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a b s t r a c t
Antarctic ice-discharge constitutes the largest uncertainty in future sea-level projections. Floating ice
shelves, fringing most of Antarctica, exert retentive forces onto the ice ﬂow. While abrupt ice–shelf
retreat has been observed, it is generally considered a localized phenomenon. Here we show that
the disintegration of an ice shelf may induce the spontaneous retreat of its neighbor. As an example,
we reproduce the spontaneous but gradual retreat of the Larsen B ice front as observed after the
disintegration of the adjacent Larsen A ice shelf. We show that the Larsen A collapse yields a change
in spreading rate in Larsen B via their connecting ice channels and thereby causes a retreat of the ice
front to its observed position of the year 2000, prior to its collapse. This mechanism might be particularly
relevant for the role of East Antarctica and the Antarctic Peninsula in future sea level.

1. Introduction
Signiﬁcant progress has been made in understanding past sealevel changes (Payne et al., 2007; Gregory et al., 2012; Church
et al., 2011; Lorbacher et al., 2010; Cazenave and Llovel, 2010;
Price et al., 2011; Stammer et al., 2013; Levermann et al., 2013).
When projecting future sea-level rise an additional diﬃculty arises.
While most of the observed sea-level change was due to the thermal expansion of the ocean and ice loss from mountain glaciers,
the contribution of the great ice-sheets on Greenland and Antarctica has been increasing over the last two decades (Van den Broeke
et al., 2011; Shepherd et al., 2012; Rignot et al., 2011). As a consequence, observation-driven semi-empirical models still underestimate the observed sea-level rise of that period (Rahmstorf et
al., 2007, 2012) and conﬁdence in future projections decreases
with the prospect of an increasing role of the ice-sheets. The
part of the ice-sheet contribution that can be modeled with some
accuracy using process-based models is that from their surface
mass balance (Fettweis et al., 2011, 2013; Ettema et al., 2010;
Ligtenberg et al., 2013). In contrast, the dynamic solid-ice discharge is diﬃcult to model accurately because several of the physical processes controlling this discharge are diﬃcult to constrain
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through direct observation. While the ice discharge from Greenland is topographically constrained (Price et al., 2011; Pfeffer et al.,
2008), the largest uncertainty for the future resides with the ice
loss from Antarctica (Solomon, 2007; Bamber and Aspinall, 2013).
Along most of the Antarctic coast the grounded ice ﬂows
into ﬂoating ice shelves which exert a retentive force onto the
grounded ice sheet (Dupont and Alley, 2005, 2006) and thereby
hinder dynamic ice discharge from the continent (Rott et al.,
2008, 2011, De Angelis and Skvarca, 2003; Rignot et al., 2004;
Scambos et al., 2004; Hulbe et al., 2008). The stability of these
ice shelves is thus crucial to understand past and future changes
in ice-sheet dynamics and Antarctica’s future sea-level contribution (Joughin and Alley, 2011). While abrupt ice–shelf retreat has
been observed (Rack and Rott, 2004; Cook and Vaughan, 2010;
Glasser and Scambos, 2008), it is generally considered to be a selfcontained phenomenon (MacAyeal et al., 2003; Doake et al., 1998;
Doake, 2001; Vieli et al., 2006).
Here we investigate the consequences of abrupt disintegration
of one ice shelf on the subsequent behavior of adjacent ice shelves.
We do not address the speciﬁc mechanism of the abrupt disintegration of the ice shelf because we focus on the longer-term processes by which the disappearance of one ice shelf is felt by other
ice shelves. Along the Antarctic Peninsula and East Antarctica many
ice shelves are separated only partially by ice rises. Examples are
the Peninsula ice–shelf Larsen D, Wilkins Ice Shelf and George VI
as well as the Brunt/Stancomb-Wills, Riiser-Larsenisen, Fimbulisen,
Princessa Ragnhild Kyst and Shackleton in East Antarctica. In these
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places adjacent ice shelves are interconnected via channels of currently slow-moving ﬂoating ice. A series of ice–shelf disintegration
events have been observed which is generally attributed to the
warming environment in this most northern part of Antarctica.
One prominent example is the collapse of the Larsen A ice shelf
in the year 1995 followed immediately by a sequence of smallscale calving events at the neighboring Larsen B ice shelf (Rack and
Rott, 2004; Cook and Vaughan, 2010). This spontaneous response
in form of a gradual quasi-continuous retreat of the Larsen B ice
front continued in the following years until also Larsen B disintegrated almost completely in 2002. The large-scale abrupt disintegration was very likely caused by ocean-melt induced thinning and meltwater-enhanced fracture processes subdividing the
ice shelf into an unstable mélange of ice fragments, which capsize and drain into the open ocean (Glasser and Scambos, 2008;
MacAyeal et al., 2003). In contrast, the retreat of the Larsen B front
between 1995 and 2000 was quasi-continuous and the result of
a large number of small-scale calving events. Here we focus on
this continuous but spontaneous ice-front retreat and suggest a
mechanism by which the disintegration of an ice shelf leads to
the ice-front retreat of an adjacent ice shelf.
2. Methods
The mechanism we propose can be understood independently
of numerical model results but is illustrated here using simulations with the thermo-mechanically coupled Potsdam Parallel Ice
Sheet Model (PISM-PIK) (Winkelmann et al., 2011), which is based
on the open-source Parallel Ice Sheet Model (PISM, version “stable0.2”, Bueler and Brown, 2009). Since only ﬂoating ice shelves are
considered in this study, the full dynamics captured by PISM is
not applied: The velocity ﬁeld is simply computed according to
the Shallow Shelf Approximation (SSA) fed by prescribed inﬂow at
the observed grounding line (Le Brocq et al., 2010). Central to this
study is the application of the ﬁrst-order kinematic calving law
(Levermann et al., 2012) (denoted eigencalving hereafter), which
tries to account for large-scale observational constraints (Doake et
al., 1998; Doake, 2001; Alley et al., 2008) into a simple relation.
Eigencalving is regularly applied in dynamic simulations with PISM
(Winkelmann et al., 2012) using a sub-grid scheme for ice-front
motion (Albrecht et al., 2011). In order to improve the temporal
representation of calving we adapt the time-step within PISMPIK with an extended version of the CFL-criterion (Courant et al.,
1967). It is based on the maximum ice speed and on the maximum computed calving rate in each time step; thereby restricting
the calving ﬂux to at most one grid-cell at the ice shelf margin in
each time step. Simulations use a horizontal resolution of 1 km.
3. Results
3.1. Basic mechanism of communicating ice shelves
The mechanism of the communication of adjacent ice fronts is
illustrated in a simpliﬁed geometry of two ice shelves conﬁned
in rectangular embayments that are connected by an ice channel (Fig. 1) before applying it to more realistic topography. The
ice shelves are fed by a constant inﬂow at the upstream boundary. The mechanism does not depend on the speciﬁc distribution of
the inﬂow. We chose a homogeneous inﬂow along the entire upper
boundary of the basins. The position of the freely moving calving
front is generally determined by the inﬂow of ice, the basin geometry and the calving rate. Here, the ice–shelf system is integrated
into dynamical equilibrium for constant boundary conditions with
a calving rate, C . This calving rate is proportional to the determinant of the horizontal spreading rate tensor (eigencalving)

C = K 2± · ˙− · ˙+

for ˙± > 0
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(1)

where ˙− and ˙+ are the eigenvalues of the horizontal spreading
rate tensor and K 2± = 108 ma is a proportionality constant that incorporates all material properties that are relevant for the calving
rate. For simplicity and in order to demonstrate the mechanism,
K 2± is chosen to be constant in this study. Generally it will depend
on ice properties such as the fracture density and ice rheology
which might change the results quantitatively but not qualitatively. In order to mimic the rapid disintegration of an ice shelf
as observed for example for Larsen A, we eliminate the entire ice
shelf on the right-hand side within one time step. This somewhat
unrealistic instantaneous collapse allows for investigating the immediate effect on the far-ﬁeld strain-rate distribution within the
remaining ice shelf and best reveals the mechanism: While the
ﬂow between the two basins was very small when both ice-shelves
were intact (Fig. 1b), the void left by the collapsed ice shelf allows for an ice ﬂow between the two basins (Fig. 1d). Due to the
non-local nature of the membrane stresses computed within the
ice shelf, the shifted boundary affects the spreading rate in the
entire remaining ice shelf (Fig. 1a, c). In particular the spreading perpendicular to the main ﬂow direction, as represented by
the minor eigenvalue ˙− , becomes positive in a large region along
the ice front. This results in enhanced calving and a spontaneous
initiation of ice-front retreat. It has to be noted that the coarse resolution and the fact that the ice material and ﬂow properties are
not realistically captured in our model, the temporal evolution of
the ice front is not likely to be captured quantitatively. The effect
is however qualitatively robust against changes in boundary condition, lateral friction, calving constant K 2± and other ice-properties.
3.2. Application to the Larsen Ice Shelf
Analogous to these conceptual computations, we conduct simulations for a realistic geometry and inﬂow of the Larsen A and B
Ice Shelf system (Fig. 2 and animation in SI). The integration of the
model after initialization with realistic boundary conditions yields
dynamically stable ice-fronts similar to the observed situation up
to 1993 (Fig. 2a, b). We then introduce ad hoc rifts along the
side margins in the smaller Larsen A ice shelf that subsequently
causes the eigencalving process to quickly eliminate the ice shelf.
This mimics the observed abrupt disintegration of the Larsen A ice
shelf in 1995, while we do not advocate that the actual event occurred like this. Triggering the rapid removal of Larsen A ice shelf,
however, is a prerequisite for the main process of interest: the subsequent behavior of Larsen B ice shelf in response.
Since Larsens A and B were connected by a channel of slowly
moving ice in the region of Seal Nunataks, the ﬂow across this
channel enhances and (following the momentum balance) longitudinal stresses are transferred into Larsen B (Fig. 2c, d). During the
ﬁrst ﬁve years after the Larsen A collapse, the modeled ice front
of Larsen B undergoes a comparably fast quasi-continuous retreat
(Fig. 2e, f) according to the same mechanism described for the
conceptual geometry. In the following years the Larsen B ice front
retreats with slower pace up to the observed position of Larsen B
prior to its full collapse (Fig. 2g, h). The time series of the ice-front
position (Fig. 3) reveals the immediate initial retreat followed by a
more gradual front motion. This retreat of the calving front in the
aftermath of a collapse of the neighboring ice shelf is qualitatively
robust against changes in parameters also in the observation-based
geometry and velocity distribution of the Larsens A and B ice–
shelf system. As reported in earlier studies (Rack and Rott, 2004;
Cook and Vaughan, 2010; Glasser and Scambos, 2008), the observed disintegration of the remaining Larsen B ice shelf in 2002
was caused by meltwater-enhanced fracture and was not following
the mechanism described here. As mentioned for the conceptual
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Fig. 1. Mechanism of ice-front retreat (left bay) caused by disintegration of adjacent ice shelf (right bay). The ﬁgures show the ice-geometry at different stages of the
simulation. The black line delineates the current calving fronts in panels e and f; the initial front of panels a and b is provided as a brown line for reference. Left panels show
the minor strain-rate eigenvalue ˙− (in units s−1 ) which generally corresponds to the ﬂow perpendicular to the main ﬂow direction. Right panels provide the ice velocity
as arrows on top of color-coded ice speed in different states of simulation (in panels d and f, anomalies to panel b are shown): Starting from an dynamically equilibrated
geometry (top), the left ice–shelf is eliminated (centre). The bottom panels show a transient state 50 years after the event. The blue-dotted line marks the section along
which the time series in Fig. 3 is evaluated.

simulations (Fig. 1), the speed of the ice-front retreat is unlikely to
be modeled realistically with our model, especially because material properties of the ice and fracture physics is missing from the
simulations.
4. Discussion and conclusions
The mechanism described here is qualitatively robust against
changes in parameter and geometry and can indeed be clearly understood on physical grounds. The timing and exact position of the
ice fronts in different stages, depends on the ice-softness, the inﬂow speed, the calving parameter K 2± and also on the resolution
of the integration. Friction along the side margins generally stabilizes the ice–shelf ﬂow by restraining the shear stresses within
the ice. For the mechanism to be effective, the connecting channel
between the ice shelves has to be wide enough to allow for the

transfer of longitudinal stresses. The geometry of the embayment
and hence the degree of conﬁnement determines the ﬂow pattern
in the interior ice shelf and hence the curvature of the steady-state
calving front position. The distribution of the inlet boundary velocity affects the occurrence and extent of divergent regions (˙− > 0)
in the interior ice shelf, which implies the possibility of a complete
calving-front retreat.
The described mechanism has been studied in various simulations in simpliﬁed geometric situations and ﬁnds its realistic
counterpart in the observed behavior of the Larsen A and B ice–
shelf system prior to the complete disintegration in the year 2002.
We tested the hypothesis that the disintegration of Larsen A induced the successive gradual calving of the Larsen B between the
years 1995 and 2000. This reasoning is supported by the presented
model simulation. However, the retreat of the calving front, though
spontaneous, takes longer than observed. This is likely due to com-
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Fig. 3. Time series of the ice-front retreat for the conceptual set-up of Fig. 1 (light
grey) and the Larsen Ice Shelf conﬁguration of Fig. 2 (dark grey). In both cases a
rapid initial retreat during the ﬁrst 5 years (vertical dashed line) is followed by a
more gradual retreat within a period of 50 years. The ice-front position was evaluated along the blue dashed lines in Figs. 1 and 2.

gradual retreat to a maximum retreat of the ice front after about
50 years (Fig. 3). This deceleration of the retreat is likely caused by
the gradual dynamic adjustment of the ice–shelf ﬂow and hence of
the shelf-ice thickness to the abruptly changed stress conditions.
The mechanism could become relevant for a number of ice–
shelf systems fringing the Antarctic Peninsula and East Antarctica,
which might become more exposed to future warming than the
larger more landlocked ice shelves Ross and Filchner-Ronne. In
combination with a possible acceleration of ice ﬂow across the
grounding line due to reduced buttressing of a destabilized ice
shelf, it might be relevant for future sea-level rise.
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