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Arctic and Indian Oceans, but decrease in the North and Equatorial 
Atlantic and in the Pacific. In addition to wind changes, the project-
ed loss of summer sea ice extent in the Arctic Ocean is very likely to 
increase overall wave activity there (Manson and Solomon, 2007; 
Overeem et al., 2011).

Model intercomparisons are starting to identify common features of 
global wave projections but in general there is low confidence in wave 
model projections because of uncertainties regarding future wind 
states, particularly storm geography, the limited number of model sim-
ulations used in the ensemble averages, and the different methodolo-
gies used to downscale climate model results to regional scales (Hemer 
et al., 2012a). Despite these uncertainties, it appears likely (medium 
confidence) that enhanced westerly surface winds in the SH (discussed 
in Chapter 12) will lead to enhanced wave generation in that region by 
the end of the 21st century.

A number of dynamical wave projection studies have been carried out 
with a regional focus. For the Mediterranean Sea, Lionello et al. (2008; 
2010) projected a widespread shift of the wave height distribution to 
lower values by the mid-21st century under an SRES A1B scenario, 
implying a decrease in mean and extreme wave heights. Caires et al. 
(2008) and Debernard and Røed (2008) reported a decrease (4 to 6% 
of present values) in the annual 99th percentile SWH south of Iceland 
by the end of the 21st century, and an increase (6 to 8%) along the 
North Sea east coast (SRES A2, B2, A1B scenarios). Grabemann and 
Weisse (2008) found increases (up to 18% of present values) in annual 
99th percentile SWH in the North Sea by the end of the 21st century, 
with an increase in the frequency of extreme wave events over large 
areas of the southern and eastern North Sea (SRES A2, B2 scenarios). 
Charles et al. (2012) projected a general decrease in wave heights in 
the Bay of Biscay by the end of the 21st century (SRES A2, A1B, B1 
scenarios), accompanied by clockwise rotations in winter swell (attrib-
uted to a projected northward shift in North Atlantic storm tracks) and 
summer sea and intermediate waves (attributed to a projected slack-
ening of westerly winds). Along the Portuguese coast, Andrade et al. 
(2007) found little projected change in SWH and a tendency for a more 
northerly wave direction than present (SRES A2 scenario).

In the Pacific, multi-model projections by Graham et al. (2013) (SRES 
A2 scenario) indicate a decrease in boreal winter upper-quantile SWHs 
over the mid-latitude North Pacific by the end of the 21st century asso-
ciated with a projected decrease in wind speeds along the southern 
flank of the main westerlies. There is a less robust tendency for higher 
extreme waves at higher latitudes. On the southeastern Australian 
coast, Hemer et al. (2012b) used multi-model projections (SRES A2 and 
B1 scenarios) to identify a decrease in mean SWH (<0.2 m) by the end 
of the 21st century compared to present due to a projected decrease 
in regional storm wave energy, and a shift to a more southerly wave 
direction, consistent with a projected southward shift of the subtropi-
cal ridge in the forcing fields.

13.8 Synthesis and Key Uncertainties

There has been significant progress in our understanding of sea level 
change since the AR4. Paleo data now provide high confidence that 
sea levels were substantially higher when GHG concentrations were 
higher or surface temperatures were warmer than pre-industrial. The 
combination of paleo sea level data and long tide gauge records 
confirms that the rate of rise has increased from low rates of change 
during the late Holocene (order tenths of mm yr–1) to rates of almost 
2 mm yr–1 averaged over the 20th century, with a likely continuing 
acceleration during the 20th century (Figure 13.27). Since 1993, the 
sum of observed contributions to sea level rise is in good agreement 
with the observed rise. 

Understanding of the components that contribute to total sea level 
rise has improved significantly. For the 20th century, the range from 
an ensemble of such process-based models encompasses the observed 
rise when allowances are made for lack of inclusion of volcanic forcing 
in AOGCM control simulations, natural climate variability, and a pos-
sible small long-term ice-sheet contribution. Ice-sheet contributions to 
the 20th century sea level rise were small, however, and this agreement 
is thus not an evaluation of ice-sheet models. Nevertheless, there has 
been significant improvement in accounting for important physical 
processes in ice-sheet models, particularly of the dynamical response 
of individual glacier systems to warmer ocean waters in the immediate 
vicinity of the outlet glaciers. Although there are as yet no complete 
simulations of regional ocean temperature changes near ice sheets 
and of the ice-sheet response to realistic climate change forcing, the 
publications to date have allowed an assessment of the likely range of 
sea level rise for the 21st century (Figure 13.27). 

Figure 13.27 |  Compilation of paleo sea level data, tide gauge data, altimeter 
data (from Figure 13.3), and central estimates and likely ranges for projections of global 
mean sea level rise for RCP2.6 (blue) and RCP8.5 (red) scenarios (Section 13.5.1), all 
relative to pre-industrial values.
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Equilibrium line (ELA)
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Stokes flow
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Sliding speed
Friction law
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by assuming an ice density of 900 kgm�3 and a latent heat
of fusion of 335 kJ kg�1. Estimated standard deviations for
errors in the daily totals of turbulent and radiation fluxes are
about 6 and 2%. As radiation usually dominates melt rates,
daily mean errors are estimated to be 5%. As the region stud-
ied is an ablation zone with low accumulation rates and the
period of interest is mainly summer, we do not distinguish
between melt rates and run-off. Refreezing is only a small
fraction in this area.

4 Velocities, melt and water pressures on short time
scales

Year-round basal water pressure measurements are obtained
from a pair of boreholes near SHR (Smeets et al., 2012). The
two boreholes, located 5m apart, yielded almost identical
records over the first year of measurements, and data indicate
a connection to the subglacial system. Further proof of an im-
mediate connection to the active subglacial system was the
sudden drop in water level when drilling the first bore hole.
Previous observations of water pressure variations in combi-
nation with velocity measurements in Alpine glacier environ-
ments (e.g. Iken and Bindschadler, 1986) and in Jakobshavn
Isbræ (Iken et al., 1993) revealed insight into the relation
between sliding velocity and water pressure. For Greenland,
first data by Meierbachtol et al. (2013) indicated a very vari-
able pattern in time and space in the ablation zone over sum-
mer. Here, we provide the first year-round record of water
pressure variations beneath the Greenland ice sheet, which
in combination with detailed ablation information and GPS
data help to constrain hypotheses about the links between
surface meltwater production and dynamic response.
Results presented in Fig. 5 show that at the onset of the

ablation season at the beginning of July, there is a short-lived
peak in subglacial water pressure above the slowly increasing
late-winter values, associated with a sharp rise in ice velocity.
This is interpreted as the result of a strong imbalance between
melt water supply and drainage capacity, leading to a water
pressure higher than the overburden pressure and reduction
of bed traction, called the spring event (Bartholomew et al.,
2011; Fitzpatrick et al., 2013; Sundal et al., 2011; Cowton
et al., 2013; Iken et al., 1983). Following the spring event,
the simultaneous drop in ice velocity and pressure clearly in-
dicates the transition of the drainage system into an efficient
network of channels. The rapid increase of melt water supply
during early summer enlarges conduits due to wall melting
that develop into efficient channels. The increasing transport
capacity leads to lowering of the pressure in the hydraulic
system in the vicinity of the channels (Schoof, 2010). This
is in agreement with our observations in Fig. 5 and confirms
that our pressure probes are connected to an active part of the
hydrological system in the vicinity of a channel.
During the period dominated by channels, there is a clear

relation between melt, water pressure and velocities on daily

Figure 5. Seasonal cycle of water pressure, melt and velocity at
SHR starting in January 2011. Note how the onset of significant
melt leads to high magnitude acceleration and a short period of wa-
ter pressure in excess of the overburden pressure (horizontal grey
line), which implies floatation. Later, the ablation season variability
in the water pressure remains visible but the amplitude is dimin-
ished. During the ablation season the hydraulic system of channels
develops (phase 1 in the figure) and closes once the melt decreases
(phase 3). Note that even in autumn and early winter, single melt
events affect water pressure and ice velocity. Ablation rates are lin-
early from 0 to 8.5 cm w.e. per day. The percentages indicate the
pressure scaled by the overburden pressure.

time scales. To highlight this we selected a 3-week period in
July 2010 to study the diurnal cycle in detail (Fig. 6). Wa-
ter pressure and ice velocity are direct measurements, and
melt is calculated from weather station data. All data are
from the site SHR. Melt rates attain their maximum during
mid-afternoon, coinciding with the temperature maximum
and just after the maximum in shortwave radiation. This is
followed by a maximum in water pressure 2 h later as the hy-
draulic system is not capable of handling the maximum melt
peak immediately. Coinciding with the maximumwater pres-
sure, we observe that the velocity increases to 50% above
the mean for a short period, subsequently followed by more
or less constant values overnight until 10 a.m. (Local Time),
where after the increase in water pressure and melt leads to
a decrease in friction and an acceleration of the ice veloc-
ity. Water pressure keeps decreasing overnight as the water
input decreases due to melt but picks up a little later than
the onset of the melt in the early morning again once the
system is filled again. Hence the capacity of the subglacial
drainage system continuously adapts to time-varying water
inputs (Schoof, 2010; Bartholomew et al., 2012). Later in the
season, when melt ceases, the channels close and the clear
relation between melt, water pressure and velocity becomes
less distinct as the system returns to an inefficient, distributed
system in autumn (Schoof, 2010).

The Cryosphere, 9, 603–611, 2015 www.the-cryosphere.net/9/603/2015/

van de Wal et al 2015

Ice speed (GPS)

Runoff

Time

Sliding is strongly affected by the presence of water at the ice-bed interface.

Existing models relate shear stress to sliding speed and effective pressure  

- the relationship does not agree all that well with observations  
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variations, longer-term decreases in ice velocity are potentially due to
decreasing water pressure in the unchannelized regions of the subgla-
cial hydrologic system.

As observed in alpine glaciers, isolated components of the subglacial
hydrologic system may act to resist ice acceleration21. Previous studies
demonstrate that high (above overburden) water pressures out of phase
with ice velocity may be caused by transfer of mechanical support from
channelized regions of the bed to isolated regions7,17,19,22. However, the
diurnal range of borehole hydraulic heads is more strongly anti-correlated
with the diurnal range of ice velocity than with the diurnal range of
water pressure in nearby active regions of the bed (Methods), suggest-
ing that borehole hydraulic head variability is at least partly the result of
non-locally generated sliding21. In this proposed mechanism, pressur-
ization of neighbouring regions of the bed that have an efficient con-
nection to the channelized system induces sliding, which is transmitted
to these unconnected areas by stress transfer laterally within the ice. In
turn, water pressure in unconnected regions of the bed decreases as the
volume of bedrock cavities increases through sliding21 or as basal sedi-
ments deform24,25 without a commensurate water influx. A combination
of these processes results in a dynamic water pressure environment,
despite the apparent hydraulic isolation of these regions of the bed.

Negative feedback between increased ice velocity and decreased water
pressure in unconnected regions can act to limit sliding20,21 and poten-
tially control minimum ice velocity. This resistance to sliding probably
varies both spatially and temporally, owing to changes in connectivity
within the isolated system17,22. Although borehole hydraulic heads are
typically anti-correlated with ice velocity, some boreholes experienced
infrequent periods when pressures are in phase with ice velocity follow-
ing large melt events (for example, on days 211–218 of 2011 in borehole 6,

Fig. 2a). These in-phase periods may indicate ephemeral connections
to the unchannelized but interconnected parts of the drainage system,
which occur when the hydraulic capacity of the subglacial drainage
system is overwhelmed and water flows out of conduits into the sur-
rounding unchannelized system4,12,14,26.

While long-term decreases in ice velocity have previously been attrib-
uted to decreasing subglacial water pressure caused by increased chan-
nelization1,9,10, our results suggest that during the latter part of the melt
season, the spatial extent of the unchannelized system is a primary control
on ice velocity. Basal traction is a function of both the interconnected and
isolated regions of the unchannelized system21. Therefore, increasing the
spatial extent of the interconnected system, at the expense of the isolated
system, should result in a larger fraction of the bed at lower water pres-
sures. Gradually increasing the connectivity of the isolated system (that is,
opening or enlargement of flow pathways) would have a similar result.

These processes could increase basal traction and decrease ice velocity
without a change in the efficiency of the channelized system21. Indeed,
we observe a gradual decrease in water pressure in two of three bore-
holes (boreholes 4 and 6; Figs 3d; Extended Data Fig. 1), implying increas-
ing connectivity to active regions of the bed. This process is also observed
at a second field site in 2011 (Methods). These reductions in subglacial
pressure match well with velocity trends (Fig. 3d), suggesting that system-
atically decreasing pressures within the isolated system are occurring.
The observed decreases in water pressure may result in a higher spa-
tially averaged basal traction at the end of the melt season that persists
after meltwater inputs cease. Consequently, this mechanism could explain
the winter mediation of summer acceleration9,10.

Our results suggest that the subglacial drainage system consists of three
components that exert varying control on ice velocity over different
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Figure 3 | Relationships between hydraulic head and ice-surface velocity.
a, Linear regression between the magnitude of diurnal changes in ice velocity
and borehole and moulin hydraulic head for 2011 (p , 0.05; borehole 4 n 5 48,
borehole 6 n 5 59, borehole 7 n 5 50). b, Linear regression between the
magnitude of diurnal changes in ice velocity and borehole and moulin
hydraulic head between days 192 and 240 in 2012 (p , 0.05; borehole 4 n 5 80,

borehole 6 n 5 79, borehole 7 n 5 75, moulin 3 n 5 85). Days when borehole
hydraulic head and ice velocity are in phase are excluded. c, Daily maximum
and minimum moulin hydraulic head plotted against associated ice velocity for
2012. d, Normalized daily minimum hydraulic heads and ice velocity as a
percentage of winter background for 2012. The minimum values are smoothed
over 5 days.
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Water-filled cavities form downstream of bedrock bumps, where local normal stress is low

Previous modelling work: Lliboutry 1968, Iken 1981, Kamb 1987, Fowler 1986, 1987, 
Schoof 2005, Gagliardini et al 2007, Helanow et al 2019

Existing models assume a steady state, and uniform effective pressure

Laboratory-based experimental work: Zoet & Iverson 2015

Subglacial cavitation
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PREVIOUS EXPERIMENTAL STUDIES
There have been relatively few laboratory studies of sliding
and none that provides a test of recent slidingmodels (Fowler,
1986, 1987; Schoof, 2005; Gagliardini and others, 2007) that
emphasize ice/bed separation and neglect regelation. Motiv-
ation for emphasizing ice/bed separation comes from both
extensive evidence of cavities on formerly glaciated bedrock
(e.g. Walder and Hallet, 1979; Hallet and Anderson, 1980;
Hooyer and others, 2012) and their centrality in models of
glacier surging (Kamb and others, 1985; Kamb, 1987),
hydrology (Walder, 1986; Kamb, 1987; Schoof, 2010) and
bedrock erosion (Hallet, 1996; Iverson, 2012). Motivation for
neglecting regelation comes from the common scarcity on
formerly glaciated bedrock of obstacles sufficiently small to
be accommodated mainly by regelation (Kamb, 1970;
Hooke, 2005), which probably reflects the tendency for
small obstacles to be worn flat by abrasion (Hooke, 2005).

Two widely cited sets of laboratory experiments explored
relationships between shear stress, normal stress and sliding
speed for ice dragged over surfaces with irregular micro-
scopic to sub-centimeter roughness elements (Barnes and
others, 1971; Budd and others, 1979). Many of these
experiments were conducted at sub-freezing temperatures
(Barnes and others, 1971). In experiments with temperate
ice, partitioning between regelation and viscous deform-
ation of ice was unknown, but the small sizes of obstacles,
with thermal conductivities either equal to or greater than
rock, made regelation difficult to preclude, if not likely.
Cavity formation in Budd and others (1979), if it occurred,
was of unknown extent, and the degree to which water
pressure at the sliding interface may have reduced the
effective normal stress to values below the applied normal
stress was unknown. Worth noting is that Barnes and others
(1971) measured a double-valued sliding relationship, but
decreasing drag with increasing speed occurred at speeds
that greatly exceeded those relevant to glacier sliding and
for reasons unrelated to ice/bed separation.

In subsequent experiments with better temperature
control, larger, laterally adjacent streamlined obstacles
(15mm high, 60mm wide, 160mm long) were pushed
under a temperate block of ice held fixed and under a steady

normal stress (Hooke and Iverson, 1985). Although there
was no regelation, heat transfer inward from the perimeter of
the apparatus caused melting on the up-glacier sides of the
bumps that accounted for 25% of the total motion. Although
cavities formed in lee of the obstacles, whether they reached
a steady size was unknown because the volume of the ice-
cavity system was not measured. In addition, the obstacles
were isolated longitudinally; thus, the fundamental inter-
action between cavities and the stoss surfaces of obstacles
immediately downstream, which gives rise to the double-
valued sliding relationship of some theoretical models
(Lliboutry, 1968, 1979, 1987; Fowler, 1986, 1987; Schoof,
2005), was not studied.

The most ambitious previous laboratory study of glacier
sliding used the Couette-type viscometer, ‘Penelope’, to
rotate a ring of ice around a central cylinder, which was
mildly elongated to form two diametrically opposed and
symmetrical bumps (⇠30mm high with circumferential
lengths of ⇠500mm) (Brepson, 1979; Meyssonnier, 1989).
In experiments conducted with temperate ice (Brepson,
1979), cavities formed. Whether they reached a steady size
was unknown, and steady drags at a particular sliding speed
were not achieved. No relationship between sliding speed
and bed shear stress was determined. In later experiments
with the same device, steady cavity sizes and bed shear
stresses were achieved, but experiments were conducted at
sub-freezing temperatures (–0.5 to –1.0°C) (Meyssonnier,
1989). No relationship between sliding speed and bed shear
stress was reported.

METHODOLOGY
We have built and used a major new laboratory device to
study subglacial processes, with an initial focus on ice/bed
separation (Iverson and Petersen, 2011) during sliding and
the relationship between sliding speed and drag on the bed.
The device rotates a ring of ice at its pressure-melting
temperature across a rigid or sediment bed under a
prescribed effective pressure. Capabilities of the device
include unlimited slip displacement, temperature control of
the ice and bed to 0.01°C, free movement of ice normal to
the bed associated with ice/bed separation, and develop-
ment of ice with a structure like the basal ice of glaciers
(Iverson and Petersen, 2011). Either sliding speed or basal
drag is controlled while the other variable is measured. We
use the device in both of these modes to develop a drag rule
for glacier sliding over a rigid sinusoidal bed (Fig. 1) subject
to cavity formation in the lee sides of bed undulations and
negligible regelation. Also, a flat bed is used to measure
minor background drag resulting from boundary effects
unrelated to bed geometry.

Device
A ring of ice, 0.90m in outside diameter, 0.20m wide and
⇠0.21m thick, is contained within a U-shaped chamber and
dragged at its upper surface across the bed (Fig. 1). A vertical
stress, held steady to within 2%, is applied to the ice with a
hydraulic ram, and the ram contracts or extends to accom-
modate cavity expansion or contraction, respectively, at the
bed. This extension or contraction is measured and allows
cavity volume to be determined. Cavities are connected to
drains that can be held open at atmospheric pressure or
closed, so that the bed can be pressurized with water. The
upper surface of the ice ring is rotated at either a constant

Fig. 1. Schematic of the ice ring and sinusoidal bed. An annular
plate with teeth grips the upper surface of the ring and drags it
across the bed. The ring also slides along smooth walls that confine
it along its sides. See Iverson and Petersen (2011) for more details.

Zoet and Iverson: Double-valued drag relationship for glacier sliding2

Zoet & Iverson 2015

increasing sliding speed. At the ends of experiments cavity
geometry is measured directly and predicted well using the
ice/bed separation theory of Kamb (1987) (Fig. 3),as
adapted for an appropriate power-law ice rheology. This
theory,therefore,provides the basis for estimating cavity
shapes and positions in Figure 3 from measured volumes of
cavities (see Appendix).

Measured values of steady shear stress (bed-parallel drag
force divided by bed area) supported by the sinusoidal bed
demonstrate a double-valued drag response as a function of
sliding speed (Fig. 4). At low sliding speeds (<7.3ma–1)
cavities are small (Fig. 3),and drag increases with speed. At
progressively larger steady speeds (up to 350ma–1) and
cavity sizes,there is a marked decrease in drag,of up to
50% if cavities cover ⇠93% of the bed (Fig. 3). Cavity size at
the speed at which drag peaks (Fig. 3) is close to the threshold size at which Iken’s bound is predicted to start

declining with further increases in speed (Schoof,2005).
Background drag measured with a flat bed is small (⇠9 kPa)
and independent of sliding speed (Fig. 4).

Highly deformed ice near the bed exhibits fabrics with
preferentially aligned c-axes,as expected for ice at the
pressure-melting temperature subjected to strain approxi-
mating simple shear (Cuffey and Paterson,2010) (Fig. 5).
The c-axis orientations have a unimodal distribution around
the vector normal to the roughly horizontal shear plane.
Initially c-axes were nearly randomly oriented and likely
developed preferred orientation at low strains (<1) (Iverson
and Petersen,2011). The grains have an average diameter of
7mm and have undergone extensive recrystallization,as
demonstrated by their polygonal shape and triple-point
junctions (Alley and others,1995). Thus,although the
experimental ice is synthetic,at strains required for steady-
state sliding ice has begun tertiary creep and is structurally
similar to ice near glacier beds.

DISCUSSION
Theory
Although many theories of glacier sliding address ice/bed
separation (Lliboutry,1968,1979,1987;Fowler,1986,

Fig. 3. Cavities at the bed due to sliding. Longitudinal profiles of
cavities at the ice-ring center line at sliding speeds of 2.6,7.25 and
290ma–1 (gray lines),under a total vertical stress of 500 kPa and
atmospheric pressure in cavities. Cavity geometry at 290ma–1 was
both measured directly (crosses) and fitted (gray line) using the
theory of Kamb (1987),as described in the Appendix. Error bars
indicate ⌃1� of variability based on measurements of multiple
cavities. Note the exaggerated vertical scale.

Fig. 4. Drag on the bed. Mean steady shear stress as a function of
sliding speed for a sinusoidal bed and a flat bed. Error bars indicate
⌃1� from the mean,once a time-averaged steady stress or speed
was reached (e.g. Fig. 2). The speeds (2.6,7.25 and 290ma–1)
correspond to the cavity geometries of Figure 3. The solid line is the
sum of the shear stress estimated using a theory of sliding in the
presence of cavities (Lliboutry,1968,1979) and the background
shear stress measured with the flat bed.

Fig. 5. Ice crystal fabric. (a) A horizontal thin section of ice from an
experiment,under cross-polarized lenses. Ice was collected from
⇠1mm above the cavity ceiling after a total sliding displacement at
the ice-ring center line of 6.51m. The grid squares are 10mm.
(b) The c-axis orientations of 150 crystals on a lower-hemisphere,
equal-area plot,with a contour interval of 20�. The c-axes are
centered on the vector normal to the shear plane. Both panels are
oriented with respect to the sense of shear indicated.

Zoet and Iverson: Double-valued drag relationship for glacier sliding4
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Normal stress
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Forced periodic oscillations of effective pressure. Sliding speed held constant.

Time-dependent fluctuations
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Time-dependent fluctuations

Forced periodic oscillations of effective pressure. Shear stress held constant.
Both pressure-constrained and volume-constrained cavities.

Fixed Prescribed N(t) VFixed τb ub(t)

0 5 10
0

0.005

0.01

0.015

0.02

Solved for

Suggests sliding law of the form

"̇ = A(T )⌧n

⌧ = � + p

⌧b = Cub

Q = ⌧bub

⌧b ⇠ 100 kPa ub ⇠ 30 m y�1 ⇠ 10�5 s�1 =) Q = ⌧bub ⇠ 0.1 W m�2 ⇠ 10 mm y�1

G ⇠ 0.06 W m�2

m ⇠ 10 mm y�1

m ⇠ 1 m y�1

Tm T

` ⇠ 10 m

a ⇠ 1 m

ub ⇠
aA

2n⌫2n
⌧
n
b

ub ⇠
k�

a⇢L⌫2
⌧b

⌧b = ⌘iub
k
2
⇤
⇡

Z 1

0
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A simplified model of a marine ice sheet
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Grounded ice sheet Ice shelf

Mass conservation

Force balance

Plastic friction law
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, constant
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Schoof 2007, Pegler 2018, Haseloff & Sergienko 2018
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Grounded ice sheet Ice shelf
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g ẋg = axg � qg

��r(h2)
�� = c

��r(h2)
�� = 2⌧b

⇢ig

⌧b = C

⌧b = ⌧0

@

@x
(hu) = a�m

�⇢o � ⇢i

⇢o
⇢igh

@h

@x
� 3µhu

w2
= 0

h =

s
3⇢oµ

(⇢o � ⇢i)⇢igw2(m� a)
[qg � (m� a)(x� xg)]

4µ⌧b
⇢ig

qg

h2g
=

⇢ig(⇢o � ⇢i)

2⇢o
h
2
g �

3µ

2w2(m� a)
q
2
g

hg = hf (xg)

14

h =

r
2⌧b
⇢ig

(xg � x)1/2

qg = hu
��
g
= axg �

r
2⌧b
⇢ig

x
1/2
g ẋg
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Aside - plastic bed model for Antarctica
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Marine ice sheet on a linearly sloping bed

Grounding line position
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Bifurcation diagram:



Increased ice-shelf melting causes retreat, but not necessarily irreversible 

Sensitivity to increased melting
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Basic models for ice-sheet evolution & the elevation feedback

Summary

Marine ice-sheet sensitivity to ice-shelf melt

Sliding modulated by water-filled cavities


