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Figure 1. Austfonna surface elevation change and velocity, 1995–2014. Surface elevation change from (a, c, andd) CryoSat and
(b) Envisat (2002–2010) and ICESat (2003–2009). Ice flow velocity from (e) ERS-1/2, (f) ALOS, (g) TerraSAR-X, and (h) TerraSAR-X
and Sentinel-1a combination. (i, j) Surface elevation change and velocity along a longitudinal profile. In Figure 1a, elevation
rates are computed on a 2 km square grid and smoothed using a 6 km square median filter. The black dots delineate the
boundaries of drainage basins [Dowdeswell, 1986], and basin 3 is labeled. Bed elevation contours [Dowdeswell, 1986] at 100m
intervals are shown in white, with the thick line being 0m above sea level, the blue line locates the transect in Figures 1i and 1j,
and the green lines mark the north (N) and south (S) profiles in Figure 3. The green box indicates the area covered by
Figures 1e–1h. In Figure 1e, the white linemarks the flux gate used to estimate glacier discharge. The background image is a
backscatter intensity image acquired by Sentinel-1a on 18 April 2014. In Figure 1i, elevation rates have been averaged
over 10 km north-south strips to capture behavior across the glacier width. In Figure 1j, spaced grey dots indicate intermittent
or absent airborne survey data of the ice and bedrock surface, and ice velocity decreases close to the terminus in 2012 because
fast flow has yet to develop across the full glacier width. The current terminus position is at 497.8 km east.
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Austfonna	
  -­‐	
  Mass	
  imbalance

from 2008 showed that this flow unit had accelerated by a factor of 5 and widened, and also identified a new
area of fast flow to the south, where ice thinning was most pronounced. After 2009, rates of ice thinning
intensified and spread inland to encompass the entire drainage basin, resulting in an average thinning rate
of 2.9 ± 0.5m/yr between 2010 and 2014. Since 2012, thinning has been exceptionally high across the
basin—averaging and peaking at 5.5 ± 0.8m/yr and 29 ± 1m/yr, respectively—although there is now
evidence of localized thickening at the terminus (Figure 1d). In parallel, the regime of ice flow has
recently altered significantly, with the two distinct flow units merging to form a single stream of fast flow
across the full basin width. By 2014, we detect maximum ice flow speeds of 3800 ± 3m/yr, representing a
25-fold increase on the maximum measured in 1995. Both the magnitude and pattern of the observed
velocity evolution are broadly consistent with a shorter-period, higher-frequency record derived from
SAR data acquired during 2012–2013 [Dunse et al., 2014].

The observed changes indicate recent ice mass loss from basin 3, which we assessed using the altimeter and
SAR measurements (Figure 2). The regular altimeter sampling is well suited to deriving multiyear trends in ice
loss, whereas the episodic estimates of daily to monthly displacement provided by SAR acquisitions better
capture the evolution of ice discharge, albeit computed over much shorter time periods. For ease of
comparison, we have converted SAR-derived estimates to annual equivalent discharge rates. The SAR
measurements indicate that in 2008 basin 3 remained broadly in balance. Since then the ice imbalance has
increased substantially. In February 2014, for example, ice discharge across the defined flux gate was

Figure 2. Temporal evolution of basin 3 and its surrounding environment. (a) Mass imbalance from SAR and atmospheric
modeling (input-output method, IOM) and repeat altimetry, the calving front location (relative to 1981, negative indicates
retreat) and surface mass balance. Mass imbalance is computed directly from the IOM and altimetry methods and has
not been adjusted for mass retention due to terminus advance. Percentage of late-season (July–November) days with
sea ice cover, averaged over the periods (b) 1992–2011 and (c) 2012–2013, with the red dot marking Austfonna. (d, e)
Modeled annual surface meltwater runoff, together with the long-termmean and standard deviation (SD), computed from
MAR and RACMO2 simulations. The green dashed line indicates the long-term (1960–2013) trend. (f, g) Latitudinal limit
of late-season (July–November) sea ice coverage, defined to be the limit at which there was sea ice coverage on aminimum
of 30% of days. The data were generated from annual maps of the percentage days exhibiting sea ice cover and plotted
as the average latitude at which the 30% contour crossed the 25°E and 35°E meridians. The grey line indicates the latitude
of basin 3, and the green dashed line indicates the long-term (1992–2013) trend.
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Floatation
Arctic sea ice in the western Barents Sea
(Figures 2f and 2g). These data indicate
a marked reduction in the duration of
late-season sea ice cover east of Austfonna in
recent years, which can be attributed to the
observed inflow of warm Atlantic Water into
the Barents Sea causing the delayed onset of
winter sea ice formation [Polyakov et al., 2005;
Smedsrud et al., 2013]. In particular,
measurements from an oceanographic
survey in 2004 identified a pulse of
anomalously warm Atlantic Water offshore of
Austfonna [Polyakov et al., 2013]. Subsequent
repeat observations showed that the
warming associated with this intrusion
peaked between 2006 and 2008, with upper
ocean temperatures approximately 4°C
above the 40 year mean [Polyakov et al.,
2013]. These temperatures were the highest
ever recorded in this region [Polyakov et al.,
2005, 2013], providing the potential for
substantially enhanced ocean melting at
marine-terminating sectors of Austfonna.

Despite the apparent coincidence between
increased offshore ocean temperatures
and the dynamic activation of basin 3,
the lack of more extensive oceanographic
and glaciological measurements
prevents a direct causal link from being
definitively established or discounted.
The existing measurements do,
however, allow us to explore possible
geometrical configurations of the
terminus prior to the widespread
activation of this sector in 2012. At
this time, ice thinning and acceleration
were focused on two individual flow

units (Figure 1) and although localized had been sustained for several years. Airborne radio
echo sounding flight lines from 1983 provide longitudinal transects across these two regions (see
supporting information). These data show that the terminus rested on bedrock 50–100m below sea level,
with an ice cliff extending 25–80m above sea level (Figure 3). To estimate the subsequent evolution of
the terminus geometry, we temporally integrated our 2003–2012 elevation rate estimates at the locations
of the north and south units of fast flow (Figure 1). Prior to these measurements—for the period 1983 to
2003—we estimated a total of 15m of surface lowering, from a comparison of near terminus radio echo
sounding and ICESat elevation data (see supporting information).

Based on the observed ice thinning, we then estimated the 2012 terminus geometry of the two flow units,
assuming that the ice, once sufficiently thin, floats in hydrostatic equilibrium. This analysis suggests that the
sustained ice thinning observed prior to 2012 may have been sufficient for kilometer-scale sections of the
terminus to reach flotation, leading to partial ungrounding of the glacier from the underlying bed (Figure 3).
In the central terminus region of basin 3, however, the thicker ice and absence of sustained thinning
prior to 2012 would have prevented terminus ungrounding, meaning that any floatation was unlikely to
have been universal across the entire calving front (see supporting information). Without more extensive
measurements from this time, it is unclear exactly which part of the terminus may have achieved buoyancy, and

Figure 3. Geometry of the glacier terminus. The terminus geometry
along two airborne flight lines (Figure 1) in 1983 (observed) and in
2012 (estimated). The grounding line position is determined as the
location where the modeled surface elevation intersects the flotation
profile, computed from the bed elevation and assuming, conservatively, a
solid ice column with density 917 kgm!3. The dashed lines indicate
extrapolation beyond the limits of the radio echo sounding data, by fixing
the surface and bed elevations at their most seaward values. The
thickness of the shaded areas represents the height of the ice surface
above flotation. In 1983 the ice cap was well grounded with the surface
elevationbeing substantially in excess of theflotationprofile (light shading).
By 2012, a 1 km section of the terminusmay have reached flotation in both
the northern and southern parts of this sector (dark shading).

Geophysical Research Letters 10.1002/2014GL062255

MCMILLAN ET AL. ©2014. The Authors. 6

McMillan	
  et	
  al.,	
  2014



Conclusions

• Sentinel-­‐1a	
  reveals	
  Basin-­‐3	
  ice	
  discharge	
  increased	
  45-­‐

folds	
  over	
  the	
  last	
  2	
  decades	
  

• CryoSat	
  SARIn	
  reveals	
  rapid	
  thinning	
  (up	
  to	
  40m/yr)	
  

• Activation	
  initiated	
  at	
  the	
  ocean	
  front,	
  possibly	
  from	
  

ocean	
  warming,	
  and	
  propagated	
  inland	
  to	
  the	
  entire	
  basin	
  

• Destabilisation	
  still	
  ongoing


