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Iceberg calving from all Antarctic ice shelves has never been
directly measured, despite playing a crucial role in ice sheet mass
balance. Rapid changes to iceberg calving naturally arise from the
sporadic detachment of large tabular bergs but can also be
triggered by climate forcing. Here we provide a direct empirical
estimate of mass loss due to iceberg calving and melting from
Antarctic ice shelves. We find that between 2005 and 2011, the
total mass loss due to iceberg calving of 755 + 24 gigatonnes per
year (Gt/y) is only half the total loss due to basal melt of 1516 +
106 Gt/y. However, we observe widespread retreat of ice shelves
that are currently thinning. Net mass loss due to iceberg calving
for these ice shelves (302 + 27 Gt/y) is comparable in magnitude to
net mass loss due to basal melt (312 + 14 Gt/y). Moreover, we find
that iceberg calving from these decaying ice shelves is dominated
by frequent calving events, which are distinct from the less fre-
quent detachment of isolated tabular icebergs associated with ice
shelves in neutral or positive mass balance regimes. Our results
suggest that thinning associated with ocean-driven increased
basal melt can trigger increased iceberg calving, implying that ice-
berg calving may play an overlooked role in the demise of shrink-
ing ice shelves, and is more sensitive to ocean forcing than
expected from steady state calving estimates.

iceberg calving | basal melt | mass balance | ice shelf | Antarctica

he majority of Antarctica’s mass loss to the ocean occurs

through its fringing ice shelves via iceberg calving and basal
melt (1-3). Although the mass balance of ice shelves has a neg-
ligible direct effect on sea level rise (because the ice shelves float
freely), the ice shelves buttress the grounded ice upstream and
have been shown to play a major role in stabilizing the discharge
of grounded ice to the ocean (4-6). Reduction of buttressing due
to increased iceberg calving or basal melt leads to thinning and
acceleration of inland glaciers (4-7), and may be driven by re-
gional and global changes in atmospheric and oceanic conditions
through ice—ocean and ice—atmosphere interactions (4, 5, 7-11).
Catastrophic ice shelf disintegration driven by atmospheric
warming has led to abrupt ice shelf retreat in the Antarctic Pen-
insula (5, 11), which, combined with basal melt induced thinning,
has contributed to the 34% increased discharge of grounded ice to
the ocean from West Antarctica from 1996 to 2006 (6).

The mass balance of an ice shelf is determined by the differ-
ence between mass gained from the flux of ice across the
grounding line into the ice shelf, deposition of snow on the
surface or marine ice on the bottom of the ice shelf, and mass
lost by melting (surface and basal) and iceberg calving. In steady
state, the ice shelf has no areal extent change (steady-state
calving front) and no thickness change (steady-state ice thick-
ness). It is possible to define a steady-state basal melt (or marine
ice accretion) necessary to maintain steady-state ice thickness for
given cross-grounding line fluxes, surface mass balance, and
calving fluxes (2). Similarly, the steady-state iceberg calving is

www.pnas.org/cgi/doi/10.1073/pnas.1415137112

defined as the calving flux necessary to maintain a steady-state
calving front for a given set of ice thicknesses and velocities along
the ice front gate (2, 3). Estimating the mass balance of ice
shelves out of steady state, however, requires additional in-
formation about the change of ice thickness and the change of
areal extent of the ice shelf, which is determined by the advance
or retreat of the calving front. Several recent studies have sought
to estimate the nonsteady-state mass balance of ice shelves at
broad scales (2, 3, 12), but these studies indirectly inferred ice-
berg calving assuming a steady-state calving front, neglecting the
contribution of advance or retreat of the calving front to the mass
balance of ice shelves (2, 3). Such “flux gate” calculations are in-
evitably biased, as they underestimate iceberg calving for retreating
ice shelves or overestimate it for advancing ice shelves. This de-
ficiency is problematic not only for estimates of the mass balance of
ice shelves but also because current models of iceberg calving
provide conflicting predictions about whether increased basal melt
will lead to an increase or decrease in iceberg calving (1, 13-15).
Here we avoid the assumption of steady-state calving front by
combining traditional estimates of ice shelf mass balance with an
annual record of iceberg calving events larger than 1 km? from all
Antarctic ice shelves exceeding 10 km? in area for the period
2005-2011. Our observations show that both iceberg calving
(Fig. 1) and ice shelf extent (Fig. 2) change over the observational
period, proving that the steady-state calving front assumption is
invalid. To estimate mass loss due to iceberg calving, we manually
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Fig. 1.

Spatial distributions of basal melt and iceberg calving. The area of the red circles denotes mass loss due to iceberg calving of 26 basin systems. The

dashed lines divide the ocean around Antarctica into five regions: Weddell Sea (60°W-20°E), Indian Ocean (20°E-90°E), Western Pacific Ocean (90°E-160°E),
Ross Sea (160°E-130°W), and Bellingshausen/Amundsen Sea (130°W-60°W). Abbreviations of subbasin systems are described in Dataset S1.

delineated annual cumulative area calved based on Envisat Ad-
vanced Synthetic Aperture Radar (ASAR) images from the
Augusts of 2005, 2006, 2007, 2008, 2009, 2010, and 2011 with vi-
sual interpretation and spatial adjustment, in combination with
estimates of the average ice thickness of the calved regions from
Ice Cloud and Land Elevation Satellite (ICESat) and IceBridge
data (Materials and Methods and SI Materials and Methods).

In addition to annual mass loss due to iceberg calving, obser-
vations of surface features on images and recurrence interval of
calving provide additional qualitative information about the style
of calving (S Discussion). For example, we observe isolated tabular

20f 6 | www.pnas.org/cgi/doi/10.1073/pnas.1415137112

bergs that detach along the boundary of isolated preexisting frac-
tures visible in a time series of satellite images (Fig. 34). These
events are thought to be part of the natural cycle of advance and
retreat of ice shelves and are sufficiently infrequent that observa-
tional records spanning many decades would be needed to de-
termine nonsteady-state behavior (13, 16-18). In contrast, we also
identify more frequent sequences of smaller-scale calving events
(typically much less than 100 km?). These disintegration events are
sometimes preceded by the formation of melt ponds on the surface
of the ice shelf, suggesting hydrofracture-driven disintegration,
as occurred for the Larsen B Ice Shelf (Fig. 3B) (5, 8, 19).

Liu et al.
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Surprisingly, other disintegration events that we observe occurred
in colder environments with little or no evidence for surface melt.
These events typically occurred in regions with large-scale visible
rift and crevasse zones and a rapidly flowing ice front (Fig. 3C) and
are difficult to detect because the readvance of the ice front par-
tially obscures the change in calving front position.

In conjunction with quantifying iceberg calving, we also de-
veloped a flow-line method to quantify cross-grounding line
fluxes for the whole of Antarctica (Materials and Methods). Using
these techniques, we provide an estimate of Antarctic ice shelf
mass balance that is not constrained by the steady-state as-
sumption. The mass balance of ice shelves is presented both in
terms of volumetric components (net ice shelf volume change

(1) Surface feature (2) Before calving (3) After calving

A

2000 —2005 —2011

Calvedarea [

Ice front —1997

Liu et al.

(4) Ice front change

Fig. 2. Antarctic ice shelf advance and retreat be-
tween 2005 and 2011. (A) Larsen B and C Ice Shelf;
(B) Fimbulisen, Jelbartisen, and Ekstromisen Ice Shelf;
(C) Amery Ice Shelf; (D) Totten and Moscow University
Ice Shelf; (E) Mertz Glacier Tongue; (F) Ross Ice Shelf;
(G) Getz Ice Shelf; and (H) the floating parts of Pine
Island and Thwaites Glaciers, and Crosson Ice Shelf.

due to thickness and extent changes) and its budget components
(surface mass balance, cross-grounding line fluxes, iceberg calv-
ing, and basal melt). Moreover, steady-state iceberg calving and
steady-state basal melt are also estimated and agree well with
previous estimates (2, 3) (Tables S1 and S2). We calculated all
these components and associated uncertainties for 7 large drain-
age systems (Filchner-Ronne, East Antarctica KB, Amery, East
Antarctica CE, Ross, West Antarctica, and Peninsula), 26 basin
systems labeled A~K’, and 94 subbasin systems covering the
entire continent (Fig. 1 and Dataset S1).

We find that the mean annual mass balance of all Antarctic ice
shelves is slightly positive (46 + 41 Gt/y) between 2005 and 2011,
but with large interannual variability because of the irregular

Fig. 3. Different calving features. (A) Example of
tabular calving from the Fimbulisen Ice Shelf, (B) ex-
ample of melt pond induced disintegration from the
Larsen B ice shelf, and (C) example of crevasse induced
disintegration from the Totten glacier. (7) Calving fea-
ture on synthetic aperture radar image in 1997 (bright
white ponds shown in B image are melt ponds).
ENVISAT ASAR image with area calved marked before
(2) and after (3) calving. (4) Ice front changes overlaid
on Envisat ASAR image in 2011.
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Table 1. Mean mass balance of Antarctic ice shelves in different state during 2005-2011
State of ice shelf mass balance
Components Negative Near-zero Positive Total
Number of subbasin systems 33 17 43 93*
Total ice shelf area, km? 284,292 98,522 1,159,293 1,542,108
Ice shelf mass balance, Gtly -614 + 34 4+6 655 + 37 46 + 41
Volumetric components, Gty
Mass change due to thickness change -312+ 14 -20+5 107 + 25 —226 + 25
Mass change due to extent change -302 + 27 24 +3 549 + 27 271 + 21
Budget components, Gtly
Grounding line flux 929 + 60 203 + 10 838 + 41 1970 + 75
Surface mass balance 116 +9 30+ 2 200 + 9 346 + 37
Steady-state basal melt 706 + 92 180 + 13 405 + 63 1290 + 110
Basal melt 1018 + 90 200 + 12 298 + 58 1516 + 106
Steady-state iceberg calving 339 + 30 53+4 633 + 29 1026 + 39
Iceberg calving 641 + 24 29 +3 84 +7 755 + 25

*One of the 94 subbasin systems has no ice shelf larger than 10 km?.

occurrence of extralarge-size (larger than 1,000 km?) calving
events (Table 1 and Fig. 44). Our calculated basal melt of 1516 +
106 Gt/y accounts for two thirds of Antarctic ice shelf total mass
loss while iceberg calving of 755 + 25 Gt/y accounts for the
remaining third (Table 1). The total contribution of iceberg
calving to the mass balance might be much higher if the records
of infrequent large iceberg detachment are extended by several
decades. For example, a sequence of major calving events such as
those that detached from the Amery Ice Shelf in 1963-1964 (17)
or from the Ross and Filchner-Ronne Ice Shelf in 2001-2002
(20), would result in a (temporary) net negative mass balance for
Antarctic ice shelves. We detect 579 distinct iceberg calving
events, ranging in size from 1 km? to 3,115 km? over the 7-y study
period. As we have data at monthly resolution for only 3y (15),
the calving events we detect may have resulted from either
a sequence of several separate calving events or a single larger
calving event. Only three cases larger than 1,000 km?® are
detected: the calving of the Mertz Ice Tongue by iceberg colli-
sion (21); the calving of the floating part of Thwaites Glacier by
progressive rifting (10); and the disintegration of the Wilkins Ice
Shelf, possibly caused by ocean-driven basal melt (19). However,
95% of calving events are small and medium in scale (1~100 km?

in size), accounting for about 38% of total calving mass over the
7-y study (Tables S3 and S4).

In contrast with recent studies suggesting most ice shelves are
close to steady state (3), our basal melt and iceberg calving
results (Table 1 and Fig. 4B) indicate significant mass imbalance
in more than three quarters of ice shelf subbasin systems. We
find two opposing regimes or patterns of mass loss around
Antarctica. There are 43 ice shelf subbasin systems in positive
mass balance, and, for these ice shelves, basal melt and calving
are just 74% (P < 0.1 in Student’s ¢ test) and 13% (P < 0.001),
respectively, of their inferred steady-state values (Table 1 and
Fig. 4C). Most calving events on these ice shelves produce in-
frequent, isolated tabular icebergs (Fig. 34 and Fig. S1) and do
not reoccur at the same location during our observation period
(1997-2011). This previously documented tabular calving style is
thought to be primarily controlled by internal stress and char-
acterized by a natural cycle with several decades of quiescence
between major calving events (13, 16-18).

There are 33 ice shelf subbasin systems in negative mass bal-
ance, but they account for only about 18% of total ice shelf area.
These subbasins account for 73% of the total mass loss, com-
prising 67% of total Antarctic ice shelf basal meltwater pro-
duction (1018 + 90 Gt/y) and 85% of total calving (641 + 43
Gtfy). For these ice shelves, basal melt and calving are 144%

4 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1415137112

(P < 0.01) and 189% (P < 0.01), respectively, of their steady-
state values. Twenty-four of these subbasins experienced both ice
shelf retreat and thinning (Dataset S1). We note that the “in-
creased” basal melt we report is referenced relative to our
inferred steady-state basal melt and hence, by definition, leads to
ice shelf thinning. Similarly, the enhanced iceberg calving is also
relative to the steady-state calving required to maintain a con-
stant calving front position and hence “enhanced” calving leads
to ice shelf retreat and area loss. Thus, the negative mass balance
of these ice shelves results not only from increased basal melt (2,
3, 12) but also from increased iceberg calving. Contributions to
the net mass loss from ice shelf thinning and calving front retreat
are similar (Table 1). This is true even for the floating parts of
Pine Island and Thwaites Glaciers, which are among the best-
studied on the continent (22). Both of these ice tongues calved
large (larger than 500 km?) tabular icebergs twice between 1997
and 2011. However, they experienced more frequent sequences
of smaller-scale calving events, typically of less than 100 km?

(Fig. S1 and Table S3). This mode of calving, associated with
rapid-flowing ice fronts and intense crevassing and rifting (e.g.,
Fig. 3C), is common to many of the retreating ice shelves we
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Fig. 4. Annual Antarctic iceberg calving from 2005 to 2011. (4) All ice shelves by
calving size; (B) calving by state of mass balance; (C) ice shelves in positive mass
balance; and (D) ice shelves in negative mass balance. Horizontal lines in B, C, and
D denote steady-state iceberg calving for those ice shelves.
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observed. These frequent calving events have been overlooked
by previous studies, which assumed that calving is dominated by
infrequent tabular berg calving. The calving front retreat asso-
ciated with ice shelves in negative mass balance has a robustly
identifiable trend over our study period (Fig. 4D) due to the
shorter recurrence intervals typical of these more frequently
calving systems. However, calving (and basal melting) may also
vary over decadal and longer time scales not captured by our
limited observational period.

The ice shelves undergoing calving front advance and/or ice
thickening are the large ice shelf drainage systems (Filchner-Ronne,
Ross, and Amery Ice Shelf) together with the neighboring systems
of I”’J, D’E, and KA’, in the Ross Sea, Weddell Sea, and Indian
Ocean regions (Fig. 2). These ice shelves account for 78% of the
entire Antarctic ice shelf area. They have a positive or near-zero
mass balance and are located at high southern latitudes or are fed
by an ice sheet grounded well above sea level. These regions are
both cold and continental in character and have low net snow ac-
cumulation. For some sections of these ice shelves, basal freezing
occurs (Fig. 2), which often coincides with observed marine ice
“stripes” (23). Marine ice is softer than meteoric ice and has been
hypothesized to play an important role in filling and healing bottom
crevassing along shear zones, hence determining ice shelf durability
(and length of calving cycles) (24-26).

The ice shelves in negative mass balance are primarily small to
medium ice shelves located around the Antarctic Peninsula (H'T)
and West Antarctica in the Bellingshausen/Amundsen Seas, and
East Antarctica along the Wilkes Land coastline (C'D) (Fig. 2, Fig.
S1, Dataset S1, and Table S3). The ice shelves in negative mass
balance of the Antarctic Peninsula are fed locally, have small
grounding line fluxes, and have thinner than average ice fronts (Fig.
2 and Dataset S1). The presence of surface meltwater ponds due to
rising atmospheric temperatures has led to catastrophic disintegra-
tion events (8, 27), which have only occurred, to date, on the
Antarctic Peninsula (24). However, basal melt much larger than
necessary to maintain a steady-state ice thickness may have also
contributed to the demise of Antarctic Peninsula ice shelves. For
example, basal melt exceeded ice flux across the grounding line
after 2005 for the more southerly located Wilkins Ice Shelf (Dataset
S1), suggesting that it experienced high ocean-driven thinning be-
fore disintegration. The southern edge of George VI Ice Shelf is
also experiencing increased basal melt and is undergoing similar,
but localized, disintegration (7). Increased basal melt driven by
warmer water masses beneath the shelves could also diminish or
even halt marine ice formation within suture zones that occur in
colder ocean environments, reducing the stabilizing effect on basal
fractures, and ice shelf structural integrity (25, 26, 28).

The ice shelves in negative mass balance of the West Antarctic
systems F’H’ and East Antarctic systems CD’ are mostly fed by
marine based glaciers grounded well below sea level. The rapid
response time of these high-throughput systems, which experi-
ence high surface accumulation and basal melt (3), may be fur-
ther increased by the marine ice sheet instability (1) and
associated feedbacks. This results in small and potentially vul-
nerable ice shelves. The presence of both ice shelf thinning and
retreat in this region (Dataset S1) hint at a connection between
increased basal melt and enhanced iceberg calving. Warm Cir-
cumpolar Deep Water (CDW), or slightly modified CDW, lies
just off the continental shelf break in these regions (29). Thoma
et al. (30) postulated that wind-driven increases in upwelling
drive CDW over the continental shelf break and into ice shelf
cavities, increasing basal melt and leading to the pronounced
observed ice shelf thinning (11, 30, 31). While the relationship
between increased basal melt and ocean forcing is clear, it is less
clear whether the observed enhanced iceberg calving is simply
a direct result of ice shelf thinning or is driven by more complex
subshelf processes. It is possible that pronounced and spatially
varying basal melt can undercut the submerged ice fronts (9).

Liu et al.

Additionally, increased melting of ice mélange, a mixture of sea
ice, snow, ice shelf fragments, and marine ice trapped in between
the rifts may accelerate rift propagation and threaten ice shelf
stability (32, 33). Large-scale crevasse-like surface features are
common on the ice shelves along F’H and CD’. Recent obser-
vations from ground-penetrating radar show that many of these
are, in fact, the surface expression of deep and wide transverse
basal crevasses (13, 34) or longitudinal subglacial melt channels
(35). The basal channels or crevasses can be incised 200 m into
the ice shelf base (34, 35), and the surface depressions can be
more than 30 m lower than the usual ice shelf surface (36),
making the features the thinnest regions of the ice shelves. These
crevasse-like features may provide multiple sites for potential
full-thickness crevassing and rift opening. Models show that the
tensile stress induced by these wide basal channels is sufficient to
cause additional surface and basal crevasse propagation (34, 35).
Increased basal melt may enhance this process, as the thinner
shelf will flex more and increase the likelihood of full-thickness
rift formation (35). For example, Totten Glacier is an ice shelf
that has experienced thinning due to increased basal melt, and
we observe calving associated with surface troughs (Fig. 3C).
These crevasse-like zones cover a considerable area of ice
shelves in the FFH” and CD’ regions, potentially rendering many
Antarctic ice shelves susceptible to massive, catastrophic dis-
integrations in the event of further increases in basal melt (15).

Given these results, we propose that ocean-driven increased
basal melt enhances fracturing of Antarctic ice shelves. We also
suggest that the numerous small ice shelves along the Antarctic
Peninsula, Amundsen Sea Embayment, and Wilkes Land that
have experienced marked increases in basal melt and iceberg
calving over the past 2 decades may be poised for major retreat.
This needs to be better understood so that it can be factored into
future sea level projections.

Materials and Methods

The mass change of an ice shelf, AM, over a given time period, At, calculated
in terms of volumetric components as the sum of change due to mean shelf
thickness change, AMy (negative for thinning), and change due to areal
extent change (i.e., advance/retreat of ice front), AM, (negative for retreat),
is approximately given by a Taylor Series,

AM =AMy + AMy =AoAHp,-+HOAAp,- [1]

where p; is the ice density, Ag and AA are the reference area and change in
area, Hy and AH are the reference mean ice thickness and change in mean
ice thickness, and we have neglected higher-order terms in the expansion.
The reference values are based on the mean values from the 2005-2011
period. We combined the ice shelf area changes of Antarctic ice shelves in
2005-2011 with 2003-2011 ice thickness and 2003-2008 ice shelf thickness
changes to estimate the Antarctic ice shelf mass balance. Ice shelf extent
changes are identified by coregistered pairs of monthly ASAR data for
August 2005 and August 2011. Ice thicknesses are estimated by combining
the direct measurements in 2009-2011 from Multichannel Coherent Radar
Depth Sounder (MCORDS) by Operation IceBridge mission with the indirect
estimates in 2003-2009 from the Geoscience Laser Altimeter System (GLAS)
instrument aboard ICESat (SI Materials and Methods). Average ice shelf
thickness change for the period 2003-2008 is derived by the procedure in
ref. 12 using ICESat-1 GLAS data.

The mass balance can also be expressed in terms of budget components
in Gtly.

AM
2 =fe+SMB-C-B [2]

where Fg is the integrated flux into the ice shelf across the grounding line
(calculated using flux gates; see S/ Materials and Methods), C is the rate of
change of mass due to iceberg calving, SMB is the surface mass balance (the
difference between surface accumulation and ablation rate), and B is the
rate of change of mass due to basal melt (negative for freeze-on).

Cross-Grounding Line Flux. We use the Interferometric Synthetic Aperture
Radar (InSAR) velocities and ice thicknesses at the flux gates to calculate
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cross-grounding line flux Fg. Ice thicknesses are estimated by combining
MCORDS data and ICESat GLAS data (S/ Materials and Methods). Flux gates
are positioned at the grounding line as determined by a combination of two
published data sets. For the most part, the more accurate InSAR grounding
line position is used, but where coverage is lacking, the grounding line from
imagery and ICESat GLAS is used to achieve complete coverage. Cross-
grounding line flux is determined using a flow-line routing algorithm (S/
Materials and Methods, Figs. S2 and S3). Ice fluxes are estimated by ice flow
across each unit of 900-m-width pixel at the grounding line. More than
20,000 flux units around Antarctica are calculated.

Surface Mass Balance. We use the surface mass balance product derived from
a firn model UUFIRNMODELV3.1/ANT forced by climate data from RACMOv3.2/
ANT27 for the period 2003-2008 (12).

Iceberg Calving. Iceberg calving is the actual rate of ice mass loss due to
iceberg calving rather than a “flux gate” calculation (2, 3). It is calculated as
the product of the mean ice thickness of the area loss due to calving and
area of annual calving losses (SI Materials and Methods). The area enclosed
between the outer boundary (ice shelf front) and the inner boundary
(fracture line) over the annual interval gives the calving area. Calving areas
are manually traced from coregistered pairs of consecutive August 2005-
2011 Envisat ASAR image mosaics with a spatial resolution of 75 m and
geolocation accuracy of 50 m (S/ Data). Because ice shelves move forward,
calving area detection requires tracing both ice shelf margin (ice front) and
the fracture line in the original image (before calving) and the second image
(after calving). The ice front is delineated by an automated object-oriented
classification method based on watershed segmentation combined with
manual modifications (Fig. S4 A and B). Identifying the fracture line is done
manually with visual interpretation and spatial adjustment. In the case of
tabular calving (Fig. 3A), calving area at the ice shelf front is obviously visi-
ble; in the case of calving associated with large-scale crevassing (Fig. 30),
surface features at the ice front of the second image can be matched with
features in the original image, allowing the fracture line to be estimated
(Fig. S4 C and D); in the other case of calving (e.g., Fig. 3B) where features
cannot be uniquely identified, advance of the starting ice front is estimated
by a flow-line method (S/ Materials and Methods).
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Basal Melt. An estimate for B is obtained by rearranging Eq. 2.

AM
B=Fg+SMB-C-—. B3]

Steady-State Iceberg Calving. The steady-state iceberg calving, assuming no
change of ice shelf areal extent, is the sum of iceberg calving and mass
change rate due to extent change (positive for advance and negative
for retreat).

Css =C+ [4]

At

Steady-State Basal Melt. The steady-state basal melt, assuming no change of
ice shelf thickness, is calculated as the sum of basal melt and mass change
rate due to ice thickness change (positive for ice thickening and negative
for ice thinning).

AMpy

Bss =B+ AF

[51
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