes the ice-shelf draft to shallow. We utilized 

this scheme primarily out of necessity; the grounding lines of Smith and Kohler Glaciers are 
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sufficiently deep that without scaling the melt forcing the shelf-total melt rates are drastically out 

of balance as simulations begin, and significant retreat ensues before the shelf is able to shallow 

out of the intense melt, thus leading to sustained, unphysically high melt rates. On the other hand, 

the continuous-rescaling scheme dampens feedbacks between the grounding-line retreat and the 

melt rate. Whereas a fixed parameterization generally causes an initial increase in shelf-total melt 

in response to a retreat of the grounding line since greater sub-shelf area is exposed, this 

continuous-scaling scheme will reduce the scaling of the melt distribution in response to that 

retreat. The continuous-rescaling scheme may thus unrealistically dampen feedbacks leading to 

rapid retreat, since increasing exposure of sub-shelf area may truly increase the total melt rate. 

Because melt is not solely a function of depth, any depth-dependent melt parameterization faces 

tradeoffs between fidelity to observations and simplicity, but the scheme used here is a reasonable 

compromise for a study that needs quasi-realistic melt rates at the beginning of simulations to 

enable comparison between model and observations. 

3.4.2.3 Centennial simulations 

The centennial-scale simulations that emulate observed grounding-line retreat (2, 4, and 19 in 

Table 3-1) all continue to produce retreat into the future. Even those simulations that do not capture 

the magnitude of recent retreat yield continuing mass loss resulting in over 2 mm of contribution 

to global mean sea level by 2100 (Figure 3-6). In the simulations with the 1Obs J2010 melt 

parameterization, nominally equivalent to no increase beyond 2014 melt forcing, ice losses exceed 

8 mm sea-level equivalent and reaches 10 mm when marginal weakening is included. With the 

S2016 parameterization and marginal weakening, the grounding line also continues to retreat, 

albeit at a more moderate pace, and losses still reach 6 mm sea-level equivalent by 2100. This 

simulation with the S2016 forcing and marginal weakening is essentially a minimum loss scenario 
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amongst simulations capable of producing the observed retreat; shelf-total melt rates after 2014 

remain below 50 Gt a-1, lower than observed in 2006-2014, yet grounding line retreat and sea-level 

contribution continue unabated. Moreover, the delayed grounding-line retreat compared to 

observations and underestimation of thinning suggest that these projections are more likely to 

underestimate than overestimate future ice loss. Given the retreat produced by the simulations with 

the lowest melt, and that the thinning and grounding-line retreat rates suggest that these simulations 

underestimate loss, it is unclear whether Smith Glacier could now reach a new stable configuration 

before the grounding line recedes to the head of its trough. 

While the volume above floatation in the Smith, Pope, Kohler catchment is relatively modest, if 

thinning were to extend to the divide with the Thwaites catchment, additional losses could result. 

Due to the extensive grounding-line retreat already undergone by Smith Glacier, the simulations 

with the J2010 melt distribution suggest that significant (>50 m) thinning could reach the divide 

shared with Thwaites by the end of the 21st century. This thinning could further contribute to the 

destabilization of the interior of Thwaites caused by changes at Thwaites’ terminus (I. R. Joughin 

et al., 2014). Because of their limited domain, our model simulations are unable to assess the 

effects of divide migration on regional ice loss, and bed topography might isolate the loss to 

Smith’s present catchment. However, given the potential for divide migration, studies concerned 

with the stability of Thwaites Glacier on timescales longer than ~100 years may underestimate ice 

loss if they do not account for potential drainage capture by Smith Glacier. 

3.5 Conclusions 

Using reasonable melt intensity distributed with simple, depth-dependent parameterizations, our 

model simulations are able to reproduce the recent speedup, thinning, and retreat of Smith, Pope, 

and Kohler Glaciers, albeit with some uncertainty in the timing. These simulations suggest that in 
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1996 Smith Glacier was in a state of precarious stability, but nonetheless elevated melt rates were 

needed to cause the observed grounding-line retreat. While weakening of the margins of Crosson 

Ice Shelf may have played a role in the speedup of the shelf, it is unlikely that such a change 

precipitated the observed retreat. Those model simulations that successfully reproduce recent 

changes continue to show grounding-line retreat into the future, and we find that the rate of ice 

loss is likely to grow in the coming decades. By the end of our ~100-year simulations, thinning 

has extended to the ice divide separating Smith and Kohler from Thwaites Glacier, indicating the 

potential for Smith’s retreat to hasten the destabilization of that larger catchment. 
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Figure 3-1. Modeled velocity changes. 

a. Modeled velocities after initialization in the full-Stokes model. Black lines indicate flowlines 

for the three outlet glaciers. Inset shows location of study area. b-d. Observed and modeled 

velocities at points indicated in a. Solid line corresponds to the full-Stokes model with 1Obs J2010 

melt forcing and thin, dashed line corresponds to shallow-shelf model, also with 1Obs J2010 melt 

forcing. Symbols indicate satellite observations of velocity. 
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Figure 3-2. Melt forcings used for modeling. 

a-d. Distribution of melt rates at the beginning of simulations using Cryosat-inferred rates from 

Gourmelen et al. (2017), and parameterizations from Joughin et al. (2010), Favier et al. (2014), 

and Shean (2016) respectively. e. Scaled parameterizations (colored lines) plotted over green 

points showing Cryosat-derived distribution of melt. Darker colors indicate greater area with a 

given combination of depth and melt rate. f. PDF of depths; this indicates the total area at each 

depth, showing how shelf-total melt rates are most sensitive to melt rates between ~250 and 600 

meters. 
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 Model 

physics 

Melt 

dist. 

Melt 

intensity 

Enhancement 

in margins 

Forced 

ungrounding 

Sliding 

Law 

Sim. 
len. 

(years) 

>15 
km 

retreat 

1 FS J2010 1Obs 1 No Schoof 23 Yes 

2 SSA J2010 1Obs 1 No Schoof 104 Yes 

3 SSA J2010 2Obs 1 No Schoof 25 Yes 

4 SSA J2010 1Obs 4 No Schoof 104 Yes 

5 SSA J2010 1Obs 1.8 No Schoof 50 Yes 

6 SSA J2010 Control 4 No Schoof 50 No 

7 SSA J2010 1Obs 1 5 years Schoof 50 Yes 

8 SSA J2010 1Obs 1 18 years Schoof 50 Yes* 

9 SSA J2010 1Obs 1 No Weertman 50 Yes 

10 SSA F2014 1Obs 1 No Schoof 104 No 

11 SSA F2014 2Obs 1 No Schoof 25 Yes 

12 SSA F2014 1Obs 4 No Schoof 50 No 

13 SSA F2014 Control 4 No Schoof 50 No 

14 SSA F2014 1Obs 1 5 years Schoof 50 No 

15 SSA F2014 1Obs 1 18 years Schoof 50 Yes* 

16 SSA F2014 1Obs 1 No Weertman 50 No 

17 SSA S2016 1Obs 1 No Schoof 104 No 

18 SSA S2016 2Obs 1 No Schoof 25 Yes 

19 SSA S2016 1Obs 4 No Schoof 104 Yes 

20 SSA S2016 Control 4 No Schoof 50 No 

21 SSA S2016 1Obs 1 5 years Schoof 50 Yes 

22 SSA S2016 1Obs 1 18 years Schoof 50 Yes* 

23 SSA S2016 1Obs 1 No Weertman 50 No 

24 SSA Cryo2 1Obs 1 No Schoof 104 No 

25 SSA Cryo2 2Obs 1 No Schoof 25 No 

26 SSA Cryo2 1Obs 4 No Schoof 50 No 

27 SSA Cryo2 Control 4 No Schoof 50 No 

28 SSA Cryo2 1Obs 1 5 years Schoof 50 No 

29 SSA Cryo2 1Obs 1 18 years Schoof 50 Yes* 

30 SSA Cryo2 1Obs 1 No Weertman 50 No 

Table 3-1. Summary of model inputs. 

Model physics and inputs are summarized in the first six columns. The last column indicates 

whether the Smith Glacier grounding line retreated over 15 km within the simulation, with starred 

entries indicating that the extent of retreat was explicitly forced.   
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Figure 3-3. Sensitivity of change in grounding line position to melt distribution and intensity. 

a.  Flowlines used for evaluation of grounding line retreat (black). Pink and purple lines indicate 

observed grounding line positions (E. Rignot et al., 2014; Scheuchl et al., 2016). b-d. Modeled 

and observed grounding line position along the centerlines of Pope, Smith, and Kohler Glaciers 

respectively for different model simulations. Zero indicates no change since 1996, negative values 

indicate retreat. Line colors indicate melt distribution: J2010 (maroon), S2016 (blue), F2014 

(gold), and Cryo2 (green). Line thickness indicates melt intensity: thin for 2Obs, thin for 2Obs. 

Line style indicates full-Stokes (solid) or shallow-shelf model (dashed). Simulations that display 

less than 2 km of grounding-line retreat on all centerlines are not shown. Triangles indicate 

observations of grounding line position, with colors corresponding to lines in a. e-g. Bed elevations 

vs distance from 1996 grounding line along the centerlines of Pope, Smith, and Kohler Glaciers 

respectively. Vertical scale matches panels b-d. Purple triangles again indicate observed grounding 

line positions through time. 
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Figure 3-4. Effect of marginal weakening on grounding-line position and velocity. 

a-c. Modeled grounding-line position through time along Pope, Smith East, and Kohler along 

flowlines shown in Figure 3-1. All simulations used 1Obs melt intensity. Colors indicate the melt 

forcing as in Figure 3-3. Solid line indicates no weakening, and dashed line indicates 4x 

enhancement within 10 km of the ice-shelf margins. Triangles show observed grounding line 

position (E. Rignot et al., 2014; Scheuchl et al., 2016). d-f. Velocity along flowlines corresponding 

to upper panels, with all simulations now using the J2010 melt parameterization. Color of line 

indicates the year (blue for 2007, green for 2014, pink for 2021). Thick lines show observations. 

Thinner lines show model results (using the J2010 melt parameterization), with dashed and solid 

patterns corresponding to the upper panels. Arrows at bottom indicate observed grounding-line 

position through time.  
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Figure 3-5. Grounding line and speed changes resulting from forced ungrounding. 

a-c. Modeled grounding-line positions along centerlines of Pope, Smith East, and Kohler 

centerlines, respectively, from Figure 3-1. All simulations used 1Obs melt intensity with no 

marginal enhancement. Line style indicates how the grounding line was treated: solid line for 

freely evolving grounding line, dashed line for forced ungrounding for 18 years (1996-2014), and 

dash-dot for forced ungrounding for 5 years only (1996-2001). Triangles indicate observed 

grounding-line positions through time (E. Rignot et al., 2014; Scheuchl et al., 2016).. Simulations 

with no change in grounding-line position after the forced ungrounding are not shown. d-e. 

Observed and modeled ice speed along centerlines from upper panels, with line color indicating 

year as in Figure 3-4. Thick lines show observations. Thinner lines show model simulations (using 

J2010 melt distribution) with line style indicating ungrounding scheme as in a-c. Color of the line 

indicates the year. Triangles at bottom indicate the observed grounding-line position in different 

years; the effect of forced ungrounding on modeled ice speed is generally restricted to the area 

around the grounding line where the surface remains relatively steep while basal resistance is 

removed.  
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Figure 3-6. Results of centennial-scale model simulations. 

a. Volume above floatation in the Smith, Pope, Kohler catchment and equivalent sea-level rise 

through time for extended simulations. All runs use 1Obs melt intensity. Color of line indicates 

melt distribution as in previous figures. Solid line corresponds to shallow-shelf model, and dashed 

line shows shallow-shelf model with enhanced margins. The difference in volume during the 

period including forcing result from different ice-flow speeds causing different calving rates. b. 

Melt rate through time. Runs are forced to observations through 2014, so melt rates correspond 

through this period, then diverge since the scaling of the melt parameterization is fixed at the 2014 

value. Note that melt rates do not directly cause loss of volume above floatation since some melt 

distributions cause melt of the shelves without significant loss of grounded ice. c-d. Grounding-

line position change through time along Smith and Kohler centerlines, respectively, from Figure 

3-1. Purple triangles again show observed grounding-line positions through time (E. Rignot et al., 

2014; Scheuchl et al., 2016).  
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Figure 3-7. Modelled and observed thinning during the ICESat era (2003-2008). 

a. Spatial distribution of thinning using the shallow-shelf model with J2010 1Obs melt. Colors 

indicate modelled thickness change while grey contours indicate observations. Black lines show 

flowlines as in other figures. Thin, blue line shows the modelled grounding line in 2008. b-e. 

Thinning through time along flowlines. Color indicates the year. Thin lines show model, thick 

lines show data derived from Operation IceBridge altimetry, ICESat-1, and WorldView/GeoEye 

DEMs. Triangles indicate grounding-line position (E. Rignot et al., 2014; Scheuchl et al., 2016). 
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Chapter 4 Holocene ice-flow speedup in the vicinity of South Pole 

Abstract. The South Pole Ice Core (SPICEcore) was drilled at least 180 km from an ice-flow 

divide. Thus, the annual-equivalent layer thicknesses in the core are affected by spatial variations 

in accumulation upstream in addition to temporal variations in regional accumulation. We use a 

new method to compare the SPICEcore accumulation record, derived by correcting measured layer 

thicknesses for thinning, with an accumulation record derived from new GPS and radar 

measurements upstream. When ice speeds are modeled as increasing by 15% since 10 ka, the 

upstream accumulation explains 77% of the variance in the SPICEcore-derived accumulation (vs. 

22% without speedup). This result demonstrates that the ice-flow direction and spatial pattern of 

accumulation were stable throughout the Holocene. The 15% speedup in turn suggests a slight (3-

4%) steepening or thickening of the ice-sheet interior and provides a new constraint on the 

evolution of the East Antarctic Ice Sheet following the glacial termination. 

Plain Language Summary. Understanding past changes in the flow of Antarctic ice is key to 

contextualizing modern glacier speedup and retreat, but there are few estimates of past flow speeds 

in the Antarctic interior. We used a new method to compare a direct record of the past 10,000 years 

of snowfall accumulation near South Pole, derived from layers in the new South Pole Ice Core, 

with an estimate of the snowfall upstream over the last 150 years. By seeing how these records 

correlate, we provide a new constraint on past ice flow in the region, showing that the flow 

direction has been unchanged for 10,000 years while flow speeds have increased slightly during 

that time. This analysis also shows that most of the variations of layer thickness in the South Pole 

Ice Core result from ice flow rather than variations in accumulation through time. These results 

provide new data that can help improve models of ice flow over the last 10,000 years. 
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4.1 Introduction 

The East Antarctic Ice Sheet (EAIS) contains enough ice to raise sea level by ~53 m (Fretwell et 

al., 2013). However, for the EAIS to significantly contribute to future sea level, interior ice flow 

must speed up to evacuate currently slow-moving ice to the coast, a phenomenon that is not well 

constrained by observations. Ice-sheet models suggest the EAIS may be more responsive to 

climate changes than previously thought (e.g., DeConto & Pollard, 2016), and some models show 

that destabilization of marginal basins may rapidly cause thinning of the ice-sheet interior (Mengel 

& Levermann, 2014). Observations of past thickness and velocity changes of the EAIS can provide 

a useful constraint on such models. 

Since ice-sheet thickness is affected by both accumulation and ice flow, information about past 

thickness is a useful constraint on both these quantities. Cosmogenic exposure dating of bedrock 

outcrops has been used to infer hundreds of meters of thinning near the East Antarctic margins 

during glacial termination, likely as a result of grounding-line retreat (e.g., Mackintosh et al., 

2014). However, there is no exposed bedrock to constrain thinning in the EAIS interior. Ice cores 

provide one of the few direct sources of information about ice and climate history in the ice-sheet 

interior. For example, measurements of ice-core total gas content suggest ~100 m of thickening 

from the glacial to present at Vostok (Lorius et al., 1984), though poorly constrained firn-air 

content and atmospheric pressure lead to large uncertainties (Martinerie et al., 1994). Ice-core layer 

thicknesses suggest that EAIS thickening resulted from a ~50% accumulation increase from the 

glacial into the Holocene, with relatively steady accumulation since ~11 ka BP 1950 (hereafter 

simply ka; e.g., Veres et al., 2013). Targeted ice-flow models tuned to ice-core age and temperature 

records have been used to infer ~150 m of thickening at Domes C and Fuji from the Last Glacial 

Maximum to present (Parrenin et al., 2007). Continental-scale models forced by ice-core climate 
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histories also show similar changes in the EAIS interior (e.g., Golledge et al., 2012; Pollard & 

DeConto, 2009). 

Despite Holocene (10.1 ka to present) thickness-change estimates for the EAIS interior, 

observational constraints on Holocene ice flow remain elusive. Here, we present a new constraint 

on the Holocene flow history near South Pole, where the present-day ice-flow speed is about 10 

m/yr (Figure 4-1).  Accumulation rates in the region are ~8 cm water-equivalent per year (Casey 

et al., 2014) and the ice is approximately 2700 m thick (Fretwell et al., 2013). This region is near 

the onset of Academy Glacier and the Support Force and Foundation Ice Streams, which drain into 

the Filchner-Ronne ice shelf (e.g., Wu & Jezek, 2004). Bingham et al. (2007) used internal radar 

reflections to infer a regional pattern of ice flow with faster flow in ice-stream tributaries. Beem 

et al. (2017) further analyzed deep radar structure and performed temperature modeling to infer a 

reorganization of ice flow and cessation of basal sliding prior to the Holocene (16.8-10.7 ka) but 

neither examined Holocene ice flow.  

An intermediate-depth (1750 m) ice core (SPICEcore) was drilled at South Pole between 2014 and 

2016. South Pole is at least 180 km from any ice divide, so the thickness of a packet of ice formed 

over a certain length of time (hereafter termed “layer thickness) in SPICEcore contains information 

about both spatial and temporal accumulation variations. The spatial variability has the potential 

to complicate interpretation of the climate history from the core, but here we use new field 

measurements to separate the spatial and temporal components of accumulation variability at the 

SPICEcore site. We then use the spatial variability to constrain the Holocene ice-flow history 

upstream. 
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4.2 Methods 

To assess Holocene ice-flow conditions near South Pole, we compare two estimates of 

accumulation through time. The first is the SPICEcore-derived accumulation estimate, which 

incorporates information about both spatial and temporal variations in accumulation, but these 

influences are not easily separated. The second is an estimate of the component of the accumulation 

variations that would result from advection of the spatial pattern of accumulation upstream, 

inferred from geophysical (GPS and radar) measurements upstream. Combining this geophysically 

derived accumulation estimate, which contains purely spatial information, with the SPICEcore-

derived history, which contains a mix of spatial and temporal information, allows the spatial and 

temporal records to be separated, yielding insight into Holocene variations in both ice flow and 

accumulation. 

4.2.1 SPICEcore-derived accumulation history 

The SPICE-core derived accumulation history is comprised of layer thicknesses measured in the 

core converted to accumulation using a model of the vertical component of ice flow. We derived 

a depth-age relationship for SPICEcore by matching the pattern of volcanic events (Rasmussen et 

al., 2013) identified with electrical conductivity measurements (Hammer et al., 1994) to ECM and 

Sulfur/Sulfate measurements of the annually resolved West Antarctic Ice-Sheet (WAIS) Divide 

ice core (Sigl et al., 2016). A total of 55 matches spanning 135 to 10,116 years BP 1950 (33.1 to 

728.4 m) were found (Figure 4-2c; example matches in Figure C-3Error! Reference source not 

found.). We calculate the average annual-layer thickness between each pair of dated layers from 

the differences in their depths and differences in their ages (Figure 4-2d). 

SPICEcore layer thicknesses are affected by three modes of variability (e.g. Waddington et al., 

2007): advection of spatial variability in accumulation; temporal variability in accumulation at the 
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point where the parcel of ice originated; and post-depositional strain thinning due to ice flow. Our 

subsequent analysis uses only layers within the top third of the ice sheet, where the effects of strain 

thinning are relatively well constrained. We use a one-dimensional ice-flow model (Dansgaard & 

Johnsen, 1969), to estimate strain thinning of the SPICEcore layer thicknesses. For subsequent 

analysis, we “un-strain” the SPICEcore layer thicknesses to obtain the ice-equivalent thickness of 

these layers when and where they were deposited (Figure 4-2e). The result is a history of the 

accumulation rates at the variable times and places where different parcels of ice in SPICEcore 

originated upstream. The resulting accumulation history is essentially trendless with time, 

providing a check that the ice-flow thinning function is reasonable. 

4.2.2 Geophysically derived accumulation estimate 

The geophysically derived accumulation estimate was determined by using our new measurements 

of ice-flow velocity vectors to determine the flowline into the SPICEcore site, then using new 

shallow radar profiles to infer the accumulation along this flowline. 

4.2.2.1 Ice-flow velocities 

The ice-flow velocity field was determined using repeat GPS surveys of pole positions (Figure 

4-1). Accurate satellite velocity measurements are inhibited by the slow velocities in the region 

and by the oblique look angle of the few available satellite passes (Jeremie Mouginot et al., 2012; 

E Rignot et al., 2011). The modern flowline into the SPICEcore site (Figure 4-1) was determined 

by recursively stepping upstream in the direction opposite the velocity vectors (interpolated 

linearly from the GPS measurements) to obtain positions along the flowline (for details of GPS 

and flowline calculations, see Appendix C.1). 
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4.2.2.2 Spatial pattern of accumulation 

Conversion of shallow radar-layer depths to accumulation rates requires knowing the layer ages. 

To determine the age of the radar layers discussed below, in January 2017 our team drilled a 

shallow (126 m) firn core (USP50) 50 km upstream from South Pole (Figure 4-1). We dated the 

USP50 firn core by matching volcanic events identified with ECM to either SPICEcore or WAIS 

Divide ECM and Sulfate (Table C-1). There are 16 match points between 1089 and 1877 CE (106.3 

m and 22.15 m depth at ages 927 and 139 years respectively). To date each layer, we first found 

its depth in the radar trace closest to USP50. We then linearly interpolated between USP50 depths 

with ages known from the volcanic match to determine the ages of the radar layers. 

We collected 238 line-km of 200-MHz radar data along and across the flowline leading to 

SPICEcore (for details, see Appendix C.2). Attenuation rates are low in the cold firn near South 

Pole, so radars operating at this frequency can image layers down to around 100 m depth. In the 

along-flow profile, we traced 16 continuously imaged layers for 100 km upstream from South Pole 

(Figure 4-3), and we also traced one of these layers, which was ~23 m deep, in our across-flow 

transects. This layer, which we dated to 1866 (150 years old), is old enough to average out annual-

to-decadal-scale variability in accumulation, yet shallow enough to reduce the influence of 

horizontal advection on the inferred accumulation rate (for details, see Appendix C.3). The 

accumulation rate, in meters of ice equivalent per year, was found by integrating the density profile 

of the USP50 core above this layer at each radar trace and dividing by the layer age obtained from 

the ECM measurements of the USP50 core.  

We used density profiles measured along four cores in the vicinity of South Pole to estimate the 

uncertainty in accumulation contributed by regional density variations; we find that these 

variations are small compared to the variation in accumulation rate inferred by variations in layer 
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depth (see Appendix C.4). To determine sensitivity of accumulation rate to the position of the 

flowline, we calculated a decorrelation length, defined as the lag distance at which the spatial 

autocorrelation of the accumulation rate becomes insignificant at the 95% confidence level (see 

Appendix C.5). 

4.2.2.3 Estimated accumulation variations  

From the data described above, we estimate the variations in accumulation expected to advect to 

the SPICEcore site at different times given the hypothesis that the modern accumulation rate and 

pattern and ice-flow velocity upstream have not changed through the Holocene. While constant 

accumulation rate and pattern, and constant ice-flow direction, began as hypotheses of our 

analysis, the correlations that we later show demonstrate their correctness. We first determined the 

modern accumulation rate at each point along the flowline using the depth of the 150-year layer at 

the nearest radar trace (Figure 4-2a and b). The spatially-integrated reciprocal of the horizontal 

velocity between SPICEcore and each point along the flowline determines that point’s transit time 

to SPICEcore; in this region Holocene ice is in the upper ~600 m of the ice sheet, so surface 

velocities represent the horizontal flow speed along the entire paths of particles advected to 

SPICEcore. We use these transit times to convert the accumulation rate along the flowline into an 

accumulation as a function of transit time to the SPICEcore site (Figure 4-2f). 

4.2.3 Correlation between accumulation records 

Since both accumulation estimates are functions of time, comparison of these estimates can be 

done directly without knowledge of the exact path particles traversed to arrive at different depths 

in SPICEcore. Previous work on past accumulation near other ice cores has been forced to rely 

upon calculating particle paths (e.g., Koutnik et al., 2016), and so by avoiding this dependence our 

methods eliminate a significant source of complexity and uncertainty. To calculate the correlation 
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between accumulation records, we first binned the geophysically derived accumulation estimate 

into the intervals between dated layers in SPICEcore, since this is the temporal resolution of the 

SPICEcore-derived history. We limited the analysis to intervals between 1.3 ka and 10.1 ka. For 

ages younger than 1.3 ka, the radar line is more than 1 km from the flowline due to data-collection 

restrictions near South Pole Station. For ages older than 10.1 ka, the large variations in 

accumulation during the glacial termination (e.g., Bazin et al., 2013; Fudge et al., 2016) complicate 

the correlation analysis because assumptions about temporally variable accumulation and flow are 

required. We calculated Pearson’s correlation coefficient (r) between accumulation records for all 

43 dated intervals between 1.3 ka and 10.1 ka to determine the amount of variance explained (r2). 

Given different hypotheses about velocity changes upstream of SPICEcore, this analysis can be 

repeated to determine if the accumulation estimates derived from any alternative velocity histories 

better explain the variance in the SPICEcore-derived history than the constant-velocity model 

does. The highest correlation with the SPICEcore-derived accumulation history is expected from 

the flow speed that best matches the actual conditions through the Holocene. For simplicity, we 

retain the hypothesis that accumulation rates and flow directions were stable at their modern 

values, but we evaluate the effect of hypothesized linear temporal variations in speed from either 

slower or faster than modern at 10.1 ka to modern speeds at present. For each of these hypothesized 

changes in flow speed (we used a range from 30% slowdown to 60% speedup in 1% increments), 

we recalculated the age at points along the flowline using the transit time between those points and 

the SPICEcore site. By interpolating the accumulation rates onto these points, we inferred 90 

alternate estimates of the annual-layer thickness that would be advected to the SPICEcore site. We 

then computed the correlation between each new estimate and the SPICEcore-derived history. For 

all estimates, accumulation is nearly trendless with time, and thus correlation with the SPICEcore-
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derived history is driven by alignment of the high-frequency variability in the accumulation 

estimates. 

4.3 Results 

Surface velocities range from ~10 m/yr near SPICEcore to ~3 m/yr at 100 km upstream (Figure 

4-1, Table S2). Flow towards South Pole is generally along the 140E meridian, though 100 km 

from SPICEcore the flow aligns closer to 160E, indicating the ice originates from Titan Dome 

(Figure 4-1). At modern speeds, ice 100 km upstream would take ~17,000 years to reach the 

SPICEcore site, while ice at 70 km would take ~10,000 years. Uncertainty in the GPS 

measurements (~1-6 cm in each horizontal direction) introduces an uncertainty of less than 1% in 

the velocity with the smallest velocity uncertainties nearest to South Pole because of the higher 

velocities. The GPS uncertainties have a minimal impact on the flowline position: at 70 km, the 

standard deviation is 0.24 km along or across flow (equivalent to 31 years in the along flow 

direction) along flow and at 100 km the standard deviation is 0.9 km (equivalent to 293 years along 

flow). 

The accumulation rate along the flowline is 91.5 cm/yr (ice equivalent), with no statistically 

significant spatial trend. The accumulation-rate pattern decorrelates after a radius of 0.9 km across 

flow and 1.8 km along flow. The relatively short across-flow profile suggests the along-flow 

estimate is more reliable, but both length scales are several times larger than the 95% confidence 

bounds on the modern flowline during the 1.3-10.1 ka interval.  

The correlation between accumulation records is shown in Figure 4-4. The variance explained is 

calculated with each interval weighted equally regardless of its duration. Appendix C.6 and  Figure 

C-3Error! Reference source not found. show correlations with three additional methods of 

weighting the layers; they all produce similar correlations (maximum r2 values for each method 
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range from 0.72 to 0.81). Figure 4-4d shows the fraction of variance of the SPICEcore-derived 

history explained by the model for different linear trends in velocity; a positive value for the speed 

change indicates the speed was slower than today at 10.1 ka, and a negative value indicates the 

speed was faster than today. Speedups between 3 and 33% all result in geophysically derived 

estimates that are correlated with the SPICEcore-derived history at the 95% confidence level (see 

Appendix C.5). For all methods of weighting the intervals, the variance explained is maximized 

with a 14-15% speedup during the Holocene, i.e. speeds were likely ~15% slower at 10.1 ka than 

at present. With the 15% speedup applied, the model explains 77% of the variance in the 

SPICEcore-derived history, while with no speedup 22% of the variance is explained. Because a 

15% speedup is large compared to the age uncertainty in the modern flowline (<1% at 10 ka), it 

represents a real change in velocity rather than poor measurement of present-day flow. 

4.4 Discussion 

In order to interpret our results as a constraint on flow speed and direction, we use the across- and 

along-flow variations in accumulation rate to determine how flow change would have affected the 

correlation. Because the decorrelation length of the upstream accumulation rate is large compared 

to the uncertainty in the modern flowline, the correlation between the SPICEcore-derived history 

and the geophysically derived estimate is insensitive to the uncertainty in the modern velocities. 

However, relatively minor (2 km) horizontal variations of past flow would have caused significant 

changes to the correlation. Thus, the high correlation between the SPICEcore and upstream records 

implies that neither the position of the flowline nor the accumulation pattern changed by more than 

two kilometers in the past ~10 ka, confirming the hypothesis that these quantities have been 

approximately constant through the Holocene. 
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We have chosen one simple parameter (linear change in ice-flow speed) to vary in this analysis in 

order to match the SPICEcore-derived accumulation history. More free parameters (e.g. 

temporally variable accumulation or flow direction) almost certainly would allow tuning to explain 

more of the variance in the SPICEcore-derived history, but additional data are required to prevent 

overfitting if more free parameters are added to the model. Future work could attempt to utilize 

additional data, such as additional radar layers, with the goal of uniquely inferring more complex 

changes. 

The pattern of accumulation (Figure 4-3), and the relatively small spatial scale on which it varies, 

suggests that the pattern of snowfall is controlled by persistent surface topography (e.g., Hamilton, 

2004). We are unable to find a simple relationship between the accumulation pattern and the 

surface elevation, slope, or curvature along the flowline. This contrasts with Hamilton (2004), who 

found a qualitative relationship between the accumulation rate in a firn core at South Pole and the 

surface slope for ~8 km upstream, where the ice originated for the past 800 years. However, 

accumulation patterns are likely controlled by topography in the wind direction rather than the 

flow direction (e.g., Arcone et al., 2005). South Polar winds primarily come from ~30E (Lazzara 

et al., 2012), which is oblique to our radar profiles, so we cannot assess the relationship between 

accumulation and along-wind topography. 

The small (23%) residual variability in the SPICEcore-derived accumulation not explained by the 

geophysically derived accumulation estimate represents the sum of temporal variability in climate, 

and any incorrect assumptions in our analysis. The key assumption used to separate the spatial and 

temporal variations in layer thickness is that the temporal signal is not correlated with the spatial 

pattern upstream; because we perform the analysis with the same 150-year accumulation interval 

for all distances upstream, this assumption is valid. Thus, we attribute the correlation solely to 
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advection of conditions upstream, while the residual primarily represents the temporally variable 

processes that decrease the correlation. The residual layer-thickness variability (5% for interval 

lengths > 50 years) is similar to the temporal variations in accumulation rate inferred from other 

East Antarctic sites (4-7%; Veres et al., 2013), but is less than half of WAIS Divide (13%; Fudge 

et al., 2016). Thus, it is unlikely that the relatively large Holocene accumulation variations at 

WAIS Divide extended to the South Pole region. 

A 15% increase in velocity through the Holocene could have resulted from small, gradual increases 

of thickness or surface slope in response to deglaciation. Assuming no sliding, as suggested by 

modeled temperature-depth profiles near South Pole (Beem et al., 2017; Price et al., 2002), the 

surface velocity of ice is proportional to the third power of the surface slope and the fourth power 

of the ice thickness (e.g., Cuffey & Paterson, 2010). Thus, a 4.4% increase in slope (~0.65 m/km) 

would result in a 15% speedup. This change is reasonable given the increase in accumulation in 

the interior of the EAIS prior to 10.1 ka (e.g., Bazin et al., 2013; Parrenin et al., 2007) and the 

~350 m thinning ~800 km downstream on the Foundation Ice Stream between ~10 and 2.5 ka 

(Bentley et al., 2017). A thickening of 3.3% (~90 m), could also cause 15% speedup. Such 

thickening is consistent with the ~150 m of thickening found by ice-flow models, both continental 

scale (e.g., Golledge et al., 2012) and targeted to ice-core sites in the EAIS (Parrenin et al., 2007), 

though models differ as to whether thinning has continued at constant rates since 17 ka or has 

slowed through time. Thus, a 15% speedup is consistent with current estimates of Holocene 

changes to ice-sheet geometry. 

Ice-flow models of Antarctica for the Holocene differ even as to the sign of the velocity changes 

near South Pole. For example, recent improvements to a well-established model have resulted in 

an estimate of 50% speedup rather than 11% slowdown (Pollard et al., 2016; Pollard & DeConto, 
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2009), though data to with which to compare such changes were absent. Our inferred speedup 

provides an important source of validation for the EAIS-interior ice-flow speeds produced by this 

type of model of deglaciation. 

4.5 Conclusions 

We have used a new method to compare two estimates of past accumulation near South Pole. Our 

work yields two primary insights. First, the majority of variance in SPICEcore-derived 

accumulation history is due to advection of temporally consistent spatial variations in 

accumulation upstream; most of the Holocene variability in SPICEcore layer thicknesses is not 

from changes in climate. Second, ice-flow speed near South Pole has increased approximately 

15% during the Holocene. We are unaware of previous estimates of Holocene ice-flow velocities 

of the EAIS; prior work on past variations in ice velocity is limited to West Antarctica (e.g., Hulbe 

& Fahnestock, 2007; Ng & Conway, 2004). Our results support the overall findings of studies 

focused on EAIS thickness history, which generally infer that the EAIS experienced grounding-

line retreat at the margins and modest thickening inland in response to the accumulation rate 

increase during the Holocene compared to glacial conditions (e.g., Mackintosh et al., 2014; 

Parrenin et al., 2007). Our measurements from South Pole can be used to assess the response of 

models of the EAIS to glacial-interglacial change and thus help constrain projections of EAIS 

contribution to future sea level rise. 
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Figure 4-1 Flowline reaching SPICEcore.  

Black circles indicate the time ice takes to flow to SPICEcore, in thousands of years, with ticks 

every 1000 years. Note that the South Pole is contained within the star representing SPICEcore. 

Colors along the flowline show uncertainty in transit time. Gray shaded region shows 95% 

confidence interval on the flowline. Vectors show GPS velocities at stakes locations; note, one 

stake was only surveyed once and does not have a velocity measurement. Black line indicates the 

3130 m contour, which contains Titan Dome (Fretwell et al., 2013). Red box on inset shows 

location of main panel in the vicinity of South Pole, and blue outline indicates the drainage area 

of Academy Glacier through which ice from South Pole is thought to drain (E Rignot et al., 2011). 
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Figure 4-2 Methods used for correlation. 

Gray arrows indicate the steps used to derive the datasets used for correlation. a. Relevant 

geometry. Shaded blue region shows the ice along the flowline to SPICEcore. Upper gray region 

shows shallow radar data; orange line is the layer traced to infer accumulation (layer 4 in Figure 

3b). Illustrations of GPS receivers and vectors represent variations in ice-flow speed at 

measurement locations; speed decreases upstream from SPICEcore. Dashed, black lines show 

estimated particle paths from locations that reach SPICEcore; these lines are solely illustrative, as 

the exact paths are not needed in our analysis. Thick, black and red vertical lines show the locations 

of SPICEcore and USP50 respectively, with white marks showing the depth of dated layers in the 

cores. b. Spatial pattern of accumulation from layer 4. The integrated reciprocal of the velocity 

downstream of each point yields its transit time to SPICEcore (secondary x-axis). c. Age vs. depth 

at SPICEcore derived from ECM measurements. d. SPICEcore annual layer thicknesses. e. 
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SPICEcore-derived accumulation history. Less the error in the thinning function, this is the actual 

spatial and temporal variability in accumulation incorporated into SPICEcore. Red arrow 

emphasizes that this panel adds a modeled component to the data-based (c) and (d). f. 

Geophysically derived accumulation vs time (as in (b) but binned and plotted against transit time). 
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Figure 4-3 Shallow radar data used to determine the spatial pattern of accumulation. 

a. Colors show depth of layer 4 from (b) compared to its mean, which is a proxy for accumulation 

rate over the last ~150 years. Green indicates shallower than average, brown indicates deeper. 

Solid black line shows the present-day flowline. Blue star and pink triangle indicate SPICEcore 

and USP50, respectively. Background shows satellite imagery (Haran et al., 2013); the scale and 

of features give a sense of kilometer-scale surface variability surrounding our survey. b. Radar-

detected layers along the flowline (numbered on the right). Here, we use layer 4. Pink, dashed line 

indicates location of USP50.  
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Figure 4-4 Correlation between accumulation records. 

An identical figure incorporating uncertainty envelopes is included as Figure C-4. a. 

Geophysically derived accumulation rate as a function of transit time using modern velocities 

(orange) and applying the linear 15% increase in speed through the Holocene (i.e. with speeds 

15% slower than modern at 10.1 ka) that maximizes correlation (red). Vertical lines show ages 

when SPICEcore is dated. b. Geophysically derived accumulation estimate without speedup 

(orange) and SPICEcore-derived accumulation history (blue). Thick lines show intervals between 

two dated layers in the core (the effective resolution); thin lines linearly connect these intervals for 

visual continuity). c. Same as (b), but the geophysically derived estimate incorporates a 15% 

speedup (red). d. Correlation coefficient between the accumulation estimates for different linear 

trends in Holocene speed. Positive speed change indicates speedup since 10.1 ka and negative 

change indicates slowdown since 10.1 ka. Dashed gray line indicates 95% confidence that the 

records are correlated. Dots show the correlations between the pairs of curves in b and c, 

respectively. 
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Appendix A. Supplementary materials to Chapter 2 

A.1 Evidence against marine ice accretion on Dotson 

Significant marine ice accretion downstream of the transverse portion of the channel on Dotson 

should cause a discrepancy between measurements of freeboard and ice thickness.  Ice penetrating 

radar generally does not penetrate into saline marine ice (Crabtree & Doake, 1986; Robin et al., 

1983; Thyssen, 1988), so the bottom reflector from the MCoRDS radar comes from the fresh/saline 

transition in areas with accreted ice.  The radar measurement thus indicates the thickness of fresh 

ice only, while the freeboard is determined by the total ice thickness, including marine ice.  In 

areas of marine ice, the difference between the full thickness and the fresh ice thickness should 

cause the actual freeboard to be greater than that which would be calculated from the thickness of 

the fresh ice alone. 

 To determine whether there is marine ice accretion on Dotson, we calculate an expected freeboard 

from ice-thickness measurements made by the MCorDS radar and compare this expected freeboard 

to surface elevations measured simultaneously by the ATM.  To calculate freeboard from the 

MCorDS radar product, two firn corrections must be made: (1) radar waves propagate at different 

speeds in ice and firn, which is not accounted for in the estimates of thickness from the MCorDS 

radar and (2) the total thickness of the shelf includes the air in the firn, so the freeboard is greater 

would be expected if the full column were the density of ice.  To correct for the propagation speed 

difference, we calculate the 2-way travel from the MCorDS thickness, then convert that value back 

to depth using a propagation speed that accounts for firn-air content.  We calculate a floatation 

height from this thickness by assuming the column is pure ice, then add to that the thickness of the 

air column to obtain the final estimate for expected freeboard.   For both of these calculations, we 
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assume a constant firn-air content of 13 m.  This value is near the median of the spatially variable 

values we calculate in the main text, and using a spatially constant value prevents aliasing marine 

ice as variations in firn-air content.  We compare surface elevations calculated using hydrostatic 

equilibrium to the surface elevations from the ATM, which we reference to the EGM2008 geoid 

and interpolate onto the MCoRDS data using the 5 nearest points, slope correcting and weighting 

by inverse square distance. 

Along flight lines approximately parallel to flow, we find that the freeboard height calculated from 

ice thickness corresponds to measured surface elevation with standard deviations ranging from 

2.9-4.3 m.  The channel has a surface expression of 10 m over large portions of these flightlines 

and up to 15 m in places, so the channel is deep compared to the errors in our method.  We the 

calculated freeboard to have 3-4 m bias towards a higher surface than the direct freeboard 

measurements, opposite of what is expected if marine ice is present.  Further, we find no 

correlation between distance along flow and misfit between observed and measured ice thickness.  

If marine ice accreted downstream of this channel, we would expect a trend towards the hydrostatic 

calculation of freeboard being smaller than the freeboard measured with the ATM farther 

downstream.  Thus, we conclude that the thickening downstream of the channel on Dotson is not 

caused by marine ice accretion, but rather by dynamic thinning or a temporal change in melt. 

A.2 Calculation of melt rates following Khazendar et al. (2016) 

We converted the thinning rates in Khazendar et al. (2016), which represent anomalous thinning 

under the assumption of no dynamic thinning, to melt rates using the flux divergence.  As in 

Khazendar et al., we first calculated the thinning rate at each crossover of the MCorDS radar over 

Crosson and Dotson, and our values for the thinning rate agree to within error for the 27 points 

that they do not identify as anomalous (Table S2).  To obtain the flux divergence correction, we 
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resampled velocity and ice thickness to a 1000-m grid and calculated the flux divergence at each 

grid point.  We then linearly interpolated the flux divergence from the grid to each radar crossover 

and subtracted this value from the thinning rate to obtain the melt rate.  We plot the melt rate in 

Figure A-1 and present the values inTable A-1.  The peak value we find (187 m a-1) is greater than 

the peak thinning rate found in Khazendar et al. (2016), though the magnitude of melt that we find 

is generally comparable to the thinning rates in the area.  The distribution of melt is different than 

the distribution of thinning found in Khazendar et al. (2016), but as expected melt is highest near 

the grounding line and decreases downstream.  These recalculated values are still sensitive to 

advection of heterogeneous properties of the shelf (e.g. crevasses or parcels of thick ice) that are 

not accounted for in the flux divergence, and thus may not be representative of melt. 
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Figure A-1. Melt rate anomalies. 

Calculated using the thinning rate and flux divergence, at crossover points of Operation Icebridge 

flightlines 2009-2014.  Color indicates melt rate, and shape of the symbol indicates the years of 

crossover. Dashed lines show grounding lines, and the solid white line indicates the flightpath 

repeated in 2002 and 2009. See Khazendar et al. (2016). 
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Figure A-2. Depth-integrated porosity (firn-air content) over Crosson and Dotson ice shelves. 

Colors in the background show gridded product, colored circles show individual radar traces from 

the MCoRDS radar.  
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Point 

Number 

𝜕𝐻 𝜕𝑡⁄ (m a-1) 𝜕𝐻 𝜕𝑡⁄  (m a-1) from 

(Khazendar et al., 2016) 

Anomalous melt rate (m a-1) 

1 -2 -3 23 

2 -10 -10 10 

3 49 38 63 

4 27 30 50 

5 2 5 1 

6 51 44 106 

7 139 129 127 

8 24 16 42 

9 20 14 46 

10 0 -2 36 

11 43 37 66 

12 59 51 48 

13 36 18 37 

14 66 57 -30 

15 41 44 3 

16 59 65 -7 

17 88 83 187 

18 37 32 72 

19 22 13 69 

20 35 33 64 

21 21 19 48 

22 15 15 37 

23 -13 -20 -13 

24 -15 109 34 

25 -18 -9 10 

26 22 19 37 

27 10 13 21 

28 18 19 30 

    

Table A-1. Comparison of values for thinning and melt rate. 

We retain the numbering of points used in that Khazendar et al. (2016)’s supplementary material.  

Columns 2 and 3 show the thickness changes estimated here and that paper respectively.  Column 

4 shows the melt rate, calculated by subtracting the flux divergence from the thinning rate.  Note 

that Khazendar et al. identify point 24 as anomalous, though the value we calculate is similar to 

others in the area. 
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Appendix B. Supplementary materials to Chapter 3 

B.1 Model initialization 

The modeled ice temperature depends on the inferred basal shear stress and ice viscosity because 

of their effect on strain heating within the ice and frictional heating at the bed, and the inferred 

velocity field depends on the temperature because the rheology of ice depends on its 

temperature. This coupling thus necessitates recursive updating of the estimates of these fields to 

reach a consistent solution that matches the observed velocity. 

B.1.1 Diagnostic temperature model 

Since vertical variations in temperature are generally larger than horizontal variations, for both 

shallow-shelf and full-Stokes models it is necessary to determine the temperature in three 

dimensions. Thus, to initialize both shallow-shelf and full-Stokes models, we used a full-Stokes 

diagnostic model to determine the temperature. The model solves the advection-diffusion 

equations for heat within the ice, accounting for heat production from internal deformation and 

from basal friction (Zwinger et al., 2007). The upper surface was fixed to the 1979-2013 mean 

temperature from RACMO 2.3 (Van Wessem et al., 2014), and the upstream boundaries used a 

simple ice-divide temperature profile (Cuffey & Paterson, 2010). Over grounded ice, we imposed 

an incoming flux equal to the geothermal heat on the lower surface (Maule et al., 2005), while 

over floating ice we assumed that the temperature was equal to the pressure melting point. After 

finding the temperature field, we extracted the depth-averaged temperature and flow coefficient 

(𝐵) for use with the shallow-shelf model and used the inferred temperature field directly with the 

full-Stokes model. 
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B.1.2 Inversion procedure 

We separately determined the basal shear stress beneath grounded ice and the depth-averaged 

enhancement factor over floating ice that minimized the misfit between modelled velocity and 

InSAR observations from 1996. Leaving a single free parameter in each area of the domain 

prevented overfitting. For both inversion procedures, adjoint methods were used to determine the 

parameter values that caused the best fit with observations (MacAyeal, 1993; Morlighem et al., 

2010). We did not regularize the enhancement factor inversions, while for the basal shear stress 

we used an L-curve (Calvetti et al., 2000) to select the regularization coefficient. Though the 

methods were identical, this procedure was performed separately for shallow-shelf and full-Stokes 

models because the basal shear stress in particular is fundamentally different between the two 

models; because all motion is accommodated by sliding in the shallow-shelf model, basal 

resistance must generally be inferred to be lower in order to allow flow to be as fast as observations. 

The friction coefficient corresponding to the Schoof (2005) sliding law was computed from the 

basal shear stress and basal velocity fields, and then the friction coefficient and depth-averaged 

enhancement factor were used as inputs for the iterative determination of the temperature field and 

subsequently for initialization of the forward model. 

B.1.3 Relaxation 

In order to prevent spurious, transient effects caused by erroneous data from affecting our analysis, 

we allowed the model geometry to evolve for one year, using the full-Stokes model, then used the 

resulting geometry to re-determine the temperature and inferred parameters. In the context of 

ongoing changes, relaxation is necessarily a compromise between trying to capture real transient 

effects and removing artificial effects resulting from data or model errors. For example, because 

sub-shelf melt exceeded grounding-line flux which in turn exceeded basin-wide accumulation, any 
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melt forcing will necessarily be out of balance with either grounded- or floating-ice loss. During 

the relaxation, the model was forced using an estimate of the melt in 1996 (Lilien, Joughin, et al., 

2018), leading to slight mass loss during the relaxation process. Once the new geometry was 

obtained, we again iterated between temperature modelling and inverse modelling (with both the 

full-Stokes and shallow-Shelf models) to best match the velocities in 1996. These final inferred 

values, as described above, were then used as the initial conditions for the longer prognostic 

simulations.   

B.2 Model limitations 

Here we show that the central modeling results are not limited by the mesh resolution or the sliding 

law. 

B.2.1 Model resolution 

We ran simulations using both the full-Stokes and shallow-shelf models at three resolutions to 

determine whether the meshes used were sufficiently fine to accurately capture grounding-line 

dynamics. We used 300 m, 500 m, and 1000 m horizontal grounding-line resolution, with 

resolution away from the grounding line ten times coarser in all cases. These meshes had 3, 7, and 

9 vertical layers, respectively, for the full-Stokes runs. The evolution of the grounding line for each 

of these resolutions is shown in Figure B-1. We find that the mesh resolution affects the timing of 

retreat, the change is only ~10 years for the shallow shelf model and ~5 years for the full-Stokes 

model. However, whether retreat occurs, and the rate at which it occurs once initiated, is similar 

regardless of mesh resolution. In light of this similarity, and past studies that have indicated that 

300 m is sufficient resolution near the grounding line (Pattyn et al., 2013; Hélène Seroussi & 

Morlighem, 2018; Sun et al., 2016), we consider the 300 m runs sufficiently resolved for 

meaningful interpretation. 
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B.2.2 Sliding law 

All the simulations discussed in the main text were conducted using a Coulomb-type sliding law 

(O. Gagliardini et al., 2007; C. Schoof, 2005). For comparison, we ran set of four simulations using 

the shallow-shelf model, each with different melt forcing at 1Obs intensity, using a Weertman 

sliding law with 𝑚 = 3. The rate of grounding line retreat is relatively insensitive to using this 

other sliding law, though some differences in timing are observed (Figure B-2). We do not further 

interpret the differences between these runs, but simply note that our primary conclusions about 

what forcings result in grounding-line retreat are not sensitive to the choice between these 

commonly used sliding laws. However, we consider the coulomb-type sliding law to be the best 

choice for such simulations given present knowledge about the sliding process; multiple studies 

have found nearly plastic behavior underneath fast-moving ice and Weertman sliding with smaller 

exponents in slower moving regions (Gillet-Chaulet et al., 2016; I. R. Joughin et al., 2009). 
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Figure B-1. Sensitivity of grounding line position to mesh resolution.  

a-c. Position of grounding line through time along transects of Kohler, Smith, and Pope 

centerlines, respectively, from Figure 3-1. Line style indicates model physics: solid for full Stokes 

and dashed for shallow shelf. Line thickness indicates mesh resolution near the grounding line, 

with thicker lines indicating higher resolution. Purple triangles indicate observed grounding-line 

positions through time. 
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Figure B-2. Sensitivity of grounding-line position to sliding law. 

a-c. Position of grounding line through time along transects of Kohler, Smith, and Pope 

centerlines, respectively, from Figure 3-1. Line style indicates sliding law, with the Schoof (2005) 

sliding law that was used in the main text as the dashed lines and a Weertman sliding law with 

exponent 𝑚 = 3 as the dotted line. Color indicates melt forcing used. Purple triangles indicate 

observed grounding-line positions through time. 
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Appendix C. Supplementary material to Chapter 4 

C.1 Flowline determination. 

The ice-flow velocity field was determined using GPS methods because satellite measurements 

are not accurate near South Pole. We conducted a GPS survey in the region upstream of South 

Pole over the course of three field seasons. The survey extended along lines of longitude at 10° 

intervals from 110° to 180°E with stakes placed at 0.112 (~12.5 km) latitudinal intervals; the 

network consisted of 56 stakes (Figure 4-1). Stakes were placed and surveyed, then resurveyed 1-

2 years later. Horizontal velocities were calculated from the offsets between occupations. 

Velocities range from 3 to 10 m/yr, with errors of 2 to 25 cm/yr in each horizontal direction 

(generally ~1% of the velocity). 

The measured velocity field was used to determine the modern flowline. Starting at the SPICEcore 

drill site, we recursively stepped upstream by one-year intervals in the direction opposite the 

velocity vectors to obtain yearly positions along the flowline. To find the velocity at each step, we 

used a piecewise-linear interpolation of the GPS point-stake measurements on a Delaunay 

triangularization of the data. Uncertainty in the flowline was determined using a Monte-Carlo 

method with 10,000 realizations of the horizontal components of each velocity measurement 

varied independently and randomly within their uncertainty distributions. This propagation of 

uncertainty ignores errors in the interpolation method, though a piecewise-cubic interpolation does 

not change the flowline outside the 95% confidence interval of the linear interpolation. 
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C.2 Radar Processing 

 Radar data were collected using a GSSI SIR-4000 controller and a 200 MHz antenna. The 

antenna was on a sled ~5 m behind a snow machine, and the location of the radar was determined 

using a Garmin 18x GPS receiver attached to the hood of the snow machine. A full profile 

approximately following the GPS-determined flowline for 100 km upstream of South Pole was 

concatenated from 10-15km segments.  The radar profile started 1 km upstream of the SPICEcore 

drill site and differed from the GPS-determined flowline by more than 1 km at points during the 

first ~12.5 km where the South Pole Station and associated restricted-use zones limited travel. 

Several profiles perpendicular to the flowline were also acquired; 10 km profiles were acquired at 

12.5, 25 and 100 km and a 30 km profile was acquired at 50 km. Individual radar waveforms were 

stacked, using 50 traces horizontally, and then filtered horizontally using a Butterworth bandpass 

filter that passed wavelengths of 10-100 traces; the horizontal bandpass was necessary to remove 

spurious low-frequency changes in depth-integrated power return. A Butterworth bandpass filter 

with cutoff wavelengths of approximately 0.13 and 0.31 m was applied in the vertical direction. 

Layers were traced semi-automatically using the GSSI Radan software; points along layers were 

picked manually every ~20 traces, and the software uses a maximum-amplitude algorithm to 

interpolate between picks. Finally, the measured two-way travel time through the firn was 

converted to depth using the density-dependent relative dielectric permittivity (Wilhelms, 2005). 

 We use a closed loop traced in the radar data to assess how accurately we are able to 

continue tracing the same layer over long distances. The loop is comprised of two transects at 12.5 

and 25 km from South Pole, connected by a profile at their eastern margin. Tracing of the cross 

profiles comprising the loop began at the intersection 25 km from South Pole, and layer depths 

were matched at that location. At the point 12.5 km from South Pole, the loop had become biased 
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by 25 cm compared to the flowline transect, or 1% over the 35 km comprising the loop. We thus 

estimate the total potential bias in the inferred accumulation rate caused by erroneously switching 

the layers we traced to be 2% over the 60 km analyzed in our work. 

 

C.3 Determining the layer most representative of modern accumulation 

Inferring the average modern accumulation rate from shallow radar layers requires finding a layer 

that is sufficiently shallow so it has not been influenced significantly by flow, but sufficiently deep 

so that real variations in layer depth can be separated from the noise. The absolute error in picking 

the depth of a layer is approximately constant (3 to 5 pixels or cm) and thus the relative picking 

error is highest for the shallowest layers. However, deeper layers have been advected a greater 

distance and thus record cumulative strain as well as a spatially integrated measure of 

accumulation. Following Waddington et al. (2007), we examine the influence of horizontal 

advection on radar layers using a dimensionless criterion, D: 

 
D = u̅ × 𝒜 × (|

1

ḃ

dḃ

dx
| + |

1

H

dH

dx
|) 

 

( 1 ) 

where u̅ is the average horizontal velocity along the flowline in the x-direction, 𝒜 is the age of a 

layer, ḃ is the accumulation rate and H the ice-sheet thickness.  

When D ≪ 1, layers have not been significantly affected by flow. Near South Pole, u̅ ≈ 6 −

10 m 𝑎−1.  For all layers we traced, the largest variations are 20-25% over scales of 3 km, so 

|
1

ḃ

dḃ

dx
| ≈ 0.25

1

(3000 m)
= 8.0 × 10−5m−1.  Using ice thickness and bed topography variations 
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detected from our 7 MHz radar, |
1

H

dH

dx
| ≈

100 m

(1000 m)×(2700 m)
≈ 3.7 × 10−5 m−1. Figure C-4 shows 

D vs. age for different flow speeds. Near South Pole, D ≪ 1 (taken to mean <0.25) for layers 

shallower than 31 m (~200 years old) while layers deeper than 80 m (~750 years old) have been 

significantly affected by flow. Here we focus on a layer at 23 m depth (150 years old). 

 

C.4 Spatial variations in firn density 

Determination of the spatial variability in accumulation requires an assumption about spatial 

variations in density. We assume a horizontally constant density profile, matching that measured 

in the USP50 firn core; however, this assumption is likely imperfect due to the variations in 

accumulation we infer along the flowline. Variations in density affect both the conversion to ice-

equivalent thickness and the propagation speed of the radar wave (Wilhelms, 2005). These errors 

have opposite sign. For example, radar waves travel faster through a layer of low density snow, so 

the inferred thickness is greater. On the other hand, the ice-equivalent thickness of a low-density 

layer is smaller.  These two effects do not entirely cancel because the effect on ice-equivalent 

thickness dominates. The relatively small changes in accumulation, uncertain variability in surface 

density, and importance of advection, limit the usefulness of firn models to address this problem. 

Instead, we treat the variable firn density as a source of error, and we estimate this error using 

variations in density measured in cores extracted near South Pole (pers. comm. from Murat Aydin 

and Christo Buizert; Severinghaus & Battle, 2006). The spread in accumulation caused by this 

range of firn densities has a standard deviation of 2.3%, and the USP50 depth-density profile is in 

the middle of this range. Variations within the range of densities captured by the available 

measurements thus would cause variations in the inferred accumulation that are small (~10%) 
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compared to the actual variation observed. Even if the regional variability of density may be 

slightly larger, the relatively small influence of the observed variability suggests that density 

variations are not a significant source of error in the inferred accumulation pattern. 

 

C.5 Autocorrelation length scales 

 Both the radar layer used to infer accumulation and the SPICEcore-derived accumulation 

history have significant autocorrelation due to persistence in the spatial (and, in the case of 

SPICEcore, temporal) processes controlling the accumulation. This autocorrelation causes nearby 

measurements not to be truly independent. For example, the accumulation along one radar trace is 

well-predicted by a neighboring trace. Thus, the number of effective degrees of freedom in each 

dataset,  N∗, is smaller than the number of measurements (i.e. radar traces or dated intervals in 

SPICEcore). In order to determine the decorrelation length scale and what correlations with the 

SPICEcore-derived accumulation record are significant, an estimate of  N∗ is required. 

 We use the estimate that N∗ =
LT

2LD
  where LT is the total length of the dataset and LD is the 

decorrelation length at 1-σ confidence, i.e. the distance at which the autocorrelation becomes less 

than 
1

√N∗ .  LD is doubled in this formula because it represents a radius of correlation while the 

number of degrees of freedom are effectively determined by a diameter of correlation (e.g. Leith, 

1973). Most methods for direct estimation of LD require assumptions about underlying 

distributions that are inapplicable here, so instead we take a boot-strapping approach. Because of 

the circular dependence between N∗ and the autocorrelation, we recursively calculated the 1-σ 

decorrelation length, and updated LD to re-estimate N∗ until this process converged on a consistent 

value of N∗.  
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 After calculating N∗ for the radar along the flowline and along the 30 km transect at 50 km, 

we calculated the lag distance at which the autocorrelation becomes insignificant at 95% 

confidence (i.e. becomes less than 
1.96

√N∗). This process yields a 0.9 km across-flow radius and a 1.8 

km along-flow radius. Thus, accumulation anomalies at points spaced by more than these radii are 

uncorrelated. 

 The significance of a correlation between the accumulation histories (at 95% confidence) 

was determined using a student’s t-test to find whether the correlation was significantly different 

than zero. The test used the effective number of degrees of freedom in the SPICEcore record, 

N*11, rather than the number of intervals being correlated. Since 𝑟2 ≥ 0, we used a one-sided t-

test with nine degrees of freedom to determine the t-value corresponding to 95% confidence; the 

reduced degrees of freedom accounts for the slope and offset determined by the correlation.  We 

converted the resulting t-value to an 𝑟2 value using 𝑟2 =
𝑡2

𝑁∗−2+𝑡2, (e.g. Rahman et al., 1968) to 

determine that the correlation is significantly different from zero when 𝑟2 > 0.32. Combining this 

result with the correlation between accumulation histories at different amounts of speedup, we find 

that speedups of 3—33% result in correlations that are significantly different from zero at 95% 

confidence. 

 

C.6 Correlation calculation methods 

In the main text, we present the correlation values assuming that each interval between age matches 

is given equal weight, although the same analysis could be performed with intervals weighted by 

their duration. Short intervals, particularly those less than 10 years long, may be dominated by 

processes (such as annual variations in accumulation or small-scale surface topography like 



 133 

sastrugi) which cannot be captured in this type of analysis. We recognize that a number of other 

ways of weighting the intervals in the correlation may be justified, so we test the sensitivity to four 

different methods of computing the correlation: 

1. Equal: All intervals are included and weighted equally regardless of duration. 

2. Annual interpolation: We resample the interval accumulation rates at annual timesteps, 

effectively weighting the intervals by their durations. 

3. Exclude intervals shorter than 100 years: We exclude intervals shorter than 100 years 

from the correlation for two reasons. First, the radar-derived accumulation-rate history 

is determined with an approximately 100-year old layer, so higher frequency variability 

is inherently excluded from that record. Second, we expect accumulation to vary on 

multi-decadal timescales, potentially dominating variability on timescales less than 100 

years. 

4. Remove age matches: We remove some age matches so that all intervals used in the 

correlation are longer than 100 years. This is similar to the second method, but rather 

than exclude the short intervals we append them to the next oldest interval and 

recalculate the accumulation rate over this new (>100 year) interval. This method 

provides the benefits of method 3 while ensuring that information from the entire 1.3 ka 

to 10.1 ka is included. 

Figure C-3 shows the variance explained by each method for the different linear trends in Holocene 

speed. All four methods show similar trends with speedup and result in similar maximum 

correlation between the radar- and SPICEcore-derived accumulation-rate histories. The two 

methods using only intervals longer than 100 years both explain a greater amount of variance. This 

is not surprising as a few of the short duration intervals (Figure 4-4) can be seen to vary 

significantly from the surrounding intervals. This occurs because accumulation can vary greatly 

on annual and decadal timescales and this variability cannot be captured from the spatial pattern. 

The annual method explains less variance (3% less) at the 15% speedup. The differences among 

the methods highlight that the precise correlation is sensitive to the weighting method, but the 

overall pattern is not. Thus, our conclusions are unaffected by the choice of weighting method. 

While the method of weighting the sampled intervals is one potential source of bias in the 

correlation between accumulation-rate histories, the discrete sampling of the SPICEcore-derived 
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accumulation-rate is another. We performed a variety of tests to determine the impact of this 

discrete sampling on the ability of our methods to recover the true correlation between the two 

histories of accumulation rate. For these tests, we took the radar-derived accumulation-rate history 

(because unlike the SPICEcore history it is continuous) and added either red noise or a sinusoidal 

function to it. We then generated the 44 randomly-timed age matches to match the number of age 

matches in the analyzed portion of SPICEcore. The accumulation rates between the age matches 

were found for both accumulation histories. The correlations were then compared to the 

correlations of the original (continuous) histories. In total, we generated 1000 red noise and 1000 

sinusoid time series (the pairs of histories had correlations ranging from 0.65 and 0.9) and then 

sampled each with 1000 variations of age matches. We found that discrete sampling has little 

overall impact, causing only a slight under-prediction of the true correlation (<0.01) with a 

standard deviation of 0.03. 
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Figure C-1. Example electrical conductivity measurement (ECM) matches. 

Matches are between SPICEcore (a and b) and the WAIS Divide core (WDC; c and d). The known 

age scale for WDC was used to date the conductivity peaks found in SPICEcore, as between panels 

a and c or between b and d. 
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Figure C-2. D vs Age for shallow radar layers. 

Gray region shows possible values of D given flow speeds upstream of South Pole. Colored lines 

indicate the ranges of D for different layers we traced, with colors and numbers matching Figure 

4-2. Each layer was traced across ice with a range of speeds, thus yielding the range of values for 

D. The ~150-year-old layer (layer 4) used in our analysis has not been affected significantly by 

flow (at maximum observed velocity, D=0.19), but the deepest layer traced (layer 17, ~740 years 

old, D up to 0.91) has probably been affected by horizontal advection. 
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Figure C-3. Variance explained vs. speed change for different interval weightings. 

The solid, black line represents equal weighting of each interval regardless of duration, as used in 

the main text and Figure 4-4d. The blue dashed line uses intervals weighted by their duration. The 

green dash-dot line indicates variation explained with intervals shorter than 100 years excluded. 

The red dotted line indicates variation explained with some age matches removed so that all 

intervals shorter than 100 years appended to other intervals, making all intervals at least 100 years 

long and not excluding any data. The vertical, gray line indicates the speed change resulting in 

maximum correlation with intervals weighted equally. 
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Figure C-4. Correlation 95% confidence envelopes. 

Correlation between accumulation records, as in Figure 4-4. a. Geophysically derived 

accumulation rate as a function of travel time using modern velocities (orange) and applying the 

linear 15% increase in speed through the Holocene (i.e. with speeds 15% slower than modern at 

10.1 ka) that maximizes correlation (red). Uncertainty envelopes include uncertainty in firn density 

(~2%), layer age (~2 years), and radar wavespeed (estimated to be 1% on top of the uncertainty in 

speed caused by variable density). Vertical lines show ages when SPICEcore is dated. b. 

Geophysically derived accumulation estimate without speedup (orange) and SPICEcore-derived 

accumulation history (blue). Thick lines show intervals between two dated layers in the core (the 

effective resolution); thin lines linearly connect these intervals for visual continuity). The 

uncertainty envelope for the SPICEcore derived history incorporates uncertainty in ECM peak 

location (1 year), uncertainty in the WAIS divide timescale to which the ECM measurements are 

matched (1 year/century), and uncertainty in the thinning function (0-~1% growing with depth). 

For the thinning function, uncertainty largely stems from the effects of poorly constrained kink 

height in the Dansgaard-Johnsen (1969) model; we use similar models with kink heights of 0% or 

40% of the ice-sheet thickness in order to bound the reasonable range of thinning profiles. c. Same 
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as (b), but the geophysically derived estimate incorporates a 15% speedup (red). d. Correlation 

coefficient between the accumulation estimates for different linear trends in Holocene speed. 

Positive speed change indicates speedup since 10.1 ka and negative change indicates slowdown 

since 10.1 ka. Dashed gray line indicates 95% confidence that the records are correlated. Dots 

show the correlations between the pairs of curves in b and c, respectively.  
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USP50 Depth 

(m) 

Age (years before 1950 on 

WD2014) 

Depth of volcanic event in SPICEcore 

(m) 

22.15 65 23.410 

25.06 86 
 

30.75 133 33.175 

31.56 140 33.949 

49.89 307 53.685 

68.18 490 72.526 

79.04 604 83.560 

84.44 663 89.293 

85.22 673 90.226 

85.92 680 90.861 

86.83 691 91.862 

89.48 719 94.595 

94.40 778 99.708 

99.66 
 

105.13 

105.47 
 

110.98 

106.30 
 

111.81 

Table C-1. ECM Matches. 

Matches are between ECM depths in USP50 and depth in SPICEcore or age in WAIS Divide ice 

core. 
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