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To minimise artefacts when joining the grounded bed and coastal bathymetry we employed a tailored
approach, iterated several times. This eliminated unphysical configurations of ice, water and bed that do not
agree with their known floating/grounded status and avoided introducing abrupt steps in the submarine land-
scape. To ensure a smooth transition, we cropped out the bathymetry grid (less well surveyed than the grounded
ice) by 10km seaward of the marine grounding line or open coastline (Section Masks of grounded ice, transient
grounded ice, floating ice shelf and rock), and lakeward of the Lake Vostok grounding line, with cropping distance
subsequently modified as needed to avoid visible artefacts in the resulting merged bed. We then interpolated
across this > 10 km wide coastal gap between the 500 m-spaced, interpolated elevation points from the bathym-
etry and grounded bed grids, as in Section Interpolation of the ice thickness grid.

To correct logical errors in our interpolated bathymetry (see Technical Validation), we lowered the seabed
where necessary to ensure a negative elevation relative to sea level and a positive water column thickness for
all ungrounded cells at all stages of the tide (with integer tidal ranges from 1 to 7 m, from the FES2014 tidal
model®). In the sub-ice-shelf cavities, we enforced a positive water column thickness below the free-floating
ice shelf base of greater than the maximum tidal range® for each cell, a value that implies flotation throughout
the tidal cycle. For ice shelf areas identified as ‘transient grounded’ (Section Masks of grounded ice, transient
grounded ice, floating ice shelf and rock), we enforced a water column thickness of specifically half of the maxi-
mum tidal range (integer from 1 to 4 m), consistent with flotation with transient grounding at low tide.

Bedmap3 timestamps. The Bedmap3 components are current for the approximate period 2007-2022. The
outer coastline dates from 2022 and the grounding line from ~2015-2020. The mean survey year for the thick-
ness survey dataset is 2006.9 (SD 7.6 years), somewhat more recent for areas of extensive recent survey such as
the main lower trunk of Pine Island Glacier (2009.4, SD 5.4 years) and Thwaites Glacier (2010.6, SD 5.7 years)
(Table 2). Ice shelf thickness was derived from 2011-2014 altimetry, surface topography from 2007-2017 and
bathymetry from the period up to 2020.

Comparison to earlier Bedmap products and BedMachine v3. Relative to Bedmap2, there are large
and widespread changes in the Bedmap3 bed topography (Fig. 8a, Table 5). The contrast with BedMachine v3 is
less marked on the continental scale (Fig. 8b, Table 5) but, as a result both of new survey data and the difference
in approach to interpolation and synthetic data, Bedmap3 includes hundreds of troughs under the grounded ice
sheet that are more clearly defined, plus substantial areas with more highly resolved bed and mountain features
(e.g., Fig. 9). Importantly, Bedmap3 has multiple transitions that are smooth rather than abrupt through the
grounding zone where the bathymetry and grounded-ice grids meet (e.g., Figs. 9, 10). For some areas of fast
flow along ice stream troughs, however, particularly where surveys are relatively sparse, the BedMachine mass
conservation approach to interpolation yields a more smoothly continuous and subjectively plausible trough
form (e.g., Fig. 11). In the absence of survey campaigns that achieve systematic sampling of ice thickness at reso-
lutions approaching the 500 m grid spacing used here, we therefore suggest that the most accurate representation
of the grounded Antarctic ice sheet bed would likely result from a combination of the mass-conservation and
Bedmap3 approaches, taking advantage of their respective strengths. Such a combination would, however, come
with the caveat that the bed topography would locally have some dependency on the flow-modelling assumptions
employed in mass conservation.

Data Records

The surface, thickness, bed, mask and uncertainty grids, and a gridded count of survey data points, are available
from https://doi.org/10.5285/2d0e4791-8e20-46a3-80e4-f5f6716025d2 in 16-bit signed integer tiff and netcdf
formats, at 500 m spacing with 13334 columns and 13334 rows, and a no-data value of -9999 (ref. *°). Elevation
and uncertainty units are metres in all cases. The grid names are: bm3_bed; bm3_surface; bm3_thickness; bm3_
bed_uncertainty; bm3_thickness_uncertainty; bm3_masks; bm3_thickness_survey_count. Also available at this
site is a point shapefile set of the linearly interpolated streamline thicknesses, called bm3_streamlines_pt.

Technical Validation
Quality control checks. We applied a set of quality-control checks and corrections to all grid cells within
the final suite of Bedmap3 grids that consisted of:

0 All ‘sea’ cells have negative bed height relative to sea level.

00 All ‘non-sea’ cells (grounded ice, rock, floating or transiently grounded ice shelf) have positive surface height
relative to sea level.

All ‘grounded ice’ cells have positive surface height and ice thickness.

Allice shelf cavity cells have a positive water column thickness.

Surface-minus-thickness-minus-bed = 0 for all grounded cells.

All transient-grounded ice shelf cells have column thickness = (tidal range/2), with a minimum cavity of 1 m.
All rock cells have thickness = 0 and positive surface and bed height.

Grid extents are consistent, and grid cells align exactly.

Data type (integer) is consistent throughout.

Mask cell categories agree with visible satellite imagery (1 = grounded ice, 2 = transiently grounded ice shelf,
3 =floating ice shelf, 4 =rock).

No sharp discontinuities exist in ice thickness at the boundaries between masks.

No sharp discontinuities exist in the bed at boundaries between masks or elsewhere.

No grounded coastal ice cells have surface height and thickness that would imply flotation (thickness should
not exceed 10 x height) where in contact with the sea.
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Fig. 8 The Bedmap3 bed elevations can be compared to earlier products. (a) Bedmap3 minus Bedmap2; (b)
Bedmap3 minus BedMachine v3 (red indicates that the Bedmap3 bed is higher, blue that it is lower).

Bedmapl | Bedmap2 | BMv3 Bedmap3
Area including ice shelves (10°km?) 13.99 13.92 13.59 13.63
Area excluding ice shelves (10°km?) 12.35 12.30 12.35 12.10
Volume including ice shelves (10° km?) 26.07 26.92 26.77 27.17
Volume excluding ice shelves (10° km?) 25.34 26.54 26.06 26.42
Mean thickness including ice shelves (m) 1859 1937 1953 1948
Mean thickness excluding ice shelves (m) 2034 2126 2118 2148
Thickest ice (m)* 4897 4897 4822 4757
Mean elevation of the grounded bed** (m) 155 83 72 74
Deepest bed point below sea level** (m) (Byrd Glacier) | —2496 —2870 —3827*** | —2973
Area below sea level** (10°km?) 5.01 5.50 5.60 5.65
% of grounded area lying below sea level** 40.6 44.7 453 46.7
Potential sea-level equivalent (m) 57 58 58 58

Table 5. Statistical comparison of Bedmapl, Bedmap2, BedMachine v3 (BMv3) and Bedmap3. *This location
was previously Astrolabe Basin, but in Bedmap3 is an un-named canyon at 76.052°S, 118.378°E. **Relative to
the glo4c geoid. ***BedMachine V3 modelled deepest bed depth, West Lambert Glacier.

Uncertainty estimates. We estimate uncertainty in the Bedmap3 grids through error budgets based upon
a combination of published uncertainties and our own tests of accuracy and precision. The input datasets inher-
ently have uncertainties with differing statistical distributions, and not all are well known. Furthermore, most
Bedmap3 cells have values that are interpolated between sparse observations, and the uncertainties in this process
are also difficult to quantify. Our uncertainties are therefore a best estimate based on the available evidence, given
to approximately the 1-sigma (SD) level.

Surface DEM uncertainty. Relative to other altimetry products, the REMA DEM has a bias close to zero
and a Root Mean Squared Error (RMSE) uncertainty of < & 1 m for most of Antarctica, and < 2.4 m over
steeper slopes in mountain ranges and some coastal areas®. Assessed similarly, the gapless 100 m grid-
ded version of REMA used here has relative bias over the filled voids averaging <1 m and RMSE uncer-
tainty of +3 m on average!. In the absence of ground control, however, the absolute vertical accuracy of the
REMA DEM is estimated as -4 m (https://www.pgc.umn.edu/guides/stereo-derived-elevation-models/
pgc-dem-products-arcticdem-rema-and-earthdem/, accessed 3 July 2024). We therefore estimate the combined
average Bedmap3 surface elevation uncertainty as -7 m. We note, however, that void filling produced a max-
imum RMSE of +14 m for an area covering 0.06% of the Antarctic Peninsula*!, which suggests local absolute
elevation errors up to £18 m.
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Fig. 9 The Bedmap3 bed has some subjective advantages over BedMachine v3, including smoothly continuous
grounding zones and troughs, and better-resolved areas of bed. (a) surface flow speed*® and Bedmap3
grounding line (solid black) in the Rutford Ice Stream area; (b) map of Bedmap3 minus BedMachine v3 bed
topography; (c) BedMachine v3 bed topography; and (d) Bedmap3 bed topography, highlighting areas of
difference. Similar BedMachine v3 issues have been reported previously in this area’".

Ice thickness uncertainty. Ice thickness surveys have individual measurement uncertainties, and per-cell sum-
mary statistics have additional sampling uncertainties. Evidence for individual measurement precision comes
from crossover analysis of co-located thickness measurements. The differences found at 600,973 crossovers
had occasional large outliers (hundreds of metres) associated with navigation errors in early measurements,
but a (non-Gaussian) distribution with an interquartile range (IQR) of 5m (ref. ®). The 3,261,006 statistically
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Fig. 10 Bedmap3 features smoothly continuous grounding zones and troughs, in contrast to some sites in
BedMachine v3. (a) Surface flow speed*® and Bedmap3 grounding line (solid black) in the Wilma Glacier
region; (b) BedMachine v3 bed topography; (c) Bedmap3 bed topography, both overlaid on shaded relief.
The dotted line highlights troughs that are continuous in Bedmap3, white ovals highlight abrupt steps in the
BedMachine v3 grounding zone.

summarised 500 m cells of surveyed thickness for the Bedmap3 grounded ice sheet have a mean of 17.7 individ-
ual measurements per cell'”, with a thickness standard error (SE) of 3.6 m for cells with multiple measurements,
indicative of sampling uncertainty. These tests suggest that surveyed cells typically have a combined 1-sigma
thickness uncertainty of < + 10 m for most summarised cells, and an estimated 20 m for ~800,000 cells with
only a single measurement (up to hundreds of metres in extreme cases). Rock outcrops additionally provide
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Fig. 11 The BedMachine v3 bed has some subjective advantages over Bedmap3 where glacier flow is relatively
fast, but survey data are sparse. (a) Surface flow speed*’; (b) BedMachine v3 bed topography; (c) Bedmap3

bed topography, both overlaid on shaded relief and with survey data shown as grey lines. The black dotted

line highlights a trough under slow-flowing ice that is more smoothly continuous in Bedmap3. The white oval
highlights the trough of a relatively fast-flowing ice stream that in BedMachine v3 is more smoothly streamlined
and subjectively more realistic than in Bedmap3, given the typical streamlined form of deglaciated ice stream
landscapes (e.g., ref. **). An objective test of bed accuracy in this area requires more survey data.

a zero-thickness constraint that is mapped with high resolution, confidence, and accuracy (Section Masks of
grounded ice, transient grounded ice, floating ice shelf and rock). When surveyed cells are represented in an inter-
polated grid their values can be modified by the spline-fitting interpolation process. However, after interpola-
tion, we reset thicknesses to zero at rock outcrops, and for surveyed ice-thickness cells the effect of interpolation
is small, with a mean difference between the measured and interpolated thickness for the same cell of 0.3 m
(SD =41, median=0m, IQR=6m)).

Our synthetic thickness datasets have greater uncertainties. In a test of our flow-law-derived ‘thin ice’
thicknesses around rock outcrops against 84,984 observations, we found a non-Gaussian distribution with
IQR =152 m (see Synthetic ice thickness data: Glen’s flow law for ‘thin ice’). The uncertainty in our synthetic coast-
line thicknesses (Section Synthetic ice thickness data: grounded coastal margins) are difficult to quantify directly
but as they are relatively small (mean thickness of 70 m) and are constrained by surface elevations (Section
Surface elevation), we estimate their uncertainty as & 15m (~20% of the mean).

Ice-shelf thickness bias arising from the DEM used to determine the freeboard above flotation was previously
found to be < 1 m, which translates into a < 9m thin bias*’. We corrected for such bias by calibrating to survey
data with typically metres-scale thickness corrections (see Ice shelf thickness; Table 3). Survey calibration data are
limited in extent and may have their own biases and uncertainties, however. On the FRIS, for example, we found
amean ice thickness difference of 4.8 m between survey data from radar (n = 396) and seismics (n = 529) that lie
within 2km of each other (and fall outside of marine-ice areas), and the radar crossover analysis described above
suggests metres-scale precision for these survey data. Further shelf thickness uncertainty arises from estimates
of the column-averaged density (order metre scale) and the failure of hydrostatic equilibrium (potentially order
100 m). We therefore estimate a residual uncertainty in ice shelf thicknesses of typically + 10 m.

Away from ice thickness observations and constraints such as rock outcrops, thickness is interpolated
for 93% of Bedmap3 grid cells. We assessed interpolation error by comparing thickness observations new to
Bedmap3 to the interpolated Bedmap2 thickness grid, which employed the same interpolation algorithm but
without these new data. For 728,951 new cells lying more than 500 m from Bedmap2 survey points, the differ-
ences have a Gaussian distribution with a mean of 17m and a Mean Absolute Difference of 171 m (IQR 188 m),
indicative of the magnitude of the interpolation error. Spatially, we found that absolute difference, y, increases
logarithmically with distance from data, x, according to,

y = 38.479In(x) — 166.11 )

The dependence of interpolation error on distance (x) from data.

We used this relationship to map interpolation uncertainty from a minimum of +73 m at 500 m distance
from data to a maximum £272m at 98 km distance (and £166 m at the average distance of 5.6km) (Fig. 2,
Fig. 12a). We combined these classes of uncertainty into one ice thickness uncertainty grid*.
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Fig. 12 Estimated 1-sigma uncertainty map for (a) ice thickness and (b) bed topography. Zero thickness
uncertainty in (a) applies to rock areas.

Class ‘ Uncertainty (+=m)
Ice thickness
Surveyed cells 10
Surveyed cells (single measurements) 20
Rock cells 0
Synthetic ‘thin ice’ cells 152
Synthetic coastal cells 15
Interpolated cells 7310272
Ice shelf 10
Elevation
Surface DEM (including rock) 7
Grounded bed 7t0 276
Surveyed seabed 10
Interpolated seabed 60 to 306

Table 6. Summary of Bedmap3 uncertainties.

Bed topography uncertainty. Uncertainty in the elevation of the grounded bed** comes from the uncertainty in
the grids of surface topography and ice thickness (Table 6) combined in quadrature, which suggests a 1-sigma
absolute uncertainty ranging from 7 m (rock) to =12 m (surveyed) and +276 m (interpolated). Uncertainty
in IBCSO v2 bathymetry is not reported®® though it is largely based upon single-beam and multibeam echo
sounding surveys covering 24% of Southern Ocean cells®® with a sounder vertical precision of 0.1 to 50 m and
quoted instrument accuracy of 0.2% of depth®, equivalent to <10m in most cases. The remaining 76% of the
bathymetry was interpolated, however, and even on the relatively shallow continental shelf (~500 m depth),
independent estimates of IBCSO v2 accuracy suggest a shallow bias averaging at least 224 m (and locally exceed-
ing 1000 m) for a sample of 9787 grid cells of size 10 x 10km (ref. °*). The independent mapping used here to
update bathymetry under the Nivl Ice Shelf, adjacent continental shelf and farther offshore found IBCSO v2
shallow biases of 168 m, 19 m, and 7 m respectively, with extreme differences of 500 m. Standard deviations of
these differences were 180 m, 128 m and 115 m respectively, and uncertainty in the revised grid for this area was
estimated as 138 m to £160m (uncertainties that are relatively large as this mapping was based on inversion
of gravimetry data)®®. Similar bathymetry bias of up to 250 m was reported for the interpolated IBCSO v1 grid
relative to more recent sounding data offshore of Totten Glacier®. We incorporated these more recent regional
grids into the Bedmap3 bathymetry, but similar biases to these identified locally are likely to be present else-
where on the continental shelf where former glacial troughs are not adequately sampled by bathymetric surveys.
These findings suggest 1-sigma absolute uncertainties in bathymetry ranging from around +10m (surveyed) to
+300m (interpolated), similar to those for the grounded ice sheet bed. Given these similarities, we estimated the
uncertainty in interpolated bathymetry as a function of distance from data in the same way as for the grounded
ice sheet thickness (Equation (2)). This yielded an interpolation uncertainty range of 60 m at the minimum
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500 m distance to £306 m at the maximum distance of 211 km, which we map with the estimated 10 m uncer-
tainty for surveyed cells (Fig. 12b).

Code availability
No custom code was used in producing these datasets.
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