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Grounding lines are a key indicator of ice-sheet instability, becausdnanges in their
position reflect imbalance with the surrounding ocean and impact othe flow of inland
ice. Although the grounding lines of several Antarctic glaciers have regated rapidly
due to ocean-driven melting, records are too scarce to assess shale of the imbalance
Here, we combine satellite altimeter observations of ice-elevation changed
measurements of ice geometry to track grounding-line movement arad the entire
continent, tripling the coverage of previous surveys. Between 2010 a@@16, 22%, 3%,
and 10% of surveyed grounding lines in West Antarctica, East Antarctica, ahat the
Antarctic Peninsula retreated at rates faster than 25 m/yr the typical pace since th
last glacial maximum- and the continent has lost 1468Bm? + 791km? of grounded-ice
area. Although by far the fastest rates of retreat occurred intte Amundsen Sea Sector,

we show that the Pine Island Glacier grounding line has stabilizedlikely as a
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consequence of abated ocean forcing. On average, Antarctica’s fast-flowing ice streams

retreat by 110 meters per meter of ice thinning.

Grounding lines are the junction where marine-basedheets become sufficiently buoyant
to detach from the sea floor and flbatknowledge of this position is critical for quantifying
ice discharg® as a boundary condition for numerical models of ioe'fl and as an indicator
of the ice sheet’s state during periods of advance or retreat'>. In Antarctica, grounding lines
are of particular interest because ice-shelf thinning afidpse hae driven grounding-line
retreat and glacial imbalance around the contfierlthough Antarctic grounding lines
have retreat since the Last Glacial Maximiuthe pace of retreat at several Antarctic ice
streams has been much higher during the satellit& ®rand numerical simulations have
indicated that this rapid retreat may be followed by centesoale collapse of the inland

catchment aredé:*’

Tracking the position of ice-sheet grounding lines usingllgatobservations has relied on
three general approaches; identifying mismatch betweercswfavation and freeboard
determined through buoyancy calculatifhbreaks in the surface slope associated with the
transition from grounded to floating tteand the contrast between vertical motion of flugti
and grounded ice due to ocean tfdeShe latter method is by far the most accurate, becaus
it relies on mapping the hinge lirethe limit of tidal flexure at the ice surface whichmsre
readily detectable than the grounding line itSeflthough grounding-line migration is
usually quantified by repeating the above techniques ovettithe necessary satellite
observations have been infrequently acquired, and soagstsiraxist at only a handful of
locations®**. Here, we extend a methdd®#*for detecting grounding line motion from

satellite measurements of surface-elevation changeidnmiree surveys of the ice-sheet
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geometry to produce the first continental-scale assa#sof Antarctic grounding-line

migration.

Changes in the mass of the firn and ice column aroungrthending line cause horizontal

migration of the grounding line as the area, in which teasi®uoyant, grows or shrinks.eN
convert surface-elevation rat%%, obtained from CryoSat-2 observatiohisto rates of

grounding-line migratiojwg;,, at known grounding-line locations (see Methods for a éetail

derivation):

va = [=(a+ (po/py = DA 22 2.

The term in square brackets, which we will refer to as pratyeos retreat, takes slopes of
the surfaced — also from CryoSat-2) and the bedr&tlopographiesf) in the direction of
grounding-line migration as well as the contrast betweeam p,) and ice densitiep() into
account. The material densjy, allows thickness changes to occur at densities betwean sn
and ice. The direction of grounding-line migration is @roglly defined based on grounding-
line perpendiculars, flow directions, and bedrock inclinatiaile restrict our solution to
sections where the grounding-line location has beeratefiom satellite Interferometric
Synthetic Aperture Radar (InSAR)nd where the propensity for retreat is not excessively
high (Figure 1). To estimate the overall error, we agrsincertainties in the density
assumptions, satellite-derived surface elevation andteevate, and bedrock topography.
Altogether, we are able to quantify grounding-line migratiom@R$.4% of Antarctica’s
47,000 km grounding line, including 61 glacier badinghree times the combined length and

four times as many glaciers as mapped in previous sutie§s’
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We estimate that, between 2010 and 2016, 10.7% of the Antamtinding line retreated

and 1.9% advanced faster than 25 m/yr, the typical ratetream retreat during the last
deglaciatiof®?”. There were notable regional differences: Whilst the Pekimsatched this
overall picture quite well (9.5% retreating, 3.5% advancing West Antarctic Ice Sheet saw
21.7% retreating (59.4% in the Amundsen Sea Sector) and onlya@lvaacing, whereas the
grounding line of the East Antarctic Ice Sheet retckated advanced in 3.3% and 2.2% of its
length, respectively (Table S1). These changes amounted t@@nkent + 113 knf loss of
grounded-ice area per year over the CryoSat-2 perideisurveyed sections, of which the

major part took place along the West Antarctic Ice SHegt knf + 48 knf).

Large-scale patterns of grounding-line retreat (Figureibcaed with sectors in which ice
streams are known to be thinning (see Figure S1), for exanfile Amundsen and
Bellingshausen Sea coasts of West AntartticaThis general link is modulated by the local
ice-sheet geometry (propensity), which introduces higheraspatiability into the pattern of
retreat. Bedrock slopes along swathes of the Englisht @ods/Vilkes Land make these
sectors unfavorable for either retreat or advance, debgitelatively large changes in ice-
sheet thickness that have occurred. Long sections warstate of advance in Dronning
Maud Land, East Antarctica, where mass gains have beeciasdowith increased snow

accumulatiof®°

To investigate regional patterns of grounding-line migratiem examine changes within 61
drainage basifgFigure 1). Highly localized extremes of rapid grounding-fieteeat between
500 m/yr and 1200 m/yr have occurred at Fleming, Thwaites, Hagape, Smith, Kohler,
and Hull Glaciers, at Ferrigno Ice Stream, and at gldé@ding the Getz Ice Shelf, all
draining into either the Amundsen Sea or the Bellingshausen®ere broad sections of the
coast have retreated at rates of 300 m/yr and 100 m/yr, tesbhedn East Antarctica, Frost

and Totten Glaciers have retreated, locally, at ratep &b 200 m/yr, whereas Mercer and

4
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Dibble Ice Streams and glaciers of the Budd Coast haveneeldalocally, at up to 60 m/yr to

230 m/yr.

In general, fast grounding-line migration occurs in aredastfice flow (Figure S2), and so
we also computed average rates of migration in areas Wieiee speed exceeds 2yr

and 800 m/yr (Figure 1, Table S2). In total, the central pustad ten fast flowing ice streams
have retreated at rates of more than 50 m/yr on ge€egpplying either of the two
thresholds), including those of the Amundsen, Se¢ten Glacier, and several in the
Bellingshausen Seaareas in which change is known to be driven at leasalhatty warm
ocean watél>*. The fast flowing sections of Lidke Glacier, Berg 8teeam, and glaciers
flowing into Venable and Abbot Ice Shelves have also refdeaibeit at slower average rates
of up to 50 m/yr. Elsewhere in East Antarctica, ratesigfation are mostly centered around
zero, apart from Frost, Denman and Recovery Glaciers Wiaich retreated at average rates
between 19 and 45 m/yr, and from Mertz, Budd, and Shirasée@land Slessor Ice Stream,

which advanced at average rates between 14 and 48 m/yr.

Widespread grounding-line retreat has been recorded inliedsen Sea Embayment using
satellite INSAR"'2 with which we contrast our altimetry-based results. At TiteseGlacier,
the average rate of grounding-line retreat has incdefagen 340 + 280 m/yr between 1996
and 201%* to 420 + 240 m/yr according to our method (Figure 2A). Re&iRine Island
Glacier appears to have stagnated at 40 m/yr £ 30 m/yr cilnen@ryoSat-2 period, after it
migrated inland at a rate of around 1 km/yr between 1992 and 2@bt@mented by the
previous studi€s (Figure 2B). The recent stagnation coincides with aldeat@n of thinning
from 5 m/yr in ~2009 to less than 1 m/yr across a 20 knioseiciand of the 2011 grounding
line*®, which in principle explains the reduced retreat.r&le slowdown in surface lowering

could, however, also be due to further ungrounding, and sostefamine this possibility:

5
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To maintain contact with the upstream parts of the ~120 kagndentral trunk, which are in
our data thinning at a maximum rate of 2 m/yr (Figh8g the grounding line would have had
to retreat by at least 15 km since 201thore than double that of the previous two
decade¥*? at a time when thinning has abated across the lowenesaf the glaciefThis
leads us to conclude that thin trunk’s grounding line has stabilized, potentially due to the
absence of warm sub-shelf wafawhich drove retreat until 2011. This finding is supported
by two recent studiés® which also report a substantial reduction in the paceto#at since

2011.

We also observe a continuation of retreat at othes fieguently sampled ice streams. For
example, high local rates of retreat of ~1.2 km/yrunmesults on Haynes, Smith and Kohler
glaciers are comparable to peak rates of 1.8 to 2.0 ldatgcted by INSAR between 1992
and 20124>*° |n the Bellingshausen Sea, slower rates of retreatded over the last 40
years® are similar to those we have derived; at FerrigndSteeam, rates of retreat remain in
the range 50 to 200 m/yr, at Lidke Glacier, Berg Ice Str&@mmable and Abbot Ice Shelves
our rates of retreat are in the rarmfel0 to 40 m/yr compared to the multi-decadal range of 10
to 90 m/yf®, and at the Cosgrove Ice Shelf we detect no signifiedreat, in agreement with
previously observed rates between -40 m/yr and +11*igrEast Antarctica, Totten

Glacier is the only location where grounding-line ratigas been documented, and our result
of 154 m/yr + 24 m/yr retreat in its fast-flowing sectisrconsistent with the maximum rate

of 176 m/yr recorded between 1996 and 213

We compared rates of ice thickness change and groundmgalgration to assess the degree
to which the processes are related (Figure 3). Within ieadstisections flowing faster than
800 m/yr, thickness changes and grounding-line migration vpgn®@mately proportional

with 110 £+ 6 metres of retreat occurring with each metiee thinning. This comparison for
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the first time informs on the remarkably consistent gepmdriven propensity for retreat at
these ice streams, leading to an intimate relationdt thinning and retreat, despite very

different processes driving th&hi**

A possible reason for this stable relationship is tthet
geometry at fast moving ice-sheet margins may be coipleadae to the involved processes:
The shape of the surface topography is formed by the nanMigcous flow of ice and the
sliding conditions at the bedrotIn turn, bedrock topography emerges through tectonical
evolution and pre-glacial erosion, and is interactivepgd by the ice-dynamical
environment via sedimental erosion through overriding ahdlaaial hydrolog§* and via
glacial-isostatic adjustment of the solid Earth ® tiverlying ice mad& Even though these
processes occur on different spatial and temporal seatedepend on many parameters, it
appears that the average propensity for retreat cantheless be approximated for different

geological settings a convenient proxy relationship that may be used as divank in

investigations which cannot rely on detailed glacial gegnatdynamics.

We have compiled the first comprehensive record of pteganrates of grounding-line
migration around Antarctica, spanning one third of the continent’s margin. In the Amundsen
and Bellingshausen Sea sectors of West Antarctica armttanTGlacier, our results
complement and extend earlier assessments of groundimgetiredt 4, and elsewhere we
provide the first observations of migration in key sectsush as in the Getz Ice Shelf and
large parts of East Antarctica and the Peninsula (Figurglthbugh most of the grounding
line is stable, we estimate that 3.3%, 21.7%, and 9.5% ofABtetctica, West Antarctica,
and the Antarctic Peninsula, respectively, are measurablgtiate of retreat. By far the
largest rates of grounding-line retréat50 m/yr) occur at ice streams flowing into the
Amundsen and Bellingshausen Sea which, on average, areimgtegatates of 134 m/yr and
57 mlyr, as well as at Totten Glacier, all of which expeseglacial change driven by warm

F,33,4?

ocean waté indicating that the ocean as a driver generates fastesat todayThe
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alternation between retreat and advance of glacierslke$\Land could be explained by

regional drivers of migration being surpassed by local anptaces. There is a robust

relationship between changes in ice thickness and groufidengigration at Antarctic outlet
glaciers, indicating that the geometrical propensityrdédireat is relatively uniform in areas of

fast flow. The extent of our record could be substantially increasébdanmore detailed map

of the grounding-line position, ideally acquired in the sgrariod as satellite altimetry

observations. Overall, our method is a novel and potent agiprfor detecting and monitoring

ice-sheet imbalance in Antarctica; it can be used to pabgmsations which merit more
detailed analysis through field campaigns or dedicated InSlAR s, e.g. where fast

migration occurs or a high geometric propensity for refreatails.
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304 Caption Figure 1

305 Rates of grounding-line migration between 2010 and 2016 along the Antarctic

306 grounding line® derived from CryoSat-2 and bedrock topography* observations.Red

307 lines indicate long (>30 km) sections of high propensityébreat (>500), which we

308 excluded from our analysis. Color-coded basitisstrate rates averaged in the areas flowing
309 faster than 25 m/yr (see also Table S2); basins for winicprovide the first estimate of

310 grounding-line retreat during the satellite era are mankddan asterisk. Background colors

311  indicate the bathymetry in the ice shelves and ocean and the ice sheet’s surface elevation®”,
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314  Caption Figure 2

315  Continuation of rates of grounding-line migration in the Amundsen Sed*?by our

316 approach. Rates are averaged across a 43 km wide along-flow sigfitted using velocity
317 observation® at Thwaites Glacier (A) and across the central 10 kRir Island Glacier
318 (B), evaluated along the 2011 grounding line and in a ‘further retreat’ scenario designed to
319 investigate the impact of strongly dislocated groundimgdi(see Methods). Uncertainties
320 comprise the average local uncertainties in the otspesections and thates’ spatial

321 variabilities therein. Also shown in B is a long-teime series of surface-elevation rates

322 upstream of the 2011 grounding fife
323
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Caption Figure 3

Rates of grounding-line migration versus rates of surface elevatioBoth are averaged
over fast (>800 m/yr) flowing sections of 21 Antarcticidage basins. Uncertainties
comprise the average local uncertainties of the iatdg respective sections and the spatial
variabilities in these sections. Also shown is a stitdigh fitted in a total least squares sense
to these data after re-weighting the average uncertinyithe square root of the number of

data points (color coded) in each basin.
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Methods

We base our analysis of grounding-line migration on a hyatiosonsideration: While the
mass (per unit ar@¢af the ice columrm; is smaller than that of the water coluain the ice
shelves and vice versa for a (marine-based) ice shegtatl equal directly at the grounding

line:

[oi — 0ol = 0. Eqg. (1)

At the grounding line and in the interior of an ice $h#ee mass of the ice column can be
expressed in terms of the average density of snow, fichicg in the columry;, the ice

sheet’s surface elevation, S, and the bedrock topographs,
o; = pi(S—B) . Eq. (2)

Likewise, g, can be similarly expressed where the bedrock topographyeliew sea level,

substitutingS by sea-level height:
0o = po(E — B) . Eq. (3)

Here,p, is the vertically averaged density in the ocean watenuolAsS andB are usually

referenced td&, we assumé& = 0.

The total temporal derivative of the left-hand side in Ejjcéhtaining both partial
derivatives and advective contributions related to grimgntine motion by horizontal

velocity 7, must also equal zero.

aO'i

- = 60 - =
E-I_UGL.VO-i_a;‘;_UGLIVO-O] =0. Eq (4)

GL

Eqg. (2) and (3) allow us to replaag ando; by the densities and geometgquantities.
However, the tern%% needs special consideration: If neglecting basal melthickness

changes are consequences of surface processes (suafecbatance, i.e. interaction with the

17



356  atmosphere; contributiok,,¢), of firn compaction (contributiohy,), and of ice dynamics

357 (contributionh;.e)*®:

d(s-B) _ ; - -
358 C2 = Rguee + Ry + hice - Eq. (5)

359  These contribute differently to the masgslce-dynamical thinning or thickeningy . would
360 change the mass g, snow fall variationg,s would change it at lower densities, firn
361  compaction does not affect the mass at’allle thus introduce the ad hamaterial density’,

362 p, to represent which of the above processes is domingnt\eMillan et al%):

doi _  3(S-B)
363 = P Eq. (6)

364  The introduction of this material density allows us to @age Eq. (4):

365 [fl % + By, V(S + fZB)]GL =0. Eq. (7)

366 Here, itisf; = p,,/p; andf, = p,/p; — 1 = 0.15. We have neglected any contributions from
367 bedrock motion (including sea-level rise or similar)%%is assumed to contribute ~1 cm/yr
368  at maximum only, if we assume it to be governed by viscoelasdrock motion due to paleo
369 ice-mass chang®s

370  Assuming that we know the direction of grounding-line mofidine. v, = vg, 1), we

— -1
371  define the propensity for retreat Rs= —[ﬁ’ V(S + sz)] (high absolute values indicate a
372 geometry that favors migration; low values occur in stabdéas) and solve for the magnitude

373  of the rates of grounding-line migration:

-1
374 v = |[APE == [‘;—m (ﬁ’ V(s+ [’;—— 1] B)> %L . Eq. (8)
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We obtainS and% from CryoSat-2* andB from Bedmap? and make reasonable

assumptions for densities. The two critical points inapproach are the direction of motion
7 and where to evaluate the respective fields. The umugria v, is calculated from the
individual uncertainties associated with the altimetgasurement Bedmap2 bedrock
topograph§*, and density assumptions and ranges from 4 cm/yr to 28, kmith 90% of all
data points between 40 cm/yr and 23 m/yr. Surface-elevedtes and the propensity for

retreat along the grounding line are shown in Figure S1.

Surface elevation and surface-elevation rates from CryoSat-2

Surface-elevation measurements by CryoSat-2 in SARbrerbetween 2010 and 2016 were
binned into 5 km x 5 km grid cells. A function quadratic i@ tomponent-wise differences
andy to the cell’s centre in polar stereographic coordinates and linear in tiramce the

centre of the time interval for which observations available is fitted to the data in each cell

in a least-squares sef$&,
flx,y,t) = ag + a1x + a,y + azxy + a,x? + asy? + ag(h) + bt. Eq. (9)

The offset between ascending and descending track (hefddimas corrected for by fitting

respective parameteng (h).*° The parametet, = S representshe grid cell’s mean surface
elevation as used ih in Eq. (8), and the parametie= % is the respective change rate. The

uncertainty of the retrieved surface elevation is glwgthe root mean square of the
differences between residues in each grid cell. The wiegrof the change rates is given
through the one-sigma confidence interval of the regmefit parameter. The data were
smoothed by a median filter with a 3 cell-wide window (sejeéyrdor floating and grounded
ice in the case of the rates) before they arepotated (bilinearly for surface elevation and

nearest neighbor for surface-elevation rates) ontd #ra x 1 km Bedmap2 grid (see below).
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After regridding, the surface gradient was determined, whichagiais smoothed by a
median filter with a 5 cell-wide window. This smoothing adlas that of the bedrock
gradients (see below) approximately accounted for the giagitide experiencing different

rates solely through the presence of a different georastitymoved.

Bedrock topography from Bedmap?2

The bedrock topography in P in Eq. (8) and its uncertainty between 66 m and 1008 m (not
necessarily peaking at the grounding line) were taken fherBedmap2 data $éavailable
onalkmx1km grid. Gradients of bedrock topography warguated and the respective

components were smoothed by applying a 5 cell-wide median filter

Density assumptions

The ocean water density was assumed to,be 1027 kg >+ 5 kg > Mean ice density in the

column was considered to pe= 887 xe >+ 23 aIIowmg for only ice being present or an

approximately 100 m thick firn layer on top of the ice ahegrage thickness of 1000 m at the
two extremes of this choice. There are no Antarcigevobservations available that show
how much of a thickness change in a certain area itodae-dynamical imbalance or due to
(interannual, decadal, or centennial) trends in snowirfethe absence of such information,
we opted for an empirical scheme to define the matdeiasity and mostly utilized the

surface-elevation rates as a guidance: An absolute rate Be3 m/yr was defined to stem
from snow fall anomalies only,,, = 400 ke >+ 50 kg . Even if this assumption proved

dubious in places, it affected our results only lightlyespective low surface-elevation rates

mostly did not translate to large rates of groundingimgration. An absolute surface-
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440
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elevation rate above 1 m/yr, as well as all the atelag the Amundsen Sea Embayment and

Getz Ice Shelf, was assumed to stem from ice-dynamnntelance mainly, so that we set

Pm = 850% + 50 %. Anywhere else, we acknowledged that both processes capiedih at

a similar extent by defining,, = 625% + 175 %. Such a superposition has, for example,

been observed along the English Coast where both wartgal imbalance and decreasing
snow fall lead to thinnintj. The density uncertainties also accommodate the afiging
from assuming a hydrostatic equilibrium at the grounding lineevimefact elastic flexure of

the stiff ice body leads to a local deviation from tlggigbrium.

Direction of grounding-line motion

We had to make a relatively strong assumption about thetidin of grounding-line motioti
because there is only one equation for the two-compoeetdns;; . Here, we implemented

three different assumptions:

1. The grounding line advanced in direction of ice flow (pusitvalues ofvg;) and
retreated in opposite direction (negative values). Theesassumption has implicitly
been made in other studies by evaluating grounding-line tetieag flow* . Flow
directions were obtained by bilinearly interpolating surfaedocities® to the
grounding-line coordinates.

2. The grounding line advanced (positive) and retreated (nepa@rpendicular to the
grounding line (represented by the normal veaigr obtained from finite differences
of the grounding-line coordinates).

3. Where the bedrock gradient points seawards from the grauhde (g, - VB > 0),

the grounding line was assumed to advance (positive) in thetidimn of this gradient

or retreat (negative) in the opposite direction. By,tigabunding lines would have
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migrated towards shallower ocean bathymetry or retreateddewlaeper bathymetry.
This would be in accordance with the so-called Marine IteeS Instability
hypothesi§ which considers grounding lines on retrograde slopes inheremgtable
in the absence of lateral stresses. Where the bedradiegt points inwards, a similar
argument would not have held anymore, which is why we then optedefaormal

vectoriig,, as in option 2.

We note that the results from any two of the thre@optagree within errors for 88.4% of the
considered grounding-line sections between options 1 and 301@88.3% between options 2
and 3. We consider option 3 to have the strongest physisa and thus present mainly these
data. The only exception is the ‘further retreat’ scenario on Pine Island and Thwaites Glaciers
(see below) for which, in the absence of an actual gragrdie position and thus normal
vectors upstream of the 2011 position, we chose option ksagptied us with a continuous

field of directional vectors.

Grounding-line locations and data editing

We evaluated all respective fields (available on thenizgr? 1 km x 1 km grid, see above)
along the grounding lifevhere it was determined from InSAR, i.e. where the resgecti
sections are also present in the MEaSURESs data(46#6 of the total grounding ling)sing
bilinear interpolation and then solved for the rate of gdingtline migration (Eq. (8)). We
note that the grounding-line positions in fast changingsdilea the Amundsen Sea
Embayment were also among the most recently updatedvyatisas from 2011). At some
locations, the last observations were from the 1990s.0Asther region showed an equal
extent of imbalance as the Amundsen Sea Embaymengng&ler respective observations to

be sufficiently upto-date for a well-informed result from our approach.
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Our assumption of a hydrostatic equilibrium only makes sehsee the ice flows into an ice
shelf rather than forming grounded ice cliffs; thereforeyeyected data points which do not
separate grounded and floating ice as identified using thectaspiee sheet/ice shelf/ocean
mask in the Bedmap2 data set (29% of all data pointg)wiiah the Bedmap2 bedrock
topography is above sea level (12%). Areas which provedh@hby sensitive to surface-
elevation change (absolute propensity above 500) wer@iatsarded (15%, Figure 1, and
Figure S1. This latter condition excludes, for exampldjaexof the Siple Coast and Mdller
and Institute Ice Streams flowing into the Ronne-FilchoerShelf which, though stagnant
today, are very lightly ground&tiand may therefore merit dedicated INSAR monitoring It
possible that a better resolved glacier geometry couyddowe the results in these areas.

Because we required grounding-line retreat to be caused by thingirsgl@ance to be caused
by thickening, we also discarded data points at W%?m‘md the resulting¢;, have a negative

relation (i.e. negative propensity) caused by local siirothe assumption of migration
direction or the input data (22%Additional gaps occur where CryoSat-2 does not sarhple t
surface elevation and respective changes (9%). In symmardiscard the solution in about
two thirds of the Antarctic margin, manifesting in data gapgh are 12 km wide on

average, with 95% of them below 185 km.

Determining portions in retreat and in advance

In order to determine the advancing (retreating) fractfeaoh region (East Antarctic Ice
Sheet, Antarctic Peninsyl/est Antarctic Ice Sheet, ardas subsets of the latteWest
Antarctica’s sectors along the coasts of the Weddell Sea, Ross Seadden Sea,
Bellingshausen Sea), we summed up the number of points atwibld retained a solution
for the rate of grounding-line migration, which were abdadqw) +25 m/yr (-25 m/yr), and

at which the associated uncertainty did not exceed thelaate. The threshold of 25 m/yr
23



495  was introduced ad hoc based on modelled and geologically degivedtrrates of a West
496  Antarctic paleo ice stream systerfi so that the impact of small rates on these numbers was

497  limited. Detailed numbers are provided in Table S1.
498
499  Coincidence of grounding-line migration and fast flow

500 We evaluated how fast grounding-line migration and fasloee are spatially related: The
501 histogram in Figure S2 shows how slow-flowing regions asgsyeMEaSUREs ice

502 velocitie$® saw less grounding-line migration, and how faster flowegjans were more
503 often experiencing grounding-line migration, also at higheegs. It is also obvious that

504 grounding-line advance was minor compared to retreat.
505
506 Glacier identification and glacier-wide averages

507 In order to be able to discuss rates of grounding-line tgraveraged on glaciologically
508 meaningful regional scales, we used 65 glacial entitied extended them to the recent
509 grounding line by adding area downstream of their defined aireg MEaSURES surface
510 velocitie$®. Both the rates of surface elevation and groundingHliiggation were averaged
511 for each of these basins in areas where surface vettikceed 25 m/yr and 800 m/yr
512  respectively (Table S2). Additionally, we report respectixerage uncertainties andas a
513 measure for extreme valueshe 5- and 95-percentiles within these velocity ckasse

514  Depending on the magnitude of surface velocities and avayadilitates of grounding-line
515  migration according to the above description, some oéfhglacier basins are not

516 represented by an average value (e.g. Kamb Ice StreamadmeWhillans (WHI) and

517 Bindschadler (BIN) Ice Streams), leaving us with 61 basimsh actually contain results.

518
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Comparison with InSAR-derived rates at Pine Island and Thwaites Glaciers (Figure 2)

consideration offurther retreat

Published results of grounding-line retreat at Pine Islaadi&1(19922011) are given as the
average along a central section and the standard de\aatioss that section by Park et
al'.To allow comparison, we computed the same quantitiesgoeviously defined cross
section on Thwaites glacier from the MEaSURESs grountimglocations from 1996 and

2011%%°

We also consider a ‘further retreat’ scenario, which is designed to account for potential inland
migration of the grounding line since 2011 and thus to provide an bpped on retreat rates
since 2011. It should be noted, however, that a recentyscoveirmed that substantial
further retreat has not occurr&dThe ‘further retreatscenario is designed as follows: The
coordinates of the 2011 grounding-line observation are astvegtstream over the time from
its acquisition (2011) to the end of our observational pd&0d6); the direction is chosen to
be opposite of the flow direction according to the MEagEBRelocity observations; the
magnitude of advection speed is chosen to be 1500 m/yr astiigisly equals the maximum
rates obtained from the InNSAR analysis in the AmundserEStzmyment*2 Finally, the
average rate of groundirige retreat in the ‘further retreat’ scenario was determined using all
Bedmap?2 grid cells that lie in the area between the 2011haridland advected grounding
lines, as well as in the respective cross sections @lfland and Thwaites glaciers. Here, it
was necessary to choose option 1) for the assumedialired grounding-line motion, i.e. the
direction of the flow velocity (see above). The ‘further retreat’ scenario allows us to assess the
maximum impact that an inaccurate grounding-line positian (ie to considerable but

unmapped retreat since 2011) has on our results.

Our estimated uncertainties of the average altimetry-déreteeat rates along these cross

sections (at the 2011 grounding line and upstream of it in the ‘further retreat’ scenario)
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544  include both the standard deviation and the average propagatzthinties of the single

545 locations.

546  An overview over the groundinfiae situation and the ‘further retreat’ scenario at Thwaites

547  Glacier and Pine Island Glacier can be found in suppiéang Figure S3.
548

549  Fitted empirical relationship between rates of surface elevation and grounding-line migration

550 (Figure 3)

551  We investigated the general relationship between ratesfats elevation and grounding-
552 line migration by focusing on the glacier-wide averages fapplying the 800 m/yr threshold
553 onice flow. The empirical relationship of 110 metres @ration for each metre of thickness
554 change was obtained from a linear total-least-squarésofithese data forced through the
555  origin, for which the average uncertainties had been ightexl according to the square root
556  of the number of data points going into the averaginpefates, i.e. the width of the

557  surveyed section, in each basin, divided by their over@dlrThe surface-elevation rates
558  were not correet for vertical displacement of the Earth’s surface due to GIA, see above.

559  However, with present-day rates usually estimated to be betow/\i*®, we expect them to

560 have only a minor impact on our analysis and neglected hieeen

561

562 Data availability statement

563  The rates of grounding-line migration results that supperfindings of this study

564 are available from the CPOM data portal, http://www.cpom.cicikdcsopr/ We

565 acknowledge the authors of all the data sets which we usks study and which are freely
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velocity maf®*?and the MEaSURESs Antarctic grounding-line location’
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