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Complex evolving patterns of mass loss from
Antarctica’s largest glacier

Jonathan L. Bamber ®* and Geoffrey J. Dawson

Pine Island Glacier has contributed more to sea level rise over the past four decades than any other glacier in Antarctica. Model
projections indicate that this will continue in the future but at conflicting rates. Some models suggest that mass loss could
dramatically increase over the next few decades, resulting in a rapidly growing contribution to sea level and fast retreat of the
grounding line, where the grounded ice meets the ocean. Other models indicate more moderate losses. Resolving this contrast-
ing behaviour is important for sea level rise projections. Here, we use high-resolution satellite observations of elevation change
since 2010 to show that thinning rates are now highest along the slow-flow margins of the glacier and that the present-day
amplitude and pattern of elevation change is inconsistent with fast grounding-line migration and the associated rapid increase
in mass loss over the next few decades. Instead, our results support model simulations that imply only modest changes in
grounding-line location over that timescale. We demonstrate how the pattern of thinning is evolving in complex ways both in

space and time and how rates in the fast-flowing central trunk have decreased by about a factor five since 2007.

to sea level rise from the continent'. Combined with its neigh-

bour, Thwaites Glacier, it contributes 32% of the ice discharge
from the West Antarctic Ice Sheet. This region, the Amundsen Sea
Embayment, has been described as the “weak underbelly” of the
ice sheet because of the steep retrograde bedrock slope that it rests
on, which reaches to 2,500 m below sea level in the interior’. As a
consequence of its recent behaviour and its inferred importance for
the stability of the West Antarctic Ice Sheet, PIG is one of the most
intensively and extensively investigated glacier system in Antarctica,
including numerous satellite’*, modelling®” and field studies'*-'?
aimed at understanding its response to external forcing, the geo-
physical controls on mass loss and, in turn, improving projections
of its future trends.

P ine Island Glacier (PIG) has been the single largest contributor

Recent behaviour and model projections

Sustained retreat of the grounding line and linearly increasing thin-
ning rate at the hinge line have been reported between 1992 and
2011, with thinning rates exceeding 7myr' in 2007-2008 near
the grounding line". The grounding-line retreat coincided with an
inland migration of surface lowering, which was confined to the
central trunk up to 2004>". From 2004 onward, thinning spread
inland, with the maximum rates appearing to be concentrated in
regions of faster flow and approximately following the velocity con-
tours into the glacier tributaries™”. Numerical modelling suggested
that this could be explained by a diffusive process resulting from
reduced basal friction at the grounding line that could be transmit-
ted about 200km inland over a decadal timescale'®. More recently,
a study using three numerical ice sheet models concluded that the
grounding line had started an irreversible retreat that could result
in a major increase in ice discharge over the next few decades’.
For a plausible melt scenario, they found that the mass imbalance
could increase by as much as a factor six, resulting in an additional
sea level contribution of up to 10mm in the next 20yr (ref. °). This
is, however, at odds with other studies that suggest that doubling®
or quadrupling® subshelf basal melt rates will have only a modest
impact on the projected sea level contribution. In the latter case, the

4x melt experiment resulted in an additional mass loss, stabilizing
at 25Gtyr' (1.4mm sea level equivalent over 20yr). While these
modelling studies agree that the glacier will remain out of balance,
they produce markedly different trajectories into the future.

Observations of change since 2010

Volume change estimates of the PIG catchment have been based,
until recently, on the analysis of satellite radar altimeter data using
radar returns from the point of closest approach (POCA) to the
satellite. Until the launch of CryoSat-2 in 2010, this was the only
approach available for processing such data. It is, however, lim-
ited in the spatial resolution and sampling that can be achieved.
Previous studies have gridded the data somewhere between 10
and 20km, depending on the time interval and latitude. In addi-
tion, POCA data are biased in how they sample undulating ter-
rain, which is typical of the margins of the ice sheets". The radar
returns tend to be clustered around topographic highs and absent
from troughs. CryoSat-2 has a capability known as the synthetic
aperture interferometric mode, which operates around the steeper,
sloping margins of the Greenland and Antarctic ice sheets's. In
addition to ‘conventional’ POCA processing of the radar wave-
forms, the phase information recorded in this mode makes it pos-
sible to retrieve elevation estimates beyond the POCA location
in the waveform. This is known as swath processing and results
in about two orders of magnitude greater sampling of the surface
compared with POCA processing, but with data of lower accuracy
and a dependency on knowledge of the satellite roll angle". More
important, swath data overcome the spatial sampling issues that
POCA data can suffer from (Extended Data Fig. 1). Combined
with the long repeat cycle of CroySat-2 (369 days), dense radar
altimeter sampling of the ice sheet margins is achievable. The
approach has been successfully used to derive high-resolution
elevation change estimates from, for example, the Patagonian ice-
fields*. Here, we use the complete CryoSat-2 record from 2010 to
2018 to derive high-resolution (500 m) elevation change estimates
over PIG. We also investigate how the spatial pattern of elevation
change has evolved over time.
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Fig. 1| PIG elevation, velocity and driving stress changes between 2005 and 2018. a, Elevation and bedrock topography (Bedmap2) profiles for ICESat-1
track 279 across PIG. b-d, Changes in elevation (b), across-track velocity (€) and along-track velocity (d) for the periods 2005-2009 (black) and
2010-2017 (red). e, Mean elevation change calculated using ICESat-1 between 2005 and 2009 (black) and CryoSat-2 between 2010 and 2018 (red).

(f) Map of ice velocity change for the periods 2005-2009 and 2010-2017 (with white directional arrows) near the grounding line. The average change
in driving stress (z) at ICESat-1/Envisat crossover points is shown with coloured directional arrows. The change in driving stress was calculated for the
periods 2005-2009 and 2010-2018 using ICESat-1and CryoSat-2 (solid outline) and for the periods 2002-2010 and 2010-2018 using Envisat and
CryoSat-2 (double-line outline). g, The mean surface elevation rate calculated from ICESat-1 data overlain on the mean elevation rate derived from
CryoSat-2 swath data at 500 m posting. The dotted black line is the grounding line position recorded before 2003, the solid black line is the position
recorded in 2011 and the solid green (f) or grey (g) lines are the positions recorded in 2015°%. Contours are mean velocities for the period 2005-2017.

Elevation rates for CryoSat-2 swath data were based on L1b base-
line C data processed using established methods”. To make opti-
mal use of the high spatial sampling, we mapped surface elevation
rates on a grid of 500m posting. This approach reduced the effect
of topographic variability within a grid cell and allowed us to calcu-
late a linear surface elevation rate at each grid cell (see Methods for
further details). We calculated the time-mean surface elevation rate
over the entire CryoSat-2 recorded from October 2010 to December
2018 at 500 m posting (Fig. 1) and for the two periods 2010-2014
and 2015-2018, with 2km postings (Fig. 2) and annually resolved
at a lower resolution (Extended Data Fig. 2) to illustrate the evolu-
tion of the pattern of thinning. Mean surface elevation rates derived
from ICESat-1 laser altimeter data (GLAS/ICESat L2 Global Land
Surface Altimetry Data, version 34, GLA14) were also calculated
using recent data pre-processing and repeat-track methods”..

We also examined changes in velocity over the same period.
We used annual ice velocity maps from the MEaSUREs version 1
dataset” for the years 2005-2017 to calculate the velocity differ-
ence between the ICESat-1 and CryoSat-2 epochs. The Global Land

128

Ice Velocity Extraction (GoLIVE) velocity time series, recorded
between 2013 and 2017%, was used to determine velocity change
over the CryoSat-2 period (for further information, see Methods).
Mass loss from the PIG was steadily increasing until about
2009 and has dominated the contribution to sea level rise from the
Antarctic ice sheet over the past decade'*. This mass loss is associ-
ated with a speed-up of the glacier' and, according to the principle
of conservation of mass, a concomitant reduction in volume (sur-
face thinning). Ice speed remained relatively constant from 2009 to
2014 (fluctuating by about 4%) (ref. *) while thinning rates peaked
around 2008, Mass loss and the associated volume reduction,
after this date, were sustained by inland propagation of thinning
rather than an increase in its amplitude'*'. In Fig. 1, we compare
thinning rates derived from ICESat-1 for 2003-2009 with swath-
processed CryoSat-2 data from 2010 to 2018. For the earlier epoch,
highest thinning rates are found in the central trunk of the glacier,
near the grounding line, consistent with previous assessments™'*.
Until about 2009, the pattern of inland propagation is consistent
with a diffusive process travelling upstream in response to a transient

NATURE GEOSCIENCE | VOL 13 | FEBRUARY 2020 | 127-131 | www.nature.com/naturegeoscience


http://www.nature.com/naturegeoscience

NATURE GEOSCIENCE ARTICLES

b

75° S 76° S

75° S
|

92° W

96° W

Longitude

100° W

76° S

Latitude

dh/dt (m yr™) 92° W

-2

96° W

100° W

76° S

Latitude

Fig. 2 | Elevation change over PIG between 2010 and 2018. a,b, Mean surface elevation rate derived from CryoSat-2 swath data for the periods 2010-2014
(a) and 2015-2018 (b), gridded at 2 km postings with no smoothing. The dark red lines in a are mean velocity contours for the period 2005-2017 and in b
are 100m, 250 m and 500 m contours of height above flotation using the assumption of hydrostatic equilibrium (flotation point after 50 yr for a thinning
rate of 2myr”, 5myr’ and 10 myr™, respectively). The dashed white line is the flotation point after 50 yr using the mean CryoSat-2 thinning rates, and the
black line at the bottom of the figure is a composite of the 2011 and 2015 grounding-line positions. The star marks the location of the INMN GPS station.
The thick solid black line running east to west is the flowline path for the cross-section used in Fig. 4, and the dashed black box is the area shown in Fig. 1.

forcing at the grounding line'*'°. During the CryoSat 2 period,
however, the pattern of thinning is markedly different and reduced
in amplitude, which is also supported by a recent study employ-
ing digital elevation models derived from Worldview image stereo
pairs”. Changes in driving stress, due to a steeper slope at the glacier
margin, could be responsible for the ice drawdown on the northern
flank. We investigated this possibility by calculating the change in
slope and driving stress between Envisat, ICESat-1 and CryoSat-2
epochs. The coloured triangles in Fig. 1f show the magnitude and
direction of change in driving stress at ICESat and Envisat crossover
track locations. Maximum changes are about 6 kPa and probably too
small to explain the change in the spatial pattern of linear surface
elevation rate (dh/dt). A recent numerical modelling study infers
that both loss of basal traction and surface geometry play a role in
modulating mass loss"’.

The lower amplitude of thinning in the main trunk could, in
part, be due to weakening in the ocean forcing and, consequently,
subshelf melting between 2010 and 20127 as reported elsewhere®.
We note, however, that subshelf melt rates increased from 2013 to
values similar to those from 1998-2010 (Fig. 3). Our results do not
follow the linearly increasing elevation rate proposed for the hinge
line from interferometric synthetic aperture radar and altimetry up
to 2010%. Instead, thinning rates have declined by about a factor 6
since their peak in 2009 (Fig. 1e and Extended Data Fig. 2).

Our results indicate a more complex pattern of thinning than
previously reported* or modelled’ that is evolving in time (Fig. 2
and Extended Data Fig. 2). Most striking is that the maximum thin-
ning rates during the CryoSat-2 epoch, exceeding 3myr (Figs.
1g and 2a), are occurring not in the fast-flowing main trunk or
tributaries, as previously reported, but beyond the shear margins,
in areas of relatively slow flow (50-100myr") where motion is
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Fig. 3 | Ice-shelf thinning rates for PIG, 1994-2017. PIG ice-shelf height
change derived using ERS-1(1991-1996), ERS-2 (1995-2003), Envisat
(2002-2012) and CryoSat-2 (2010-2017) from Paolo et al.””. The black line
is the original time series, which has a 3month time step. The red line is the
data smoothed with a 4 yr moving-window filter.

controlled by ice deformation not basal sliding. By contrast, the fast-
flowing main trunk has mean thinning rates of about a factor three
lower than the interstream region (Fig. 2a). The peak thinning rate
in the interstream region is also associated with an acceleration in
flow (Fig. 1¢,f) and a modest increase in gravitational driving stress
(Fig. 1f). Thus, mass loss is now propagating into areas of slow,
deformation-dominated flow (Fig. 1g). The evolution of thinning
(and hence mass loss) for two approximately 4yr epochs is shown
in Fig. 2a,b. Although the central trunk has sped up by about 0.7%
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Fig. 4 | Profile along a central flowline of PIG. a, Elevation and bedrock
topography (Bedmap?2); the blue line is the predicted ice-sheet elevation
needed for flotation. The vertical blue dashed lines are the intersections
with the 100 m, 250 m and 500 m contours of height above flotation in
Fig. 2. The vertical black dashed lines are the grounding-line positions
recorded in 2003 (1) and in 2011 (2). b, Ice velocity change calculated
between 2013 and 2017. ¢, Mean surface elevation rate for CryoSat-2 for
the periods 2010-2014 (black) and 2015-2018 (red).

during this time (Fig. 4b), thinning rates have decreased slightly
from the grounding line to about 50km inland (Figs. 2 and 4c
and Extended Data Fig. 2). The 50% reduction in subshelf melting
between 2010 and 2012 coincides with a hiatus in ice shelf thinning,
as would be expected, which persists until 2013 (Fig. 3)”’. However,
from 2013, ice shelf thinning recommences with a rate comparable
to that in the first decade of the 2000s (Fig. 3). We detect a modest
increase in the thinning rate close to the grounding line coincident
with the resumption of oceanic melting (Figs. 2, 4c and 3), but in
general, the highest thinning rates have shown a decline between
2012 and 2017 (Extended Data Fig. 2).

Implications for future evolution of PIG

On the basis of extrapolation of observed thinning rates, it has
been suggested that ungrounding of the entire main trunk of PIG
within a century was possible’. Some model projections for PIG
under different ice-shelf melt scenarios suggest a sixfold increase in
mass loss and a 40km migration of the grounding line in less than
two decades’. These simulations use an idealized melt scenario and
propagate thinning in the central trunk and tributaries, as implied
by the satellite radar altimeter observations that were used for com-
parison’. This is, however, not reflected in the present-day evolution
of thinning or the recent behaviour of the glacier. Hence, we investi-
gate what is required to achieve the modelled magnitudes of retreat
purely on the basis of geometric constraints and compare with the
observations from CryoSat-2. In Fig. 2b, we plot the grounding-line
positions for thinning rates of 2, 5 and 10myr" over 50 yr alongside
the mean rate from CryoSat-2 over the period 2010-2018. The pres-
ent-day thinning rates result in a negligible grounding-line retreat
over the next five decades (dashed white line in Fig. 2b). This is con-
sistent with model simulations that suggest modest changes in mass
balance and grounding line as a consequence of enhanced subshelf
melt®®. Even for a mean thinning rate of 5myr (about five times
present day) over the central trunk, the grounding line has receded

130

by less than 20km in 50 years (Fig. 2b). We conclude, therefore, in
the absence of anomalously high subshelf ocean melting, ground-
ing-line retreat and accelerated mass loss of PIG will be limited and
at the lower end of model estimates leading to about 3 mm sea level
equivalent above the present-day imbalance (of ~0.4mmyr) over
the next five decades’. We note, however, that subshelf melt rates are
sensitive to decadal ocean variability””** and have a complex rela-
tionship with climate variability***’, the geometry of the cavity’! and
tidal pumping close to the grounding line*.

Implications for vertical land motion from GPS

Our results are also important for the interpretation of vertical land
motion derived from GPS data. These data have been used to con-
strain geophysical models and inverse solutions for glacial isostatic
adjustment in the Amundsen Sea Embayment™~** and to estimate
the visco-elastic properties of the mantle at depth?. A low mantle
viscosity, as inferred for the Amundsen Sea Embayment, provides
a stabilizing influence on grounding-line migration*” and is impor-
tant, therefore, to account for in model projections™.

The solid Earth deforms rapidly (elastically) to present-day
changes in mass loading and slowly (viscously) to past changes.
GPS data measure both components, and to infer properties of the
mantle and model the viscous response from GPS data, it is nec-
essary to remove the elastic component due to present-day mass
change. This correction is sensitive to the precise spatial distribu-
tion of the ice-loading changes. It is necessary, therefore, to have
detailed knowledge of the spatial pattern of dh/dt at scales of a few
kilometres to estimate an accurate elastic correction”. The two GPS
stations in Antarctica (INMN and TOMO) with the largest vertical
land motion and largest residual, after accounting for glacial iso-
static adjustment and elastic deformation, are both close to regions
oflocalized high thinning in the Amundsen Sea Embayment. In the
case of INMN (location marked by a star in Fig. 2), the station lies
roughly equidistant between the area of peak thinning rates on the
northern flank of PIG and a region further north at about 74.7°S,
99°W. Not only is the amplitude of thinning rapidly evolving dur-
ing the period of the GPS observations (Extended Data Fig. 3) but
so is its spatial pattern. Not accounting for this variability will lead
to erroneous estimates of the elastic component of vertical land
motion and, as a consequence, estimates of the visco-elastic proper-
ties of the lower mantle”.
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Methods

CryoSat-2 elevation. We used CryoSat-2 synthetic aperture radar interferometric
L1b baseline C data spanning October 2010 (referred to in the text as 2010) to
December 2018 in this study. With these data we were able to use the necessary
corrections, position/timing information along with the waveform power,
coherence and phase to calculate POCA and ‘swath processed’ heights, which are
derived from the time-delayed waveform beyond the first return. The processing
scheme used here closely follows that of Gray et al. (2013)". The processing first
involved using a threshold retracker described by Helm et al. 2014” to determine
the POCA and selecting swath samples with a minimum coherence and power of
0.8 and —150 dB, respectively. We then calculated the range for the POCA and each
swath sample, corrected for path delay due to the wet and dry troposphere and
ionosphere and changes in surface height for the solid Earth and ocean-loading
tides. Over the ice shelves, we also corrected for inverse barometric atmospheric
pressure and tidal variability using the CAT2008a tide model, which is an update
to the model described by Padman et al.*’. Phase wrapping and ambiguity errors
can occur in areas of high-sloping terrain, and these were corrected by unwrapping
the phase around a reference-phase difference. The reference-phase difference

was created by sampling the Bedmap2 digital elevation model* in the cross-track
direction for a range of cross-track look angles through the antenna beam half
width (1.992°). This was then resampled to the sample points and the look angle (6)
was converted to phase (y) using:

sin(0 + ) = —y/kB (1)

where B is interferometric baseline, /3 is roll angle and k is wave number'. We then
applied a multiple of 2x correction to match the measured phase to the reference
phase. This method is reliable in areas of complex topography as it can successfully
unwrap data with multiple phase discontinuities. The satellite orientation and

the phase information was then used to calculate cross-track look angles using
equation (1) and was combined with the range to calculate the elevation and
location of the return echo relative to the reference ellipsoid.

CryoSat-2 elevation rates. We calculated a dh/dt with CryoSat-2 data on a grid
of 4km posting for POCA data and between 0.5km and 4 km postings for swath
data using:

h=a0+a1x+azy+j—};t (2)
where h is elevation, a, is mean elevation, 4, and a, are the slopes of the topography
in the x and y direction®' and ¢ is time. To account for variation in topography
within each grid cell, we simultaneously solved for surface slopes a, and a,. The
noise observed within swath data typically has standard deviations between ~1 m
and ~3 m (ref. *) and can include large outliers (for example, incorrectly geolocated
return echoes) that could adversely affect the fitting process. To account for these,
we used a robust method by iteratively reweighing the least squared regression with
a bi-square weighting (w) of the form w= (1 — (r/7m)*)* where r is the residuals of
the previous fit and m is the median absolute deviation.

In the fast-flowing areas, the elevation change will be affected by advecting
ice. This is particularly apparent over floating ice and can be removed using a
Lagrangian framework”. However, such a framework is valid only over ice in
hydrostatic equilibrium; as our study focused on the grounded portion of the ice
shelf, this was not performed, and the resulting fast-flowing areas still contain this
noise. We calculated the surface elevation rate over the entire CryoSat-2 recorded
from 2010 to 2018. We also calculated a linear elevation rate for the two separate
periods 2010-2014 and 2015-2018 and for a 3 yr moving window weighted using
a tri-cube function. For the two separate periods 2010-2014 and 2015-2018, the
increase in temporal resolution required us to use a grid of 2km posting, while for
the 3 yr moving window we used a grid of 4km posting. We incorporated POCA
data into the 3 yr moving window calculation by using the mean value between
POCA and swath data.

The standard error of the model fit was used to estimate the uncertainty in
elevation rates (Extended Data Fig. 3). This measure includes any departure from
the model and any measurement error, for example, from incorrectly modelled
atmospheric corrections or uncertainty in the location of the measurement from
either the orbit location or the geolocation of the radar echo. Errors from incorrect
geolocation of the return, arising from ambiguous reflections over complex/steep
topography, may introduce a variable bias, and the standard error to the model fit
will not adequately capture this. However, the choice of a relatively high coherence
threshold ensures that the majority of these data have been removed from our
analysis. Over the entire study area, the average standard error was 0.2 myr™'. Over
the fast-moving areas, elevation measurements were affected by ice advection, and
the standard error was higher. In these regions where the velocity >1,000myr,
the average uncertainty is 0.4myr .

ICESat-1 elevation rates. ICESat-1 laser altimeter elevation data (GLAS/ICESat L2
Global Land Surface Altimetry Data, version 34, GLA14) were pre-processed using
the data pre-processing steps described by Felikson et al.”’. Elevation rates were
then calculated using the repeat-track method by first binning elevation data from

all campaigns into non-overlapping grid cells of 1 km by 1km along a reference
track. Elevation change was then determined using equation (2). The elevation
change was measured over the ICESat-1 operation period, which was between
February 2003 and October 2009. The uncertainty in elevation rates was measured
using the standard error of the model fit (Extended Data Fig. 3). Over the entire
study area, the standard error was 0.1 myr~'; over the fast-moving central section of
PIG (velocity > 1,000 myr), the standard error was 0.2myr".

Ice velocity and grounding-line location. Ice velocity change over PIG was
determined using two datasets described in Supplementary Table 1. We first used
data from MEaSUREs version 1 (refs. >*') as this had a sufficient time span to
cover both ICESat-1 and CryoSat-2 satellite epochs. The ice velocity change for
these data was found by calculating the average x and y components of the ice
velocity within the separate periods 2005-2009 and 2011-2017 within each 1km
grid cell then calculating the difference. We also used the GoLIVE velocity time
series”** to measure ice velocity change within the CryoSat-2 period. GoLIVE has
a higher spatial and temporal resolution of 300 m and 16 days, respectively. This
allowed us to calculate a linear trend for the x and y components of the velocity,
which we measured over a grid of 1 km posting. Acceleration over PIG is shown in
Extended Data Fig. 4.

We used the grounding-line positions from MEaSUREs version 2 in this
study’. This dataset used differential satellite radar interferometry to determine
the hinge line. Over PIG, grounding-line position was measured primarily using
the European remote-sensing satellites, ERS-1 and ERS-2, and was recorded several
times before 2003, in 2011 and in 2015*.

Driving stress. The driving stress (z) was calculated using a force balance approach
with the assumption of small surface slope (a):

7= pigla ®3)

where p; is the density of ice, taken as 917kgm™, g is the gravitational constant and
Z is the ice thickness. The driving stress for the ICESat-1 data was calculated by first
determining the driving stress in the along-track direction for both ascending (z,)
and descending (z,) tracks. We used the elevation measurements at the midpoint
of the ICESat-1 operation period (September 2006) derived from the repeat-track
method described above. A 10km gaussian filter was applied before determining
the surface slope as this provided a representation of the driving stress for the scale
of the ice thickness. We then calculated the driving stress in the x (z,) and y (z,)
directions by determining the driving stress at crossover points. This is similar to
the method described by Sandwell and Smith**! who used the vertical deflections at
the satellite crossover point to calculate marine gravity with radar altimeters. Using
this methodology, we first defined the driving stress of an ascending track as:

Ta = ToXa + TyJa (4)
and for a descending track:
T4 = Tuka + Ty (5)

where ¥ and y are the x and y components of the satellite track. Then at each
crossover point, we simultaneously solved equations (4) and (5) to determine
7.and 7,. The optimal situation is when the tracks intersect perpendicular to

one another; however, the ICESat-1 ascending and descending tracks in this
region intersect at an angle of ~33°. This results in the driving stress being poorly
resolved in the y direction for this area of study (using the polar stereographic
projection system, EPSG:3031). We calculated driving stress for CryoSat-2 using
the same method and elevation measurement at the midpoint of the study period
(February 2014), which were sampled onto the ICESat-1 tracks. We could also
calculate the driving stress for CryoSat-2 on a grid, which would enable us to fully
resolve the driving stress. However, this would not allow for a direct comparison
with ICESat-1.

To improve coverage, we also used Envisat radar altimetry data to calculate the
change in driving stress between Envisat and CryoSat-2 using the same method
described in the preceding. The Envisat elevation data were processed using the
along-track processing described by Flament and Remy"” and spanned between
January 2003 and November 2010. The mean elevation over that period was used
for this comparison.

Height above flotation. To calculate the height above flotation (), we combined
CryoSat-2 swath elevations, bedrock topography from Bedmap2*' and the EIGEN-
6C4 geoid" to deduce ice thickness (Z) and elevation above mean sea level (h)
using the assumption of hydrostatic equilibrium:

hf:hi(Zfé)(pwfpl)i

Pw

3

where § is the air content of the firn layer obtained from a regional climate
model, RACMO2.3 (ref. *’) expressed in metres of ice equivalent. The densities of
1,027 kgm™ and 917 kg m~ were used for sea water (p,,) and ice (p,), respectively.

NATURE GEOSCIENCE | www.nature.com/naturegeoscience


http://www.nature.com/naturegeoscience

NATURE GEOSCIENCE ARTICLES

Data availability 46. Sandwell, D. T. & Smith, W. H. E. Marine gravity anomaly from Geosat and
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Extended Data Fig. 1| Data density of CryoSat-2 observations for POCA and swath processing. Number of observations per km plots for 1 year of
CryoSat-2 swath (a) and POCA (b) data. With the mean surface elevation rate derived from swath (¢) and POCA (d) data, for the period
2010-2018 for comparison.
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Extended Data Fig. 2 | Annual time series of elevation change over PIG. Surface elevation rate derived from CryoSat-2 POCA and swath data for three-
year moving window centred on the years between 2012-2017 at 4 km postings. The dark red lines are mean velocity contours for the period 2005-
2017and the star is the location of the INMN GPS station. The dashed black box is the area shown in Fig. 1 and the solid black line is a composite of the
2011 and 2015 grounding line position.
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Extended Data Fig. 3 | Standard errors of the elevation change observations. Standard error to the model fit for ICESat-1 and CryoSat-2, with
ICESat-1 tracks overlain on the CryoSat-2 grid. The black dashed line is the grounding line recorded in 2011 and contours are mean velocities for the
period 2005-2017.
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Extended Data Fig. 4 | Change in ice velocity between 2013 and 2017. Ice velocity change calculated between 2013 and 2017 (with white directional
arrows) using GolLIVE Landsat 8 ice velocities. Contours are mean velocities for the period 2011 to 2017 and the black dashed line is the grounding line
recorded in 2011
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