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Abstract

Ocean-ice interactions have exerted primary control on the Antarctic Ice
Sheet and parts of the Greenland Ice Sheet, and will continue to do so in
the near future, especially through melting of ice shelves and calving cliffs.
Retreat in response to increasing marine melting typically exhibits threshold
behavior, with little change for forcing below the threshold but a rapid,
possibly delayed shift to a reduced state once the threshold is exceeded.
For Thwaites Glacier, West Antarctica, the threshold may already have
been exceeded, although rapid change may be delayed by centuries, and
the reduced state will likely involve loss of most of the West Antarctic Ice
Sheet, causing >3 m of sea-level rise. Because of shortcomings in physical
understanding and available data, uncertainty persists about this threshold
and the subsequent rate of change. Although sea-level histories and physical
understanding allow the possibility that ice-sheet response could be quite
fast, no strong constraints are yet available on the worst-case scenario.
Recent work also suggests that the Greenland and East Antarctic Ice Sheets
share some of the same vulnerabilities to shrinkage from marine influence.
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INTRODUCTION

Almost five decades have passed since John Mercer’s (1968) first warning that “industrial pollution
of the atmosphere” or other causes could warm the “uniquely unstable and vulnerable” West
Antarctic Ice Sheet enough to remove its ice shelves, causing “disintegration into the sea” of the
marine portions (those resting on bedrock well below sea level) and raising sea level globally at
a rate that “would be rapid, perhaps even catastrophic.” Recent studies (Joughin et al. 2014a,
Rignot et al. 2014) suggest that oceanic processes have already forced a threshold-crossing
committing the ice to the deglaciation identified by Mercer. If this is correct, then despite the
great progress in research since Mercer’s time, the loss of the ice sheet was triggered before the
threshold was properly quantified and thus before scientific knowledge could be used to design
efficient policies relating to survival or loss of the ice sheet. The possibility remains, however,
that the ice sheet has not been pushed past its survival threshold, and even if it has, the resulting
lessons may inform work on the Greenland and East Antarctic Ice Sheets.

Here, we synthesize recent data and model results on ice-ocean interactions. We focus on
Thwaites Glacier, the part of the West Antarctic Ice Sheet that is perhaps most likely to trigger
a collapse, but attempt to provide perspective and draw on relevant related advances from the
East Antarctic and Greenland Ice Sheets as well as past ice sheets. We show evidence that oceanic
forcing has dominated past changes for the West and East Antarctic Ice Sheets and large parts of
the Greenland Ice Sheet and older ice sheets. We also show that well-constrained projections will
remain difficult, in part because of threshold behavior of the ice-sheet system.

MARINE ICE SHEETS CAN EXHIBIT A
WELL-UNDERSTOOD INSTABILITY

Mass gain for an ice sheet occurs primarily by snowfall on its upper surface. Mass loss occurs
primarily by melting of the upper surface in warmer regions (at lower elevation or latitude), by
melting beneath attached floating ice shelves, and by calving of icebergs that drift away to melt
elsewhere. Direct mass gain or loss by freezing or thawing beneath nonfloating ice is usually
minor. An ice sheet spreads under gravity through deformation in the ice, and may be frozen to
its substrate or slide over that substrate lubricated by meltwater or deformation in subglacial till
(unconsolidated sediment) (see Cuffey & Paterson 2010 for additional background).

Although assessing and projecting changes in surface melting and snowfall involve notable un-
certainties, possible changes in ice flow pose greater difficulties (e.g., Joughin & Alley 2011, NRC
2013). And, although changes in basal lubrication can be important, loss of ice-shelf buttressing
is probably the dominant process triggering large, rapid shrinkage of ice sheets. Ice-shelf flow
is almost always restrained by friction with fjord walls, adjacent ice, or local high spots in the
seafloor, which in turn causes ice shelves to restrain the flow of their tributary ice streams. The
upper surfaces of ice shelves are relatively low, warm, and prone to melting compared with other
parts of an ice sheet, and sufficient meltwater can wedge open crevasses to cause iceberg calving,
generating very rapid ice-shelf loss (e.g., Scambos et al. 2004, Cook et al. 2014).

More importantly in many cases, ice shelves are at the melting point at their base, and in general
will thin in response to any oceanic warming. The melt-rate sensitivity depends on many factors
with important dynamical controls. A linear approximation to observations gives a sensitivity of
order 10 m/yr/°C for many existing ice shelves (e.g., Rignot & Jacobs 2002, Shepherd et al. 2004),
although over a sufficiently broad range of conditions such melting is expected to increase as the
square of ocean temperature (Holland et al. 2008b).

Ice flow from the grounding line (where flotation starts) to the calving front (where icebergs
form) commonly takes years to centuries, and ice shelves are typically on the order of hundreds
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of meters thick at the front, so even a small temperature change can have a large influence on ice-
shelf thickness. As an example, warming of 1°C that removes 10 m/yr from a 10-yr-long ice shelf
would thin a 100-m ice front to zero. And, because thicker ice has more friction at the sides (e.g.,
Dupont & Alley 2005) and more interaction with local seafloor highs (pinning points), even a small
warming can notably reduce this frictional buttressing, especially if applied near the grounding
line (Walker et al. 2008), allowing faster flow of the nonfloating ice that feeds an ice shelf.

In the absence of friction from the sides or pinning points, the spreading rate of an ice shelf
increases with approximately the third power of the ice thickness (Weertman 1957). The ice
velocity at the front, and thus the calving flux for a steady ice shelf (Alley et al. 2008b), is the
velocity crossing the grounding line plus the added speed from spreading of the floating ice; thus,
a relatively deep grounding line can produce a very large iceberg flux.

The increase in spreading rate with ice thickness gives rise to the marine-ice-sheet instability
for any freely spreading ice shelf with a grounding line on a bed that deepens toward the ice-sheet
center (an overdeepened bed) (Weertman 1974, Schoof 2007). To understand this instability,
consider the response if the grounding line is perturbed toward the center of the ice sheet (the
logic is the same for the opposing perturbation, with all signs reversed). Ice thathad been grounded
becomes ungrounded, losing basal friction and allowing faster spreading for the thicker ice at the
new grounding-line position. Because there is not an immediate and counteracting change in ice
supply from the adjacent nonfloating ice, the enhanced spreading causes thinning and additional
flotation from the sloping bed. Ice that had been too thick to float then progressively thins and
floats, raising sea level. Ice-shelf buttressing can stabilize an otherwise unstable configuration, but
then reduction in ice-shelf drag can cause unstable retreat across an overdeepened bed. Note also
that thinning or loss of a constrained ice shelf is expected to contribute to sea-level rise by causing
faster flow of nonfloating ice even on a horizontal bed or one that rises inland, but without the
instability of the reversed bed.

Discovery of the very deep central basins beneath the West Antarctic Ice Sheet [to >2,500 m
below sea level (Bentley & Ostenso 1961; also see Fretwell et al. 2013)] (Figure 1) quickly led
Bentley & Ostenso (1961) to suggest that the ice sheet formed by merger and then thickening of ice
shelves flowing from adjacent highlands; these authors did not provide modeling support for this
conclusion but likely based it on the widespread occurrence of ice shelves and on the implausibility
of sufficiently high ice cliffs advancing across deep basins. Such an origin for the West Antarctic
Ice Sheet suggested that ice-shelf melting could reverse this process (Robin 1958, Hollin 1962,
Mercer 1968). Numerical modeling (e.g., Thomas & Bentley 1978, Pollard & DeConto 2009)
indicates that persistence of the modern West Antarctic Ice Sheetrelies on the stabilizing influence
of its ice shelves [aided by additional stabilizing influences (e.g., Gomez et al. 2010) as described
below]. Portions of the East Antarctic and Greenland Ice Sheets also have marine character (e.g.,
Fretwell et al. 2013, Morlighem et al. 2014) (Figure 1), as did parts of former ice sheets, but the
deeper, more extensive basins make the West Antarctic Ice Sheet more prone to marine influences
than any other extant ice sheet and at least most paleo—ice sheets.

As discussed next, several lines of evidence show that ice-sheet stabilization by ice shelves has
been highly variable over time. We consider history, processes, and possible future changes.

THE WEST ANTARCTIC ICE SHEET LIKELY DEGLACIATED
FROM THE MARINE-ICE-SHEET INSTABILITY IN THE
GEOLOGICALLY RECENT PAST

Many lines of evidence indicate deglaciation during the previous interglacial [the Eemian or
Sangamonian, or Marine Isotope Stage (MIS) 5e, ~130 ka], or at other times since ~1 Ma or so.
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Bed topography (bathymetry) of Antarctica (contour interval is 500 m) with major marine basins labeled (Fretwell et al. 2013). Areas
shaded in blue are marine based (below eustatic sea level). The ice-sheet grounding line (rown; Depoorter et al. 2013) and current
ice-sheet extent (black; Depoorter et al. 2013) are plotted. The yellow box indicates the Amundsen Sea Embayment, shown in Figure 2.
Data from Bedmap?2 (see Fretwell et al. 2013); figure prepared using GMT and QGIS.
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Unequivocal evidence of recent West Antarctic Ice Sheet/Thwaites Glacier deglaciation has not
been found, however.

Mercer (1968) may have been the first to note that the volume of the West Antarctic Ice Sheet
would explain much of the sea-level high stand from MIS 5e, which is recorded in many ways,
including by old corals or other marine deposits found above modern sea level on islands. Nu-
merous studies since then, especially globally and gravitationally consistent simulations of past
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sea-level change assimilating the available data, have greatly strengthened the evidence for West
Antarctic Ice Sheet loss in MIS Se. Sea level near an ice sheet is raised by meters or more because
of the gravitational attraction between the ice and surrounding water. Loss of an ice sheet raises
global average sea level, but this may be more than offset near the shrinking ice sheet by relax-
ation of the formerly attracted water; sea-level rise in general increases with increasing distance
from a shrinking ice sheet. Fingerprinting of past sea-level high stands using a geographically
dispersed suite of proxy records then can reveal the source(s) of the water. Kopp et al. (2009)
found that the MIS 5e high stand required major contributions from both poles, with 95% con-
fidence that each pole contributed at least 2.5 m of sea-level equivalent to a total rise of at least
6.6 m. The southern contribution is consistent with the ~3.3 m of sea-level equivalent in the ma-
rine portions of the West Antarctic Ice Sheet (Bamber et al. 2009b), although the fingerprinting
lacked the spatial resolution to distinguish East from West Antarctic Ice Sheet sources. Addi-
tional studies using similar techniques also have found strong evidence of a large southern source
consistent with West Antarctic Ice Sheet deglaciation (Dutton & Lambeck 2012, O’Leary et al.
2013).

Several other lines of evidence also indicate geologically recent deglaciation of the deep West
Antarctic Ice Sheet basins, although some are less specific about timing. Diatoms recovered from
sediments beneath Whillans Ice Stream, on the Siple Coast of the West Antarctic Ice Sheet
inland of the Ross Ice Shelf, indicate open water there sometime since 750 ka (Scherer et al.
1998). Farther downstream at the ANDRILL site, sediments indicate open water multiple times
in the geologically recent past (Naish et al. 2009). Coordinated ice-sheet modeling indicates that
deglaciation there would have led to deglaciation of all the marine basins (Pollard & DeConto
2009). More generally, deglaciation of any large part of the West Antarctic Ice Sheet’s deep basins
likely would deglaciate all of them (Pollard & DeConto 2009); for example, deglaciating just the
modern drainage into Pine Island Bay, which would raise modern sea level ~1 m, would leave a
cliff that in places was >3 km high and extended >1 km above sea level, which likely would be
very unstable (Bassis & Walker 2012; discussed further below).

Ice-core data from East Antarctica show anomalous warmth (compared with the current
Holocene interglacial) during previous recent interglacials, especially during MIS Se. This is most
easily (although not uniquely) explained by a greatly reduced West Antarctic Ice Sheet during the
anomalously warm times (Holden et al. 2011).

The isotopic composition of the deepest ice at Siple Dome is consistent with a source at high
elevation on one of the nonmarine blocks of the West Antarctic Ice Sheet (Alley & White 2000).
Grounding of an ice shelf is the most likely way (although not the only way) to have transported
that ice to the site, with subsequent growth of the dome occurring above that grounded ice.

Further evidence for geologically recent deglaciation comes from the modern West Antarctic
Ice Sheet coast, where closely related bryozoans (Barnes & Hillenbrand 2010, Vaughan etal. 2011)
and octopuses (Strugnell et al. 2012) are geographically separated by less related types. However,
the closely related species would be in proximity through seaways of a deglaciated West Antarctic
Ice Sheet, suggesting ice loss within evolutionarily recent time [Vaughan et al. (2011) favor a loss
during MIS 5e].

Farther seaward, the inner continental shelf of Pine Island Bay, in front of the Thwaites and
Pine Island Glaciers, shows geomorphic features interpreted as channels, incised to >100 m local
relief in water depths of more than 1,200 m, with some channels rising away from the ice sheet
(Nitsche et al. 2013). Steady-state water drainage beneath an expanded West Antarctic Ice Sheet
appears inadequate to explain such features. Instead, they have been interpreted as the products
of outburst floods from water trapped subglacially following reestablishment of the ice sheet by
ice-shelf bridging of the deep basins inland of Thwaites Glacier (Alley et al. 2006). Bentley &
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Ostenso’s (1961) proposal that the ice sheet formed by thickening of an ice shelf bridging the deep
basins suggests the possibility that the trapped water formed saline subglacial lakes that escaped
catastrophically rather than gradually; if the escape was through Pine Island Bay beneath grounded
ice, features such as those observed could have been formed (Alley et al. 2006).

In contrast to the evidence for deglaciation, there do not seem to be strong arguments for
long-term continuous persistence of the West Antarctic Ice Sheet in the deep marine basins. Cold
ice did survive MIS 5e on Mt. Moulton (Korotkikh et al. 2011) on the Marie Byrd Land highland,
but that region is not expected to deglaciate with the deep basins (Holschuh et al. 2014; also see
Bradley et al. 2012). A Ross Ice Shelf collapse at MIS 5e is not recorded in the McMurdo Sound
ANDRILL core; however, core recovery is poor in this interval, making this result unsurprising
(Naish et al. 2009).

Thus, although additional information would be highly useful, the available data are most
consistent with deglaciation of the deep basins of the West Antarctic Ice Sheet, with ~3 m of
sea-level rise, during geologically recent time(s). In particular, deglaciation is suggested during
MIS Se, at ~130 ka.

Similar evidence of shrinkage notably below modern size is lacking for the East Antarctic Ice
Sheet during MIS Se, but there are suggestions in offshore sedimentary records of older ice loss
from the East Antarctic Ice Sheet. As discussed below, discharge of debris-laden icebergs to the
ocean likely indicates that no ice shelf is present, because ice shelves generally melt beneath,
removing debris from basal ice. Pulses of iceberg-rafted debris during the Pliocene (between
5.3 and 3.3 Ma) and earlier along the East Antarctic coast, with sources in marine regions now
buttressed by ice shelves, are suggestive of notable ice loss (e.g., Cook et al. 2013).

The review by Alley et al. (2010) and the newer results of Dahl-Jensen et al. (2013) summarize
some of the extensive evidence that the Greenland Ice Sheet survived MIS Se, but in a notably
reduced state. Furthermore, limited evidence indicates complete or nearly complete loss of the
ice sheet sometime after it formed, likely during MIS 11, at ~400 ka (Alley et al. 2010; also see
Reyes et al. 2014). Far-field indications of sea level are consistent with loss of the West Antarctic
and Greenland Ice Sheets, but little additional shrinkage of the East Antarctic Ice Sheet, during
MIS 11 (Raymo & Mitrovica 2012). Still older data, from the Pliocene, include notably larger
uncertainties, but point to enough sea-level rise (Rovere et al. 2014) to require complete loss of
the Greenland Ice Sheet and the marine portions of the West Antarctic Ice Sheet, likely plus a few
more meters of sea-level rise from the East Antarctic Ice Sheet. Thus, ice sheets shrank during
past warm times.

AVAILABLE PALEOCLIMATIC DATA ARE CONSISTENT
WITH PAST WEST ANTARCTIC ICE SHEET COLLAPSE
AS WELL AS SLOWER DEGLACIATION

Mercer (1968) cited the geological evidence of West et al. (1960) (incorrectly cited as West
& Sparks 1961) showing that “rise in sea level to above present levels took place during the
Sangamon Hypsithermal [MIS 5e] and was very rapid,” which “suggests possible catastrophic
disintegration of the West Antarctic Ice Sheet at that time, but further evidence is needed.”
Above we summarize some of the more recent data on that rise above present levels, but newer
data also provide insight on the rate of rise. Other than adding many better-dated and more
widely distributed records to the citation list, a follower of Mercer could write the same sentence
today. The available data allow, but do not require, sea-level rise then at rates much higher than
the recent ~3 mm/yr (0.3 m/century), consistent with catastrophic disintegration or collapse
(inferences from models and physical processes are discussed in later sections).
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During at least some times in the past, sea-level rise clearly was much faster than the ongo-
ing rate. Ice-age terminations involved sea-level rise of >100 m in ~10,000 yr—an average of
1 m/century, but with faster events reaching 4-5 m/century (e.g., Rohling et al. 2013). However,
Earth had much more ice during those rapid rises than it does now, allowing processes not likely
to act as rapidly today, such as widespread warming causing rapid surface melting of midlatitude
ice sheets.

The MIS 5e sea-level records cited above provide more-useful constraints on rates of sea-level
rise when ice volumes were similar to or smaller than modern. These records are interpreted with
increasing confidence to indicate the large rapid rise during the main part of the deglaciation as
the Laurentide and Fennoscandian Ice Sheets and other ice melted, as well as a second rapid rise
late in the warm period from a baseline higher than modern. Focusing only on the latter part of
MIS 5e with sea level above modern, Thompson et al. (2011) found a peak rate of rise >2.5 m
over a 1-kyr interval (>0.25 m/century), and Kopp et al. (2013) similarly found 3-7 m/kyr (0.3-
0.7 m/century). But, these studies lacked the time resolution to identify any shorter-lived, faster
rise embedded within the 1-kyr interval of peak rise. O’Leary etal. (2013) found a rise of ~3 m over
~500yr (0.6 m/century) early in MIS 5e and a later rise of ~6 m over ~1 kyr (also 0.6 m/century),
but the dating uncertainties allow shorter as well as longer times for the rises. Rohling et al. (2008)
used a smaller data set based on a novel sea-level indicator from the Red Sea with higher time
resolution and, after applying a 750-yr Gaussian smooth, obtained for times with sea level above
modern a peak rate of sea-level rise of 2.5 m/century averaged over ~300 yr. Again, in light of
the uncertainties and the Gaussian smooth, faster or slower sea-level rise could be consistent with
the data.

We do not know of any data that preclude with high confidence a West Antarctic Ice Sheet
collapse in a century or less during MIS 5e or other, earlier interglacials. Bug, in light of Rohling
et al.’s (2008) results, and their agreement with other records noted above, the most consistent
interpretation is that large and rapid ice-sheet change from conditions similar to modern has
caused peak sea-level rise much faster than recently observed. Further data testing this hypothesis
are warranted.

OCEANIC FORCING IS ESPECIALLY IMPORTANT IN CAUSING
RAPID ICE-SHEET CHANGES

The ice sheets have been losing mass at an accelerating rate over the past two decades, most
recently contributing to sea-level rise at a rate slightly greater than 1 mm/yr (Vaughan et al.
2013). The loss is primarily from the Greenland Ice Sheet, the Antarctic Peninsula, and the West
Antarctic Ice Sheet. In Greenland and the Antarctic Peninsula, the runoff produced by enhanced
surface melting contributes to some of the mass loss (roughly half in Greenland; Cazenave &
Le Cozannet 2014). Coastal thinning, from enhanced melting as well as other causes, tends to
steepen the ice just inland, slightly enhancing the flow there in a fairly well characterized manner
that diffuses slowly inland (e.g., Alley & Whillans 1984). Here we focus on additional accelerations
of grounded ice due to the loss of ice-shelf buttressing.

We note that loss of friction beneath nonfloating ice through enhanced lubrication also can
cause faster ice flow, contributing to faster iceberg calving and sea-level rise. The spectacular
meltwater-lake drainage events through Greenland (e.g., Das et al. 2008) primarily feed channel-
ized rather than distributed drainage systems, which have a relatively small effect on lubrication
and ice flow (e.g., Parizek & Alley 2004, Shannon et al. 2013). The main potential for such lu-
brication to affect ice flow is if surface meltwater drainage to the bed migrates inland (Leeson
etal. 2015) over regions where the ice is now frozen to its bed; the resulting rapid thawing would
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notably enhance ice motion and sea-level rise, although without the sort of very rapid rates that
seem possible from West Antarctica (Parizek & Alley 2004).

In contrast, several recent examples show the power of ice-shelf loss to enhance ice flow. At
Jakobshavn Isbre, Greenland, ~1°C warming of water in front of the fjord led to ice-shelf thinning
and then complete break-off, causing the flow velocity to more than triple (Holland et al. 2008a,
Motyka etal. 2011, Joughin et al. 2014b). Along the Antarctic Peninsula, very rapid loss (over a few
weeks) of the Larsen B Ice Shelf from a combination of increased basal melting (Shepherd et al.
2003) and increased surface melting forming lakes that wedged open crevasses led to acceleration
of the nonfloating glaciers feeding it, by up to 6-fold (MacAyeal et al. 2003, Scambos et al. 2004).
The acceleration and thinning of Pine Island Glacier, Thwaites Glacier (Figure 2), and nearby
glaciers draining into the Amundsen Sea (Sutterley et al. 2014), which dominate the mass loss
from the West Antarctic Ice Sheet, appear to have resulted from ice-shelf shrinkage in response
to a wind-driven increase in the circulation of warm, and probably warming, Circumpolar Deep
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Figure 2

(@) Bed topography (bathymetry) of the Amundsen Sea Embayment (Fretwell et al. 2013) and (/) rate of ice-sheet elevation change
(2003-2009) from ICESat GLAS laser altimetry. Grounding lines and ice-speed contours are from interferometric synthetic aperture
radar data (Rignot et al. 2011, 2014). Ice-front position is from MODIS MOA (Haran et al. 2005). The modeled ice-sheet flowband
(Parizek et al. 2013) is shown in Figure 5. The radar profile is shown in Figure 4. Data from Bedmap2 (see Fretwell et al. 2013); figure
prepared using GMT and QGIS.
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Water onto the continental shelf and beneath the ice shelves (e.g., Vaughan et al. 2013, Schmidtko
etal. 2014).

As discussed by, for example, Alley et al. (2007), the biggest controls on ice-sheet extent are
probably snowfall minus melting of the upper surface for land-ending glaciers, and temperature
of ocean water at the grounding lines for marine-ending glaciers (also see Carlson & Winsor
2012). Warming increases saturation vapor pressure in air, and all else being equal this increases
precipitation and thus snowfall in colder places; however, melting typically increases more than
snowfall (e.g., Denton et al. 2005). Hence, for land-ending ice, and for some marine-ending ice,
warming causes shrinkage because of increased melting on the upper surface. The old idea that
warming grows ice (e.g., Scott 1905 for Antarctica, Ewing & Donn 1956 for northern ice) is
counter to observations. Ice has difficulty advancing into water that is too deep, and sea-level
fluctuations have been invoked as controlling ice-sheet behavior, with, for example, the Northern
Hemisphere changes affecting Antarctica (Penck 1928). However, as discussed by Alley et al.
(2007), the generally slow nature of large sea-level changes compared with the rapid impact of
ocean-temperature changes, and the many stabilizing feedbacks that can offset sea-level rise, means
that changing sea level is unlikely to exert a strong control on ice-sheet size in most cases (further
discussed below). Simply as a scaling, above we showed how a 1°C warming can thin the 100-m
front of an ice shelf to zero in a decade or less, greatly reducing its frictional resistance to ice flow,
whereas the 100-m sea-level rise associated with ice-age terminations took ~10,000 yr.

The review by Alley et al. (2010) for Greenland noted that the ice sheet grew as precipitation
decreased, and shrank as precipitation increased. Furthermore, some of the ice-sheet changes were
counter to local sea-level forcing, with advance in a rising sea level and retreat in a falling sea level
(many retreats were observed with rising sea level during warming, and advances with falling sea
level during cooling, so in those cases one cannot separate the controlling climatic factor without
model experiments). We know of no cases in which a sea-level change has been demonstrated with
high confidence to control ice-sheet extent, whereas many cases of temperature control are known.

The reader should bear in mind that glaciers and ice sheets are sufficiently complex and diverse
that there are likely to be exceptions to any generalization. If atmospheric warming causes a shift in
storm tracks, some places may experience a greater rise in accumulation than in melting, especially
if the warming is primarily in winter. Surging associated with changing basal lubrication can
cause advance with no climatic forcing, and kinematic waves from changing surface mass balance
can cause delayed marginal changes that may be counter to ongoing forcing. Especially rapid
sea-level rise may exceed stabilizing feedbacks and force retreat; the question remains interesting
whether melting of Northern Hemisphere ice sheets during the fastest large rise of the most recent
deglaciation, Meltwater Pulse 1A, could have been fast enough to destabilize Antarctic grounding
lines. Cuffey & Paterson’s (2010) text is an excellent starting point for learning about these and
additional complexities. Furthermore, these less common behaviors are often the most interesting
research topics. Physical understanding, models, and ice-sheet history point to ice growth with
cooling, ice shrinkage with warming, relatively slower changes controlled by air temperature for
land-ending glaciers, and sometimes faster changes controlled by water temperature for marine-
ending glaciers.

The enigmatic Heinrich (H) events of the North Atlantic might at first seem to provide a
challenge to this simple summary, but they probably actually supportit. During ice ages, millennial
Dansgaard-Oeschger (DO) oscillations linked to sometimes-abrupt shifts in North Atlantic sea ice
and ocean circulation had large effects on regional climates in much of the world (reviewed in Alley
2007). Within only some of the cold intervals that followed, a prominent layer of iceberg-rafted
debris sourced from Hudson Strait was deposited on the seafloor of parts of the North Atlantic at
the same time that widespread additional climate anomalies occurred (Hemming 2004). Surging of
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the ice stream in Hudson Strait may have been involved (MacAyeal 1993); however, the occurrence
of all of these H events after surface cooling suggests triggering.

Because ice shelves almost always experience net basal melting, an ice shelf serves to reduce
iceberg-rafted debris, and ice-shelf loss allows icebergs to drift away before they lose their debris
during sub-ice-shelf melting (e.g., Joughin et al. 2012a). Evidence from sediment cores and models
(Marcottetal. 2011) shows that the surface cooling of DO oscillations led to widespread subsurface
warming in the northwestern Atlantic, which would have increased melting beneath a Hudson
Straitice shelf. Loss of the ice shelf (see below) would have allowed both faster ice flow and delivery
of debris-laden icebergs to the North Atlantic. If the ice stream froze to its bed following an interval
of rapid flow, and then took several millennia to regrow and thaw atits bed, as in MacAyeal’s (1993)
model, then the behavior of skipping several DO surface coolings before another H event would
be expected. Thus, although the H events first appeared to challenge our understanding of the
causes of ice-sheet fluctuations, with cooling-induced ice-sheet mass loss, further research now
suggests that warmer ocean waters at the grounding line were responsible. [The actual impact of
H events on sea level remains difficult to determine owing to dating uncertainties (Siddall et al.
2008), although the most recent results suggest that sea level varied with northern temperature
and thus that the H events were preceded by falling, not rising, sea level (Frigola et al. 2012).]

OCEANIC FORCING ACTS THROUGH MULTIPLE PROCESSES

The literature on ocean-ice interactions is growing very rapidly. Some of the brief overview that
follows is based on a review by Joughin et al. (2012a).

The coldest waters produced in large amounts in the world ocean are the brines formed in
contact with growing sea ice. The salt rejected during freezing makes the water dense enough to
sink to the seafloor, which often deepens toward ice-sheet grounding lines because of past glacial
erosion or glacial isostatic depression of the seafloor. Because of the pressure dependence of the
melting point, water that started in equilibrium with ice at the surface will become warmer than
equilibrium with increasing depth, more or less linearly with pressure by roughly 1°C for 1,300 m
(Jenkins & Holland 1999). This water (often called High Salinity Shelf Water in Antarctica) thus
causes melting where it contacts ice at depth. The meltwater released lowers the seawater density,
often forming a buoyant plume that rises along the base of the ice shelf. Entrainment of adjacent
waters into the buoyant plume typically drives further melting so long as the plume remains in
contact with the base of the ice (a vigorous plume that entrains too much warmer and saltier water
can lose its buoyancy). Under certain conditions, the pressure dependence can cause a plume that
initially melts the ice shelf to supercool at shallower depth and grow ice that accretes to the base of
the ice shelf, but even such ice shelves typically experience net basal melting (e.g., Jenkins & Doake
1991). However, under such High Salinity Shelf Water—type “cold” conditions, basal-melt rates of
ice shelves are typically a few meters per year or less (Joughin et al. 2012a). Glaciological estimates
of basal mass balance confirm this general pattern of melting and refreezing, with melting near
grounding lines and freezing in the interior of large ice shelves (e.g., Rignot et al. 2013).

Almost all other waters in the world ocean are warmer than High Salinity Shelf Water, but
often saltier and denser. Where these “warm” waters reach the grounding lines of ice sheets, melt
rates can be tens of meters per year. Wind-driven processes may be highly importantin controlling
whether a sub-ice-shelf cavity is “cold” or “warm,” and shifting winds or other forcing may cause
a rapid switch from cold to warm (or warm to cold) (e.g., Dutrieux et al. 2014), which in turn can
greatly and rapidly change the flow of tributary ice, thus affecting sea level.

This process understanding, plus recent results on ocean circulation, provides a consistent
interpretation for ice-age control of the East Antarctic, West Antarctic, and perhaps Greenland
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Ice Sheets by sub-ice-shelf melting. As argued by Adkins (2013), around Antarctica today the main
“warm” source for ice-shelf melting is Circumpolar Deep Water, which is slightly modified from
North Atlantic Deep Water. This water drives melting of ice shelves, and is freshened as a result,
but because it is so cold, it remains dense enough to serve as a main source of the Antarctic Bottom
Water that fills the deepest parts of the ocean. During the ice age, cooling or “shutdown” of North
Atlantic Deep Water occurred, which in turn led to colder, saltier Antarctic Bottom Water and a
colder ocean as a whole (Headly & Severinghaus 2007); however, cooling of Circumpolar Deep
Water would have reduced melting beneath Antarctic ice shelves. In turn, some combination of
warming North Atlantic Deep Water and shifting winds may bear much of the responsibility
for postglacial East and West Antarctic Ice Sheet retreat by returning warm waters to ice-shelf
grounding lines. The recent finding of an Antarctic iceberg-rafted debris event at or just after
the abrupt northern warming at the start of Meltwater Pulse 1A (Weber et al. 2014) may provide
a particularly good target for modeling studies addressing this hypothesis (because the iceberg-
rafted debris event occurred at a time of rapid sea-level rise as well as North Atlantic Deep Water
warming, correlation certainly does not prove causation).

Ice shelves also experience melting near their calving fronts from tidal or other mixing beneath
them (e.g., Horgan et al. 2011). Even seasonally warmed waters can drive this melting. Because
ice shelves often are pinned near their fronts by seafloor highs or islands, increasing such melting
could contribute to faster ice flow and sea-level rise. However, the greater ability of deep, warm
waters to melt ice at grounding lines continues to focus most attention there (Rignot & Jacobs
2002, Walker et al. 2008).

Much work now is addressing the details of the circulations bringing Circumpolar Deep Water
or other warm waters to grounding lines, and the plumes or other circulations carrying waters
away. Wind-driven and plume-driven circulations may interactin complex ways (e.g., Straneo etal.
2011). Melting may be localized in channels along the undersides of ice shelves (e.g., Rignot &
Steffen 2008, Mankoff et al. 2012, Millgate etal. 2013, Stanton et al. 2013), potentially weakening
ice shelves but also potentially limiting or localizing melting in ways that could leave more contact
with pinning points or fjord walls. Many additional advances, and some surprises, seem likely, but
the basics—warmer water thins ice shelves and accelerates sea-level rise—are highly solid.

One might at first suspect that ice-shelf buttressing would decrease smoothly with increas-
ing warming; instead, observations and physical understanding both lead to the expectation that
under sufficiently strong forcing a remnant ice shelf will calve away completely, producing a dis-
continuous jump to a grounded calving front with no buttressing from floating ice. Iceberg calving
increases with along-flow spreading (e.g., Alley et al. 2008b, Levermann et al. 2012), and spread-
ing is fastest at the grounding line if buttressing is sufficiently reduced, because ice is thickest
there. Hence, the calving line can shift to the grounding line as ice-shelf thinning is followed by
ice-shelf loss, as observed at Jakobshavn Isbre (e.g., Joughin et al. 2012b) and elsewhere (Nettles
& Ekstrom 2010; also see Meier & Post 1987). Ice-shelf loss can be further aided by meltwater
wedging in crevasses (e.g., Scambos et al. 2004, Cook et al. 2012, Nick et al. 2013).

After removal of an ice shelf, frontal melting of the resulting grounded cliff may be significant,
and may enhance loss of not-yet-floating ice. Melting is especially rapid where meltwater emerging
from beneath the grounded ice creates buoyant plumes that entrain warm fjord waters; under those
circumstances melting rates comparable to those beneath ice shelves are possible (e.g., Rignot etal.
2010; also see Le Brocq et al. 2013 for similar behavior beneath ice shelves). Rapid melting below
the waterline can undercut the subaerial part, allowing calving. Fracturing patterns can extend
this inland somewhat, such that the calving rate enabled by rapid submarine melting is potentially
ten times the melt rate (Bartholomaus et al. 2013, O’Leary & Christoffersen 2013). Furthermore,
notch formation at the waterline in response to seasonally warmed near-surface waters or other
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Figure 3

Grounded calving fronts of glaciers. Such features are caused by melting of ice that extends into the water, triggering calving.
(@) Elephant Island, sub-Antarctic. () Neko Harbor, Antarctic Peninsula (a humpback whale tail is shown for scale). Photographs by

R.B. Alley.
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processes can allow subaerial ice to calve downward and submarine ice to calve upward by partially
decoupling them from each other.

We note in passing that it is common in some regions to see calving fronts of glaciers that end at
the coast but rest on bedrock at or just above sea level (e.g., Figure 3). Such common features are
fully consistent with ocean melting undercutting and causing calving of ice that otherwise could
advance. Under some circumstances, a glacier with a submarine grounding line may be forced to
jump rapidly to such a coastal position in response to ocean warming. Moraines are often observed
near and roughly parallel to modern fjord coasts in many deglaciated regions (e.g., Bentley et al.
2007 for South Georgia), and it is an interesting possibility that such moraines began forming
very soon after a sudden oceanic warming.

In the absence of sufficiently large thermal undercutting or other mechanisms of destabilization
(see below), grounded calving faces generally must thin close to flotation to allow calving (Joughin
etal. 2012b). And in some cases, a mélange of sea ice and icebergs, or simply sea ice, may provide
enough backstress to slow ice discharge somewhat (Joughin et al. 2008). Such a mélange can be
weakened or removed by warming.

THWAITES GLACIER COULD EMPTY THE WEAK UNDERBELLY
OF THE WEST ANTARCTIC ICE SHEET

Iceberg calving or melting in the ocean balances almost all of the ice accumulation on Antarctica,
and much of that on Greenland, and all of this is subject to oceanic forcing. So far, changing winds,
which may have resulted from natural variability, global warming, or the Antarctic ozone hole,
appear to have played a major role in forcing warmer waters to grounding lines (see the review in
Joughin et al. 2012a). Additional greenhouse-gas forcing appears likely to warm waters as well as
to change circulation affecting all of the ice sheets (e.g., Hellmer et al. 2012, Straneo et al. 2012,
Straneo & Heimbach 2013, Khan et al. 2014).

As discussed by Alley et al. (2008a, supporting material), snowfall on ice sheets is more or less
7 mm/yr of sea-level equivalent, mostly returned by ice flow, and the ice sheets were probably fairly
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Figure 4

Radar profile (marked with an orange line in Figure 2) along Thwaites Glacier. Ice-flow direction is roughly from left to right. The

grounding-line position (2011) is plotted in white (Rignot et al. 2014). Radar data from CReSIS (Gogineni 2012).

close to being in steady state before the recent human-related forcings. If all ice-sheet outlets were
to experience a sustained doubling of ice loss, that would raise sea level by ~0.7 m in 100 yr. As
discussed above, velocity increases of more than 2-fold have been observed, but most outlets so far
have not experienced such acceleration, especially around the East Antarctic Ice Sheet. Most of the
discharge from the ice sheets occurs in bedrock-bounded valleys with notable friction beneath or on
the sides. Pfeffer etal. (2008) used physical-plausibility arguments about likely flow accelerations to
argue that 2.0 m of sea-level rise by the year 2100 represents an upper limit from flow acceleration,
with 0.8 m a more likely upper limit. Any such rise would be added to the contributions from
melting of mountain glaciers and the upper surface of ice sheets (primarily the Greenland Ice
Sheet) and from thermal expansion of ocean water, and the costs would be quite high.

However, we next focus on Thwaites Glacier in West Antarctica, because of the possibility that
it could exceed the speed limits described by Pfeffer et al. (2008) and cause even faster sea-level
rise (NRC 2013). Thwaites Glacier drains the so-called weak underbelly of the West Antarctic
Ice Sheet, the region identified as early as 1981 by George Denton and Terry Hughes as the
most likely route for ice-sheet collapse (see Hughes 1981). Thwaites Glacier now funnels both
vertically and horizontally to discharge across a stabilizing sill between highlands that arose at
least in part from former volcanism (Figures 2 and 4). Were Thwaites Glacier to retreat from this
site of relative stability, it would develop a deeper, wider calving front than any observed today
(NRC 2013), which might allow faster flow or breakage than considered by Pfeffer et al. (2008), as
discussed below. And, because Thwaites Glacier is connected through the deep basins to enough
marine ice to raise sea level by ~3.3 m, its loss likely would lead to loss of the marine portions of
the West Antarctic Ice Sheet (Figure 1).

THWAITES GLACIER IS ACCELERATING AND THINNING RAPIDLY
NOW, LIKELY BECAUSE OF OCEANIC FORCING

Thwaites Glacier, along with neighboring ice streams and outlet glaciers including Pine Island
Glacier, has recently accelerated and thinned (e.g., McMillan et al. 2014, Mouginot et al. 2014,
Sutterley et al. 2014) (Figure 2), making the Amundsen Sea/Pine Island Bay drainage the largest
Antarctic source of sea-level rise (Velicogna & Wahr 2006, Shepherd & Wingham 2007, Rignot
etal. 2008). The changes likely were triggered by reduced ice-shelf buttressing caused by increased
sub-ice-shelf melting (e.g., Shepherd et al. 2004, Payne et al. 2007, Rignot et al. 2008, Pritchard
et al. 2009, Joughin et al. 2010, Thomas et al. 2011, Park et al. 2013, Favier et al. 2014). The
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oceanic forcing may have involved warming of the Circumpolar Deep Water that can access
the grounding lines (Rignot & Jacobs 2002; Jacobs et al. 2002, 2011; Schmidtko et al. 2014),
and enhanced transport of this Circumpolar Deep Water onto the continental shelf and beneath
ice shelves (Thoma et al. 2008, Steig et al. 2012, Dutrieux et al. 2014, Schmidtko et al. 2014).
Additional warming of Circumpolar Deep Water and shifts in wind patterns affecting ocean
circulation in the coming century are typically simulated under business-as-usual emissions of
fossil-fuel CO; (Sen Gupta et al. 2009, Hattermann & Levermann 2010).

FUTURE THWAITES GLACIER CHANGES WILL LIKELY
EXHIBIT THRESHOLD BEHAVIOR

The sedimentary record of former ice sheets on continental shelves shows that sustained stability
typically alternates with uninterrupted, perhaps rapid retreat. The sedimentary record can reveal
even short-lived pauses during retreat; repeated transverse moraines are occasionally observed
that likely record wintertime pauses caused by backstress arising from sea ice or mélange (e.g.,
Dowdeswell et al. 2008). However, such features are not typical. Instead, the grounding line sits
for an extended time (decades to millennia) at one site, depositing a large grounding-line wedge,
and then migrates inland to a new site without pausing long enough to leave any record (e.g.,
Wellner et al. 2006, Dowdeswell et al. 2008, Jakobsson et al. 2011, Dowdeswell & Fugelli 2012).
The rate of retreat is not tightly constrained, but there are at least suggestions of rapid changes
(Jakobsson et al. 2011).

For the modern ice sheets, the retreats from ice-age maxima obviously did not “run away” to
cause complete deglaciation. Instead, the grounding lines restabilized at local seafloor highs (Alley
etal. 2007) or fjord narrowings (Jamieson et al. 2012). Once a retreating grounding line stabilizes,
several processes serve to increase stability. These include sedimentation replacing water with
sediment that provides more friction (Anandakrishnan etal. 2007), isostatic recovery as the seafloor
rises in response to loss of the weight of the former ice sheet, and relaxation of self-gravitation as
the local sea level falls because the shrinking ice mass exerts less pull on the surrounding ocean
water (Gomez et al. 2010). These stabilizers are relatively slow, however; isostatic response and
sedimentation have timescales of centuries to millennia, and self-gravitation depends on the ice
volume inland and thus the time for response there to coastal thinning. Thus, faster forcing is
expected to be more effective at destabilizing grounding lines, a potentially important issue given
that a recent study of Arctic paleoclimates indicated that by some measures human forcing may
become faster than any natural forcings over at least the most recent tens of millions of years
(White et al. 2010).

New cosmogenic-isotope results on ice-sheet thinning in the Hudson Mountains, adjacent to
Pine Island Glacier and not far from Thwaites Glacier, confirm the marine record of punctuated
retreat. Johnson etal. (2014) found that the ice thinned >100 m at a rate of >1 m/yr about 8,000 yr
ago, to a level near modern, and then apparently changed little before the onset of recent thinning.
The prior thinning event occurred at a time of little sea-level change, and likely resulted from
ice-shelf melting from warmer ocean waters (Johnson et al. 2014).

WHETHER THE THWAITES GLACIER STABILITY THRESHOLD HAS
BEEN CROSSED, AND WHEN THE RAPID RETREAT WILL OCCUR,
MAY DEPEND ON POORLY KNOWN CONDITIONS

Few modeling studies have specifically addressed the near-future stability of Thwaites Glacier
using the highest-resolution data available. Many more modeling studies have focused on the
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neighboring Pine Island Glacier, and these provide important lessons (e.g., Schmeltz et al. 2002,
Payne et al. 2004, Joughin et al. 2010, Larour et al. 2012, Park et al. 2013, Favier et al. 2014).
However, these studies do not substitute for work on Thwaites Glacier in projecting near-future
ice-sheet changes, because Pine Island Glacier has less direct access to the deepest marine basins
beneath the West Antarctic Ice Sheet, and because there is greater bedrock control of Pine Island
Glacier, with shearing from side drag extending to the centerline (MacGregor et al. 2012). Pine
Island and Thwaites Glaciers also likely differ oceanographically in some ways (see, e.g., references
in Parizek et al. 2013).

The recent paper by Joughin et al. (2014a) found that Thwaites Glacier ice-shelf loss has likely
already created conditions that will lead to retreat from the stabilizing sill, and thus to deglaciation
of the marine portions of the West Antarctic Ice Sheet. The model runs indicate slow changes for
some interval into the future (typically centuries) before a sudden acceleration as the grounding
line shifts into the deeper basins, creating sea-level rise of >1 mm/yr from Thwaites Glacier
alone. [Model runs generally were truncated when sea-level rise exceeded 1 mm/yr because the
model used is not appropriate for assessing how much faster than 1 mm/yr Thwaites Glacier can
contribute, although “much greater losses generally follow within a few years” (Joughin et al.
2014a, p. 737).] The runs reached this 1-mm/yr sea-level-rise threshold in 200 to 900 yr but
do not span the full range of possibilities; both longer and shorter delays could be simulated.
Additional uncertainty arises from a lack of data for Thwaites Glacier; Joughin et al. (2014a) used
an empirically calibrated sub-ice-shelf melt function from Pine Island Glacier, for example.

Extensive simulations were conducted by Parizek et al. (2013) (Figure 5), using data sets from
the SeaRISE project and building on the SeaRISE modeling (Bindschadler et al. 2013, Nowicki
etal. 2013a). Detailed aerogeophysical and satellite data were used as inputs to a coupled model of
the Thwaites Glacier ice stream, its ice shelf, and a sub-ice-shelf ocean plume, with the option of
allowing ocean influences beneath the seaward-most grounded ice, reflecting recent discoveries
of estuary-type water systems and tidal pumping near grounding lines (Christianson et al. 2013,
Horgan et al. 2013, Walker et al. 2013). The SeaRISE data sets were collected at different times
while Thwaites Glacier changed, and combining them probably had the effect of making the initial
model glacier somewhat more stable than the actual glacier.

Parizek et al.’s (2013) simulations found that the main Thwaites Glacier ice shelf now provides
limited stability, although the Eastern Shelf still buttresses that side of Thwaites Glacier (Rignot
2006, MacGregor et al. 2012; also see Joughin et al. 2014a), where the region of fastest flow could
widen by outward stepping of the margin (MacGregor et al. 2013). Hence, warming beneath
existing ice shelves could cause further flow acceleration. Warming is also expected to increase
snow accumulation, but the effect was modeled to increase stability only slightly.

Both the SeaRISE simulations (Bindschadler et al. 2013, Nowicki et al. 2013a) and Parizek
et al. (2013) found that under plausible forcings and parameter combinations, both long-term
Thwaites Glacier stability and rapid retreat can occur (Figure 5). Results were especially sensitive
to poorly known details of interactions in the grounding zone, and to the viscous versus plastic
nature of the bed. Coastal thinning from reduced ice-shelf buttressing causes a wave of thinning
to propagate inland, steepening the ice sheet and speeding ice flow to the grounding zone. The
perturbation propagates rapidly on a nearly plastic bed, supplying much ice to the grounding zone
in response to very small thinning and thus limiting further thinning, whereas coastal changes are
larger with a viscous bed. Because retreat from the stabilizing sill requires thinning there, results
are sensitive to the assumed bed character. Joughin et al. (2014a) used a nearly viscous bed, which
they considered to be applicable to Thwaites Glacier, explaining some of the differences between
their simulations and those of Parizek et al. (2013), but the full character of the bed extending
inland is not known with high confidence (see, e.g., Tulaczyk et al. 2000, Rathbun et al. 2008,
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Figure 5

Thwaites Glacier flowline simulations. Flowline model runs for (#) SeaRISE, under a climate ensemble mean of 18 IPCC AR4
(Intergovernmental Panel on Climate Change Fourth Assessment Report) climate models for emissions scenario A1B, a 2x basal
sliding amplification, and sub-ice-shelf melting from coupling with an ocean-plume model for 500 yr; (#) a 7-km-wide grounding zone,
high-resolution bed topography, and linear-viscous substrate using the same climate and basal-melt forcing as above and no basal
sliding amplification; and (¢) a 7-km-wide grounding zone, high-resolution bed topography, and effectively plastic substrate for the
same climate and basal-melt forcing as above and no basal sliding amplification. (Note the retreat across the model domain in 200 yr in
panel & and the lack of retreat in panel ¢, for the linear-viscous and effectively plastic basal rheologies, respectively.) The brown line is
the bedrock topography from (#) SeaRISE (Bamber et al. 2009a; Griggs & Bamber 2009; Le Brocq et al. 2010; Bindschadler et al. 2013;
Nowicki et al. 2013a,b) and (4,c) a combination of SeaRISE and Operation Ice Bridge (Allen 2009, Leuschen 2010). Figure modified
with permission from figures 6f'and 10d,e in Parizek et al. (2013). Copyright © 2013 by Wiley.

Joughin et al. 2009, Sergienko & Hindmarsh 2013, Walker et al. 2014). And, although Joughin
et al. (2014a) explored a wide range of parameter space representing the most likely values, they
did not explore all possible parameter combinations, and some will likely yield either greater or
less instability; parameterizations for basal melt of ice shelves may be especially important.

ANY FUTURE THWAITES GLACIER RETREAT MAY BE MUCH FASTER
THAN GENERALLY MODELED, BECAUSE OF CLIFF INSTABILITY

Ice-shelfloss leaves a tidewater calving face (e.g., Meier & Post 1987). However, stress imbalances
cause a tendency for cliff failure, as is well known in quarrying, mining, geomorphology, rock
climbing, and elsewhere. Hollin (1962) noted that the margin of the ice sheet often forms a cliff
that rarely exceeds 30 m, and that height “is presumably limited by mechanical factors” (p. 179).
"This topic was taken up in more detail by Hanson & Hooke (2003) and Bassis & Walker (2012),
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who suggested that the maximum height for a subaerial ice cliff is near 100 m. This is close to
the greatest subaerial ice-cliff heights observed today [Jakobshavn Isbrz and Helheim Glacier
in Greenland (Nick et al. 2013), and Crane Glacier after the loss of the Larsen B Ice Shelf in
Antarctica (Scambos et al. 2011)] and corresponds to flotation for a bed almost 1,000 m below
sea level. [The subaerial ice cliff at Jakobshavn Isbra has sometimes slightly exceeded 100 m (e.g.,
Joughin et al. 2012b, using the bed elevation assuming near-flotation at calving), perhaps aided
by mélange strength and frictional support from the walls of the narrow fjord.]

If Thwaites Glacier experiences a sustained Jakobshavn-type ice-shelf loss and retreats into
the central basins beneath the West Antarctic Ice Sheet that reach >2,000 m below sea level, the
resulting cliff would almost surely be highly unstable. If any mélange produced were sufficiently
weak, the resulting cliff failure might cause the glacier to retreat much more rapidly than simu-
lated by models lacking this process. Pollard et al. (2015) found that a parameterization for this
process increased the instability and collapse rate of the West Antarctic Ice Sheet and of marine
portions of the East Antarctic Ice Sheet, with this parameterization and the forcing adopted caus-
ing West Antarctic Ice Sheet collapse to occur on multidecadal timescales once initiated. No fully
physical model now exists that includes this process, and given the dependence on poorly known
fracture mechanics of ice, a quantitatively well-constrained model appears unlikely in the near
future.

THWAITES GLACIER IS OF PARTICULAR CONCERN, BUT
PORTIONS OF ALL THE ICE SHEETS MAY BE MORE
VULNERABLE THAN PREVIOUSLY THOUGHT

The Pliocene history of iceberg-rafted debris around East Antarctica and the far-field sea-level
record, noted above, suggest that the East Antarctic Ice Sheet lost significant mass, likely from
the Wilkes Basin. Recent modeling by Mengel & Levermann (2014) and Pollard et al. (2015)
exhibits the sort of threshold behavior described above, with sufficient warming causing retreat
into deeper basins that speed retreat. [Similar behavior is modeled for Pine Island Glacier in the
West Antarctic Ice Sheet by Favier et al. (2014).]

For the Greenland Ice Sheet, Morlighem et al. (2014) used a mass-conservation calculation
and the spectacular new radar data from CReSIS and IceBridge to show that deep channels extend
farther inland beneath the ice sheet in many more places than shown in older maps. Although still
relatively narrow, and not nearly so deep as the West Antarctic Ice Sheet basins, these paths for
iceberg discharge make the ice sheet more susceptible to mass loss than when modeled with the
older data.

SUMMARY

Marine ice sheets—those with beds well below sea level—can change more rapidly than land-
ending ice sheets by discharging icebergs that melt elsewhere, and marine ice sheets exhibit in-
stability on beds that deepen toward the center of the ice sheet. Stability can be reestablished if
floating ice remains attached in ice shelves that provide sufficient buttressing arising from ice-
shelf friction with fjord walls or local seafloor highs. However, the upper surfaces of ice shelves
are relatively low and warm compared with ice-sheet interiors, and melting on the ice shelves can
fill lakes that drive crevasses through the shelves, triggering collapse. Lower surfaces and fronts
of ice shelves in water are at the melting point, so oceanic changes that deliver warmer water to
contact the ice shelves will increase melting, with strong sensitivity. Hence, marine ice sheets such
as the West Antarctic Ice Sheet can be greatly and rapidly influenced by warming.
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The available data indicate that the West Antarctic Ice Sheet deglaciated in the geologically
recent past. Far-field data on rates of sea-level rise from ice-sheet configurations similar to today’s
lack the time resolution needed to assess the rate of deglaciation, but they allow for rates much
higher than the recently observed sea-level rise. The climate above the West Antarctic Ice Sheet
remained relatively cold during these intervals, so dynamic processes linked to the marine insta-
bility and likely forced by warmer ocean waters are implicated, acting through a range of complex
but increasingly well understood processes.

Thwaites Glacier, in the weak underbelly of the West Antarctic Ice Sheet, is the most likely
conduit for past and future ice-sheet collapse. Unlike retreat of other ice streams or outlet glaciers
such as Pine Island Glacier, retreat of Thwaites Glacier from its current position would quickly
and directly access the deep interior basins across a very broad iceberg calving front. Thwaites
Glacier is now stabilized on a relatively high bedrock sill where topography narrows the flow, but
the glacier is accelerating and thinning rapidly, likely because of oceanic forcing.

The geological record, and modeling targeting the modern setting, indicate that Thwaites
Glacier will likely exhibit threshold behavior, with retreat off the sill (Figures 2 and 4) triggering
much more rapid retreat that likely will be irreversible over human timescales of centuries or less.
The stability threshold may already have been crossed, although the few modeling experiments
to date do not provide full agreement on that. Whether the threshold has been crossed, and how
rapidly the ongoing retreat may leave the stabilizing sill, may depend on processes and conditions
that are not yet fully understood and measured, such that future modeling seems likely to leave
substantial uncertainty for some time. Notably, retreat into the deep basins could create conditions
unlike any seen on Earth today, with processes that generally are not accurately represented in the
current generation of models. In particular, the possibility of cliff failure suggests that Thwaites
Glacier retreat and West Antarctic Ice Sheet loss could be much faster than generally simulated.

And, although Thwaites Glacier and the West Antarctic Ice Sheet are of greatest concern,
recent research shows that the Greenland Ice Sheet has greater marine character than previously
thought, and portions of the East Antarctic Ice Sheet are vulnerable to marine instability from
sufficiently large forcing. Vigorous research will be required to notably reduce the uncertainties,
and the threshold nature of some of the behavior suggests that notable uncertainty will remain
for some time even with vigorous research. The distribution of possible future rates and amounts
of sea-level rise thus appears to be highly skewed, with a long tail to large, rapid, and costly rise,
a phenomenon that is of potential interest to planners.
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