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Abstract. Bathymetry (ocean-bottom topography) beneath
ice shelves is challenging to observe yet is vitally impor-
tant for modelling how ice sheets will evolve into the fu-
ture. An alternative to direct observation of bathymetry is to
invert airborne gravity data for the bathymetric signal. Ap-
propriate gravity data can be collected via remote sensing
above the ice shelf and be used to provide an initial esti-
mate of sub-ice shelf bathymetry, typically at wavelengths
of ∼ 5 km and above. However, lateral variations in density
associated with the underlying geology can distort the grav-
ity field biassing the results. We show that techniques which
tie inversion results to known bathymetry and topography, al-
though solving some of these issues, may be insufficient in
the case of large and deep basins lacking centrally located
tie points. Using new direct bathymetry observations of the
Dotson and Crosson ice shelves as a case study, we show that
gravity inversion for bathymetry can be improved by consid-
ering and removing a model of the gravity field due to crustal
isostatic compensation prior to inversion. We finally present
our updated and improved bathymetric model for the Dotson-
Crosson and Thwaites Glacier Ice Shelf system and discuss
where our method can be best applied in future.

1 Introduction

Bathymetry beneath ice shelves around Antarctica is one
of the most important boundary conditions for models of
these systems. It provides a first-order control on where and
how, relatively warm and salty ocean water can access and
melt the grounded ice sheet, through bathymetric steering
of ocean currents and through provision of deep troughs
through which the dense warm water can penetrate. The
bathymetric roughness also determines the turbulence in the
water influencing heat transfer within the cavity (Richter et
al., 2025). However, due to the challenges of accessing the
ice shelf cavities, direct observations of bathymetry are rare.
Inversion of gravity data measured from aircraft flying above
the ice shelf has therefore become an important tool for inter-
preting sub iceshelf bathymetry away from the sparse direct
observational data points (Millan et al., 2017; Cochran et al.,
2014; Muto et al., 2016; An et al., 2019; Tankersley et al.,
2025; Charrassin et al., 2025).

Inverting bathymetry from gravity data works since vari-
ations in the free-air gravity anomaly are typically domi-
nated by the signal of local bathymetric variations, reflect-
ing the large density contrast between water and underly-
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ing rock. Geological features including lateral gradients in
crustal thickness and the presence of rocks with different
densities at shallower crustal levels can confound such in-
versions. The impact of such geological features can be min-
imised by tying the output of the gravity inversion to known
observations of the bedrock elevation (Jordan et al., 2020; An
et al., 2019; Tankersley et al., 2025; Charrassin et al., 2025;
Cochran et al., 2014).

When working to recover bathymetry along individual 2D
profiles gravity models are constructed explicitly constrain-
ing the topography/bathymetry where it is known (Cochran
et al., 2014). Long wavelength differences between observed
and calculated gravity anomalies along the profile can be re-
moved either by assuming a linear trend, and/or adjusting
rock density, to fit the anomalies at the points where eleva-
tion is known. The residual anomalies are then modelled by
adjusting the bathymetry away from direct constraints. When
working in 3D, removing regional geological trends becomes
more complex, but can also be addressed using control points
in one of two ways: By adjusting the observed gravity field
so it matches the gravity field generated by a model including
the known topography/bathymetry prior to inversion (An et
al., 2019). The gravity correction field implicitly accounts for
un-modelled geological factors. The residual gravity anoma-
lies are then minimised by adjusting bathymetry away from
the known control data. Alternatively, the free-air gravity
anomaly can be inverted for a topographic/bathymetric in-
terface with no a-priori consideration of known values, with
the recovered topographic/bathymetric surface subsequently
adjusted based on the interpolated difference between the el-
evation of the recovered surface and the elevation at known
control points (Jordan et al., 2020). In this case the interpo-
lated elevation adjustment surface accounts for the unknown
geological factors. The gravity adjustment method has been
applied more often, as it allows relatively simple inclusion
of lateral density variations, but it relies on a realistic initial
topographic/bathymetric model. The topography adjustment
method makes no assumptions about the elevation of the to-
pographic/bathymetric surface away from the observed tie
points, relying solely on observed gravity data. Both meth-
ods are effectively equivalent as unknown geological factors
are accounted for by a spatially varying correction field.

Previous gravity inversion and new observations in the
Dotson/Crosson region

The topographic adjustment method was previously applied
to the Thwaites and Dotson/Crosson ice shelves in the
Amundsen Sea Embayment (Jordan et al., 2020). New bathy-
metric data collected in the Dotson/Crosson ice shelf area
by autonomous underwater vehicles, oceanographic profil-
ing floats which were released to drift beneath the ice shelf,
and seismic observations from the ice shelf surface, allow
for re-evaluation of the original gravity-derived bathymetric
data product. Here we consider the likely causes of errors

Figure 1. Location of new bathymetric data beneath the Dotson and
Cosson ice shelves. Coloured lines denote data from Autonomous
Underwater Vehicles (AUVs) Ran (Wåhlin et al., 2024) and Auto-
sub Long Range (ALR) (Richter et al., 2025). Profiling float (Gir-
ton et al., 2019) and seismic data (Muto et al., 2024) are shown as
points. Note profiling floats in areas of grounded ice reflect areas
of known ice shelf grounding line retreat (Rignot et al., 2014). In-
set show’s location (red box) relative to wider Thwaites Glacier re-
gion (purple) in Antarctica. Projected map coordinates Polar Stere-
ographic (m), true scale 71° S.

revealed in the previous gravity-derived bathymetry, and cre-
ate a new bathymetric model for the Thwaites, Dotson and
Crosson region using an extension of the original topogra-
phy adjustment method (Jordan et al., 2020).

Comparing the previous gravity-derived estimate of
bathymetry (Jordan et al., 2020) with the new observational
data shows that the bathymetry beneath the Dotson Ice shelf
was underestimated in places by at least 400 m (Fig. 2a).
Although the observational data are subject to uncertainties
associated with navigation and processing assumptions dis-
cussed below (Sect. 2.1), there are clear long wavelength
(> 30 km) differences between the observed bathymetry and
the previous gravity-derived estimates which consistently un-
derestimate the depth. Despite the long wavelength differ-
ences, the pattern of bathymetric variation indicated by the
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previous gravity inversion at intermediate wavelengths (10–
30 km) is confirmed along individual profiles (Fig. 2b). At
the shortest wavelengths (< 10 km), differences are present
and expected as such features are below the resolution of
the existing airborne gravity data, which are filtered at 5 km
wavelength and collected with a line spacing of 7.5 to 10 km.

The presence of long wavelength differences between the
previous estimate from gravity data and new direct bathy-
metric observations suggests that there is a systematic bias
in the gravity method as originally applied (Jordan et al.,
2020). Such a bias is likely due to an unconsidered geologi-
cal/tectonic feature beneath the ice shelf, which is providing
a component of the observed gravity signal, which is not cor-
rected for or constrained by the topographic and bathymet-
ric observations in the adjacent regions. The underestimate
of the bathymetry suggests that the expected negative free-
air gravity anomaly associated with deep bathymetry is be-
ing offset by something causing a positive gravity anomaly.
This can be explained by a broad excess of dense material
beneath the ice shelf region, which would generate a rela-
tive positive anomaly, masking the amplitude of the nega-
tive bathymetric gravity anomaly. Alternatively, if rocks sur-
rounding the ice shelf region had a significantly lower den-
sity of ∼ 2.20 g cm−3, typically expected for unconsolidated
sediments, the same reduction in amplitude of the observed
anomaly would be seen. Such a major discrepancy in the den-
sity of the rocks surrounding the cavity is unlikely given that
the main outcropping rock types include granodiorite and
gneiss metamorphic basement (Cox et al., 2023), both con-
sistent with typical crustal rock densities of ∼ 2.67 g cm−3.

One mechanism by which additional dense material can
be present directly beneath a deep and relatively large basin
is isostatic compensation of the topography. This process is
akin to that where a floating iceberg has a keel proportional
to its height, but in this case the low-density continental crust
is floating on the denser underlying mantle. As the basin was
formed, most likely by glacial erosion, the reduction in mass
would have led to an upwarp of the Moho, the boundary sep-
arating the dense mantle and less dense crust, isostatically
compensating (balancing) the mass removed at the surface.
This up-warping of the Moho brings dense material towards
the surface directly beneath the deepest part of the basin, can-
celling out part of the negative gravity anomaly due to the
lower density water replacing rock within the eroded basin.

In this study we present a revised bathymetric model for
the Dotson/Crosson ice shelf area and show that use of an
isostatic assumption improves the recovery of bathymetry
in regions where there are fewer constraining data. We
first describe the existing and newly available observational
datasets. Subsequently we describe our new method and test
it against the new sub-ice shelf data, before finally present-
ing a new bathymetric model including all observational con-
straints and the updated gravity inversion.

2 Methods and data

2.1 Input data

Free-air gravity anomalies used to constrain the sub-ice shelf
bathymetry come from Operation Ice Bridge and a dedi-
cated aerogeophysical survey conducted as part of the In-
ternational Thwaites Glacier Collaboration (ITGC), together
with marine gravity data from cruise NBP19-02. As airborne
data was the dominant survey type, anomalies (strictly dis-
turbances) are referenced to the ellipsoid. Line spacing of the
surveys was between 10 and 7.5 km over the ice shelves, but
does not follow a well-defined mesh pattern (Fig. 3a). Flight
altitudes over the ice shelves were between 350 and 500 m.
Line data from these surveys was integrated into a single
database, statistically levelled and gridded as reported for the
previous assessment of sub iceshelf bathymetry in this region
(Fig. 3a) (Jordan et al., 2020). We assign a conservative error
of 1.67 mGal to this combined dataset, based on the reported
errors in the included Operation Ice Bridge data (Tinto et
al., 2010, updated 2019). Regional sub-ice sheet topography
from airborne radar data as well as offshore bathymetry data
used in the previous study provided the initial constraint on
topographic/bathymetric elevation. Additional new data on
the water depth beneath the Dotson and Crosson ice shelves
comes from autonomous underwater vehicles Autosub Long
Range (ALR) (Richter et al., 2025) and Ran (Wåhlin et al.,
2024), as well as sub-ice shelf profiling oceanographic floats
(Girton et al., 2019) and seismic observations from the ice
shelf surface (Muto et al., 2024) (Fig. 1).

The autonomous underwater vehicles ALR and Ran col-
lected numerous bathymetric profiles from the ocean-facing
front of the Dotson Ice shelf during the ITGC field cam-
paign on the RV Nathaniel B. Palmer in January–March 2022
(NBP22-02). The Ran system targeted the ice shelf marginal
zone with detailed survey grids extending 3 to 4 km beneath
the ice shelf margin (Wåhlin et al., 2024). Ran measured
bathymetry using a Kongsberg EM2040 multibeam system,
and sub ice shelf positioning was based on a Doppler velocity
log (DVL) aided inertial navigation system. Analysis of the
resulting swath data indicates that horizontal positional accu-
racy of this system is high (< 40 m absolute error from com-
parison with ship-borne swath data, and relative error< 10 m
from comparison between Ran swaths). The ALR platform
collected data along three sub ice shelf profiles, extending 2,
16, and 39 km inboard from the ice shelf margin (Richter et
al., 2025). Sub ice shelf bathymetry was measured using a
single beam depth sounder giving a local profile of depth ac-
curate to < 1 m. The horizontal sub ice shelf location of the
ALR was calculated using acoustic 300 kHz Doppler current
profiler (ADCP) aided dead-reckoning, coupled with track-
ing the seabed. The accuracy of the reported horizontal po-
sition is not well defined; however, the close agreement be-
tween the observed bathymetry along the inbound and out-
bound sub ice shelf profiles suggests the horizontal naviga-
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Figure 2. Comparison of new sub ice shelf observations and gravity-derived bathymetry. (a) Map of the error between previous gravity-
derived bathymetry (Jordan et al., 2020) and new interpolation of all direct elevation observations (gravity derived topography/bathymetry
minus interpolated direct observations). Positive values show where gravity-derived model is too shallow. Yellow lines locate profiles in (b)
and (c). Arrows show direction along cross section profile, other features as in Fig. 1. (b) Profile comparing float observations, gravity derived
bathymetry from Jordan et al. (2020) and a new gravity inversion incorporating isostatic correction. Note in both inversions no sub ice shelf
data were used to constrain the results. (c) Same as (b) but comparing Autosub Long Range (ALR) data with results of gravity inversions.
Note symmetry of topography along in-bound and out-bound leg reflecting consistent and relatively high-quality ALR navigation.

tional accuracy is relatively high (< 1 km) compared with the
spatial resolution of the gravity data (> 5 km).

Assessment of bathymetry beneath more remote parts
of the Dotson-Crosson cavity were made using three EM-
APEX profiling floats (Girton et al., 2019). This type of
buoyancy-driven float moves up and down within the wa-
ter column, carried laterally by the prevailing currents. The
float turned from descending to ascending, and from ascend-
ing to descending through contact with the seafloor and the
overlying ice shelf, with internal state changes and piston
movements triggered by a lack of change in pressure mea-
surements. These inflection points in the depth profiles were
taken as a measurement of sea floor and base ice shelf depth.
The primary method of locating the floats beneath the cav-
ity was based on an acoustic navigation array deployed at
the ice shelf margin, with an estimated horizontal accuracy
of ∼ 1 km. Where contact with the navigational array was
lost, dead-reckoning and comparison between ice shelf draft

measured by the floats and calculated from surface elevation
was used to estimate the float position. In this latter case
there is significantly less confidence in the true location of
any bathymetric observation. We therefore cross-checked the
float bathymetry against the original gravity derived model
and observational data from ALR. Where the broad pattern
of variation was generally consistent, as in Fig. 2b, we con-
sidered the float data as valid. Where the float observations
showed discrepancies in depth of hundreds of meters and
no consistency in pattern compared to the gravity model, or
ALR data, we suggest that the float dead-reckoning naviga-
tion algorithm had most likely gotten lost and therefore ex-
clude these data from further calculation (Fig. 1).

Data from an array of 27 active seismic shot points (Muto
et al., 2024) provided the final new constraint for the revised
estimate of sub ice shelf bathymetry. These data provided in-
formation close to the critical boundary between the Dotson
and Crosson sectors of the ice shelf where numerous pinning
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Figure 3. Input data local to the Dotson/Crosson Ice shelves. (a) Free-air gravity compilation. Yellow lines show airborne gravity flight lines.
(b) Topographic/bathymetric compilation including new sub ice shelf information.

points may be helping to stabilise the ice shelf. An explosive
seismic source was used, and data recorded on a 24-channel
geophone array extending 480 m from the shot point. Depth
of the sub ice shelf cavity was determined from the inversion
of the recorded two-way travel time of the seismic waves,
with correction for compressional-wave velocity changes in
the ice shelf based on a seismic refraction survey conducted
during the same season. The compressional-wave velocity of
the seawater was assumed to be the same as the average value
under nearby Thwaites Eastern Ice Shelf that was determined
from temperature, pressure and conductivity measurements
of a CTD cast through a borehole (Wild et al., 2025), then
converted to the compressional-wave velocity. The uncer-
tainty in the depth estimate is assessed to be 37.2 m, based
on comparison with direct measurements of sea floor depth
made through boreholes during CTD casts. Horizontal posi-
tion was precisely determined using differentially corrected
GNSS data.

A new reference elevation model was created by combin-
ing the 1 km resolution raster of radar- and swath-derived el-
evation data used in the previous study (Jordan et al., 2020)
with the new sub ice shelf point data described above. This
was done by converting the original reference model raster
into an array of points with a value at the centre of each valid
grid point and adding the new point observations. A new ref-
erence elevation raster defining onshore sub ice topography
and offshore bathymetry was created from the point dataset

where the elevation was the weighted mean of all points
within the area of each 1 km grid cell calculated using the
GMT function blockmean (Wessel et al., 2013). The existing
1 km spaced array of data points derived from swath and air-
borne radar were given a weight of 0.9, while new sub ice
shelf data were given a weight of 0.1, to minimise the impact
of potentially less accurate data from sub ice shelf floats on
the better constrained results outside the ice shelf. Where no
data were available within a 1 km cell, the reference elevation
raster was filled with dummy values (Fig. 3b).

2.2 Recovery of a new bathymetry including isostatic
considerations

The new method for recovering bathymetry from gravity data
constrained by sparse observations is laid out in Fig. 4. As
noted previously, the inversion without subglacial constraint
(Jordan et al., 2020) showed systematic errors (Fig. 2), which
we attribute to the Moho gravity effect of isostatic compen-
sation of the eroded sub-ice shelf cavity. The gravity effect
of isostatic compensation of any hidden basin must therefore
be removed from the free-air anomaly prior to inversion for
the final bathymetry (Figs. 4a, S1 in the Supplement).

The impact of isostatic compensation on the gravity field
is a function of the strength of the crust, the size of the eroded
topographic depression, the density of the crust and mantle,
and the depth of the Moho. We assumed that the crust had no
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Figure 4. Flow diagram showing revised method for recovering topography from gravity data. (a) Isostatic correction based on preliminary
topographic estimate. (b) Gravity anomaly after removal of isostatic gravity effect inverted for effective topography. (c) Topography adjusted
to match observational constraints.

lateral strength (Airy isostatic assumption), which is likely
valid in this region as it lies on a rifted margin, in the re-
gion of the Marie Byrd Land hotspot, both factors which re-
duce the rigidity of the crust and underlying mantle. Previous
studies have also suggested low crustal rigidity in this region
(Jordan et al., 2010). Use of an Airy isostatic model does not
imply that we believe that it is a robust model for the Moho
in this region, rather we think it is a reasonable model of the
gravity effect generated by all forces acting to isostatically
compensate the surface topography. An Airy isostatic model,
relative to a model with significant crustal rigidity, generates
the maximum local deflection of the Moho, and hence the
largest correction to the free air anomaly. Assuming a more
rigid crust would decrease the amplitude of the modelled
Moho deflection and hence the isostatic correction, leading
to recovery of a shallower basin from the gravity data.

A Moho depth of 30 km for reference crust with topogra-
phy at sea level, and crustal and mantle densities of 2670 and
3330 kg m−3 respectively, were assumed. This Moho depth
is deeper than generally estimated from local seismic models
(O’ Donnell et al., 2019), but is a reasonable global aver-
age which may be more appropriate given the uncertainty in
the crust and upper mantle density structure in this region.
The crustal density was also used for the rock density in all
subsequent gravity calculations. This density for the upper
crustal rocks is reasonable as the rocks exposed adjacent to
the Dotson/Crosson area are dominated by granodiorite and
gneiss metamorphic basement (Cox et al., 2023). Both these
rock types are consistent with typical crustal rock densities
of ∼ 2670 kg m−3.

The initial estimate of topography (hi) input into the iso-
static calculation (Fig. S1b) was derived from the free-air

gravity anomaly (gFAA). We use the free air anomaly as the
starting point for our isostatic calculation because it contains
the signature of the hidden bathymetry, hence the pattern of
the recovered isostatic correction will reflect the pattern of
the real bathymetry. Our correction should be considered a
pseudo-isostatic correction, as it relies on gravity data as the
primary input, rather than observed topography as used in
a true isostatic correction. To convert the free air anomaly
to an initial estimate of topography we used a simple re-
arrangement of the Bouguer slab formula:

hi = gFAA/2πG(ρr− ρw) (1)

Assuming that the underlying rocks have a density of
2670 kg m−3 (ρr) and are displacing water with a density of
1028 kg m−3 (ρw). This simplifying assumption ignores the
fact that where ice is grounded the density contrast should be
that of rock against ice, and there will be an anomaly asso-
ciated with the contrast between rock and air. However, the
focus of our study is on the sub-ice shelf basin where the
simplifying assumption will be correct. This simple approx-
imation gives an initial bathymetric estimate similar to the
previous bathymetry calculated by Jordan et al. (2020). How-
ever, we know that this is an underestimate of the true ampli-
tude of the bathymetry (Fig. 2). The resulting isostatic com-
pensation and associated gravity anomaly (Fig. S1c and d)
were therefore calculated assuming that the topography was
displacing air rather than water. This change in the assumed
displaced material from water to air amplifies the calculated
Moho topography by 1.6 times, increasing the amplitude of
the isostatic correction and compensating for the initial un-
derestimate of the bathymetry. This amplification was cho-
sen as it resulted in a good fit between the modelled and ob-
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served bathymetry beneath the ice shelf. The gravity anomaly
associated with the compensating Moho surface, i.e. the iso-
static Moho gravity effect (gmoho), was calculated using a fast
Fourier transform method (Parker, 1973) implemented in the
open-source software package GMT with the gravfft com-
mand (Wessel et al., 2013). The isostatically adjusted gravity
anomaly (gadjust) (Fig. S1e) was then calculated as:

gadjust = gfaa− gmoho (2)

This corrected gravity value (gadjust) was then used as an
input, in place of the free-air anomaly, for recovery of the
bathymetry following the topographic adjustment method
used previously (Jordan et al., 2020) (Fig. 4b and c). This
method initially converts the gravity field (Fig. S1e) into a
topographic surface using the re-arranged Bouguer slab for-
mula above (Eq. 1). The gravity field associated with the cal-
culated surface is then modelled using a prism based method
(von Frese et al., 1981). The top surface of the prism layer
was fixed at+500 m, with topography above truncated, while
the lower bound of the prisms followed the recovered sur-
face. The density of each prism was fixed as the contrast
between rock and water (−1.642 g cm−3), as this is the as-
sumed dominant density contrast in our study area. The to-
pography was subsequently updated based on the amplitude
of the residual between the prism model output and gadjust.
The prism based forward model and update of the topo-
graphic surface was iterated two further times until the resid-
ual between gadjust and the calculated anomaly was less than
±1 mGal across most of the survey area (Fig. 4b).

The output initial topographic estimate with isostatic cor-
rection (Fig. S1f) was compared to the observed topography/-
bathymetry dataset (Figs. 4c, S1g). The calculated difference
was interpolated to create a correction field (Fig. S1h). This
correction field was subtracted from the initial topographic
estimate with isostatic correction (Fig. S1f) to give the fi-
nal gravity derived topography (Fig. S1i). This topography
matches direct observations where present and follows the
shape of the gravity inversion away from these points. This
final topography is masked in regions with no gravity data
constraint.

3 Results

To test if including isostatic compensation in the inversion
improved the recovered bathymetry, we first exclude the new
constraining sub ice shelf data from our inversion and use
it as a reference dataset. The bathymetric model including
isostatic compensation, but excluding sub ice shelf control
points, predicts the basin beneath the Dotson Ice Shelf to be
∼ 300 m deeper than the previous gravity derived model (Jor-
dan et al., 2020) (Fig. 5a and b). Comparison with the float
data (Fig. 2b) shows a reduction in the mean error beneath
the shelf from 313 to 135 m, although the standard deviation
of the error remains 187 m in both cases. Comparison with

the longest Autosub section (Fig. 2c) shows a reduction in
the mean sub ice shelf error from 195 to 3.2 m, and a reduc-
tion in the standard deviation from 105 to 70 m. The smaller
reduction in the mean error and consistently high standard
deviation when compared with the float data may be due to
two complicating factors. First the floats appear to have fol-
lowed the coast of Bear Island which has elevated onshore
coastal topography (∼ 300 m), while the depths recorded by
the floats immediately adjacent are ∼−700 m. Such a sig-
nificant topographic step of ∼ 1 km is not recoverable using
gravity data, which is limited to > 5 km wavelength due to
processing. Secondly the navigation of the floats has rela-
tively large horizontal uncertainty (estimated to be 1 km or
more) so the depth measured by the floats may be somewhat
mislocated, adding apparent noise to the calculated error. In
contrast the ALR profile lies close to the centre of the basin,
likely away from steep fjord walls, and the consistency of
the topography on the in-bound and out-bound leg points to
higher navigational accuracy. The error against the ALR pro-
file therefore provides a better estimate of the quality of the
method under ideal conditions.

A grid of the errors between the gravity-derived topog-
raphy with an isostatic correction and observational points
shows a reduction in error across all regions (Fig. 6a), com-
pared with the errors associated with the model without iso-
static compensation (Fig. 2a). We attribute these residual er-
rors to a combination of unmodelled geological factors, short
wavelength topography which could not be resolved from the
gravity dataset, and navigational errors in the observational
dataset. The reduction in errors and the improved visual fit
to the new bathymetric data profiles (Fig. 2b and c), indi-
cates that inclusion of the isostatic correction improves the
recovery of bathymetry from gravity data. This is likely to
be especially relevant where broad (10s of km) topographic
lows are present, as such regions will likely be isostatically
compensated at the Moho leading to an underestimate of the
bathymetry without isostatic correction, or use of intermedi-
ate tie points.

A final revised model of the sub-ice shelf bathymetry was
created by including the new bathymetric observations in the
inversion. This used the full improved reference topography
which was input into the inversion scheme shown in Fig. 4c
in place of the previous observational topography. The output
revised topography (Fig. 5c) is like that derived just using the
isostatically corrected gravity data (Fig. 5b) but is slightly
deeper in places. As expected, comparing the final grid with
the input control data (Fig. 6b) shows lower error than the
unconstrained isostatic model (Fig. 6a).

4 Discussion

Several models for the bathymetry Dotson/Crosson ice-shelf
area now exist, with new observational data allowing us to
validate them (Fig. 7a). The oldest bathymetric estimate for
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Figure 5. Gravity-derived models of sub ice shelf bathymetry, with radar and swath derived elevations in surrounding regions. Note results
only shown where gravity data is present. (a) Model from Jordan et al. (2020). (b) Revised model incorporating isostatic correction. (c) Final
bathymetric model incorporating isostatic correction and new sub-ice shelf observational tie points.

the region is BEDMAP2, which is over 600 m too shal-
low along the ALR observational track (Fig. 7a). This re-
flects use of ice shelf draft and an enforced minimum 100 m
flotation depth away from any depth constraints as a proxy
for depth (Fretwell et al., 2013). Bedmachine Antarctica V1
(Morlighem et al., 2020) uses a gravity inversion to provide
a bathymetric estimate for the region (Millan et al., 2017).
Like the bathymetry from Jordan et al. (2020) the Bedma-
chine Antarctica V1 product is systematically shallower than
the direct observations from ALR, pointing towards a lack
of consideration of isostatic processes biassing the results
to shallower returns. Later bathymetric estimates in this re-
gion including Bedmachine Antarctica V3, V4, Charrassin
et al. (2025), and BEDMAP 3 all return the same values
along the ALR observational track, indicating they are de-
rived from a single source (Fig. 7). These depth estimates are
an improvement on Bedmachine Antarctica V1, but are gen-
erally shallower than the observations close to the shelf (∼ 20
and∼ 75 km), and deeper towards the centre of the basin (35
to 65 km) (Fig. 7b). The user guide for Bedmachine Antarc-
tica V3 suggests that bathymetry from the Amundsen Sea
is augmented by Jordan et al. (2020), however, the pattern
of bathymetric undulations sugests an adjusted version of the
Millan et al. (2017) data was used in this reigon, although the
adjustment method is not clear. Our new inversion method,
without the sub ice shelf observational constraints, provides
a closer match to observational data (Fig. 7b), consistent with
the inclusion of more gravity data than Millan et al. (2017),
as well as use of a process driven isostatic model. Our final
data product, which includes control on depth from the di-

rect observations, will provide the best possible bathymetric
dataset for the area given available data.

The shallow bias in the bathymetric model produced by
Jordan et al. (2020) in the Dotson ice-shelf and also to a
lesser extent in the Crosson ice-shelf area means that models
of sub ice shelf circulation (e.g. Goldberg and Holland, 2022)
may have underestimated the volume of warm water flowing
beneath the shelf, as such flow is restricted by shallow sills.
This issue highlights the need for caution when using grav-
ity derived bathymetry. Such bathymetry provides the best
estimate in regions lacking other data, but geological pro-
cesses can give rise to relatively large and difficult to quan-
tify errors. Models using such data may therefore need re-
evaluation in light of new observations. The impact of some
geological factors, such as lateral density variations in the up-
per crust, can only be resolved by tying bathymetric models
to direct observations. However, here we have shown that by
considering the process of isostatic balance, which creates a
long-wavelength distortion of the gravity field and hence re-
covered bathymetry, predictions can be improved, removing
consistent regional scale errors in depth on the order of 200
to 400 m.

We show that the error between our new recovered
bathymetry and direct observations has a standard deviation
of 70 m along the main ALR profile (Fig. 2c) which lies away
from extremely high amplitude and short wavelength bathy-
metric features. This error incorporates the impact of unre-
solved short wave-length topography, errors in the gravity
observations, and local variability in subsurface geology. Er-
rors in gravity data are estimated to be ∼ 1.67 mGal, equat-
ing to ∼ 25 m error in elevation. This highlights the fact that
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Figure 6. Error calculated as gravity-derived bathymetric estimate minus direct observations. Symbols as in Fig. 1. (a) Isostatically corrected
gravity-derived topography without sub ice shelf observations. (b) Isostatically corrected gravity-derived topography with sub ice shelf
control. Note minimal sub ice shelf error due to use of observational data as a control.

Figure 7. Bathymetry beneath the Dotson/Crosson ice-shelf along
the main ALR profile located on Fig. 2a. (a) Bathymetric profiles.
Solid lines from this study and Jordan et al (2020). Dotted lines
from BEDMAP2 and BEDMAP3, Bedmachine Antarctica V1, V3
and V4, and Charrassin et al. (2025).

the accuracy of topography recovered by gravity inversion
also depends critically on the geology and spatial frequency
of the topography. As such our error estimate is location
specific and may not be a valid estimate for the error as-
sociated with this method in other regions. Our work con-
firms the theoretical analysis of Tankersley et al. (2025), who
showed that adding selected data points can significantly im-
prove the accuracy of the recovered bathymetry compared to
where none are present. However, our real-world errors are
an order of magnitude higher than predicted in the theoreti-
cal study which used a conceptually similar method. Use of
improved inversion techniques may reduce the error (Tanker-
sley et al., 2025), but unknown geological complexity will
remain a hard to quantify factor impacting the quality of
bathymetry recovered from gravity data.

One key factor our method does not consider is the pres-
ence of thick layers of sediment within the basin. Such low
density material would typically create a local additional
negative gravity anomaly meaning the depth of the basin was
overestimated rather than underestimated. It is not possible
to disregard this situation without observations. However, in
the Dottson/Crosson region the maximum isostatic correc-
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Figure 8. Bathymetry of the wider Dotson, Crosson and Thwaites area. (a) New regional bathymetry from gravity data, including an isostatic
correction. (b) Change in bathymetry/topography from Jordan et al. (2020), to a model including isostatic correction to gravity data. Blue
colours show regions where the new model is deeper. Note that the impact of the isostatic correction is minimal away from the deep basin
beneath the Dotson and Crosson ice shelves. (c) Isostatic Moho gravity effect based on an isostatic model with 5 mGal contour. Note more
complex form in the Dotson/Crosson ice shelf area relative to the ice shelf adjacent to Thwaites Glacier. Pink line outlines area with no direct
bathymetric constraints prior to this study.

tion, i.e. an Airy model, allows the bathymetry recovered
from gravity to fit the direct observations well. This suggests
that sediments creating a negative gravity anomaly leading to
an overestimate of depth are limited or not present. In addi-
tion, the glacial erosion which sculpted the basin likely re-
moved much of the low-density sediment, and the few thou-
sand years (typically < 10 ka) since the ice sheet retreated
from its LGM position has not provided enough time for sig-
nificant deposition (Lindow et al., 2014). This lack of very
significant deposition is evidenced by the bedrock exposed in
many of the inboard parts of the wider Amundsen Sea Em-
bayment (Hogan et al., 2020).

To assess if the wider bathymetric model of the Thwaites/-
Dotson and Crosson sub ice shelf area produced by Jordan
et al. (2020) requires revision and the applicability of this
method in other regions, we consider the new inversion, in-
cluding all topographic constraints, applied across the wider
region (Fig. 8a). It is apparent that the largest changes from
the model of Jordan et al. (2020) are restricted to the region
beneath the Dotson and Crosson ice shelves (Fig. 8b). The
gap in direct bathymetric observations around the Dotson
and Crosson ice shelves in the Jordan et al. (2020) study is
only slightly larger than the data gap beneath the Thwaites
Glacier ice shelves (Fig. 8c). This could suggest that similar
significant and systematic errors in recovered bathymetry as-
sociated with isostatic compensation are present adjacent to
Thwaites Glacier. However, comparison of the inversion re-
sults with and without isostatic correction show little change
in the Thwaites Glacier area. We attribute this difference to

the pattern of isostatic compensation in the two areas. The
gravity field derived from the isostatic compensation at the
Moho shows the isostatic correction across the data gap ad-
jacent to Thwaites Glacier has a low amplitude and approx-
imately linear gradient (Fig. 8c). In contrast the Dotson and
Crosson area shows a correction with higher amplitude and
more variable gradient within the original gap in data cover-
age (Fig. 8c). In the case where the gradient of the isostatic
correction is low and approximately constant, tying the re-
covered bathymetry to observed data either side of the data
gap, with no consideration of isostatic compensation, will
produce a reasonable result. In contrast, where the isostatic
correction predicts a highly variable field, as in the Crosson
and Dotson case, errors created by not considering the iso-
static correction are likely to be more significant, as they will
not be removed by interpolating the error between the ob-
served topographic controls.

Our study shows that isostatic compensation is an impor-
tant process that can result in long wavelength errors of sev-
eral hundred meters in bathymetry derived from gravity data.
Such errors have the potential to significantly change the out-
puts of simulations testing the vulnerability of the Antarc-
tic ice sheet to warming oceans as they raise the seabed
above important thresholds, artificially blocking the influx of
warm water. As isostatic compensation has most impact on
recovery of bathymetry where deep basins are entirely un-
constrained by direct observations, it is likely that this con-
sideration has most impact for smaller and less explored ice
shelves, rather than over the major Ross, or Ronne-Filchner
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ice shelves. Such ice shelves have been identified for exam-
ple by Tankersley et al. (2025). Although small relative to the
Ross or Ronne-Filchner many of these ice shelf systems are
many 10s of km wide, and are likely to have been erosion-
ally overdeepened by flowing ice, meaning isostatic compen-
sation is likely to distort the gravity signal due to the local
bathymetry. Consideration of isostatic compensation, in ad-
dition to direct observations, is therefore required to provide
the best bathymetric estimate for many ice shelves around
Antarctica.

5 Conclusion

Including an isostatic correction, based on an initial topo-
graphic estimate from the free-air gravity anomaly, provides
a better estimate of the sub ice shelf bathymetry than sim-
ply inverting the free-air gravity anomaly with no isostatic
correction. However, in some situations, such as adjacent
to Thwaites Glacier, where the predicted isostatic correction
has a low and generally uniform gradient, inclusion of the
isostatic correction will be less important. Our study high-
lights the need to consider both the shallow geology, and
the deeper, more regional impacts of isostatic compensation
when recovering bathymetry from gravity data, especially
where constraint by direct observations are lacking.
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