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Fig. 2 Comparison of surveyed beds beneath Pine Island Glacier with those used in ice-sheet modelling and imaged in selected palaeo-ice-atBeins.
topography at site iISTARt1 (location in Fif).from previous knowledgé®. b New bed topography (alternative perspective view to Fitg). ¢ Analogous
subsample of bed topography from outer Pine Island Bay imaged from data presented iA’rgfatch location marked on Figb. d Bed topography at site
iSTARI9 (location in Figl) from previous knowledgé. e New bed topography (alternative perspective view to Fiti). f Analogous subsample of bed
topography from inner Pine Island Bay imaged from data presented in4&fpatch location marked in Figb

properties in subglacial sediments across the PIG catcAftént new data show that the basal traction (hence iow) of Pine
we conclude that much of the variability in the basal tractiolsland Glacier is much more heavily irenced by form drag, i.e.,

must be related to unresolved bed topography. as opposed to basal friction, than has previously been shown to be
the case.
Our data provide insight into the topographic diversity that
Discussion exists even within one subglacial basin, let alone the entire ice

Many state-of-the-art Antarctic ice-sheet models use‘Besl- sheet, which cannot adequately be represented in ice-sheet
map2 basal topograpHy or derivations theredf. This topo- models. Given that the basal boundary is already idedtas a
graphy was derived from unevenly distributed ice-bed elevatiomjor source of uncertainty in model projectidhs?’, they
measurements spaced between tracks by many ice thicknessgmse an urgent need to develop techniques faiesft mea-
and interpolated onto a regular 5-km grid and, although suppliedirement or more intelligent indirect estimation of short-
at 1-km resolution, only 17% of 5-km cells in Bedmap?2 contain@givelength subglacial topography beneath other vulnerable ice
measurements. Thus, Bedmap2 contains limited information orstreams. One prospect for recovering short-wavelength subglacial
bed roughness, even for length scalel0 times the ice topography may be provided by airborne swattdar techniques
thickness. Our data thus show that sigrant, and potentially that are currently under developméatUntil such independent
in uential, bed topography occurs throughout PIG (andvaluation of form drag and basal friction is integrated into
presumably other ice streams) on length scales -656% of the models, the current generation of ice-sheet models will be
ice thickness. hampered in establishing projections of ice loss and sea-level rise.
The issue of the degree to which basal traction arises frém an immediate step, the new data now make it possible to
friction or form drag becomes more signant when models are run  data-informed experiments to develop adequate
used for projection. To achieve projections, most models are np@rameterisations of short-wave form drag on large outlet glaciers
from the initialised condition with an unchangingld of traction and ice streams, and in doing so expand our theoretical
coef cient varying according to a heuristic parameterisation &howledge of its effects on iceow, building upon existing
bed rheology, ranging from linear viscous to plastic. The choiceddalised treatmerfts 44
this parameterisation has a substantial impact on the timing andThe issues that we highlight will be particularly acute in’®I1G
magnitude of ice lod& However, while basal friction is likely toneighbour, Thwaites Glacier, which holds the potential for rapid
be a highly dynamic eld, evolving as water meltspws and and irreversible retreat, and a considerable contribution to sea-
refreezes, and subglacial till is mobilised and reffdzedorm level ris8. Thwaites Glaciés lower reaches appear to exhibit a
drag is likely to be considerably more static,rol primarily by similarly high basal traction to the roughest of our patéheg,
the size and orientation of bedrock undulations and protubeand may thus contain a similarly dramatic basal topography, but
ances. Recent changes in PIG already indicate the potergbarently already show a more rapid inland propagation of
importance of this factor, in as much as satellite data have shathimning than even the smoothest tributaries on RPl8ere, the
that the rate of upstream propagation of ice thinning on PIGigni cance of the interplays between basal topography, which
varies considerably between the tributaries, the southerly tribunay be sufcient to pause the retreat of the grounding line, and
taries with rough beds showing-2 times slower propagation the static and dynamic contributions to basal traction, have yet to
than the smoother tributari€§Tablel; Fig.3b). In summary, the be explored.
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