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ABSTRACT. Since the 1970s, the sudden, rapid collapse of 20% of ice shelves on the Antarctic
Peninsula has led to large-scale thinning and acceleration of its tributary glaciers. The leading hypothesis
for the collapse of most of these ice shelves is the process of hydrofracturing, whereby a water-filled
crevasse is opened by the hydrostatic pressure acting at the crevasse tip. This process has been linked to
observed atmospheric warming through the increased supply of meltwater. Importantly, the low-density
firn layer near the ice-shelf surface, providing a porous medium in which meltwater can percolate and
refreeze, has to be filled in with refrozen meltwater first, before hydrofracturing can occur at all. Here
we build upon this notion of firn air depletion as a precursor of ice-shelf collapse, by using a firn model
to show that pore space was depleted in the firn layer on former ice shelves, which enabled their
collapse due to hydrofracturing. Two climate scenario runs with the same model indicate that during the
21st century most Antarctic Peninsula ice shelves, and some minor ice shelves elsewhere, are more
likely to become susceptible to collapse following firn air depletion. If warming continues into the 22nd
century, similar depletion will become widespread on ice shelves around East Antarctica. Our model
further suggests that a projected increase in snowfall will protect the Ross and Filchner–Ronne Ice
Shelves from hydrofracturing in the coming two centuries.
KEYWORDS: ice/atmosphere interactions, ice-shelf break-up, ice shelves, polar firn, surface melt

INTRODUCTION
The Antarctic ice sheet, containing enough ice to raise
global sea level by >58 m (Fretwell and others, 2013),
includes large ice shelves. These floating extensions drain
>80% of its grounded ice into the oceans. Ice shelves
modulate the rate at which grounded ice is released into the
oceans: the buttressing effect of ice shelves lends stability to
the grounded parts of the Antarctic ice sheet, limiting the
discharge of grounded ice into the ocean (Dupont and Alley,
2005). The longevity of many ice shelves within the West
Antarctic ice sheet (Pritchard and others, 2012), and possibly
the longevity of other major ice shelves (Hellmer and others,
2012), is under threat from erosion from below by warming
ocean water. Sub-shelf melting thus acts as a potentially
strong preconditioning mechanism for ice-shelf collapse. As
an additional mechanism, observed ice-shelf thinning and
collapse within the Antarctic Peninsula in the past few
decades (Cook and Vaughan, 2010) have been attributed to
regional atmospheric warming (Vaughan and others, 2003;
Van den Broeke and others, 2005) rather than oceanic
processes (Nicholls and others, 2012; Pritchard and others,
2012). Of these ice-shelf collapses, those of the Larsen A
(1995) and B (2002) ice shelves on the Antarctic Peninsula
are best documented (Rott and others, 1996; Vaughan and
Doake, 1996; Scambos and others, 2004). In both cases,
tributary glaciers accelerated significantly after ice-shelf loss
(De Angelis and Skvarca, 2003; Rignot and others, 2004;
Rott and others, 2011) and have continued to lose mass
since (Berthier and others, 2012), contributing to the
observed acceleration of mass loss in the Antarctic Peninsula
(Shepherd and others, 2012).
Many of the collapse events follow a distinct pattern:
prior to the ice-shelf collapse, meltwater ponds on the
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surface, forming numerous large lakes on the ice-shelf
surface (Scambos and others, 2000). After the emergence of
these ponds, the ice shelf experiences a rapid break-up
consisting of near-simultaneous rifting parallel to the
ice-shelf front (perpendicular to the ice flow), shattering
the ice shelf in numerous elongated icebergs (Scambos and
others, 2009). The process of hydrofracturing is the
leading hypothesis for this type of ice-shelf collapse,
whereby meltwater collects in surface crevasses, exerting
sufficient pressure at the propagating crack tip for the
crevasse to penetrate through the entire ice-shelf thickness.
Recently, the sudden drainage of melt ponds has been
hypothesized to promote ice-shelf instability by inducing
strong tensile flexure stresses in the ice shelf (MacAyeal and
Sergienko, 2013).

THE ROLE OF FIRN IN ICE-SHELF COLLAPSE
The collapse of the Antarctic Peninsula ice shelves follows a
multi-decade period of strong atmospheric warming in that
area (Vaughan and others, 2003; Zazulie and others, 2010)
unseen in the past millennium (Abram and others, 2013). As
heuristic relations between ice-shelf collapse and atmospheric warming, both the 9 C annual isotherm (Morris and
Vaughan, 2003) and the limit of 200 positive degree-days
per year (Fyke and others, 2010) have been suggested to
coincide with the limit of present-day ice-shelf viability.
However, no physical framework for these relations has yet
been provided. Here we propose that the actual collapse
events are preceded by decadal-scale processes in the firn
layer overlying the ice shelves. Firn is the transitional
product as snow containing loosely packed crystals metamorphoses into ice from which air has been, in part,
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A MODEL OF THE ANTARCTIC FIRN LAYER

Fig. 1. Conceptual illustration of firn air depletion and its
consequences for ice-shelf hydrology and stability. (a) An ice shelf
covered by a firn layer containing sufficient air. The inset shows
meltwater being stored in the pore space of the firn. (b) An ice shelf
with a depleted firn layer. Due to the absence of pore space,
meltwater forms ponds that drain into fractures. Alternatively, water
is routed to the fractures efficiently as shown in the leftmost fractures.

expelled and, in part, absorbed into the crystal lattice. Firn
consists of an ice matrix with interstitial air in an irregular
and interconnected pore space. In an ice shelf containing
sufficient firn air, surface meltwater percolates into the firn,
and refreezes in its pore space (Fig. 1a). The firn acts as an
absorbing buffer between surface meltwater and crevasses.
As long as the volumes of pore space created by fresh
snowfall and consumed by refreezing meltwater are similar,
the buffer can continue to hold water away from major
englacial fractures and faults in the ice shelf. No hydrofracturing will occur as a result, and the ice shelf will not be
substantially weakened by the atmospheric forcing. However, when, over successive years, more pore space is lost by
melt and densification than is gained by precipitation, the
ice shelf is gradually depleted of air (Fig. 1b): surface
meltwater no longer refreezes in the firn; instead, it sinks
into and moves through the ice shelf, and into crevasses.
Wherever the drainage capacity is insufficient, the firn is
flooded, as observed on floating icebergs (Scambos and
others, 2008), or collects into local surface depressions to
form melt ponds (Scambos and others, 2000). Ponded
meltwater can be routed in crevasses through surface
streams or englacial channels, possibly created by tensile
stresses released during lake drainage events (MacAyeal and
Sergienko, 2013).
Both ponding and filling of crevasses should thus be
considered the final stage of a preconditioning phase for iceshelf collapse. Importantly, both the meltwater ponding and
the subsequent hydrofracturing emanate from the depletion
of air in the firn pack. Depleted firn therefore emerges as a
good indicator of ice-shelf instability with respect to
atmospheric processes. This notion has been explored
observationally using remotely sensed firn characteristics
to assess ice-shelf stability (Scambos and others, 2003). Here
we employ a model in which the evolution of the past and
future firn layer over Antarctic ice shelves is simulated. Our
aim is to elucidate the role that the firn layer has played in
preconditioning recent ice-shelf collapse, and to assess its
potential future role.
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In the firn layer, freshly fallen snow metamorphoses into ice
through a combination of firn densification (or compaction)
and an annual cycle of melt, percolation and refreezing. The
evolution of the firn is simulated here using a timedependent, one-dimensional firn-densification model that
includes thermodynamics, dry firn compaction and snowpack hydrology including melt, percolation and refreezing.
The model is forced with temperature, accumulation and
melt at its upper boundary (see below), and calculates the
resulting vertical density profiles, and surface elevation
changes due to firn processes. The firn model is extensively
documented by Ligtenberg and others (2011): it uses a
modified version of the dry-firn densification equations by
Arthern and others (2010) which has been validated against
38 firn cores around Antarctica. In these equations, the dryfirn densification rate depends on the mean accumulation
rate. To allow for variation of the densification rate in time,
the mean accumulation rate in the equations by Arthern and
others (2010) is calculated as a running mean over the
40 years preceding each time-step.
For the firn hydrology, a so-called tipping-bucket method
is employed: each firn layer has a maximum capillary water
storage that decreases with increasing density (Coléou and
others, 1999). If percolating surface meltwater encounters a
saturated firn layer, it continues to move downward
until it finds an unsaturated layer in which it can be stored
as capillary water. This tipping-bucket approach performs
well against other models of firn hydrology (Wever and
others, 2013).

Firn-model forcing 1980–2199
The firn model is forced with daily mean surface temperature at the snow surface, and precipitation and melt fluxes
from the regional atmospheric climate model RACMO2,
adapted for simulating ice-sheet climate (Ettema and others,
2009; Kuipers Munneke and others, 2011a; Lenaerts and
others, 2012). RACMO2 was run on a domain comprising
the Antarctic continent and its surrounding oceans, at 55 km
horizontal resolution. Because RACMO2 is a limited-area
model, it needs to be forced with climate fields from a
parent general circulation model (GCM). In this study, we
employ HadCM3 as the parent GCM, and we refer to this
configuration as R-H3. HadCM3 is among the bestperforming CMIP3 models over Antarctica (Connolley and
Bracegirdle, 2007). We simulate the evolution of future
climate under the emission scenarios A1B (‘business as
usual’, rapid economic growth with balanced use of fossil
and renewable fuels) and E1 (‘aggressive emission mitigation’, aiming at global warming stabilization below 28C).
These scenarios represent two different possible future
climate pathways, and the reliability of future firn evolution
will depend on the ability of R-H3 to simulate future
climate. The future firn projections in this study serve as an
exploration of future ice-shelf stability.
Before we can use the R-H3 climate fields for our firn
model, we have to evaluate the performance of R-H3 for the
climate reference period 1980–99. We do so by comparing
R-H3 to a run in which RACMO2 was forced with European
Centre for Medium-Range Weather Forecasts ERA40 reanalysis data (henceforth R-ERA), a climate model reanalysis
nudged towards surface and satellite observations. R-ERA
reconstructs the true recent Antarctic climate as accurately
as possible, whereas R-H3 merely represents a possible
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Fig. 3. Annual means of R-ERA modelled surface temperature
versus annual means of R-ERA melt for each location and each year
between 1980 and 2000. The blue line shows a fit to the data
consisting of three cubic splines.

Fig. 2. (a) Mean surface temperature and (b) mean annual
cumulative snowmelt volume over ice shelves only. Annual means
for R-H3 (1980–99) are shown in dashed blue (original) and solid
blue (adjusted based on R-ERA); annual means from ERA40 in solid
black; and 20 year running mean surface temperature for E1 in
orange and for A1B in red (unadjusted: dashed; adjusted based on
R-ERA: solid).

climate realization occurring under present-day greenhousegas, volcanic, solar and aerosol forcings. Therefore, R-ERA is
the better approximation of real climate during the reference
period 1980–99. For this reference period, R-H3 simulates a
climate that is both too dry (by 14% when aggregated over
the continent) and too cold (by 1.58C) compared to R-ERA
(Ligtenberg and others, 2013). The R-H3 output is adjusted
to match the R-ERA output, both for the reference period
1980–99 and the subsequent climate projections for 2000–
2199. For skin temperature, a spatially distributed temperature correction for each month is applied, based on the
mean monthly difference between R-ERA and R-H3. Both
the original and adjusted surface temperatures are shown in
Figure 2. For accumulation (snowfall minus evaporation), RH3 is multiplied by a spatially and temporally uniform factor
of 1.16 so that the continent-wide snowfall amount of R-H3
matches that of R-ERA (Ligtenberg and others, 2013). Finally,
for the adjustment of R-H3 snowmelt, we apply a procedure
in which we add a certain amount of snowmelt depending
on the magnitude of the skin temperature adjustment. We fit
three cubic splines to modelled annual R-ERA melt and
annual R-ERA skin temperature (Fig. 3). Below an annual
skin temperature of 245 K, we assume no melt. Based on the
original and adjusted skin temperature, an original and
adjusted idealized melt flux are computed using the fit in
Figure 3. The difference between these two is added to the
modelled melt flux. As a result, R-H3 Antarctic annual
snowmelt over the ice shelves increases from 34 Gt a 1 to
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54 Gt a 1 , which is much closer to the R-ERA annual
snowmelt of 70 Gt a 1 (Fig. 2).
Over the Larsen B and C ice shelves, the accuracy of R-H3
simulated snowfall and snowmelt fluxes is somewhat
compromised: these shelves are located behind the high
Antarctic Peninsula mountain range and oriented perpendicular to the dominating zonal flow, the dynamics of which
are not sufficiently captured on a 55 km horizontal resolution
model grid. To evaluate and adjust R-H3 snowfall and melt
fluxes for this area, we used data from the automatic weather
station AWS14 (67800.80 S 61828.80 W; 40 m a.s.l.) which has
been operating continuously on the northern Larsen C ice
shelf since January 2009 (Kuipers Munneke and others,
2012). The annual melt flux is estimated from a calculation of
the entire surface energy budget (Fig. 4). The resulting annual
mean melt energy flux of 2.8 W m 2 corresponds to an
observed melt amount of 260 mm w.e. a 1 . AWS14 is also
equipped with a sonic height ranger, which measures the
distance between the fixed sensor and the snow surface.
Over a 2 year period, it has observed a net surface height
increase of 1.85 m, corresponding to 324 mm w.e. a 1
assuming a density of 350 kg m 3 (Fig. 4). Neglecting other
surface processes, this implies that annual mean snowfall is
584 mm w.e. a 1 for this period. R-H3 underestimates snowfall, at 344 mm w.e. a 1 . The lack of fresh snowfall (which
increases albedo) leads to an overestimation of melt by

Fig. 4. Surface height change and cumulative melt at AWS14,
northern Larsen C ice shelf (67800.80 S 61828.80 W; 40 m a.s.l.),
between January 2009 and April 2011. Surface height change in
black with scale on the left; cumulative melt in red with scale on
the right. The vertical dashed lines help to indicate the coincidence
of surface lowering and melt occurrence.

208

Kuipers Munneke and others: Ice-shelf stability and firn depletion

Fig. 5. Firn air thickness over the Larsen B and C ice shelves. (a) Modelled firn air thickness in January 1960, with black circle showing the
location of AWS14 used to calibrate the firn model input; (b) modelled firn air thickness in January 1997; and (c) observed firn air thickness
in January 1997 (data from Holland and others, 2011). Locations with negative values of firn air thickness in (c) are the result of the inversion
method in Holland and others (2011) which assumes that the firn layer is completely dry. The unrealistic negative values indicate that this
assumption does not hold, so there must be liquid water in the firn at these locations.

20% (309 mm w.e. a 1 modelled vs 260 mm w.e. a 1 observed). We therefore adjusted snowfall in this area by a
factor 1.69, and reduced melt by a factor 0.83. No other
Antarctic ice shelves have this complex topography, so we
did not adjust the firn model input over other ice shelves.
Under the A1B (E1) scenario, Antarctic snowfall increases
by 17% (7%) by the year 2100 compared to the present day.
Temperature increases by 3.0 K (2.0 K), liquid precipitation
increases by 158% (64%) and snowmelt increases by 183%
(134%). After 2100, the E1 scenario stabilizes at the 2100
levels, with snowmelt slightly decreasing. Under the A1B
scenario, all the above-mentioned mass-balance components continue to increase (Ligtenberg and others, 2013).

Firn model forcing 1960–79
To initialize a time integration, the firn model needs to be
spun up. The total spin-up time required is given as the
thickness of the entire firn pack divided by the mean annual
precipitation, i.e. the time it takes to refresh the firn pack. In
this way, all the model firn, from the top to the bottom of the
firn pack, has density and temperature characteristics that
are determined entirely by the climate preceding the start
date of the time integration, and not by the choice of a
model initialization. Because no climate data for such long
periods before the present day are available, the model spinup is carried out by looping over a time series from a
baseline period of two decades repeatedly until the desired
spin-up period is complete. After the spin-up stage, the
model integrates forward in time. Because the firn layer over
ice shelves in the Antarctic Peninsula was likely not in
equilibrium with the 1980–99 climate (for which R-H3 data
are available), it would be inappropriate to use the period
1980–99 as a baseline period for the spin-up of the firn layer.
Therefore, the starting year of the firn model integrations was
moved backward from 1980 to 1960, spinning up the model
by multiple cycles of the two decades 1960–79. For this
period, firn model input was obtained from an observationbased surface temperature reconstruction (Monaghan and
others, 2008), here referred to as the ‘Monaghan reconstruction’. This procedure is detailed in the Appendix.
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Model strategy
The resulting modelling strategy is now as follows: the
model is spun up using the Monaghan reconstruction for the
period 1960–79, repeated as many times as required to
refresh the entire firn layer. An integration is then performed
that starts in 1960, uses the Monaghan reconstruction up to
1979 once more, and then the HadCM3 data for the period
1980–2199. Thus, the firn pack is in equilibrium with the
1960–79 mean climate at the start of the simulation.

RESULTS
Present-day firn layer
As a single measure of the amount of pore space, we
calculate the total air content of the firn layer, and express this
as the thickness of the equivalent air column contained in the
firn: we refer to this as the firn air thickness. The lowest values
of firn air thickness (0–5 m) are found in warm areas with a
high snowmelt/snowfall ratio (Larsen B, northern Larsen C,
Wilkins, northern George VI; Figs 5, 6a and 7a). The 1960
and 1997 firn air thickness on the Larsen ice shelves (Fig. 5a
and b) show a north–south gradient over the Larsen B and C
ice shelves, which is confirmed by observed (Fig. 5c) firn air
thickness from airborne radar altimetry in 1997 (Holland and
others, 2011). This reflects the strong north–south temperature gradient in this part of the Antarctic Peninsula. The
observed east–west gradient (Fig. 5c) is not captured well by
the model, however. The observed low firn air thickness in
the northwestern part of Larsen C is due to enhanced melt,
likely caused by föhn winds that descend from the mountains
west of it (Barrand and others, 2013; Trusel and others, 2013).
RACMO2 has no capacity to resolve this effect, and instead
produces a melt pattern that reflects a simplified altitudinal
gradient from west to east. The same limitation of RACMO2
was noted in a comparison between satellite-derived and
RACMO2-simulated melt duration (Barrand and others,
2013). The low model firn air thickness over the George VI
Ice Shelf is confirmed by frequently observed ponding
(Wager, 1972). With respect to the initial state of the firn in
1960, firn air thickness in 1997 is largely unchanged, except
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Fig. 6. Modelled firn air thickness on the Antarctic ice shelves. (a) Antarctica 2010. Dashed boxes indicate the subregions in the other panels
of this figure and in Figure 7: (b–e) Filchner–Ronne Ice Shelf; (f–i) Dronning Maud Land ice shelves; and (j–m) Amery, West and Shackleton
ice shelves.

on parts of the Larsen C and Abbot ice shelves, with firn air
losses greater than 2.5 m in this period (Fig. 5).
Firn air thickness has been low on the collapsed Larsen A
and B ice shelves since the beginning of the simulation in
1960. This means that these ice shelves have been
susceptible to collapse for many decades prior to their
actual break-up in 1995 and 2002, respectively. This implies
that firn air depletion is a necessary preconditioning process,
but not sufficient alone to cause hydrofracturing as soon as
the firn air thickness has gone below a certain threshold. The
occurrence of an actual collapse event will depend on other
factors, such as the stress field in the ice shelf, and the
occurrence of intense melt (Van den Broeke and others,
2005). Indeed, ponding of meltwater had already been
observed since the 1980s (Skvarca and others, 1999;
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Scambos and others, 2000), indicating that the firn air
thickness had been low for many decades before collapse.

Future firn-layer evolution
Maps of future firn air thickness are shown in Figures 6 and 7,
and time series of selected ice shelves in Figure 8. In both the
A1B and E1 emission scenarios, the firn air thickness of most
Antarctic Peninsula ice shelves is reduced to <2 m by the
year 2100 (Fig. 7b), rendering them subject to extensive
surface ponding, and possible hydrofracturing. The Larsen C
ice shelf northern and central sections have lost a considerable amount of firn air. The mean thinning rate for 2000–
2100 is 0.04 and 0.06 m a 1 for northern and central
Larsen C respectively (thinning of other shelves shown in
Fig. 8). Additionally, the firn air thickness over the western
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Fig. 7. Modelled firn air thickness for (a–d) Antarctic Peninsula, (e–h) Bellingshausen and Amundsen Coast ice shelves and (i–l) Ross Ice
Shelf. The 1960 ice-shelf outlines are used throughout the figure.

Abbot Ice Shelf on the coast of West Antarctica is low by
2100 in both scenarios, and depleted by 2140 (Figs 7f and 8).
By 2200, there is a clear divergence between the A1B and
E1 scenarios (Figs 6d, e, h, i, l, m and 7c, d, g, h, k, l). This
divergence in firn air thickness represents the levelling-off of
both air temperature and snowmelt in the E1 scenario. In this
scenario, firn air thickness around Antarctica beyond 2100
remains similar to the projected E1 2100 values, as the
climate stabilizes. In the A1B scenario, however, warming
continues beyond 2100, subjecting the ice shelves to further
increases in melt. In this scenario, the firn over the Stange
(Fig. 7a–d), Abbot and Cosgrove ice shelves (Fig. 7e–h)
becomes depleted of air. Moreover, the ice shelves fringing
Dronning Maud Land (Fig. 6f–i) continue to lose air, and firn
air thickness on the ice shelves east of Nivlisen (Fig. 6h)
reaches values of 5 m or less. In our model study, aggressive
mitigation thus limits the number of ice shelves under threat
of collapse.

DISCUSSION
Implication of accumulation changes
Fig. 8. Modelled firn air thickness for 12 ice-shelf locations as a
function of time.
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To our knowledge, we are the first to attempt to quantify the
influence of past and future climate change on the state of
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Fig. 9. Modelled firn air thickness (m) in the eastern Antarctic Peninsula in 1997 for different adjustments of the forcing (snowfall and
snowmelt). (a) No adjustments. (b) Multiplication of snowfall by a factor of 1.16. (c) Same as (b) but with a factor of 1.69. (d) Same as (c) but
with a reduction in snowmelt by a factor of 0.83.

the Antarctic firn layer, whereby we point to potential
hotspots for future ice-shelf collapse. Considering firn air
thickness as a diagnostic metric for hydrofracturing susceptibility, not only changes in temperature have an effect on the
available pore space, but also changes in solid precipitation:
an increase in snowfall counteracts any decrease in firn air
thickness due to increasing surface melt. This provides a
more realistic assessment of susceptibility to hydrofracturing
than a temperature-based threshold alone. As a striking
example, the firn air thickness over the large Ross and
Filchner–Ronne Ice Shelves gradually increases into the 21st
and 22nd centuries (Fig. 6b–d), because the projected
increase in snowfall adds more pore space to the firn than is
removed by the projected increase in surface melt and
temperature. This has the important implication that the
Filchner–Ronne and Ross Ice Shelves, which are believed to
buttress the West Antarctic ice sheet, are not susceptible to
surface hydrofracturing over the next two centuries.

Model uncertainties
There are a number of uncertainties that impact the
prediction of a potential ice-shelf collapse. These uncertainties can be roughly divided into two categories:
(1) model uncertainty; and (2) the notion that the
occurrence of an actual hydrofracturing event is not firmly
connected to the passing of a certain threshold of firn air
thickness. Below, we discuss a number of sources of
uncertainty that are most important.
For dry firn compaction, the firn model was validated
against 38 firn cores around Antarctica (Ligtenberg and
others, 2011): the correlation (r 2 ) between observed and
modelled firn air thickness is 0.89, and the root-mean-square
value is 1.85 m. This means that the timing of low firn air
thickness over certain ice shelves has an uncertainty of a few
decades. However, this analysis only pertains to the drycompaction part of the firn model. The model uncertainty
with regard to meltwater processes is more difficult to
quantify. However, at present almost all meltwater in
Antarctica refreezes somewhere in the firn (Kuipers Munneke
and others, 2011b). Since firn air thickness is a vertically
integrated quantity, the details of this refreezing process are
not critically important for the determination of firn air
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thickness: the uncertainty in the trends of firn air thickness is
dominated by the uncertainty in the simulated melt fluxes
rather than in the handling of meltwater in the firn model.
As detailed above, adjustments have been made to the RH3 forcing of the firn model in order to better represent the
climate conditions on the eastern Antarctic Peninsula ice
shelves. In Figure 9, we show the effect of various
adjustments of snowfall and melt on the simulated firn air
thickness over the Larsen B and C ice shelves (Fig. 9d is
identical to Fig. 5b). It is clear that a custom adjustment of RH3 in this region is required to correctly simulate the
observed firn air thickness in 1997 (Fig. 5c). Figure 9c and d
also provide insight into the sensitivity of simulated firn air
thickness to the prescribed melt flux. A reduction of the melt
by 17% leads to markedly more firn air, with increases up to
4–5 m in some places. The most important improvement of
our results would probably come from the availability of
improved and spatially higher-resolution present-day and
future climate data as input for the firn model.

Firn depletion required but not sufficient
Our results indicate that firn air thickness has been low over
the Larsen A and B ice shelves for many decades prior to
their collapse. It indicates that the actual collapse requires
additional circumstances, such as a particularly strong melt
event, a sufficiently weakened stress field of the ice shelf, or
a combination of these.
We advocate that a depleted firn layer is a prime
requirement for hydrofracturing, but the corollary that
depleted firn will lead to hydrofracturing is not necessarily
true. A key example is that of the George VI Ice Shelf: here
low firn air thickness and extensive ponding of meltwater
have been observed for several decades (Wager, 1972), but
the ice shelf has survived to date, and has exhibited only
marginal changes in extent over that period (Cook and
Vaughan, 2010). The likely reason for the survival of the
George VI Ice Shelf is an unusual stress field across most of
the shelf, in which few crevasses are formed, and meltwater
tends to remain ponded on the surface rather than opening
cracks. Similar stress conditions probably exist elsewhere,
particularly where ice flow is highly confined (e.g. the
Amery Ice Shelf, East Antarctica), and this may preserve
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portions of ice shelves long after the firn air depletion
criterion has been exceeded.

CONCLUSION
The recent observations of ice-shelf collapse within the
Antarctic Peninsula following a strong multi-decadal atmospheric warming indicate that surface melting is linked to iceshelf collapse. We have developed a process-based model
that can be used to assess past events and make predictions
for the future. The model suggests that, under climate
projections arising from two emission scenarios, over the
next 200 years many more ice shelves will be threatened by
similar preconditioning, which would in places lead to
collapse. The rapid loss of such ice shelves would
undoubtedly lead to acceleration of tributary glaciers and
ice streams, as has been observed on the Antarctic
Peninsula, and this will promote ice-loss and retreat of
these glaciers. At the same time, a projected increase in
snowfall would protect the large Ross and Filchner–Ronne
Ice Shelves from hydrofracturing.
Ice-shelf thinning is already underway in some parts of
Antarctica due to basal melting driven by ocean warming
(Hellmer and others, 2012; Pritchard and others, 2012), and
the ultimate fate of ice shelves responding to the complementary impacts of atmospheric and ocean drivers needs to
be assessed before their potential longevity can be
estimated.
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APPENDIX: CLIMATE DATA 1960–79
As no R-H3 daily output data are available before 1980, we
developed a procedure in which we used a historical,
observation-based Antarctic surface temperature and precipitation reconstruction (henceforth referred to as the
‘Monaghan reconstruction’; Monaghan and others 2008) to
construct a synthetic time series of input fields for the firn
model. The Monaghan reconstruction extends back to 1960,
allowing us to spin up the model using the baseline period
1960–79. To make the Monaghan data suitable as input to
the firn model, two major issues had to be addressed. First,
the Monaghan reconstruction is too smooth in a spatial
sense (1 18), and not necessarily correct for absolute
temperatures. Second, the Monaghan reconstruction only
provides monthly mean temperature rather than the required
daily values, and it does not provide data on liquid
precipitation, evaporation or snowmelt.
The Monaghan reconstruction covers the period 1960–
2011, and overlaps with R-H3 output for the period 1980–
99. For each gridpoint and each month, the R-H3 mean
annual cycle of temperature was used to adjust the
Monaghan temperatures, both giving them a more appropriate spatial pattern and an improved annual cycle. The
magnitude of the adjustment was calculated from the
difference between monthly mean R-H3 and Monaghan
temperatures for the overlapping period. Subsequently, the
Monaghan temperatures were corrected for their entire
period. Thus, the Monaghan temperature data have an
annual mean and cycle that correspond to the R-H3 data,
and in that sense are consistent with the R-H3 data. Next,
we use an ‘analogue method’ to obtain daily values for all
firn model input parameters for the period 1960–79. The
method uses the period 1980–99, for which daily R-H3 data
are available, and is illustrated as follows: to obtain daily
data for January 1960, we search for the January in the
period 1980–99 that has the nearest mean temperature. All
the R-H3 input data (temperature, precipitation, snowmelt,
evaporation) from that nearest January are copied to January
1960. This procedure is repeated for each month for each
gridpoint, yielding a dataset that is consistent among the
parameters. In other words, the daily climate fields for the
period 1960–79 are spliced together from the R-H3 data
using the Monaghan monthly mean temperature fields as
guidance. The method conserves spatial patterns of natural
variability, and accounts for spatially varying relations
between temperature and snowmelt. The resulting time
series for each gridpoint may exhibit unrealistic stepwise
changes at the month boundaries, but this will have a
negligible effect on the resulting firn layer.
As a test of its applicability, we applied the analogue
method also for the period 1980–99, for which regular R-H3
climate fields are available. The resulting ‘analogue product’
is compared to the R-H3 data for that period, shown in
Figure 10 for the Larsen B ice shelf and for January and July.
The agreement in surface temperature in Figure 10a and b is
merely a proof that the analogue method has been carried
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Fig. 10. Test of the analogue method for reconstructing firn model input for 1960–79 using data from an Antarctic surface temperature
reconstruction. Curves in red show climate data from the RACMO2 model forced by HadCM3 data for the period 1980–99. Black curves
show a reconstruction of these data using the analogue method for the same period. (a) January skin temperature, (b) July skin temperature,
(c) January evaporation, (d) July evaporation, (e) January snowfall, (f) July snowfall, (g) January snowmelt, (h) January rainfall and (i) July
rainfall. Note that the vertical scales are all different.

out correctly: after all, each mean monthly temperature
value in the analogue product is an element of the set of
mean monthly values in the R-H3 time series. The
agreement of the analogue product and R-H3 for the other
variables, however, shows how well the other climate
variables can be transferred from one month to another.
This agreement is shown in Figure 10c–i.

Due to the analogue method, the mean snowfall in the
period 1960–79 can differ notably from that during 1980–
99. However, it is known that snowfall changes in Antarctica
have been insignificant since 1958 (Monaghan and others,
2006). Therefore, we apply a bias correction, that makes the
mean snowfall for the period 1960–79 equal to that in the
period 1980–99.
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