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Supplementary Discussion — Ice shelf retreat or acceleration as a potential cause of thinning

Ice shelves may thin by spreading when buttressing is lost during frontal retreat, and a recent (past
century) retreat of an ice shelf filling Pine Island Bay could hypothetically cause synchronous ice-
shelf thinning in this region®>. We argue against this view because none of the shelves in this region
has shown a retreating trend between 1966 and present’ (Supplementary Figure 3). Pine Island
Glacier’s calving front has fluctuated around the same location at least since 1947 and is now close
to its most advanced recorded position (Supplementary Figure 4). While ice flow speed across the
Pine Island grounding line increased by 42% between 1996 and 2007, flow at the ice-shelf front
increased at the same rate, implying no dynamic thinning or thickening®***. Thwaites Glacier has
accelerated and its ice shelf has advanced since a calving event in 1967°*° rather than retreating. At
some time in recent centuries (precise date unknown), the Pine Island Ice Shelf was more extensive,
covering the blue square in Supplementary Figure 3, but the site identified by the green circle in this
figure has remained as an open-water polynya for several millennia®’. This implies that no ice shelf
broad enough to buttress all of the presently thinning ice shelves has existed in the region over this
period. Sediment dating near the Getz Ice Shelf supports this interpretation: the Getz Ice Shelf had
retreated to within a few kilometres of its current extent by ~10,000 years ago’® (Supplementary
Figure 3). The Amundsen Sea region has not experienced a large-scale ice shelf retreat that could

explain the present region-wide thinning signal on the ice shelves or grounded ice.

The Wilkins Ice Shelf mass balance is dominated by surface accumulation and ablation and basal

melt, with little influx from grounded glaciers, and may be particularly vulnerable to ocean-driven
basal melt®®. It retreated through the 1990s, experienced a major calving event in 1998 and partial
collapse over the following decade. Although the Wilkins does experience summer melting and

39,40

sometimes saturated-snow conditions™ ™, unlike on Larsen A and B, surface melt-ponding and

hydrofracture are not believed to have contribute to the collapse*'. We find relatively high rates of
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thinning (mean Ah/At =-0.13 ma™', n=2417, SD=0.18) of the thicker (200-250 m) ice bridge that
existed until 2009 between Charcot and Latady Islands. Immediately to the north, on the thinner
section (~30-100 m), mean Ah/At is +0.08 ma™', n=2050, SD=0.14 (Supplementary Figure 7). Our firn
modelling for the same period yielded a Ah/At of -0.04 ma™, suggesting that surface mass balance and
compaction processes do not explain all of the observed lowering. Although preferential thinning of
the thick ice bridge is compatible with melting driven by warm water at depth, we are unable to
distinguish from our data between thinning due to basal melt and that which may have occurred

through flow as the ice shelf adjusted to its evolving geometry.

On the northern half of Larsen C, an acceleration of up to 15% (80m a™') between 2000 and 2006 has
been observed with similar rates of acceleration further upstream on the tributary glaciers, along with
a frontal advance of the ice shelf”. This acceleration may have resulted from a calving event that
reduced buttressing from an ice rise, from changes in marine-ice accretion on the ice shelf base that
altered the bulk ice shelf rheology, or from changes in tributary glacier flow™. It is possible that this
acceleration and advance of the ice shelf was not matched by an equivalent increase in flux from the

grounded tributaries, and if so, it would have contributed to the observed thinning.

Supplementary Methods

1.1 Measuring ice shelf height and thickness change

We used ICESat GLA12* Release-428 data for October 2003 to November 2008 (Supplementary
Table 2). New releases of these data have since become available, but improvements to the GLA12
products are minor (primarily an increase in data availability at low transmit power and improved
laser 3 saturation correction, http://nsidc.org/data/icesat/data_releases.html). We first culled cloud-
affected data (~25%) identified by waveform spread (variance >0.035), reflectivity (<0.1) and gain
(>200) (ref.**), corrected for saturation using values supplied with the data®’, and corrected for ICESat

inter-campaign biases (Supplementary Table 2, personal communication, T.Urban, 2009). Data were
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already Earth-tide corrected. Additionally, we performed the following over floating ice: replaced the
supplied ocean-tide and load-tide corrections with CATS2008 A model output (per-constituent error
<0.05 m) (ref.*); corrected for the inverse-barometer effect using provided surface-pressure
estimates*’; removed the elevation signal from variations in firn depth (next section); and subtracted
sea-level rise (0.003 ma™) along the Antarctic coast™. We then calculated along-track Ah/At using an
established method that employs linear interpolation between discrete altimetry footprints spaced at
~172 m along parallel, repeated satellite passes® (with a minimum At = 365 d, mean = 807 d). We
excluded all data within 3 km of the grounding line (mapped between 1993 and 2003) plus other areas
known or suspected not to be free-floating (ice rises etc.) because our conversion from surface height
change to thickness change relies on the ice shelf being in hydrostatic equilibirium®**'. We then
filtered the results by excluding Ah/At values greater than 0.75 times the interquartile range from the
median over a 50 km radius from each point, and produced a smoothed, 10 km grid of the mean Ah/At
calculated over a 30 km radius. We converted Ah/At to ice-shelf ice thickness change, AT/At, using
ice density 917 kg m>. We processed floating and grounded-ice results separately to avoid averaging
across the grounding line’'. The uncertainty in spatially averaged, gridded AT/At, including
uncertainty in the firn component, ranges from 0.006 ma™ to 0.25 ma™ (Supplementary Methods 1.4).
We tested for changes in volume due to changing glacier influx or ice-shelf geometry”” using

53,54

published measurements " and recent satellite images of ice-shelf extent (Supplementary

Discussion).

1.2 Modelling of firn depth Ah/At

We used a firn compaction model (UUFIRNMODELvV2.1/ANT)™ to assess changes in firn layer
thickness. The firn model simulates firn densification, vertical heat transport, meltwater percolation
and refreezing, and accounts for buoyancy effects on floating ice shelves. Over the grounded ice
sheet, most of the variability in firn layer thickness can be explained by variability in snow
accumulation®®. Over some ice shelves, surface melt is also important, as discussed elsewhere in the

text.
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The firn model was forced at the upper boundary by 6-hourly values (1989-2010) of surface
temperature, near-surface wind speed, solid and liquid precipitation, sublimation and melt rate from
the high-resolution (~27 km horizontal grid distance) regional atmospheric climate model
RACMOvV2.2/ANT27 (RACMO?2). RACMO?2 has been thoroughly evaluated using available

>3 and satellite-detected melt extent

Antarctic surface temperature and accumulation observations
and duration®. Based on a comparison with two years of Automated Weather Station (AWS) data
from Larsen C Ice Shelf (cross in Figure 4, ref."), we reduced RACMO2 modelled modern melt rates

on Larsen C by 33%. RACMO?2 melt rates show good agreement with observations from ice shelves

in colder regions (Neumayer on Ekstrem Ice Shelf, Dronning Maud Land®>®).

First, the firn model was forced by sufficient iterations of the 1989-2010 climate to spin up a full firn
layer”. This assumes that Antarctic climate was stable for the last ~50-200 years; a previous
assessment found no significant trend in accumulation overall®*, while the most comprehensive
Antarctica-wide reconstruction of near surface air temperature from 1960 to 2005, based on a
combination of station and reanalysis data, shows that especially since 1980 a pattern emerges of
warming in the Antarctic Peninsula and cooling in East Antarctica®, following recent trends in the
Southern Annular Mode. The large natural variability in combination with the relative brevity of the
records and the poorly constrained re-analysis products before 1979 negatively impacts the

significance of these trends. Springtime warming reported for West Antarctica®®%"%

mainly occurred
after 1989 and is included in the results presented here. Reported (tropospheric) warming in greater
Antarctica® has been challenged in more recent studies’. On the Antarctic Peninsula, though, there

was a significant warming of 0.04°C a™' since 1957, in agreement with observations showing a

0.037°C a™" warming’".

To take this regional warming into account, for Larsen C Ice Shelf we first let the firn model spin up
by forcing it with a climate 3 degrees colder than today, assumed representative for the climate at the
beginning of the 20™ century, and with 25% of the present-day melt rate, after which the current

6 | WWW.NATURE.COM/NATURE



SUPPLEMENTARY INFORMATION gHaVZH,

values were applied for the period 1989-2010, the period for which forcing data are available. Next,
we calculated firn thickness trends for 100 ice shelf locations for 2003-2008, coinciding with the

ICESat data.

We estimated uncertainty in modelled firn Ah/At with several sensitivity runs. The model’s physical
parameterisations (e.g. densification rate, liquid water retention, surface snow density) only impact
seasonal variations in firn thickness and exert almost no influence on interannual trends. For the
multi-year firn-thickness trends of interest here, the largest uncertainty derives from the assumption
that the climate during the spin-up period equals that for 1989-2009, the period for which forcing data

are available, hence the Antarctic Peninsula warming trend must be accounted for.

A 0.01°C a! temperature trend over the spin-up period is considered a reasonable upper limit for the
uncertainty in the temperature trend. Using the strong relation between accumulation and temperature
found in RACMOQO?2, this results in an estimated uncertainty in the long term accumulation trend of
8%. Hence, the absolute uncertainty in firn depth trend is larger for wet areas. Running the firn model
with these trends, we find a firn-thickness trend-uncertainty ranging from +0.045 m a™ for areas with
1200 mm a”' annual accumulation (wet ice shelves) to £0.003 m a for areas with 100 mm
accumulation (dry ice shelves) and a linear behaviour of the uncertainty in between. We estimated the
remaining uncertainty in RACMO2 melt rates at 20%, based on comparison with observed melt rates
at two Antarctic sites (Neumayer and Larsen C AWS). Hence, the biggest combined uncertainties in
firn thickness trends are found on wet ice shelves with strong melt. Uncertainties in overall (ice+firn)
ice shelf Ah/At due to uncertainties in the firn signal range from 0.005 m a™ on the Ross and Filchner-
Ronne ice shelves to 0.15-0.23 m a”' on the Antarctic Peninsula (Supplementary Figure 15). The mean

uncertainty for all ice shelves is 0.045 ma™ (SD = 0.047).

We compared modelled firn Ah/At to observed ICESat Ah/At at an orbit crossover on the grounded ice
cap of Dolleman Island, Antarctic Peninsula (DI in Figure 4) (Supplementary Figure 9), where our
Ah/At method yields a large number of measurements. This site has none of the confounding signals
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particular to floating ice shelves and negligible potential signal from ice dynamics. The modelled
signal averaged -0.096 + 0.079 ma™', the observed signal was similar at -0.076 £ 0.012 ma™ (SD =
0.058, n=464, mean altitude = 322 m, mean At = 760 days, SD At =258 days). The observed
cumulative ICESat height change at the end of the 2003-2008 period, and over three intermediate
periods, agree with the modelled height change within the uncertainties (Supplementary Figure 9).
Modelled mean annual accumulation at this site was 351 mm w.e. a”' and melt was 109 mm w.e. a™

for the period of the model run.

The firn Ah/At is mainly driven by snowfall variability and therefore is coherent on a regional scale
(Supplementary Figure 8). On the Ross Ice Shelf, the ten modelled sites have a range of 0.00 to -0.03
ma™', mean -0.01 ma™, SD 0.01 ma™ over an area of 487,000 km”. On the Ronne Ice Shelf, the eight
sites have a range of 0.04 to -0.02 ma’', mean -0.02 ma™, SD 0.02 ma™ over an area of 350,000 km”.
Along the Amundsen Sea coast, the sixteen sites have a range of 0.00 to 0.10 ma', mean 0.05 ma™',

SD 0.03 ma™ over an area of 90,000 km®.

1.3. Seasonality

ICESat campaigns were generally discrete periods of ~33 days in the austral autumn, spring and
winter (Supplementary Table 2). Because ICESat had only 2 to 3 campaigns per year, some analyses
of height change between these campaigns could introduce a seasonal bias. However, our technique
strongly suppresses seasonal variability by averaging height change measurements from all possible
combinations of dates across all of the campaigns listed in Supplementary Table 2, subject to the rules
of proximity and minimum At that we apply. At the Dolleman Island site described previously, this
yielded ~150 unique combinations of satellite passes. This approach was previously shown to
suppress 88% of the large seasonal Ah/At signal associated with summer melt in Greenland, a
seasonal signal that was larger than any in Antarctica (Supplementary Material in ref.*). Additionally,
we find that Ah/At has negligible correlation with At for our Dolleman Island test site, where we

model a pronounced seasonal signal in Ah/At (Supplementary Figures 9 and 10), and a similarly
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negligible correlation on Larsen C and the remnant Larsen B, where we also expect summer melt to
introduce a seasonal height signal (Supplementary Figure 11). The lack of correlation implies that
when averaged, the measurements with shorter At that are more prone to seasonality yield a very
similar value for Ah/At to measurements that span several years. Furthermore, the shorter-period

measurements can come from any part of the 2003-2008 record.

1.4. Uncertainty estimate

In this study, some systematic and non-systematic uncertainties in ICESat Ah/At are reduced relative
to a previous study on the ice sheets*. For individual height measurements, shallow slopes on the ice
shelves (mean = 0.03°) minimise the effect of ICESat pointing errors, and better cloud filtering
reduces forward-scattering errors that cause derived ICESat elevations to be too low. The combined
individual elevation uncertainty over flat, grounded ice (<0.3°) with this cloud filtering was estimated
as £0.075 m (ref.**). We also improve height change measurements by correcting systematic ICESat
inter-campaign biases (mean correction = 0.019 m, uncertainty = 0.02 m (Supplementary Table 2))
and by averaging over a larger radius to reduce non-systematic effects. However, additional
uncertainties arise on the ice shelves from the tide model (0.1 m, ref.”®), variations from mean
dynamic topography (0.05 m (Archiving, Validation and Interpretation of Satellite Oceanographic

data project, www.aviso.oceanobs.com (2010)), the inverse-barometer correction (0.03 m, ref.*’) and

regional sea-level rise (0.003 ma™, ref.*®). Height measurements along any one ICESat pass could

therefore be biased by the sum of these uncertainties (0.275 m).

Each Ah/At measurement is produced from either three or four passes, each from a different [CESat
campaign, and we do not expect the uncertainty contributions from changes in tides, ocean dynamic
topography and atmospheric pressure to be correlated between campaigns. The contribution from sea-
level-rise uncertainty is systematic. Combining three such measurements, with non-systematic

uncertainty, gives a Ah/At uncertainty of 0.159 m, or 0.072 m a™ (for mean At = 807 days), which
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combines with the systematic 0.003 ma™ from sea level to yield a total individual Ah/At uncertainty of

+0.075 ma™.

Spatial averaging over a 30 km radius employs between 4000 and 33400 Ah/At samples but the
uncertainty in individual height measurements along any one ICESat pass is likely to be correlated,
hence these samples are not all independent. Instead, the non-systematic uncertainty of spatially
averaged Ah/At (0.072 m a™") scales with the number of different combinations of ICESat passes in the
averaging area, which ranges from 9 to 7875 (Supplementary Figure 12). This combines with the
additional contribution from the sea level rise uncertainty and is also a function of the real spatial

variability in Ah/At and the size of the Ah/At sample (Equation 1).

2
a5 1 1
e= |22 4 0.0032 + 0.0722< - )
npoints Ncombinations npoints
Equation 1 | Uncertainty (¢) in spatially averaged ICESat Ah/At where 71.ompinarions a0d Rpoinss are,

respectively, the number of unique combinations of ICESat passes and the number of Ah/At

measurements used, and o, is the standard deviation in Ah/At over the averaging area.

We find that the absolute uncertainty in spatially-averaged ICESat Ah/At ranges from 0.0034 ma™ to

0.18 ma™ (Supplementary Figures 13, 14). Mean uncertainty is +0.007 ma™ (SD = 0.008 ma™).

Further uncertainty comes from the firn correction. We estimate this as ranging from a minimum of
0.005 ma™ (mean 0.02 ma™) in areas without melt to a maximum of 0.23 ma™ (mean 0.09 ma™) in
areas with significant melt rates (Supplementary Figure 15, Supplementary Table 1). The overall
combined uncertainty in gridded AT/At is therefore dominated by the uncertainty in the firn

correction.
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Supplementary Table 1 | Elevation change and firn signals on ice shelves and tributary glaciers.
See Pritchard IceShelves_Supplementary Tablel.xls.

Ice shelf measurements are from free-floating areas. The number of samples (n), standard deviation
(o) and shelf-mean ICESat Ah/At measurement uncertainty (&;....,) are listed in column 2. Lat and long
denote ice shelf latitude and longitude. For ice shelves with multiple firn modelling sites, the
modelled firn Ah/At value presented is the mean and both the range and number of values are given.
The firn Ah/At uncertainty (&y,,) is described in Supplementary Methods 1.2. For the modelled sites
that are ice-shelf ablation areas (Bach, parts of Amery and George VI ice shelves), Ah/At comes from
the net SMB (firn compaction does not apply). The ice-shelf basal melt imbalance is derived from ice-
shelf Ah/At minus modelled firn Ah/At where the difference is greater than the measurement
uncertainty calculated for each location (highlighted in grey), converted to a basal melt rate assuming
hydrostatic equilibrium and an ice density of 917 kg m™. Measurements for grounded slow-flowing (<
100 ma™) and fast-flowing (> 100 ma™) ice” are reported from similar altitude from as close as
possible to the landward side of the grounding line, for areas where dynamic thinning is present*’.
Where ice shelves have multiple dynamically-thinning tributaries (e.g. Getz), we report on ice-shelf

53,54,74,75

melt associated with each tributary (italics). Comparison to other studies gives either height-

change rate (Ah/At) or thickness-change rate (AT/At), and flux where available.
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Supplementary Table 2 | ICESat inter-campaign biases for the campaigns used in this study.

These biases were calculated using the extensive ICESat data coverage over the oceans (ref.” and

personal communication, T.Urban, 2009).

ICESat campaign Start date | End date Austral Bias (m) | Release
season 428
uncertainty
(m)
2A 13/10/2003 | 19/11/2003 | Spring -0.074 0.01
2B 17/02/2004 | 21/03/2004 | Autumn -0.057 0.01
2C 18/05/2004 | 21/06/2004 | Winter -0.023 0.02
3A 03/10/2004 | 08/11/2004 | Spring -0.022 0.01
3B 17/02/2005 | 24/03/2005 | Autumn -0.033 0.01
3C 20/05/2005 | 23/06/2005 | Winter -0.002 0.01
3D 21/10/2005 | 24/11/2005 | Spring 0.003 0.01
3E 22/02/2006 | 28/03/2006 | Autumn -0.001 0.01
3F 24/05/2006 | 26/06/2006 | Winter -0.012 0.01
3G 25/10/2006 | 27/11/2006 | Spring 0.014 0.01
3H 12/03/2007 | 14/04/2007 | Autumn 0.001 0.01
31 02/10/2007 | 05/11/2007 | Spring 0.003 0.01
3] 17/02/2008 | 21/03/2008 | Autumn -0.017 0.01
3K 04/10/2008 | 19/10/2008 | Spring 0.004 0.02
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Supplementary Figure 1 | Antarctic ice-shelf thickness’’ and continental-shelf bathymetry.
Thickness uncertainty is of order 50 m’’. See main text for discussion of the relationship between ice

shelf thickness, thinning rate and bathymetry. Background image: MODIS”.
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Larsen C

Supplementary Figure 2 | Ice-shelf measured Ah/At and modelled firn Ah/At, 2003-2008. Firn
modelling results (coloured circles) are shown offset from their true location (small black-bordered
white circles) for clarity on smaller ice shelves. Colour scaling is the same for both the firn Ah/At and
the ice-shelf surface Ah/At measured from ICESat data. See Figures 2, 3 and 4 (main text) for location
labels and Supplementary Methods 1.2 for methods. On the thinning shelves of the Amundsen Sea
coast, the firn Ah/At is positive while the ice-shelf surface Ah/At is negative. In contrast, the firn and
ice-shelf surface signals on the Larsen C have the same sign and a similar magnitude. This is also the

case on the Ross and Ronne-Filchner ice shelves. Background image: MODIS”.
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Supplementary Figure 3 | Ice-shelf frontal change, Amundsen Sea coast. Ice-shelf front positions
in light blue are from the Antarctic Digital Database (SCAR Antarctic Digital Database,

www.add.scar.org:8080/add/ (2010)), in dark blue from the MODIS MOA project’’ and those in red

are digitised from Envisat ASAR images supplied by the Polar View project (Polar View Antarctic

Node, www.polarview.aq (2011)). The grounding line is in white’'. Labels show selected ice-shelf

names. None of the thinning shelves (Figure 3) shows evidence of a rapidly retreating front. Inset 1:
zoomed view of Pine Island Bay. The blue square shows an area covered by the Pine Island Ice Shelf

at some time in recent centuries, the green circle shows an area that has remained as an open-water
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polynya for several millennia®. This bounds the potential lateral extent of the former, more extensive
ice shelf. Inset 2: orange stars show the sites of dated sediment cores near the Getz Ice Shelf. Dates
are in years before present and show when open-water or seasonally open-water conditions became
established®'. The ice shelf had retreated to within a few kilometres of its current extent by ~10,000

years ago.
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Supplementary Figure 4 | Firn-corrected ice-shelf thickness change (AT/At), grounded ice-sheet
height change Ah/At, ice-shelf frontal change and ice-shelf firn Ah/At signal, Dronning Maud
Land. Grey lines crossing the ice shelves show locations of ICESat Ah/At measurements. Inset:
coastlines as in Supplementary Figure 3. Black labels show selected glacier names. Yellow-edged
black labels show the modelled firn Ah/At signal (cm a™) for 2003-2008. The grounding line is in

white’! (inset). Background image: MODIS™.
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Supplementary Figure 5 | Firn-corrected ice-shelf thickness change (AT/At), grounded ice-sheet
height change Ah/At and ice-shelf frontal change, West and Shackleton ice shelves. Grey lines
crossing the ice shelves show locations of ICESat Ah/At measurements. Black labels show selected
glacier names. Inset 1 and 2: coastlines are from the sources described in Supplementary Figure 3.
White-edged black labels show selected ice-shelf names. Yellow-edged black labels show the
modelled firn Ah/At signal (cm a™) for 2003-2008. The grounding line is in white’' (inset).

Background image: MODIS”.
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Supplementary Figure 6 | Firn-corrected ice-shelf thickness change (AT/At), grounded ice-sheet
height change Ah/At and ice-shelf frontal change, Totten Ice Tongue region. Grey lines crossing
the ice shelves show locations of ICESat Ah/At measurements. As elsewhere, grounded and partially
grounded areas of the Totten Ice Tongue were excluded (Supplementary Methods 1.1). Black labels
show selected glacier names. Inset 1 and 2: coastlines are from the sources described in
Supplementary Figure 3. White-edged black labels show selected ice-shelf names. Yellow-edged
black labels show the modelled firn Ah/At signal (cm a™) for 2003-2008. The grounding line is in
white”” (inset). Background image: MODIS™.
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Supplementary Figure 7 | A detailed view of surface Ah/At on the south-west Antarctic
Peninsula. Ah/At on the ice shelves is firn-corrected (firn Ah/At ranges from 0.01 to -0.06 ma™).
Measurements on the ice shelves and ice sheet are relatively noisy due to averaging of a smaller
sample relative to other figures: spatial averaging over grounded ice is the median over a 1 km radius
gridded at 1km along-track. Over the ice shelves where Ah/At signals are typically smaller, averaging
is over a 3 km radius to reduce noise. Ice-shelf thickness is shown in shades of green (in inset 1,
Wilkins Ice Shelf (W) thickness is rescaled from 0 to 100 m). G6 and ST indicate George VI and
Stange ice shelves, CI and LI indicate Charcot and Latady Islands. Firn-corrected ice-shelf thinning
tends to be greater on thicker ice. The grounded ice sheet (processed separately) is thinning most
rapidly where it flows into the adjacent, thinning eastern margin of George VI Ice Shelf. Shelf edge
positions and the year of observation show the retreat of Wilkins Ice Shelf from 1980 to 2008 (ref.*?)

and 11" July 2011 (digitised from satellite image, Polar View Antarctic Node, www.polarview.aq

(2011)). Bathymetry’® shows deep troughs in this area. Background image: MODIS”.

20 | WWW.NATURE.COM/NATURE



SUPPLEMENTARY INFORMATION gHaVZH,

Firn Ah/At
(cma™)
e 17
» -16t0 -12
-11 to -8
-7to-4
3to 0
1to 4
® 5t08 0 500 1,oloo

e 9t012 ' R

Supplementary Figure 8 | Modelled firn Ah/At, 2003-2008. These firn-related surface-height trends
were calculated using modelled precipitation, ablation and temperature along with a model of firn
compaction (Supplementary Methods 1.2). Negative trends are found in areas where modelled
temperature/melt has increased and/or accumulation decreased (e.g. the Antarctic Peninsula) and
positive trends where accumulation has increased (e.g. the Amundsen Sea coast of West Antarctica)

(see Figure 2 for locations).
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Supplementary Figure 9 | Modelled daily firn height and ICESat-observed height change for
grounded ice on Dolleman Island, Antarctic Peninsula. Modelled firn heights are relative to 1989
(Supplementary Methods sections 1.2). We derive cumulative ICESat height change from the mean
Ah/At over Dolleman Island ice cap (location in Figure 4) for the periods shown by the horizontal bars
(n=156 to 335) except for the reference starting point in 2003 and the final 2008 value. For the final
2008 value, we use the mean Ah/At over the full 2003-2008 period (n=464, mean = -0.076 + 0.012
ma™") (Supplementary Methods sections 1.1, 1.4). Each period covers multiple ICESat campaigns. The
ICESat track numbers are 271 (ascending) and 325 (descending). Vertical bars show ICESat Ah/At
uncertainty. At this site, uncertainty in modelled firn Ah/At is £0.079 ma™.The modelled and observed

cumulative height changes agree within the uncertainties.

22 | WWW.NATURE.COM/NATURE



0.05

Ah/At &
{ma?)

-0.15

-0.2

SUPPLEMENTARY INFORMATION gHaVZH,

At(days)
® = o® o L] L] oo L] L]
® e o L L] L] L] [ ]
L] emmee o o0 e o - e @™
T T® 89 * e T T - b T 7 1
200 400 = =600 ** 800 1000° ® 1200 ° *©1400 1600
° o L e @ .
- - o= - L] L as 8 @ - L]
* ° smmee - e o =

e s omm - o [ ] s R

S I ese = . L]
i —— e y=0.00002x-0.0903

» o a cpam ] L 1) R*=0.0065

= b L L] - L]

T IR L ] L L

oEeEs ¢ owemN o ° °® @
® - e =11 L] - [ 1]
® 2ae - L) (1]
e 8 8 o0 o L] L]

Supplementary Figure 10 | ICESat Ah/At plotted against At for Dolleman Island. Site location in

shown in Figure 9. Each At interval can occur at any time within the 2003-2008 period. The length of

the interval, At, is effectively uncorrelated with the observed Ah/At.
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Supplementary Figure 11 | ICESat Ah/At plotted against At for the Larsen C and remnant
Larsen B ice shelves. We expect seasonal signals in surface height to be relatively large at these sites,

but here also, the length of the interval, At, is effectively uncorrelated with the observed Ah/At.
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Supplementary Figure 12 | Number of unique ICESat pass combinations used to determine

Ah/At. These were calculated with a grid size of 10 km and a sampling radius of 30 km.
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Supplementary Figure 13 | Uncertainty in spatially-averaged ICESat Ah/At (£ cm a'l). These
uncertainties account for systematic and non-systematic uncertainty in individual measurements and
for the reduction in uncertainty that results from spatial averaging of the locally varying Ah/At signal,

where errors are correlated along individual satellite passes (Equation 1, Supplementary Methods 1.4).
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Supplementary Figure 14 | Frequency distribution of ICESat absolute Ah/At uncertainty. Mean

=0.007ma", SD =0.008 m a™'. The uncertainty can be positive or negative.
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Supplementary Figure 15 | Uncertainty in the component of ice-shelf Ah/At (+ cm a'l) resulting
from modelled firn processes. Model sensitivity experiments show an 8% uncertainty in the
accumulation trend, which itself is driven by uncertainty in the temperature trend over the spin-up
period. This has an estimated upper limit of 0.01°C a™. Comparison of modelled and observed rates of
melting indicate a modelling uncertainty of 20%. Consequently, modelled ice-shelf Ah/At has greatest

uncertainty in areas of high accumulation and/or high melt (Supplementary Methods 1.2).
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