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ABSTRACT. We present results from numerical ice-flow models that include calving criteria based on
penetration of surface and basal crevasses, which in turn is a function of longitudinal strain rates near
the glacier front. The position of the calving front is defined as the point where either (1) surface
crevasses reach the waterline (model CDw), or (2) surface and basal crevasses penetrate the full
thickness of the glacier (model CD). For comparison with previous studies, results are also presented for
a height-above-buoyancy calving model. Qualitatively, both models CDw and CD produce similar
behaviour. Unlike previous models for calving, the new calving criteria are applicable to both grounded
termini and floating ice shelves and tongues. The numerical ice-flow model is applied to an idealized
geometry characteristic of marine outlet glaciers. Results indicate that grounding-line dynamics are less
sensitive to basal topography than previously suggested. Stable grounding-line positions can be obtained
even on a reverse bed slope with or without floating termini. The proposed calving criteria also allow
calving losses to be linked to surface melt and therefore climate. In contrast to previous studies in which
calving rate or position of the terminus is linked to local water depth, the new calving criterion is able to
produce seasonal cycles of retreat and advance as observed for Greenland marine outlet glaciers. The
contrasting dynamical behaviour and stability found for different calving models suggests that a realistic
parameterization for the process of calving is crucial for any predictions of marine outlet glacier change.

1. INTRODUCTION

Calving of icebergs is an important mechanism for rapidly
transferring mass from the polar ice sheets into the
surrounding ocean. Recent observations have shown that
changes in calving rate can greatly reduce the extent of
floating ice shelves and ice tongues, potentially resulting in
increased discharge from the interior (Joughin and others,
2004; Rignot and others, 2004). While the break-up of
floating ice tongues has negligible direct effect on global sea
level, the resulting speed-up of grounded ice can have major
consequences for global sea level. Indeed, a wide range of
observations applying to both current ice masses and
palaeo-ice sheets point to iceberg calving as a major factor
in rapid ice-sheet changes (Van der Veen, 2002). Rapid
changes in ice dynamics of Greenland outlet glaciers have
been documented in a number of recent studies (Thomas
and others, 2003; Joughin and others, 2004, 2008a,b,c;
Howat and others, 2005, 2007, 2008b; Luckman and others,
2006; Rignot and Kanagaratnam, 2006; Csatho and others,
2008; Moon and Joughin, 2008). In particular, recent
changes on Jakobshavn Isbree on the west coast, and
Helheim and Kangerdlugssuaq glaciers on the east coast
have been detailed on seasonal timescales. Determining the

most likely causes for recent behaviour of these outlet
glaciers is crucial for assessing the future contribution of the
Greenland ice sheet to global sea level. It is therefore
important to formulate a calving model that can be readily
incorporated into time-evolving numerical ice-flow models
and, at the same time, is able to reproduce observed glacier
behaviour. As a first step, the objective of the present study is
to introduce a physically based calving model and to
evaluate its impact on flow and dynamics of calving glaciers.

Calving criteria used in previous model studies fall into
one of two main categories. The first type parameterizes the
calving rate as a function of some independent variable such
as water depth (Brown and others, 1982; Meier and Post,
1987; Hanson and Hooke, 2000), ice-front thickness (Pfeffer
and others, 1997) or stretching rate (Alley and others, 2007,
2008). The second approach specifies the position of the
calving front, based on a height-above-buoyancy criterion,
and the calving rate is then given by the rate at which ice is
delivered to the ice front (Van der Veen,1996, 2002). Data
collected on Columbia Glacier, Alaska, USA, prior to and
during its rapid retreat and speed-up suggest that the
position of the calving front is controlled by local geometry
such that at the terminus the thickness in excess of flotation
cannot become less than a certain threshold value (~50m
for Columbia Glacier). Thus, for such height-above-
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buoyancy or flotation criteria the calving rate is not explicitly
parameterized but is a result of flow and dynamics at the
terminus. Inclusion of a flotation criterion in a numerical
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model reproduced unstable retreat through basal over-
deepenings, and showed a more complex relationship
between calving rate and water depth than assumed in
earlier models (Vieli and others, 2001; Nick and others,
2007). A model incorporating the height-above-buoyancy
criterion for calving was to some extent successful in
explaining the recent retreat of Helheimgletscher, but could
not reproduce the seasonal cycle of retreat and advance
(Nick and others, 2009).

A major difficulty with both the water-depth model and
the height-above-buoyancy model is that these apply to
grounded termini only. Moreover, these models produce
inherently unstable glacier behaviour where the bed slopes
downward towards the interior. A modest retreat of the
calving front into deeper waters leads to further retreat that is
halted only at the head of the fjord where the bed rises above
sea level or where the bed slope reverses. Neither model can
produce an advancing ice front without invoking other
factors such as sedimentation at the terminus to reduce local
water depth (Nick and others, 2007, 2009). Most of the
Antarctic marine-based glaciers and ice streams and many
Greenland calving glaciers are buttressed by floating ice
tongues or ice shelves from which icebergs are discharged.
Thus, there is a need for calving models that can be applied
to both floating and grounded ice fronts, and allow the
calving front to advance on seasonal timescales, either by
forming a short-lived floating ice tongue or by advancing a
grounded terminus.

The model of Pfeffer and others (1997) calculated calving
losses from a floating ice shelf as a nonlinear function of ice-
front thickness, based on empirically determined fracture
propagation rates. While having some physical basis, this
model does not take account of key factors governing
fracture location and extent (e.g. strain rate) and is only
applicable to floating ice. Alley and others (2008) also
formulated a law for ice-shelf calving based on regression
between stretching rate and velocity near the ice front,
assumed to be closely approximating the calving flux. The
implication of this model is that it tends to make ice shelves
inherently unstable, whereby one calving event and associ-
ated terminus retreat leads to higher calving fronts, and
consequently enhanced stretching, and could result in
complete collapse. Because their regression is valid for
near-steady termini, it is not immediately clear whether the
model proposed by Alley and others (2008) can be extended
to rapidly retreating calving fronts. As is the case for the
water-depth and height-above-buoyancy models, the phys-
ical underpinnings of the stretching-rate model remain
tenuous at best.

The calving process is highly stochastic in nature, and
may involve frequent detachment of smaller pieces from
above or below the waterline, as well as more infrequent
breaking of larger icebergs. Each calving event involves
propagation of fractures, but considering local character-
istics (e.g. shape of the snout, pre-existing planes of
structural weakness, wave impacts) it is unreasonable to
expect any model to be able to predict with any confidence
when and where the next iceberg will break off. Never-
theless, it is possible to formulate a ‘bulk’ calving model
that captures the main features of the average calving
process that can be included in prognostic numerical ice-
sheet models.

In an attempt to overcome limitations of existing calving
models, Benn and others (2007a,b) introduced a calving
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criterion based on the depth of penetration of surface
crevasses, which is in turn a function of longitudinal strain
rates on the glacier tongue. The position of the calving front
was defined as the point where crevasse depth equals the ice
height above sea or lake level, based on the observation that
many glaciers calve when crevasses reach the waterline,
with failure of the subaerial part of the calving face followed
after some interval by calving of the submerged super-
buoyant ice toe (Motyka, 1997). The waterline crevasse-
depth criterion of Benn and others (2007a,b) has been
incorporated into a three-dimensional (3-D), full-Stokes
glacier model by Otero and others (2010). Their model
could successfully predict ice-margin position for a specified
glacier geometry, although glacier evolution through time
was not investigated. Here we implement a modified
crevasse-depth model in which the calving front is defined
as the point where water-filled surface crevasses and basal
crevasses penetrate the full thickness of the glacier. The
waterline crevasse-depth model may be applicable to small,
relatively slow tidewater glaciers such as those on Svalbard,
whereas the modified model may be more representative of
large, fast-flowing Greenlandic outlet glaciers. It must be
emphasized that these models are not intended as literal
representations of how individual calving events occur, but
rather as a means of relating terminus position to ice
dynamics in a simple but physically based way.

For tensile stresses of a few hundred kPa, air-filled
crevasses extend to a depth of several tens of meters.
However, where extensive surface melting takes place,
existing surface crevasses can become water-filled, allowing
further downward growth (Weertman, 1973; Van der Veen,
1998b, 2007). Scambos and others (2000) proposed that this
mechanism explains how relatively minor changes in local
climate conditions can lead to rapid disintegration of ice
shelves. Similarly, Sohn and others (1998) found seasonal
variations in calving rate on Jakobshavn Isbree associated
with surface melting. Consequently, as suggested by Benn
and others (2007b), the calving model presented here
includes the effects of water on crevasse depth.

Prior studies on crevasse penetration (Smith, 1976, 1978;
Rist and others, 1996; Van der Veen, 1998a,b) applied linear
elastic fracture mechanics (LEFM) to estimate penetration
depth of crevasses on glaciers. In that approach, the stress
intensity factor is used to describe elastic stresses near the
crevasse tip, thereby accounting for local stress concen-
trations promoting fracture growth. When compared to the
fracture toughness of ice, the stress intensity factor provides
a measure for how deep a crevasse can penetrate into the
ice, if stresses acting on the crevasse are known. This
approach, however, is not readily incorporated into numer-
ical ice-flow models. Therefore, following Benn and others
(2007b) the simplifying assumption is made here that
crevasses propagate to the depth at which the tensile stress
equals the lithostatic stress and the net longitudinal stress is
zero (Nye, 1955, 1957). This simplification is appropriate
because where crevasses are closely spaced, as is the case
for most calving termini, stress concentrations at crevasse
tips are small. Crevasse depths predicted by the zero-stress
model are very close to those obtained by the LEFM
approach for a field of crevasses (Van der Veen, 1998b;
Mottram and Benn, 2009). The zero-stress condition allows
crevasse penetration depth to be readily estimated anywhere
in the terminus region and a simple calving criterion to be
implemented into a time-evolving numerical model.
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Our primary objective is to investigate whether the new
calving model can generate realistic patterns of glacier
advance and retreat, both long-term and on seasonal
timescales, and how the bed topography influences flow
dynamics and terminus stability. In order not to obfuscate
interpretation of model results, processes that may force
terminus migration are, in this study, limited to variations in
water level in surface crevasses, in accumulation and in
back pressure at the calving front. We are aware that other
processes (e.g. basal melting under floating ice tongues) may
play an important role in the control of the position of
marine glacier termini, as highlighted by Holland and others
(2008) for Jakobshavn Isbree, and that they should be
included in attempts to model observed behaviour of actual
outlet glaciers.

In the following sections, we first describe the crevasse-
depth calving model, and the ice-flow model used to evolve
the glacier through time. The numerical model is then
applied to an idealized geometry, to evaluate glacier
response and stability to various imposed forcings. For
comparative purposes, similar model runs were conducted
using the waterline crevasse-depth model and a height-
above-buoyancy calving criterion.

2. CALVING MODEL

In a field of closely spaced crevasses, little tensile stress can
exist within the thin slabs of ice separating adjacent
crevasses, so there are no large stress concentrations near
the tips of crevasses (Weertman, 1973). This suggests that
under these conditions the depth of surface crevasses may
be estimated following the model introduced by Nye (1955,
1957). That is, crevasses will penetrate to the depth at which
the net longitudinal stress becomes zero. In the absence of
water in the crevasses, at this depth the longitudinal tensile
stress equals the compressive ice overburden pressure. The
normal stress responsible for crevasse opening is the resistive
stress, R,,, defined as the full stress minus the lithostatic
stress and related to the longitudinal stretching rate through
Glen’s flow law (Van der Veen, 1999, p. 38),

Re=2(%), "

where A is the temperature-dependent rate factor, n=3 is the
flow parameter, and the contribution of other strain rates to
the effective strain rate has been neglected. The simplifying
assumption is made that this stress is constant with depth
(Rist and others, 1996; Van der Veen, 1998b). Allowance
can be made for depth variation resulting from non-uniform
temperatures throughout an ice column if, for example,
stretching rate is considered independent of depth (Van der
Veen, 1998a). Such refinement will not, however, signifi-
cantly alter the behaviour of the model glacier.

The lithostatic stress, or ice overburden pressure, in-
creases with depth according to

L=—pg(H - 2), 2)
where p; is the ice density, g is the gravitational acceleration,
H is the ice thickness and z is the vertical coordinate with
z=0 at the glacier or ice-shelf base. As noted by Rist and
others (1996), the density of near-surface firn is considerably
lower than that of solid ice, thereby reducing the crevasse
closing stress and allowing the crevasse deeper penetration
than if constant density is assumed (cf. Van der Veen,
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1998b). We assume a constant value of p; (920kgm™)
corresponding to solid ice, which is probably realistic in
glacier ablation zones (e.g. the termini of Greenlandic
glaciers). We note, however, that density variations can be
readily incorporated into the model.

Equating the tensile stress (Equation (1)) with the ice
overburden pressure (Equation (2)) yields the penetration
depth, d, of surface crevasses (Nye, 1955, 1957),

dy = B 3)

pig

The Nye model does not take into account the strength of ice
and allows crevasses to exist for all values of the tensile
stress. In reality, if the tensile stress is less than some
threshold value, no crevasses will form. This condition is
important in determining where crevasses will first form, but
for the heavily crevassed terminus region just upstream of
the calving front, where the tensile stress is likely to be
greater than the threshold stress, this issue may be ignored
(Van der Veen, 1998b).

For a surface crevasse containing water, an additional
opening stress allows the crevasse to penetrate deeper
(Weertman, 1973; Van der Veen, 1998b). If d,, is the water
height in the crevasse, this additional stress equals p,gd.,,
where p,, represents the density of meltwater. The crevasse
penetration depth may then be estimated from (Benn and
others, 2007b)

pig  pi

In the initial form of the crevasse-depth model, the position
of the calving front is defined as the point where d; equals
the glacier freeboard above sea level, based on the obser-
vation that many subaerial calving events occur when the
depth of surface crevasses approaches the waterline,
followed by calving of the subaqueous toe (Motyka, 1997).
On the other hand, observations on Greenland outlet
glaciers show infrequent calving of larger pieces or tabular
icebergs interspersed with numerous smaller calving events
(personal communication from L. Stearns, 2009). Production
of these larger bergs likely involves full-thickness fracturing.
Therefore we introduce a modification to the Benn and
others (2007b) calving model, in which calving occurs when
surface crevasses reach the depth to which basal crevasses
penetrate upward into the ice. Significant upward propa-
gation of basal crevasses is possible only where the glacier is
at or near flotation and stretching rates are large (Van der
Veen, 1998a), so for grounded termini this implies that the
water-filled surface crevasse must penetrate nearly the full
ice thickness before a calving event occurs. On floating
glacier tongues, however, basal crevasses can penetrate
upward a significant fraction of the ice thickness, thus
facilitating the calving process.

To estimate the height of basal crevasses, the net normal
stress must be considered. This stress is the sum of the
lithostatic stress, the pressure of water filling the crevasse,
and the tensile stress associated with flow stretching. Adding
these three contributing stresses yields (Van der Veen,
1998a, equation (16))

on(2) = —pig(H — z) + ppg(Hp — 2) + R (5)

In this expression, o, is the net normal stress, z is the height
above the glacier or ice-shelf base, Hj, is the piezometric
head, or the height above the base to which water in a
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Table 1. Values of model parameters

Constant or Value Notes
parameter

pi 920kgm™ Ice density

Pp 1028 kgm™ Sea density

Pw 1000 kgm™ Meltwater density

g 9.8ms™ Gravitational acceleration
m 3 Bed friction exponent
n 3 Exponent in Glen’s flow
A 5.6x 107" Pa”a™ Glen’s law coefficient
il 1 Friction parameter
Aso 100Pam 357" Sliding parameter
Ax 300-500 m Variable grid size
At 0.001 years Time-step

borehole to the bed will rise, and pj, is the density of sea or
lake water (depending on the proglacial water body into
which the glacier calves). For a floating ice tongue, the
piezometric head corresponds to sea level. The assumption
is made here that where the terminus is grounded, a full and
easy connection between the subglacial drainage system
and the adjoining sea or lake exists. In that case, H, equals
the depth, D, of the glacier sole below sea level.

As in the case of surface crevasses, where basal crevasses
are closely spaced, stress concentrations at the crevasse tips
may be ignored and the penetration height may be estimated
from the requirement that the net longitudinal stress is zero
at that height (Weertman, 1980; Jezek, 1984). After some
rearranging, this gives

i Ryx
=" ‘<'—— ab>/ (6)

Pp — Pi \Pi§
where H,, represents the height above buoyancy, defined as
Hy=H-"p. 7)

pi

For a floating ice tongue, H,,=0, and the height of the
bottom crevasses is determined solely by the tensile stress,
Ryx- On grounded glaciers, H,,>0 and basal crevasses will
penetrate less far upward.

The modified calving model is now complete. Because
the depth of surface crevasses is estimated from the
longitudinal stress and water level in the crevasses (Equa-
tion (4)), the model allows links between calving rate and
changes in climate conditions to be explored. Water levels
may be expected to increase during the melt season, starting
from zero at the end of the winter, as surface meltwater
collects in the crevasses. Progressive melting allows surface
crevasses to penetrate deeper into the ice, thus providing a
mechanism for increased calving losses during summer.

For the present applications, we do not specify surface
melt and freezing rates, but rather prescribe directly water
level within crevasses as simple forcing scenarios. In
principle, though, water depths in crevasses could be
modelled explicitly.

3. ICE-FLOW MODEL

The calving model has been incorporated into a numerical
ice-flow model that calculates the flow and geometric
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evolution, based on the model used by Nick and others
(2009). The ice-flow model is briefly outlined below. A list of
model parameters and their values is given in Table 1.

3.1. Continuity and force balance

Considering a flowband of width W and thickness H,
conservation of mass is expressed by the depth-integrated
continuity equation (Van der Veen, 1999; Oerlemans, 2001),

oH
o~ waox T (8)

where t is time, x is the distance along the central flowline

and a is the surface mass balance. Neglecting the effect of

sloping side-walls, the horizontal ice flux through a cross

section of the flowband is given by g= HWU, with U the

vertically averaged horizontal ice velocity.

Conservation of momentum requires

o1, ou Po m
13 2] - (or-20)

2H (5U\" oh
—W(m) *PigHa, (9)
where v is the strain-rate dependent effective viscosity,
defined as

1=n
n

ou
ox

Equation (9) states that the driving stress (right-hand side) is
balanced by resistive forces associated with gradients in
longitudinal stress (first term on the left-hand side), drag at
the glacier bed (second term) and lateral drag (third term).
The assumption is made that basal drag depends on sliding
velocity and effective basal pressure (Bindschadler 1983;
Van der Veen and Whillans, 1996; Vieli and Payne, 2005).
The sliding parameter, A, and the friction parameter, 1, may
be related to bed roughness and basal water, respectively.
The value m=3 is chosen for the nonlinear sliding relation.
Resistance from drag along the lateral margins is estimated
by integrating the force-balance equation over the width of
the flowband assuming that lateral drag supports the same
fraction of driving stress along a transect across the glacier
(section 5.5 of Van der Veen, 1999).

1
v=AT"

(10)

3.2. Boundary conditions

The up-glacier boundary, x=0, corresponds to the ice divide
where the surface slope and horizontal velocity are set to
zero. At the calving front, the longitudinal stress is balanced
by the difference between hydrostatic pressure of the ice and
water, giving for the depth-averaged stress

1 D?
Rxxzzpig[H—p—?—}—JB (11)
in which D is the depth of the glacier base below sea level
and og is a back pressure from sea ice or sikkusak. Applying
Glen’s flow law and rearranging, the corresponding stretch-
ing rate at the terminus is

' D2 n
B_UZA[%<H_@__Q)} , (12)
ox 4 pi H pig

The second boundary condition at the terminus is provided
by the calving criteria discussed in section 2, to account for

mass loss at the terminus. The crevasse-depth model allows
formation of an ice shelf or a floating tongue when ice
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thickness is less than the flotation thickness. The transition
between grounded ice and shelf is achieved through setting
basal resistance to zero; that is, the friction parameter, y, in
Equation (9) is set to zero when the ice thickness becomes
less than the flotation thickness.

In the crevasse-depth model, the local water depth or
front geometry influences the glacier flow and strain rate and
eventually calving rate. But, contrary to previous calving
models, there is no direct dependency of calving rate on the
water depth.

Model calculations are performed on a moving grid,
which allows the glacier front to be followed continuously
(Nick and Oerlemans, 2006). The initial horizontal grid
spacing is 300 m; this distance changes with every time-step
as a new grid is defined to fit the new glacier length. For
cases with a floating ice tongue, grounding-line motion has
been checked for spatial grid-size independency by model
experiments with refined grid resolutions. The problem of
grid-size dependency (Vieli and Payne, 2005) is here
overcome by the chosen high spatial resolution. Since basal
resistance depends on effective basal pressure (second term
in Equation (9)), it decreases as the ice thickness thins down
to the flotation thickness. Therefore there is a smooth
transition in basal resistance from the grounded to the
floating ice tongue. Equation (9) is solved using a standard
Newton iteration method. The fluxes and velocities are
computed on a staggered grid between the gridpoints where
thickness is calculated (more detail can be found in Vieli
and Payne, 2005).

4. MODEL EXPERIMENTS

Our objective here is to evaluate how different calving
criteria affect glacier dynamics. In particular, we seek to
explore how a floating ice tongue affects the stability of the
terminus in the presence of a basal overdeepening and
whether the flowline model can produce a seasonally
advancing and retreating terminus in such a geometric
setting. Three calving models are considered: (1) the
crevasse-depth model (CD) in which a calving event occurs
when the combined depth of surface and bottom crevasses
equals the ice thickness; (2) the waterline crevasse-depth
model (CDw), with calving occurring when a surface
crevasse extends down to the waterline (Benn and others,
2007b); and (3) the height-above-buoyancy or flotation
model (FL) in which the glacier thickness at the terminus
cannot be less than a given limit, H.. Following Vieli and
others (2001), the critical thickness is defined as a small
fraction, g, of the flotation thickness plus the flotation
thickness:

He="(1+g)D. (13)
Pi
At each time-step, the position of the terminus is shifted to
the location where the thickness equals this critical
thickness.

For the following model experiments and besides chan-
ging surface mass balance, the main forcing for terminus
migration is through the variation of water level within
crevasses, d,, or of back pressure at the calving front, og.
These forcings reflect processes such as surface melt and the
existence of sea ice or sikkusak and are both linked to
climate and, to some extent, oceanic conditions. Our choice
for the model forcing does not imply that these are the only
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Table 2. Overview of model comparison experiments for the three
calving criteria

CD CDw FL
Initial glacier, L=46km  d,,=80m dy=10m g=0.1
Advance scenario dy=60m dy=7m g=0.0001
a>0: a=2a a>0:a=2a a>0:a=20a
Initial glacier, L=69km  d,,=80m dw=10m g=0.1
Retreat scenario dy=125m dy=14m g=0.3

a>0:a=0.7a a>0:a=0.7a a>0: a=0.7a

important drivers for outlet glacier change. Indeed, obser-
vations indicate that other processes, such as changes in
basal lubrication or oceanic melting beneath floating ice
tongues or at the grounding line, may play an important role
as control for calving-front dynamics (Motyka and others,
2003, 2009; Holland and others, 2008; Joughin and others,
2008c). While such processes should be included in
attempts to model realistic behaviour of actual outlet
glaciers, our study represents a first step towards this
objective. The limiting of forcing processes to variations in
water level and in back pressure still targets our main aim of
investigating the primary implications of calving criteria on
marine outlet glacier dynamics on the relevant timescales.

An idealized geometry (Fig. 1) is used consisting of a wide
accumulation area and a narrow outlet channel to the sea.
Except near the ice divide, the bed is below sea level with
two overdeepenings. The size of the model glacier is
purposely kept small (total catchment area of ~100km?) to
minimize possible stabilizing effects from increased dis-
charge from the interior. For all three calving models, steady-
state profiles were produced using parameter values given in
Tables 1 and 2. The profile shown in Figure 1 corresponds to
an initial glacier length of 46 km and was used as the initial
geometry for modelling advance past the proglacial over-
deepening. A second equilibrium profile with a glacier
length of 69km served as the initial profile to investigate
glacier retreat (Fig. 4).

4.1. Terminus advance

In a first set of experiments for the CD and CDw models,
glacier advance is forced by reducing the water level in
surface crevasses (d,, in Equation (4); see Table 2). For both
the CD and CDw models, an ice shelf forms and the
grounding line advances through the basal depression to
reach a steady-state position just beyond the deepest point,
on the upsloping bed (Fig. 2). In this particular model
experiment, the grounding line does not advance all the way
to the next bed high; by decreasing the crevasse water level
further, advance to the next bed high occurs (not shown
here). The FL model is forced by reducing the critical
thickness (smaller value of g in Equation (14)), but it only
produces minor advance and does not advance beyond the
bedrock low, as was also found in earlier model studies
(Nick and others, 2007).

In a second set of experiments, glacier advance is
achieved by increasing the accumulation rate in the
catchment area (i.e. a in Equation (8) is doubled where
a>0). The terminus advances across the basal trough to the
next basal high (Fig. 3). During the initial stage of advance
into deeper water, a small ice shelf forms for the CD and the


https://doi.org/10.3189/002214310794457344

786

Nick and others: Calving model applied to marine outlet glaciers

~ 500 , : : ; : :
<
£ 4\ Sea level
5 ’ M
B a
=
% _500 1 1 1 1 1 1
0 10 20 30 40 50 60 70
'é- 40 T T T T T T
=
=
Tg 20 - 1
ko b
J
g 0 1 T T I T T
0 10 20 30 40 50 60 70
5 T T T T T T
‘T--.
«© - —
g 0
[aa]
E _5 L C 1 L 1 1 L 1
0 10 20 30 40 50 60 70

Distance from ice divide (km)

Fig. 1. Initial steady-state geometry: (a) glacier surface and basal elevation along the central flowline; (b) glacier width; and (c) annual

surface mass balance.

CDw model (Fig. 4). Again, in the FL model, increasing
surface accumulation does not allow glacier advance into
deeper water, even if an extreme increase (by a factor of 20)
is applied.

4.2. Terminus retreat

To investigate glacier retreat, model runs start from a steady-
state glacier with a length of 69km, similar to the most

advanced profile shown further below in Figure 4. Model
parameters used to obtain the initial profile are listed in
Table 2.

Increasing the water level in crevasses results in deeper
penetration and initially higher calving rates. For both the
CD and CDw models, the terminus retreats a few kilometres
behind the basal high before reaching a new equilibrium
position on the upward slope (Fig. 5). Similar retreat results
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Fig. 2. The simulated advance forced by decreasing water level in crevasses or critical height. (a) Glacier length evolution in time for
different calving criteria, the CD, CDw and FL models (black, blue and red, respectively). The black and blue dashed curves show position of
the grounding line for CD and CDw models, respectively. (b) Bed elevation at glacier front. Arrow indicates direction of advance.
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Fig. 3. The simulated advance forced by an increase in the accumulation rate by factor 2. (a) Glacier length evolution in time for different
calving criteria, the CD, CDw and FL models (black, blue and red, respectively). The black and blue dashed curves show position of the
grounding line for CD and CDw models, respectively. The dashed red curve refers to the case in which an extreme increase in accumulation
rate (by factor 20) is applied. (b) Bed elevation at glacier front. Arrow indicates direction of advance.

from a decrease in accumulation rate in the catchment basin To further illustrate the difference between the CD and
(Fig. 6). For the FL model, any increase in critical thickness ~ FL calving criteria, Figure 7 shows retreat forced by a
(Fig. 5) or decrease in accumulation rate (Fig. 6) moves the decrease in surface accumulation with a bed geometry
terminus over the basal high into the basal overdeepening  characterized by a longer, deep basal depression. In the CD
where it retreats rapidly and is halted only when the  model, the glacier reaches a new equilibrium characterized
terminus reaches the shallower bed. This unstable behaviour by the presence of a small ice shelf (Fig. 8). Retreat is
is the direct consequence of the terminus position being  arrested well before the grounding line reaches shallower

linked to water depth in the FL model. water. In contrast, the FL model predicts retreat all the way
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———-—-_:H Advance —————»
500 —— J
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Distance from ice divide (km)

Fig. 4. The simulated surface profiles along the central flowline for experiment using the CD model and increased accumulation rate
(corresponding to the black curve in Fig. 3). The time interval between the profiles is 50 years.
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through the basal depression. Because terminus position in  4.3. Stability on a reversed bed
the FL model is directly linked to water depth, retreat does  As shown in Figures 2 and 5, when using the CD or CDw
not stop until the calving flux reduces as it reaches the  model, the glacier can reach a steady state on an upsloping

shallower bed.

bed, which is not possible for the height-above-buoyancy
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Fig. 6. The simulated retreat forced by a decrease in the accumulation rate by factor 0.7. (a) Glacier length evolution in time for different
calving criteria, the CD, CDw and FL models (black, blue and red, respectively). (b) Bed elevation at glacier front. Arrow indicates direction

of retreat.
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The dashed curve shows position of the grounding line for the CD model. (b) Bed elevation at glacier front. Arrow indicates direction of

retreat.

model (Vieli and others 2001; Nick and Oerlemans, 2006).
This is because in both the CD and CDw models, the calving
flux is not directly related to water depth and terminus retreat
into deeper water does not necessarily increase the calving
flux. To investigate this issue further, the CD model is used
starting from a steady-state geometry with a glacier length of

1000 T T T

65km and terminating on the upward bed slope shown in
Figure 1a with a constant water level of 120m in surface
crevasses. Note that for this case no floating ice tongue
occurs and the terminus is grounded. A step increase in water
level by 5m allows crevasses to penetrate deeper and a
sudden increase in calving flux occurs, causing the terminus

500

Elevation (m as.l.)

«C—— Retreat

_500 1 1 1
0 10 20 30

40 50

Distance from ice divide (km)

Fig. 8. The simulated surface profiles along the central flowline for the experiment using the CD model and forcing a retreat by decreasing
the accumulation rate by factor 0.7. The time interval between the profiles is 50 years.
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Fig. 9. Glacier retreat on an upsloping bed in response to a step change in water level in surface crevasses at time t=10 years.

to retreat into deeper water (Fig. 9a and b). However, as the
terminus retreats further, the calving flux does not increase
accordingly and, in fact, decreases rapidly as the glacier front
thickens (Fig. 9¢c). The retreat slows down and approaches a
new equilibrium with the grounding line on the reversed bed.
Note that for this experiment no floating tongue formed
during retreat and the terminus position coincides with the
grounding line. Glacier retreat first results in a step increase
in speed (Fig. 9d) as resistive stresses are reduced, but the
speed-up is short-lived and the velocity starts slowly
decreasing again. This reduction in frontal velocity stabilizes
ice discharge while the terminus thickens (Fig. 9e), which in
turn slows terminus retreat. Figure 9f illustrates how the ice
flux suddenly increases after increasing water level in the
surface crevasses, but stabilizes shortly thereafter. In the new
steady state, the ice flux at the terminus is greater than before
the perturbation was imposed, to compensate for the loss of
part of the ablation zone.

The important finding is that the terminus and grounding
line stabilize on a reverse bed slope, even for the case
where no floating ice tongue or ice shelf exists that could
potentially impose a buttressing force due to lateral
resistance. This contradicts common views regarding
stability of marine-based glaciers. Also, the model results
show that the system is sensitive to the formulation of the
calving model.

The model results above and presented in Figures 2—8
show little difference in response between the calving model
based on full thickness crevasse penetration (CD) and the
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model based on penetration to the waterline (CDw). When
externally forced, both models predict grounding-line ad-
vance or retreat, with retreat not necessarily being unstable
or controlled by the geometry of the bed. The height-above-
buoyancy calving model cannot produce terminus advance
over a deep basal depression, and retreat, once initiated, is
halted only where the bed becomes sufficiently shallow.
Consequently, the FL model cannot reproduce significant
seasonal terminus advance and retreat as typically observed
for Greenland outlet glaciers (Howat and others, 2008a,b;
Joughin and others, 2008c). In the following set of
experiments, which explores the dynamic response to a
seasonal forcing, we therefore only present results obtained
from the CD model.

4.4. Response to seasonal forcing

Two types of seasonal forcings are imposed, namely a
periodic change in water level in surface crevasses (repre-
senting simplified seasonal variations in surface melting and
runoff), and a periodic change in the magnitude of back
pressure at the glacier terminus (reflecting seasonal changes
in the concentration of sea ice and sikkusak in front of the
calving terminus).

The initial geometry for these experiments is the steady-
state glacier with a length of 69km, as in the retreat
experiments shown in Figures 5 and 6. The model is then run
for 200 years with seasonal forcing to reach a stable seasonal
variation in terminus position. The results in Figures 10 and
11 show the last few years of this time integration.
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We first consider the dynamic response to sinusoidal
variations in water level of 20m amplitude (Fig. 10c).
Increasing the water level increases calving losses, forcing

the terminus to retreat

(Fig. 10a). Retreat continues until the

water level starts decreasing and the terminus advances.
During advance, calving goes almost to zero and the
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Fig. 11. Modelled ice-front position (a) and ice velocity at different locations behind the ice front (b) in response to a seasonal variation in
back pressure at the glacier front (c).
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terminus advances with the speed of the glacier. Increasing
the water level does not promptly result in a retreat; the
glacier continues advancing until crevasse depth is sufficient
to penetrate through the glacier thickness and then retreat is
initiated. Associated with frontal advance and retreat are
periodic changes in ice velocity (Fig. 10b), with velocity
increases occurring simultaneously with terminus retreat as
a result of reduced basal and lateral resistance and greater
frontal height. Speed variations are greatest at the terminus
and are rapidly muted upstream of the calving front
(Fig. 10b).

Confining sikkusak in front of the terminus may exert a
back pressure on the glacier front (Equation (12)). As the sea-
ice concentration reduces during the summer, this back
pressure may be expected to decrease. Again, a sinusoidal
seasonal variation is imposed with 20kPa amplitude
(Fig. 11¢), resulting in cyclic response of terminus position
(Fig. 11a) and glacier speed (Fig. 11b). An increase in back
pressure lowers the stretching rate at the terminus and results
in shallower crevasse depths and lower calving rates.
Conversely, reducing or eliminating the back pressure
causes stretching rates to increase with deeper penetration
of surface crevasses and including terminus retreat. The
change in back pressure adopted here (20kPa) may be
unrealistically large, although the observation that confining
sea ice may halt the rotation of large icebergs (Amundson
and others, 2010) suggests an appreciable back pressure
from sikkusak in Greenlandic fjords. Adopting a significantly
smaller change in back pressure does not produce a clear
seasonal glacier response.

Comparison of the results shown in Figures 10 and 11
shows that seasonal variations in water level and in back
pressure produce more or less the same dynamic glacier
response. The glacier responds dynamically to short-term
fluctuations in climate, as has been observed for some outlet
glaciers in Greenland with ~15% seasonal change in
velocity (e.g. Luckman and Murray, 2005; Joughin and
others, 2008c). It is worth noting that in these experiments
no floating ice tongue forms during seasonal advance,
indicating that the presence of such a tongue is not a
necessary requirement for terminus advance.

5. DISCUSSION

The model experiments described above show that crevasse-
depth calving criteria allow a greater range of glacier
behaviour to be modelled than has hitherto been possible.
By allowing the formation of a floating ice tongue, the model
can simulate glacier advance into deep water, unlike water-
depth and height-above-buoyancy calving models which
necessarily apply only to grounded termini (Vieli and others,
2001; Nick and others, 2007, 2009). For the height-above-
buoyancy model (as well as for the water-depth model; those
results are not shown here), the model results suggest that
retreat into deeper water, once initiated, is sustained by
increased calving until the terminus reaches water depths
sufficiently small to reduce calving and arrest the terminus
(Figs 5-8). Subsequent terminus advance through deeper
water is not possible (Figs 2 and 3) unless sedimentation at
the grounding line is invoked to reduce the local water depth
at the terminus, lowering calving rate (Nick and others,
2007). This inherently unstable behaviour is eliminated by
implementation of crevasse-depth calving criteria. Lowering
the calving rate by decreasing the amount of water in surface
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crevasses or increasing accumulation in the catchment area
allows an ice shelf to form and the grounding line to advance
into or across a basal deepening (Figs 2—4). Increasing the
calving rate or lowering accumulation forces the terminus to
retreat, but this retreat is halted well before the terminus
retracts to an upward slope (Figs 5 and 6).

Our model results indicate that the retreat and advance of
calving outlet glaciers is not simply dictated by the bed
topography. According to earlier results (e.g. Vieli and
others, 2001; Nick and others, 2007, 2009), terminus retreat
into deeper water is irreversible and will be halted only
where the bed becomes shallower. The main reason for this
difference is that the current model eliminates any direct
dependence of calving rate on the local water depth or ice
thickness, and allows the system to respond to a broader
range of climatic, topographic and glaciological controls.

Another feature of the new calving model is that it allows
calving rate to be linked to seasonal variations in air
temperature or surface melting. This, in turn, results in
seasonal advance and retreat of the glacier terminus, as has
similarly been observed on Greenland outlet glaciers. In the
present simulations, seasonal variations in the amount of
water in crevasses and in back pressure are prescribed
directly, rather than these parameters being linked to climate
parameters such as air temperature and temperature of the
water in the fjord. This allows for a straightforward evalu-
ation of model sensitivity. Nevertheless, for future studies,
more realistic parameterizations or explicit modelling is
appropriate. For example, there is a time lag between
minimum sea-ice concentration and maximum air tempera-
ture, and the amount of sea ice formed during the winter will
have an impact on concentrations during the following
summer (Gough and Houser, 2005). Our estimate for the
back pressure on the glacier terminus due to the presence of
confining sikkusak is based on observed seasonal changes in
stretching rate at the terminus of Helheimgletscher (Howat
and others, 2007, fig. 2b). A more quantitative assessment is
desirable when attempting to model observed behaviour
more closely. Similarly, surface ablation likely depends on
factors other than air temperature, such as previous snowfall,
cloudiness, incoming solar radiation, etc.

Further, oceanic melt at the calving face and beneath
floating ice tongues or ice shelves has purposely not been
considered in this study, but observations suggest that it may
play a crucial role in forcing marine outlet glacier change
(Motyka and others, 2003, 2009; Thomas and others, 2003;
Shepherd and others, 2004; Holland and others, 2008).
Within the present model, basal melt can easily be included
as a forcing process beneath the floating part and should
certainly be considered and explored for realistic numerical
models of marine outlet glaciers. Recent studies indicate
that an accurate knowledge of the magnitude and more
importantly the spatial pattern of basal melt is crucial for
understanding its effect on the grounding-line dynamics
(Walker and others, 2008; O. Gagliardini and others,
unpublished information), but our current understanding
of basal melt processes is limited and prognostic models are
in their infancy.

It must be repeated that the crevasse-depth calving criteria
are not intended to represent the exact physical processes
underpinning individual calving events. Calving occurs
through a wide range of mechanisms, and the propagation
of surface and basal crevasses in response to longitudinal
stretching should only be regarded as a large-scale, first-
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order control on the position of the calving front (Benn and
others, 2007a). Similarly, our approach to modelling the
overdeepening of water-filled crevasses must be regarded as
a simplification of complex processes. However, by relating
the position of calving fronts to crevasse depths, our model
provides a way of linking calving losses to ice dynamics and
surface melting in a physically plausible but workable way,
unlike previously used calving criteria which rely on poorly
tested empirical relationships.

Data presented by Mottram and Benn (2009) show that
the function for calculating the depth of dry crevasses
(Equation (3)) yields reasonable results. However, to our
knowledge, no equivalent data are available for water-filled
crevasses, or the way in which crevasse depths vary
throughout the year. Obtaining accurate field observations
of crevasse depths is not an easy undertaking, so it will be
very difficult to obtain direct observations that could be used
to test our hypothesis that surface melt rates exert a direct
control on calving losses by deepening surface crevasses.
However, some indirect validation is provided by a rough
agreement of model behaviour with observations on marine
outlet glaciers, particularly their seasonal fluctuations in
terminus position.

Calving is, of course, a 3-D process, and calving events
require both lateral and vertical propagation of fractures.
Such effects are not taken into account in our present model,
which only considers fractures in two dimensions. A future
goal, therefore, is the development of a full, 3-D, time-
evolving calving model. On the basis of our modelling
studies to date, we believe that crevasse-depth calving
criteria provide the most promising means of representing
the calving process in such models (Otero and others, 2010).

The current model experiments apply to an idealized
geometry and employ a limited range of input variables, in
order to investigate how the new calving criterion affects
glacier dynamics and behaviour. The next step should be to
apply the model to actual geometries of Greenland outlet
glaciers (e.g. Helheimgletscher or Jakobshavn Isbrae) and
simulate observed temporal variations more closely. Such
validation will be crucial and should be possible with the
much increased spatial and temporal resolution of flow
velocity, front position and thickness observations that are
becoming available from remote-sensing and field-moni-
toring programmes. Modelling exercises such as that
reported in this paper can play an important role in guiding
data collection, by highlighting which variables could be
controlling observed behaviour. Taken together, model
simulations and observations may provide important insights
into the relative importance of different forcing processes
and feedback mechanisms, and allow us to make further
significant progress on the long-standing ‘calving problem’.

6. CONCLUDING REMARK

The main conclusion that can be drawn from the model
experiments described in this contribution is that the choice
of calving model in numerical prognostic ice-flow models
crucially determines behaviour and stability of the model
glacier. This means that better understanding of processes
controlling calving from grounded and floating termini is
needed. Observations to validate proposed models are
needed, in particular seasonal progression of crevasse
depths following the onset of surface melting, but also the
inclusion of oceanic processes such as basal melt.

https://doi.org/10.3189/002214310794457344 Published online by Cambridge University Press

793

ACKNOWLEDGEMENTS

This paper is published with the permission of the Geo-
logical Survey of Denmark and Greenland. The research was
funded mainly by the Danish Ministry of Climate and Energy
through the Programme for Monitoring the Greenland Ice
Sheet (PROMICE), by the UK Natural Environment Research
Council (NERC) New Investigators Grant NE/E001009/1,
and in part by US National Science Foundation grants ANT-
0424589 and ARC-0520427 (University of Kansas) and the
ice2sea project funded by the European Commission’s 7th
Framework Programme through grant No. 226375. FM.N. is
grateful for comments by H.M. Nick and D. van As, who
helped to improve the model.

REFERENCES

Alley, R.B. and 6 others. 2007. A first calving law for ice shelves:
spreading-rate control of calving rate. [Abstr. C43A-01.] Eos,
88(52), Fall Meet. Suppl.

Alley, R.B. and 7 others. 2008. A simple law for ice-shelf calving.
Science, 322(5906), 1344. (10.1126/science.1162543.)

Amundson, J.M., M. Fahnestock, M. Truffer, J. Brown, M.P. Liithi
and R.J. Motyka. 2010. Ice mélange dynamics and implications
for terminus stability, Jakobshavn Isbree, Greenland. J. Geophys.
Res., 115(F1), FO1005. (10.1029/2009JF001405.)

Benn, D.I., N.R.J. Hulton and R.H. Mottram. 2007a. ‘Calving laws’,
‘sliding laws’ and the stability of tidewater glaciers. Ann.
Glaciol., 46, 123-130.

Benn, D.l, C.W. Warren and R.H. Mottram. 2007b. Calving
processes and the dynamics of calving glaciers. Earth-Sci. Rev.,
82(3-4), 143-179.

Bindschadler, R. 1983. The importance of pressurized subglacial
water in separation and sliding at the glacier bed. J. Glaciol.,
29(101), 3-19.

Brown, C.S., M.F. Meier and A. Post. 1982. Calving speed of Alaska
tidewater glaciers, with application to Columbia Glacier. USGS
Prof. Pap. 1258-C, C1-C13.

Csatho, B., T. Schenk, C.J. van der Veen and W.B. Krabill. 2008.
Intermittent thinning of Jakobshavn Isbrae, West Greenland,
since the Little Ice Age. J. Glaciol., 53(184), 131-144.

Gough, W.A. and C. Houser. 2005. Climate memory and long-
range forecasting of sea ice conditions in Hudson Strait. Polar
Geogr., 29(1), 17-26.

Hanson, B. and R.LeB. Hooke. 2000. Glacier calving: a numerical
model of forces in the calving-speed/water-depth relation.
J. Glaciol., 46(153), 188-196.

Holland, D.M., R.H. Thomas, B. de Young, M.H. Ribergaard and
B. Lyberth. 2008. Acceleration of Jakobshavn Isbree triggered by
warm subsurface ocean waters. Nature Geosci., 1(10), 659-664.

Howat, I.M,, 1. Joughin, S. Tulaczyk and S. Gogineni. 2005. Rapid
retreat and acceleration of Helheim Glacier, east Greenland.
Geophys. Res. Lett., 32(22), 1L22502. (10.1029/2005GL024737.)

Howat, I.M., I.R. Joughin and T.A. Scambos. 2007. Rapid changes
in ice discharge from Greenland outlet glaciers. Science,
315(5818), 1559-1561.

Howat, I.M., B.E. Smith, I. Joughin and T.A. Scambos. 2008a. Rates
of southeast Greenland ice volume loss from combined ICESat
and ASTER observations. Geophys. Res. Lett., 35(17), L17505.
(10.1029/2008GL034496.)

Howat, I.M., 1. Joughin, M. Fahnestock, B.E. Smith and T. Scambos.
2008b. Synchronous retreat and acceleration of southeast
Greenland outlet glaciers 2000-2006: ice dynamics and coup-
ling to climate. J. Glaciol., 54(187), 646-660.

Jezek, K.C. 1984. A modified theory of bottom crevasses used as a
means for measuring the buttressing effect of ice shelves on
inland ice sheets. J. Geophys. Res., 89(B3), 1925-1931.


https://doi.org/10.3189/002214310794457344

794

Joughin, 1., W. Abdalati and M.A. Fahnestock. 2004. Large
fluctuations in speed on Greenland’s Jakobshavn Isbree glacier.
Nature, 432(7017), 608-610.

Joughin, I. and 7 others. 2008a. Continued evolution of Jakobshavn
Isbree following its rapid speedup. J. Geophys. Res., 113(F4),
F04006. (10.1029/2008)JF001023.)

Joughin, I. and 8 others. 2008b. Ice-front variation and tidewater
behavior on Helheim and Kangerdlugssuaq Glaciers, Greenland.
J. Geophys. Res., 113(F1), FO1004. (10.1029/2007)F000837.)

Joughin, I., S.B. Das, M.A. King, B.E. Smith, I.M. Howat and
T. Moon. 2008c. Seasonal speedup along the western flank of
the Greenland Ice Sheet. Science, 320(5877), 781-783.

Luckman, A. and T. Murray. 2005. Seasonal variations in velocity
before retreat of Jacobshavn Isbrae, Greenland. Geophys. Res.
Lett., 32(8), L08501. (10.1029/2005GL022519.)

Luckman, A., T. Murray, R. de Lange and E. Hanna. 2006. Rapid
and synchronous ice-dynamic changes in East Greenland.
Geophys. Res. Lett., 33(3), L03503. (10.1029/2005GL025428.)

Meier, M.F. and A. Post. 1987. Fast tidewater glaciers. J. Geophys.
Res., 92(B9), 9051-9058.

Moon, T. and I. Joughin. 2008. Changes in ice front position on
Greenland’s outlet glaciers from 1992 to 2007. J. Geophys. Res.,
113(F2), F02022. (1029/2007JF000927.)

Mottram, R.H. and D.I. Benn. 2009. Testing crevasse-depth models:
a field study at Breidamerkurjokull, Iceland. J. Glaciol., 55(192),
746-752.

Motyka, R.J. 1997. Deep-water calving at Le Conte Glacier,
southeast Alaska. Byrd Polar Res. Cent. Rep. 15, 115-118.
Motyka, R.J., L. Hunter, K.A. Echelmeyer and C. Connor. 2003.
Submarine melting at the terminus of a temperate tidewater
glacier, LeConte Glacier, Alaska, U.S.A. Ann. Glaciol., 36, 57-65.

Motyka, R.J., M. Truffer, M.A. Fahnestock and M. Lithi. 2009.
Submarine melting of the 1985 Jakobshavn Isbrae floating tongue
and the triggering of the current retreat. [Abstr. C31F-06.] Fos,
90(52), Fall Meet. Suppl.

Nick, F.M. and J. Oerlemans. 2006. Dynamics of tidewater glaciers:
comparison of three models. J. Glaciol., 52(177), 183-190.
Nick, F.M., CJ. van der Veen and J. Oerlemans. 2007. Controls on
advance of tidewater glaciers: results from numerical modeling
applied to Columbia Glacier. J. Geophys. Res., 112(F3), F03524.

(10.1029/2006JF000551.)

Nick, M., A. Vieli, .M. Howat and I. Joughin. 2009. Large-scale
changes in Greenland outlet glacier dynamics triggered at the
terminus. Nature Geosci., 2(2), 110-114.

Nye, J.F. 1955. Correspondence. Comments on Dr. Loewe’s letter
and notes on crevasses. J. Glaciol., 2(17), 512-514.

Nye, J.F. 1957. The distribution of stress and velocity in glaciers and
ice-sheets. Proc. R. Soc. London, Ser. A, 239(1216), 113-133.

Oerlemans, J. 2001. Glaciers and climate change. Lisse, etc.,
A.A. Balkema.

Otero, J., F.J. Navarro, C. Martin, M.L. Cuadrado and M.I. Corcuera.
2010. A three-dimensional calving model: numerical experi-
ments on Johnsons Glacier, Livingston Island, Antarctica.
J. Glaciol., 56(196), 200-214.

Pfeffer, W.T. and 7 others. 1997. Numerical modeling of late glacial
Laurentide advance of ice across Hudson Strait: insights into
terrestrial and marine geology, mass balance, and calving flux.
Paleoceanography, 12(1), 97-110.

Rignot, E. and P. Kanagaratnam. 2006. Changes in the velocity struc-
ture of the Greenland Ice Sheet. Science, 311(5673), 986-990.

Nick and others: Calving model applied to marine outlet glaciers

Rignot, E., D. Braaten, P. Gogineni, W.B. Krabill and
J.R. McConnell. 2004. Rapid ice discharge from southeast
Greenland glaciers. Geophys. Res. Lett., 31(10), L10401.
(10.1029/2004GL019474.)

Rist, M.A., P.R. Sammonds, S.A.F. Murrell, P.G. Meredith, H. Oerter
and C.S.M. Doake. 1996. Experimental fracture and mechanical
properties of Antarctic ice: preliminary results. Ann. Glaciol.,
23, 284-292.

Scambos, T.A., C. Hulbe, M. Fahnestock and J. Bohlander. 2000.
The link between climate warming and break-up of ice shelves
in the Antarctic Peninsula. J. Glaciol., 46(154), 516-530.

Shepherd, A., D. Wingham and E. Rignot. 2004. Warm ocean is
eroding West Antarctic Ice Sheet. Geophys. Res. Lett., 31(23),
L23404. (10.1029/2004GL021106.)

Smith, R.A. 1976. The application of fracture mechanics
to the problem of crevasse penetration. J. Glaciol., 17(76),
223-228.

Smith, R.A. 1978. Iceberg cleaving and fracture mechanics: a
preliminary survey. In Husseiny, A.A., ed. Iceberg utilization.
New York, Pergamon Press.

Sohn, H.G., K.C. Jezek and C.J. van der Veen. 1998. Jakobshavn
Glacier, West Greenland: 30 years of spaceborne observations.
Geophys. Res. Lett., 25(14), 2699-2702.

Thomas, R.H., W. Abdalati, E. Frederick, W.B. Krabill, S. Manizade
and K. Steffen. 2003. Investigation of surface melting and
dynamic thinning on Jakobshavn Isbree, Greenland. J. Glaciol.,
49(165), 231-239.

Van der Veen, C.J. 1996. Tidewater calving. J. Glaciol., 42(141),
375-385.

Van der Veen, CJ. 1998a. Fracture mechanics approach to
penetration of bottom crevasses on glaciers. Cold Reg. Sci.
Technol., 27(3), 213-223.

Van der Veen, C.J. 1998b. Fracture mechanics approach to
penetration of surface crevasses on glaciers. Cold Reg. Sci.
Technol., 27(1), 31-47.

Van der Veen, CJ. 1999. Fundamentals of glacier dynamics.
Rotterdam, A.A. Balkema.

Van der Veen, CJ. 2002. Calving glaciers. Progr. Phys. Geogr.,
26(1), 96-122.

Van der Veen, C.J. 2007. Fracture propagation as means of rapidly
transferring surface meltwater to the base of glaciers. Geophys.
Res. Lett., 34(1), LO1501. (10.1029/2006GL028385.)

Van der Veen, C.J. and .M. Whillans. 1996. Model experiments on
the evolution and stability of ice streams. Ann. Glaciol., 23,
129-137.

Vieli, A. and A.J. Payne. 2005. Assessing the ability of numerical ice
sheet models to simulate grounding line migration. J. Geophys.
Res., 110(F1), FO1003. (10.1029/2004)F000202.)

Vieli, A., M. Funk and H. Blatter. 2001. Flow dynamics of tidewater
glaciers: a numerical modelling approach. J. Glaciol., 47(159),
595-606.

Walker, R.T., T.K. Dupont, B.R. Parizek and R.B. Alley. 2008. Effects
of basal-melting distribution on the retreat of ice-shelf grounding
lines. Geophys. Res. Lett., 35(17), L17503. (10.1029/
2008GL034947.)

Weertman, J. 1973. Can a water-filled crevasse reach the bottom
surface of a glacier? JASH Publ. 95 (Symposium at Cambridge
1969 — Hydrology of Glaciers), 139-145.

Weertman, J. 1980. Bottom crevasses. J. Glaciol., 25(91),
185-188.

MS received 12 February 2010 and accepted in revised form 15 July 2010

https://doi.org/10.3189/002214310794457344 Published online by Cambridge University Press


https://doi.org/10.3189/002214310794457344

