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While of criticalimportance for coastal communities, Antarctica’s future
sea-level contribution remains highly uncertain. This uncertainty largely

stems from the complex interaction between the ocean and the ice shelves,
whichis both difficult to observe and model. To better understand and
constrain land-ice response to reduced buttressing exerted by ice shelves,
efforts are needed to fully comprehend basal melt rates and theirimpact
onice shelf weakening and retreat. Here we present high-resolution basal
melt maps (50 m) of vulnerable ice shelves based on a combination of stereo
imagery and satellite altimetry, revealing pronounced channelized melting
patterns whose melt rates were previously substantially underestimated
(42-50%), which could result in faster channel breakthrough. Accurately
simulating small-scale dynamics inice-sheet models remains challenging
butis essential for accurate sea-level rise projections.

The evolution of the Antarctic ice sheet poses a major uncertainty in
sea-levelrise projections, driven largely by the uncertain response of its
ice shelves and tributary glaciers to atmospheric and oceanic forcing
inachanging climate' *.Ice-shelf thinning and weakening due to basal
and surface melting affect the timing and magnitude of ice mass loss as
they directly impact the ability of the ice shelf to buttress inland ice*~.
In a warming climate, as the risk of reduced ice-shelf buttressing
increases, certain regions of the ice sheet could become vulnerable
toirreversible mass loss’. The primary contributors to ice shelf vul-
nerability are surface and basal melting and damage (crevasses and
fracturing). Basal meltingis akey concern, as increasing ocean tempera-
tures—with some projections suggesting up to a tripling of historical
levels over the twenty-first century—along with potential changes in
oceancirculation, are expected to intensify subsurface heat transport
towards the ice shelves in the future*®.

Repeat observations of change inice-shelf surface elevation from
satellite altimeters have enabled the estimation of basal melt rates for
most Antarctic ice shelves at a resolution of 500 m to 1 km (refs. 7,8),
revealing that basal melting not only varies in time’, but is also the
primary contributor to mass reduction in ice shelves experiencing
the highest losses®. Meanwhile, studies of individual ice shelves have
shown that combining satellite stereo imagery with altimetry enables

substantially higher resolution estimates of basal melting (32-50 m)°,
uncovering previously unseen small-scale features, such as spatial vari-
ability within the melt channel of the Dotsonice shelf*'°. Thisimproved
level of detail, missed in earlier altimetry-only products”, offers valu-
ableinsightsinto the processes driving basal melting and the potential
consequences for ice shelf vulnerability.

Basal melting of ice shelves typically initiates at deep grounding
zones and extends into basal channels, where plumes carve troughsin
the ice base'>". Basal channels are widespread in Antarctica, particu-
larly in warm-cavity ice shelves', yet only a few have been thoroughly
studied for their spatial'®"* and temporal'*" variations and their effect
onice shelfintegrity”*'*'°. Studies modelling the ice shelf response to
basal melting suggest that high melt rates in basal channels can lead
toacomplete breakthrough'*®, Although so far there are no observa-
tions of channel breakthrough solely driven by basal melt, there is
evidence of channelincisions leading to large-scale fracturing and ice
shelfretreat™'*",

There are many important aspects of basal channel evolution that
arenot fully understood, such as the feedback withice shelffracturing
and details of ocean melting (and freeze-on) in channels®. However,
improved observations of melt patterns in basal channelsis crucial to
quantify ongoing change and validating models.
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Here we present a high-resolution (50-m posting) basal melt rate
product covering several ice shelves, with a focus on those undergo-
ing rapid melt”®, located in regions of high ice-mass loss® and a high
sea-level rise potential®. Ice shelves in these regions have the highest
observed basal channel density'?, making them especially vulnerable to
channel-induced instability. We obtain basal melt rates by combining
stereo imagery and satellite altimetry, revealing that altimetry-only
estimates often underestimate meltin vulnerable areas. We also discuss
the impact of this underestimation on channel breakthrough and ice
shelf weakening.

Underestimated channelized melting

We compute ice shelf basal melting for the period 2010-2017, by
combining stereoimagery from the reference elevation model of Ant-
arctica (REMA) and CryoSat-2 altimetry using a mass-conservation
approach. This approach—basal melt rates using REMA and Google
EarthEngine (BURGEE; Methods)—hasbeen used previously to generate
high-resolution basal melt rates of the Dotson ice shelf',

We compare BURGEE melt rates with those of two altimetry-only
studies; ref. 7 (500-m resolution) and ref. 8 (1-km resolution). Both
make use of CryoSat-2 radar altimetry to obtain surface-elevation
changes. Opposed to the classical point-of-closest-approach method
used by ref. 7, another study® uses a swath processing® which allows for
increased spatial detail and coverage. BURGEE and the two altimetry
studies are based on the concept of mass conservationin a Lagrangian
framework (Methods), which indicates that uncertainties related to
factors other thanthe Lagrangian elevation change (for example, sur-
face mass balance and firn correction) are common across all products
(Supplementary Discussion 2). Furthermore, all three methods assume
hydrostatic equilibrium, which might be violated in the immediate
vicinity of the grounding zone and hence might locally lead to over-
estimated melt rates.

Our results show that broad-scale (-10 km) ice shelf melt spatial
patterns and magnitudes generated by BURGEE are consistent with
those observed in earlier altimetry-only studies™ (Extended DataFig. 1
and Supplementary Fig.1). Theice shelf integrated total basal melt rate
is comparable between all three products, with the exception of Pine
Island, where BURGEE produces total melt rates 50% higher thanref. 8
and 90% higher than ref. 7. The enhanced spatial detail of BURGEE
reveals more pronounced channelized melting (for example, Moscow
University and Totten) and agrees with earlier results based on stereo
imagery and altimetry for Pinelsland ice shelf’ (Supplementary Fig. 2).

Basal channels are expressed at the surface as depressions™. Since
the return echo of radar altimeters such as CryoSat-2 naturally comes
from the nearest terrain points, surface depressions may be obscured
and undersampled when surrounded by substantially higher terrain,
leading to an underestimate of melting (Supplementary Fig. 3). This
canforinstance beseennear the grounding zone of Drygalskiice shelf,
which is unseen by CryoSat-2 because of the surrounding mountains
(Supplementary Fig.1). This could, further, explain the higher BURGEE
total melt rate of Pine Island, where melting in along-flow channels domi-
nates the melting signal (Extended Data Fig.1and Supplementary Fig.1).
Such limitations are critical, given the importance of small-scale fea-
tures for comprehensively understanding complex basal melting and
its repercussions on ice shelf vulnerability. Although the use of swath
processing? inref. 8 enables increased spatial detail as compared with
ref. 7, it does not fully resolve the problem of undersampling deep sur-
face depressions. The extent of underestimated meltingisillustratedin
Extended DataFig.2, where BURGEE reveals higher third-quartile melt
ratesthanbothref.8 (8 myr'versus4 myr?) andref. 7 (8 myrversus
5myr™) across areas where the ice shelf is thin (0-200 m). Thin-ice
areas often contain fractures and also coincide with thelocation of basal
channels, such as the downstream section of the mainbasal channel on
Dotson, and thus represent some of the weakest areas on the ice shelves
(Extended Data Fig. 3). BURGEE shows higher third-quartile melt rates

forallranges of ice thickness up to1,000 m. This holds in particular for
thethinnestice (200-400 m; 6 myr™ comparedwithS myr’and4 myr™
forref.7 andref. 8, respectively). Considering all studied ice shelf areas
whereice thickness ranges from 200 mto400 m, BURGEE reveals higher
third-quartile melt rates (6 myr™) than both ref. 7 (S myr™) and ref. 8
(4 myr™). The similar distributions of BURGEE on a 50-m and 500-m
posting show that underestimating melting is not a consequence of
the product grid size (ref. 7at 500 m and ref. 8 at 1 km).

Furthermore, a Fourier analysis of the basal melt maps shows that
only BURGEE explores the full range of basal-melting wavelengths,
which suggests that BURGEE, unlike the altimetry-only studies, cap-
tures all melting present within the signal. This finding does not only
supportthe potential underestimation of channelized melting, but also
provides a wavelength (500 m) at which basal melting (or its impact)
shouldbe resolved in models (Methods; Supplementary Fig.4). Finally,
secondary-flow processes are not (fully) considered inany of the three
basal melting products, suggesting that true peak melt rates may be
even more underestimated.

Channel breakthrough

Basal channelsin thin-ice areas (<600 m) that are subject to high melt
rates are at risk of channel breakthrough”. Calculating breakthrough
times offers a framework to indirectly assess structural vulnerability,
as high channel incision in thin ice may trigger further damage™>'*".
We therefore examine how enhanced channelized melting, revealed
by BURGEE, influences channel breakthrough in these potentially
vulnerable zones in ice shelves. Linearly extrapolating channel melt
rates have previously been used to estimate channel breakthrough
times". However, modelling work using a full-Stokes ice-flow model
with idealized basal melting demonstrates that channel incision can
be slowed—and in some cases prevented—by secondary flow, that is,
the viscous inflow of ice towards the channel centre induced by the
gradientinice thickness between the channel and the surroundingice
shelf”. The modelling results” show that the primary factorsinfluencing
the time to approach breakthrough are the peak melt rate within the
channeland theice shelfthickness outside the channel”. Inareas with
thick ice (=600 m), secondary flow can balance melting and prevent
channelincision. Inareas of thinnerice (<600 m), where secondary flow
cannot prevent channel breakthrough, the peak meltrate isadominant
control on how fast channels approach breakthrough. The fracturing
aspect of breakthrough can be simulated with models that include
fracture-specific physics (such asrefs. 22,23). The breakthrough time
ofachannel, and consequently the stability of the ice shelf, thus depend
on the imbalance between the peak melt rate within the channel and
secondary flow induced by ice thickness gradients.

Tounderstand theimplications of previously underestimated chan-
nelized melt rates on channel breakthrough times and vulnerability,
weidentify channelsonalliceshelvesincludedinthisstudy (Methodsand
Extended DataFig.3). Channels with high slopes (maximumslopes >15°;
Methods), which often coincide with damage (rifting and crevasses;
Supplementary Fig. 5), are excluded (Extended Data Fig. 3). We focus
onasubset ofthe slope-limited channels, namely those (labelled stud-
ied channels in Extended Data Fig. 3) that are subject to high melt
rates (90% percentile >10 m yr'; Methods), as they potentially have
a high likelihood of breaking through. The outflow of the detected
channels aligns well with the location of known persistent polynyas*
(Extended Data Fig. 3), indicators of buoyant upwelling from chan-
nelized meltwater®, except for the easternmost polynya near Pine
Island ice shelf, an area of recent ice shelf retreat.

Since channelincision and potential breakthrough are controlled
by peak melt rates within channels, we extract and compare the local-
ized peak melt rates within all studied channels from BURGEE, ref. 7
andref. 8 (Methods and Supplementary Fig. 6). BURGEE indeed reveals
higher meltingin channels (Supplementary Fig. 6), with altimetry-only
peak melt rates underestimated substantially by up to 42% for ref. 8and
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50% for ref. 7, probably because the deep surface depressions resolved
by REMA are not (fully) captured by CryoSat-2. To assess whether the
underestimated melt in the altimetry-only studies is general across
channels, or only at the deepest surface depressions, we extract mean
meltratesalong10-km transects transverse to the channels (Methods).
The mean melt rates across channels are on average underestimated
by 11% for ref. 8 and 22% for ref. 7, showing that melting underestima-
tion is present across channels, although more severe at the deepest
surface depressions.

Theunderestimation of peak melt rates is consistent acrossallice
shelves andice shelf thicknesses studied (Extended Data Fig. 4). Since
this underestimation has consequences for assumptions about ice
shelf vulnerability, we assess the impact of increased peak melt rates
inanidealized model using the normalized breakthrough times (NBTs)
as anindicator of vulnerability. The NBT describes the breakthrough
slow-down due to secondary flow and is defined as the time for a chan-
neltobreakthrough when secondary flowis considered divided by the
linear breakthrough time" (Extended Data Fig. 4). The NBT relation-
ship is derived from an idealized two-dimensional (2D) cross-section
of anice shelf made for channels with a characteristic channel width
of 2.5 km (Methods).

The higher BURGEE peak melt rates yield shorter NBTs across all
ice shelves studied (Extended Data Fig. 4) when compared with both
altimetry-only studies”®. This conclusion would not change for narrower
(wider) channels, which have longer (shorter) NBTs, as breakthrough
timeis still controlled by the peak melt rate”.

The implications of underestimating peak melt rates and shorter
NBTs are evident on Pine Island and Dotson/Crossonice shelves, where
channel dimensions resemble those in the modelling study" (charac-
teristic channel width 1.5-3.5 km, ice thickness <1,000 m, peak melt
rate 8-50 m yr™). Within the most downstream part of the main melt
channel on Dotson (lime box, Supplementary Fig. 8a), peak melt rate
andbreakthrough time with secondary flow of BURGEE (16.6 £ 0.8 myr™!
and7+1yr) matchresultsfromref.8(151+0.6 myr*and 7 +1yr) butare
twice as high/fast as those fromref.7(8.2+1.0 myr'and13+2 yr).For the
thickerice upstream the main melt channel (orange box), BURGEE peak
melt rate (28.9 +2.3 m yr™) and breakthrough time with secondary flow
(17 £1yr) are several times higher/faster thanreported by bothref. 8 (15.5
+0.3myr'and94+3yr)andref.7(14.5+0.9 myr'and100+7 yr).Onthe
PinelIsland westernshear zone (red box), BURGEE shows17.1+2.2 myr™
peak melt and 25 + 3 yr breakthrough, while ref. 8 (2.8 £ 0.7 myr™) and
ref.7(6.2+0.5myr™) predict rates too low for channel breakthrough.

Reduced breakthrough times have notable consequences if the
breakthrough timeis shorter than the residence time, thatis, the time
that it takes for the ice to advect to the ice shelf front. On Dotson/
Crosson, all channels, except a subsection at the Crosson-Dotson
shear zone (turquoise box, Supplementary Fig. 8), have the potential
to breakthrough (Supplementary Fig. 8 and Methods). By contrast,
neither ref. 7 nor ref. 8 results exhibit melt rates high enough to cause
a breakthrough in major sections of the Dotson main melt channel
(yellow and olive boxes, Supplementary Fig. 8). On other parts of the
main channel (orange box, Supplementary Fig. 8) their breakthrough
times (94 £ 3 yr and 100 + 7 yr) are much closer to the residence time
(147 yr) than BURGEE (17 + 1 yr).

Onthefast-flowing Pinelsland ice shelf, where residence times are
amongst the shortestin Antarctica, basal channel breakthroughis pos-
sible for two channelsin the eastern shear zone (BURGEE breakthrough
time, 12 +2 yr; residence time, 13 yr; purple box, Supplementary Fig. 8)
and west of the western shear zone (BURGEE breakthrough time, 11+
1yr; residence time, 45 yr; blue box, Supplementary Fig. 8). However,
irrespective of residence time, these channels would not breakthrough
when considering the lower ref. 7 peak melt rates (<8 myr™). Usingref. 8
meltrates, only the eastern channel (purple box, Supplementary Fig. 8)
has the potential to breakthrough, although not within its
residence time.

The only channel on Pine Island where channel breakthrough
is unlikely (25 + 3 yr BURGEE peak melt versus 8 yr residence
time) is located in the western shear zone of the ice shelf (red box,
Supplementary Fig. 8). Here extensive damage has already caused
calving and ice shelf retreat?. On several other ice shelves, similar
transverse fracturing has been observed in the vicinity of basal chan-
nels” (that is, Nansen, Moscow University, Totten). Monitoring such
areas at highresolutionis therefore crucial tounderstand the interplay
between basal melt channels, damage and their rolein calvingandice
shelfretreat, and highlights the importance of considering channel
breakthrough times as indicator for future damage development.

Discussion

The previous underestimation of peak melt rates inice shelf basal chan-
nels hasimplications for assessing how channels evolve, but the direct
link to large-scale instability or imminent channel breakthrough war-
rants further investigation, especially given the simplicity and idealized
nature of the model framework used here. Our results thusillustrate the
potential sensitivity of channel breakthrough times to underestimated
meltrates, but does not constitute a prediction of breakthrough occur-
rence or timing. Our findings highlight the importance of accurately
resolving basal melt rates, particularly at small scales, but also underline
that more comprehensive modelling, including full three-dimensional
(3D) ice dynamics, fracture physics and coupled ocean-ice interac-
tions, is required before substantial conclusions about breakthrough
and long-term stability can be drawn. While melt rates derived from
altimetry-only observations are not fully capable of constraining chan-
nel melt patterns, they do have the advantage of a higher temporal
resolution, as they are not constrained to cloud-free and sunlit condi-
tions, whichare needed for stereo imagery. There is an opportunity to
obtain channel melt rates at high spatiotemporal resolution using a
combination of altimetry and high-resolution digital elevation models
(DEMs) through data fusion® or deep learning, as has been done for
surface melt”.

Our findings point to the need for careful reassessment of Antarc-
tic ice shelf vulnerability, explicitly accounting for small-scale basal
channel ocean dynamics and ice shelf mechanics. Here we have used
asimplified model representation of basal channel evolution to con-
sider the implications of increased peak melt rates, neglecting 3D ice
dynamics, channel width variability, elastic and brittle deformation,
spatiotemporal evolution of melting and uncertainty related toice-flow
parameters. However, to fully assess the implications of focused melt-
inginbasal channels and project future change, these processes should
be included in ice-sheet models. Crucially, basal channels must be
simulated at high resolution (<500 m) to capture channel evolution
andinterplay with fractures. Furthermore, thereis aneed toaccurately
simulate ocean dynamics and melting within basal channels in a cou-
pled ocean model. Ongoing efforts aim to include those processes in
simulations with realistic’® and idealized geometries'*~*. However,
integrating them into ice-sheet-wide projections is essential to fully
evaluate the impact of ocean melting on ice-sheet stability and the
implications for global sea-level rise*.
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Methods

Basal melt rates using REMA and Google Earth Engine

To calculate the basal melt rates we make use of BURGEE v.2, an updated
version of BURGEE v.1'°. The basal melting is calculated in a Lagrangian
reference frame following a mass-conservation approach and under
theassumption that theice shelfis floatingin hydrostatic balance. The
basal melt rate (M) is thus obtained through

° ° (Dh Dhg
. —

~ Dh _ D P
Mo =Ms =\ D¢ ~ Dt -

T (h—ho)(V - u)) s

@

where /f/ls is the mean annual surface mass balance over the study period
obtained from the regional climate model RACMO 2.3p3%, D—Dt denotes
the Lagrangian change, his the surface elevation, A;is the firn air con-
tent obtained from the firn densification model IMAU-FDMv.1.2A%*, p,,
is the density of water (assumed to be 1,025 kg m™3), p;is the density of
ice (assumed tobe 917 kgm=) and V - uis the divergence of the velocity
field. For the last we use the MEaSUREs ITS_LIVE data product® and
total-variation regularization®® to calculate the divergence. In the
design of BURGEE, no specific site-tuning was applied'®, which suggests
that the only limitations of applying BURGEE on other ice shelves are
data availability and potentially computational constraints. A full
description of BURGEE v.1, including a sensitivity experiment of the
Lagrangian displacement, canbe foundinref.10. Inthe following sec-
tions we describe the updates made to achieve BURGEE v.2
(Supplementary Table1).

Co-registering REMA elevations

We use CryoSat-2 measurements (Level-1B SARin Baseline-E where
available and Baseline-D otherwise) to co-register the REMA strips
using a plane-fit approach. Before the co-registration takes place, both
CryoSat-2and REMA elevations are referenced to the EGM2008 geoid™
and corrected for the mean dynamic topography (DTU15SMDT), tides
(CATS2008) and inverse barometer effect using the 6 h NCEP/NCAR
sea-level pressure reanalysis data. InBURGEE v.2, the REMA strips are
corrected for tides with pyTMD using the acquisition time of the first
stereoimage, as opposed toona 6-hourly basis asin BURGEE v.1. In the
co-registration, afew adjustments have been made withrespectto the
CryoSat-2 coverage over theindividual REMA strips, needed to perform
the co-registration. In BURGEE v.1the CryoSat-2 points furthest apart
from each other in the latitudinal and longitudinal directions were
required to be separated by at least 60 km and 10 km, respectively, to
ensure sufficient representation. This criterion hasbeen changedtoa
CryoSat-2 coverage inboth the latitudinal and longitudinal directions
of atleast 75% of the distance of the REMA strip in both of those direc-
tions. Thisindicates that even small REMA strips, that otherwise would
have been filtered out, will be taken into consideration, while making
sure that we have a sufficient CryoSat-2 coverage. Furthermore, the
minimum number of CryoSat-2 points needed was previously set to 80;
this has nowbeen changed to atleast 80 points or atleasta5% CryoSat-2
coverage ata500-mresolution. As for the latitudinal and longitudinal
coverage criterion, this change suggests that smaller, otherwise good
quality, REMA strips are not filtered out.

Lagrangian elevation change and basal melt rate

To obtain the Lagrangian elevation change, all REMA strips are dis-
placed to their 2017-01-01 location based on the ITS_LIVE velocities®
and are further displaced using feature tracking with respect to the
median elevation map based on all velocity-displaced REMA strips
from1July 2015 to 1July 2017. In BURGEE v.1, the reference elevation
map used was generated from the last year of data only, however,
not all ice shelves in this study have equally good coverage in the last
study year (Supplementary Fig. 9), so this ensures better coverage
andtherefore more features which can be used in the feature tracking.
Furthermore, in BURGEE v.2 we apply the feature tracking to all strips

individually instead of first generating yearly median elevation maps.
Yearly median elevation maps are generated after the final displace-
ment, and only years covering at least 25% of anice shelf are used, since
years with limited coverage reduces the quality of the basal melt rate
estimation. Finally, for the same reason, the basal melt rate in BURGEE
v.2isonly calculated in pixels with at least 3 years of elevation coverage
(Supplementary Fig. 9 gives afull overview of areas covered per year).
Remote sensing-derived basal melt rates should always be used with
careinthevicinity of the groundingline, since hydrostatic equilibrium
assumptions caninterfere with the inferred melting signal. Ice shelves
experiencing grounding line retreat are therefore more sensitive to
interferencesin the melting signal in the vicinity of the grounding line,
withits spatial implications determined by ice flow.

Model description
We use the idealized modelling results from ref. 17 to assess the time
to approach breakthrough (as a metric for structural vulnerability).
This idealized modelling considers a confined 2D vertical plane, of
50-kmwidth, aligned perpendicular to abasal channel. The full-Stokes
numerical ice-flow model ELMER/Ice*® is used to simulate the evolu-
tion of a basal channel. The domain is assumed to be advected in the
primary flow direction of the ice shelf, without along-flow extension.
An idealized basal melt rate is imposed at the centre of the domain
using a Gaussian function with peak melt rate (M,) and a characteristic
width (x,, equal to 1s.d.). Surface accumulation is spatially uniform
and set so that the total accumulation matches the total basal melt-
ing. The ice rheology is specified by Glen’s flow law, with a uniform
rate factor appropriate for ice at =10 °C, (A =3.5x 10 s Pa)* and
flow-law exponent n = 3. Each simulation is initiated with an ice shelf
of uniform thickness () and is run for one characteristic time. If the
channel incises completely the simulation stops. The results used in
this assessment use a characteristic width of x,,=2,500 m.
Thisidealized modelling neglects some more complex processes,
suchas the effect of longitudinal and transverse strain (determined by
local and ice shelf scale stresses) on ice shelf thickness and effective
viscosity, elastic deformation, brittle deformation, fine-scale and spati-
otemporal evolution of ice-oceaninteraction (melting and freeze-on).

Extracting channels

Under the assumption that the ice shelf surface topography reflects
that of the ice shelf base, we use the surface topography to system-
atically identify the location of basal channels. Using the REMA DEM
mosaic*® at 32-m resolution, bicubic downsampled onto a 250-m
resolution grid, we calculate the accumulated flow in each grid cell.
The accumulated flow is the number of upstream cells calculated
using a watershed delineation approach (pysheds). We define basal
channels as grid cells with an upstream inflow of at least 1,000 cells.
This threshold was found through trial-and-error, with the goal of
removing as many ‘visually false’ channels as possible, while keeping
‘visually true’ channels. A comparison with other thresholds is shown
in Supplementary Fig. 10, which shows that the end product of ‘stud-
ied channels’is little influenced by this threshold. To exclude smaller
sub-branches, channels shorter than 2.5 km are filtered out, together
with those shorter than 10 kmif the maximum accumulated flow of the
channel is less than 5,000 upstream pixels. We refer to the resulting
channels as‘all channels’ (Extended Data Fig. 3) and compare them to
existing channel products (Supplementary Fig. 11). We, furthermore,
perform a sensitivity test by varying these thresholds within reason-
ablebounds, which shows only little dependence on their actual value
(Supplementary Fig.12). To exclude crevasses, which otherwise fulfilled
the aforementioned criteria, we filter out channels where the maximum
slope (considering both along and across flow) is greater than 15°.
These channels that are filtered out correspond to either channels in
highly fractured areas or actual fractures (Supplementary Fig. 5). While
recent studies do show elevated melt rates within crevasses**, it is
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difficult to fully separate the elevation change signal into components
associated with fracturing and basal melting. The remaining channels
are referred to as ‘slope-corrected channels’ (Extended Data Fig. 3).
Finally, in this study we only consider a subset of the slope-corrected
channels, namely those channels with at least 50% BURGEE coverage
and with a 90% percentile melt rate higher than 10 m yr™, which we
consider indicative of channels with active melting. These channels
arereferred to as ‘studied channels’ (Extended DataFig. 3).

Peak channel melt rates and breakthrough analysis

To analyse melting within the channels, we extract 10-km transects
perpendicular to the channels at 1-km intervals along their length
(Supplementary Fig.13). Since channel breakthrough times depend on
ice thickness, we divide the channelsinto segments (subchannels) on
the basis of their ice thickness. This segmentation ensures that repre-
sentative values for peak melt rates, mean melt rates and ice thickness
are used in the breakthrough analysis. The segmentation is based on
thedifferenceinalong-channel thickness (AH). The thickness bin size
(Hy;,) is calculated as

AH

Hiin = [AH/100]’

2

where I 1isthe ceiling function. This method ensures binintervals are
amaximum of100-mice thickness (example in Supplementary Fig.13).
Subchannels comprising less than three transects are excluded from
the analysis.

For each subchannel, we extract median transects of BedMachine
v.3ice thickness*’, REMA surface elevations*’ and basal melt rates from
BURGEE, ref.7 and ref. 8, respectively. Channel widths are derived foreach
transect by averaging the surface-elevation profile of the transect andits
mirrored counterpart, fitting aninverted Gaussian curve at the channel
centre and using the first two maxima to define channel boundaries
(Supplementary Fig. 13). The standard deviation of the Gaussian fit is
defined as the characteristic channel width. Subchannels with standard
deviations exceeding 10 kmare excluded as outliers, asthey suggest basal
channels wider than 10 km. These wide channels are typically located
in regions where REMA surface depressions are poorly represented in
BedMachine v.3 owing to its coarser resolution (500 m) or because of
differences in the BedMachine v.3 input data, as it is not solely based
on the REMA mosaic. Additionally, subchannels with more than 20%
groundedice withintheir mediantransectsare excluded, asthe assump-
tion of hydrostatic equilibriumbecomesinvalid near the groundingline.

To determine representative values for ice thickness and melt
rates, we define the ice shelf thickness outside the channel as the
80% percentile of the median ice thicknesses across all transects
(Supplementary Fig. 13). Peak melt rates are calculated as the 90%
percentile of transect melt rates within 2 km of the channel centre
(that is, the channel positions as derived from the accumulated flow
analysis, Supplementary Fig.13). Mean channel melt rates are defined
asthe average of the respective transect median melt rates.

Evaluation of peak melt rates and breakthrough times

We compare the ice thicknesses outside the channels with the chan-
nel peak melt rates of all three products (BURGEE, ref. 7 and ref. 8,
Extended Data Fig. 4), as these are the main factors influencing chan-
nel breakthrough times. We zoom in on the thinner ice sections
(200-900 m), where channel breakthrough is possible, even when
secondary flow is taken into consideration (Extended Data Fig. 4). For
these thinner ice sections, NBTs of channels with a channel width of
1.5-3.5km are compared between all three products (solid makers in
Extended Data Fig. 4). The remaining channels are all narrower than
1.5kmand are not comparablein size to the channel assumptions made
inthe modelling study to obtain the NBTs" (2.5 km). We, furthermore,
calculate linear breakthrough times (¢,,) using

ty = Hc/M,, (3)

where H. is theice thickness within the channel and /fx/p isthe peak melt
rate. Thelinear breakthroughtimes are of special interest for ice shelves
thinner than 400 m where secondary flow barely provides any break-
through delay” (Supplementary Fig. 7b).

Using the linear breakthrough times and NBTs fromref. 17, break-
through times with secondary flow are calculated. NBTs are only avail-
able for channels thinner than 1,000 m and peak melt rates in the
range of 8 myr”to 50 myr. Ice shelfresidence times (the time that it
takes for the ice to advect to the ice shelf front) are obtained from ref.
17 and are based on MEaSUREs v.2 ice velocities in comparison to the
distance from the ice shelf front. The residence times are compared
with the breakthrough times with secondary flow to establish whether
achannelislikely to breakthrough beforeit reaches theice shelf front.

Finally, we compare the impact of the different time periods the
reference maps are based on in the Lagrangian frameworks of the
different melt products (Supplementary Figs. 2 and 14) on the peak
meltrates and thus also on assumptions about channel breakthrough
(Supplementary Figs.15and 16).

Wavelength analysis

To determine whether all basal melt products analysed in this study
capture the full range of possible melting wavelengths within their
signal, including the smaller scales associated with channelized melt-
ing, we performa Fourier analysis of the basal melt maps. Specifically,
we assess the Lomb-Scargle spectra*** of the melt maps, a statisti-
cal tool designed to detect periodic signals in unevenly spaced data,
which accommodates gaps in the maps. For consistency, we restrict
the analysis to areas covered by all products.

The melt maps from the three products (BURGEE, ref. 7 and ref. 8)
are treated as individual 2D arrays per ice shelf. The analysis is con-
ducted on data rows (or columns) of the individual 2D arrays in
segments of 10 km, with an overlap of 5 km between consecutive seg-
ments. To minimize spectral leakage, a Hamming window is applied
to each segment before performing the Lomb-Scargle analysis. We
only include segments with at least 90% data coverage and calculate
their power spectra using the following sampling intervals (¢) and
frequencies (f):

t={tg,t,t,...,.t,}, where t; =irand t, <L, t,,; > L, 4)

and

.1 0.5 0.5
S=o.fr.fas - Jub, where f; = tys and f, < T’fn+1 z = 5

where i is the index, ris the posting of the product (thus 50 m, 500 m
or1,000 m) and L is the segment length (10 km).

The choice of whether to analyse rows or columnsis based onthe
predominant direction of ice flow and thus the rough ‘direction’ of
melting and channels. For Thwaites, Dotson/Crosson and Drygalsky
iceshelves, we analyse the power spectra of all columns to ensure that
the melting/channels are roughly perpendicular to the analysed seg-
ments. For all otherice shelves, we analyse the power spectra of all rows.

Finally, the power spectra are averaged per product and across
alliceshelves, including the BURGEE product atboth 50 mand 500 m
spatial resolutions, as shown in Supplementary Fig. 4.

Uncertainty estimation

To estimate the uncertainty of the peak melt rates we calculate the
standard deviation of melt rates between the 85 and 95 percentiles of
all channel transects within a given channel. The uncertainty of the
channel ice thickness is calculated by taking the standard deviation
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ofthe minimum channel thickness across all channel transects within
a channel. The uncertainty estimations of linear and secondary-flow
breakthrough times are obtained through error propagation, in which
we assume that the NBTs are not associated withany errors as they are
theresultofanidealized model set up designed torepresent a generic
channel. Uncertainties in the residence time are associated with errors
inthe velocity product used and the calving front position (which may
change withiceberg calving events). For ice shelves, the uncertainties
arerelatively low (approximately <1% of flow speed) and we, therefore,
consider them to be negligible.

Data availability

The derived channel product and BURGEE basal melt rates are pub-
licly available (https://doi.org/10.4121/4e2ba9a9-7b1b-4837-b52d-
036f8c876e67)*. REMA strips and mosaics are available from the
Polar Geosptaital Center (https://www.pgc.umn.edu/data/rema/),
CryoSat-2 dataare available from the European Space Agency (https://
earth.esa.int/eogateway/documents/20142/37627/CryoSat-Baseline-
D-Product-Handbook.pdf) and MEaSUREs ITS_LIVE velocities and
BedMachine v.3 are both available from NASA National Snow and
Ice Data Center (https://doi.org/10.5067/6116VWSLLW]7 and https://
nsidc.org/data/NSIDC-0756/versions/3). The ref. 8 basal melt product
is available via Zenodo at https://doi.org/10.5281/zenod0.8052519
(ref. 47) and the melt product from ref. 7 is available from UC San
Diego (https://doi.org/10.6075/J04Q7SHT). The ice shelf damage
product is available from the 4TU research data repository (https://
doi.org/10.4121/911e8799-f0dc-42e3-82b4-766ad680a71e.v2). The
polynyas and manually derived channels from ref. 12, the basal melt
rates of Pine Island from ref. 9 and the model results of the impact of
secondary flow on channel breakthrough fromref.17 are available from
therespective authors onrequest.

Code availability

The BURGEE code (v.1and v.2)is publicly available (https://github.com/
aszinck/BURGEE)*® and code for the channel analysis and deriving chan-
nelsisavailable via Zenodo at https://doi.org/10.5281/zenod0.17671626
(ref. 49).
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Extended Data Fig. 1| Basal melt rate comparison. Basal melt rates from this and Davison®. Note that, for example, different acquisition times (Suppl. Fig. 9)
study are marked with 1and melt rates from Adusumilli7 are marked with and radar penetration depth, can cause visible seams in the BURGEE melt maps
2. Panels a-ishow the individual ice shelves as marked in the bottom legend. (Supplementary Information S1). All panels use MODIS*® as background imagery
The Ninnis ice shelf (g) is not covered by Adusumilli’. The black line denotes the and are generated using Quantarctica®. The Quantarctica package is published
BedMachine V3 grounding line*’. The circles denote total ice-shelf wide basal under a Creative Commons Attribution 4.0 International License.

meltrate in Gt/yr, only considering areas covered by both BURGEE, Adusumilli’,
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Extended Data Fig. 2| Basal melt rate distributions. Basal melt rate probability
density functions of Adusumilli’, Davison®, and BURGEE melt rates, the latter
atthe original 50 m posting and interpolated (nearest-neighbour) onto the

500 mgrid used in Adusumilli’. Distributions are grouped by different ice shelf
thickness sections based on BedMachine V3* and only areas covered by all
melting products are considered (thus excluding Ninnis Ice Shelf). In the lower

Basal melt rate [m/yr]

Basal melt rate [m/yr]

subpanels, the thick, vertical black line represents the median melt rate, the solid
box ranges from the first to the third quartile, and the whiskers extend the box

to 1.5x the inter-quartile range. The total area considered is 19,539 km? which in
pixels correspond t0 19,539 for Davison®, 84,382 for Adusumilli’ and BURGEE 500 m,
and 7,801,438 for BURGEE 50 m.
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(g), Moscow University (h) and Totten (i) ice shelves. All detected channels are
further sub-categorized into slope-corrected channels which represent channels
with maximum slopes <15°. Only a subset of the slope-corrected channels is
studied (‘studied channels ), namely those channels where the 90% percentile
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Persistent polynya locations from ref. 24 are marked by red diamonds. Lettering
corresponds to Extended Data Fig. 1. The solid black line denotes the BedMachine
V3 grounding line*’. All panels use MODIS* as background imagery and are
generated using Quantarctica’’. The Quantarctica package is published under a
Creative Commons Attribution 4.0 International License.
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with a characteristic channel width of 1.5-3.5 km, which is comparable to the compared toice shelf thicknesses outside the channels and NBTs obtained from
characteristic channel width (2.5 km) used to obtain NBTs". Unfilled markers ref.17. An NBT of 1is when linear breakthrough and breakthrough with secondary
represent all other channels (only narrower). Dashed square marks the flow are equal. Linear breakthrough times are shown in Suppl. Fig. 7.

zoomed-inregioninb). In the lower subpanel, the thick, vertical black line
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