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Abstract

The southern Bellingshausen Sea (SBS) is a rapidly-changing part of West Antarctica,
where oceanic and atmospheric warming has led to the recent basal melting and break-
up of the Wilkins ice shelf, the dynamic thinning of fringing glaciers, and sea-ice reduc-
tion. Accurate sea-floor morphology is vital for understanding the continued effects of5

each process upon changes within Antarctica’s ice sheets. Here we present a new
bathymetric grid for the SBS compiled from shipborne echo-sounder, spot-sounding
and sub-ice measurements. The 1-km grid is the most detailed compilation for the
SBS to-date, revealing large cross-shelf troughs, shallow banks, and deep inner-shelf
basins that continue inland of coastal ice shelves. The troughs now serve as path-10

ways which allow warm deep water to access the ice fronts in the SBS. Our dataset
highlights areas still lacking bathymetric constraint, as well as regions for further in-
vestigation, including the likely routes of palaeo-ice streams. The new compilation is a
major improvement upon previous grids and will be a key dataset for incorporating into
simulations of ocean circulation, ice-sheet change and history. It will also serve fore-15

casts of ice stability and future sea-level contributions from ice loss in West Antarctica,
required for the next IPCC assessment report in 2013.

1 Introduction

Contributions to sea level from 21st Century changes in the West Antarctic ice sheet
(WAIS) will form a key part of the Fifth Assessment Report of the IPCC due in 2013.20

Glaciologists, oceanographers, modellers and geologists are currently working in tan-
dem to better constrain the modern-day thinning and acceleration of the WAIS, mea-
sure changes to its glaciers and ice shelves at ocean margins, and estimate the im-
pacts of future changes on the environment (including sea level), with implications for
society as a whole (e.g. Overpeck and Weiss, 2009).25

A concerted focus of West Antarctic studies is on the southern Bellingshausen Sea
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(SBS), fed by ice draining the WAIS as well as the adjoining Antarctic Pensinusla Ice
Sheet (APIS), where major changes are already taking place (Fig. 1a). In May 2008
the Wilkins ice shelf dramatically disintegrated and recent satellite measurements of
ice-surface elevation have indicated that glaciers which drain into the SBS have un-
dergone dynamic thinning (thinning as a result of flow acceleration) related to warming5

delivered through the oceans (Rignot and Jacobs, 2002; Pritchard et al., 2009), and
as a result of the southerly migration of regional isotherms (i.e. atmospheric warm-
ing; Cook and Vaughan, 2010). A major ice stream, Ferrigno Glacier, which drains
into Eltanin Bay, thinned by more than 0.5 m yr−1 between 2003–2007 (Pritchard et
al., 2009) and currently exhibits thinning rates of ca. −6 m yr−1 at its grounding line.10

Oceanographic data have also shown the BS is a key area where warm Circumpo-
lar Deep-Water (CDW; temperature ≥ 1.0 ◦C, salinity 34.7) consistently floods onto the
shelf (Talbot, 1988; Jenkins and Jacobs, 2008), and coupled thermodynamic models
indicate that ice shelves in the SBS have been thinning rapidly as a result of basal
melting, possibly for some decades (Holland et al., 2010). Reduction in sea ice since15

the 1970s is another indicator that the SBS is undergoing considerable environmental
change (Jacobs and Comiso, 1997). Thus it is of little surprise that a major focus of UK
and US environmental research is the fast-changing SBS area.

Topography is a key input parameter for any ice or ocean model addressing issues of
change. Without a realistic initial configuration, models will not simulate the evolution20

of the ice sheets accurately (Arthern and Gudmondsson, 2010), and may misrepre-
sent future contributions to climate change or sea level as a result. In the SBS, the
current landscape beneath the ice is underexplored and poorly known despite an ever-
increasing ability to quantify subglacial topography (e.g. Pritchard and Bingham, 2007).
For example, during a recent radar survey of the Ferrigno Glacier, Bingham et al. (2010,25

unpublished data) discovered a > 3000 m-deep sub-ice trough, that is not represented
in any existing topography (e.g. BEDMAP; Lythe et al., 2001). Likewise, the bathymetry
of the SBS is often poorly represented in grids that are frequently used by modellers to
simulate ice changes and ocean circulation. A recent compilation of Antarctica’s bed by
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Le Brocq et al. (2010) highlighted the weakness of bathymetry in regional compilations
of Antarctic topography (Fig. 1b). While some regions now have strong representation
(e.g. the Amundsen Sea; Nitsche et al., 2007), the gridded bathymetry from the SBS
remains inadequate for showing how the ice and ocean interact there. An improved
topography for the sea floor was recently presented by Timmerman et al. (2010), but5

the grid was based on only a handful of the available sounding datasets for the em-
bayment and failed to resolve some of the key topographic features clearly including
the outline of the shelf break. Better bathymetry is needed urgently for this region,
given that models of changes in the cryosphere (including the ice-sheet and ocean)
will directly inform the next IPCC assessments of climate change and sea-level rise.10

In this paper, a new bathymetric grid is derived for the continental shelf and slope
for the region 100–66◦ W, 75–68◦ S in the Bellingshausen Sea (Fig. 1a). Existing grids
for the area show a variety of different topographies but none clearly define the de-
tailed morphology of the shelf, including the shelf edge and major cross-shelf troughs
that have been partially imaged on multibeam echo-sounder data in the area (e.g. Ó15

Cofaigh et al., 2005; Dowdeswell et al., 2008; Noormets et al., 2009).

2 Approach and method

Syntheses of depth soundings into representations of sea-floor topography have tradi-
tionally been carried out by hydrographers who draw contour maps by hand to portray
inferred morphology (Sandwell et al., 2001). However, these methods are imprecise20

and prone to the inclusion of human-induced artefacts. An alternative and success-
ful method for producing bathymetry in deep ocean areas is to apply an inversion to
satellite gravity data, but there are severe limitations to recovering sea-floor topography
from radar altimetry: namely, its moderate resolution and problems of noise in gravity
anomaly measurements of the ocean surface slope (Smith and Sandwell, 1994). This25

is particularly the case along polar continental margins, as in the SBS, where sea-ice
cover and variations in thickness of the crust and sedimentary strata are significant
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factors affecting the gravity anomaly field. Furthermore bathymetry data generated
from inversion of Geosat data do not extend beyond 72◦ S. Therefore, for the purpose
of regional ice or ocean modelling on a continental shelf we consider the best bathy-
metric representation to be derived principally from in situ shipborne measurements.

We followed a procedure established by other workers to produce a bathymetric5

compilation for the Bellingshausen Sea. Our approach mirrors closely that of Nitsche et
al. (2007), Fretwell et al. (2009) and Beaman et al. (2010), aggregating ship soundings
from many expeditions and combining them with other spatial data (sub-ice, sub-ice-
shelf and land) to produce a continuous regional chart (Fig. 1c).

As primary context, sub-ice “bed” elevation data were extracted from ALBMAP v.110

(LeBrocq et al., 2010) masked to the ice fronts and coastline drawn from the Antarctic
Digital Database v.4.1. We converted the 5-km netcdf grid to xyz points and added
these to our input dataset. Next, multibeam data were gridded at 500-m cell size using
the mbgrid tool in MB-system (Caress and Chayes, 2006) with a Gaussian weighted
averaging function and allowed a free interpolation to the limit of 20 grid cells (10-km15

radius). The grid included new swath bathymetry tracks collected by the RRS James
Clark Ross in 2008 and RV Oden in 2009/2010. Single beam echo-sounding data were
compiled from a number of additional cruises of the James Clark Ross, RV Natha-
nial B. Palmer, RV Eltanin, RV Polar Duke, and RV Polarstern (Table 1) and included in
the compilation. Ship-based spot soundings from the Bellingshausen Sea UK Hydro-20

graphic Office Collector’s Sheet were also digitised and added to the dataset (Fig. 1c).
These single soundings are particularly useful in areas where multibeam coverage is
lacking and soundings from other scientific cruises are sparse.

To the west of the study area there are few data points to constrain topography and
here we steered the grid towards a shelf edge shape that is consistent with the satellite-25

derived gravity anomaly field by adding a −580 m contour approximating the shelf-edge
from the Smith and Sandwell gravity-derived topographic grid (Smith and Sandwell,
1997; Fig. 1c). However our use of these data was minimal, amounting to ca. <0.001%
of the total dataset (11 points from a total of ∼1 400 000). In addition, we digitised sub-
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ice shelf topography from Maslanyj’s (1987) seismic soundings of the George VI Ice
Shelf (GVIIS) and removed inaccurate shallow soundings from the ALBMAP point-
set (inherited from BEDMAP) using a mask tool. To avoid aliasing issues due to its
narrow rift walls, we gridded the bathymetry of GVIIS separately to the remainder of
the grid with a minimum curvature spline at 1-km grid spacing. The resulting raster5

was integrated into the compilation before final gridding. Lastly, we constrained the
western edge of the grid by including a portion of the dataset presented in Nitsche et
al. (2007). This method allows for near-seamless integration with their Amundsen Sea
bathymetric grid.

Final gridding of a merged point file was carried out using the Natural Neighbour10

algorithm in ArcGIS 9.3 (Sibson, 1981). The interpolation tool finds the closest subset
of input samples to a query point and applies weights to them based on proportionate
areas to interpolate a value. As data quality varies between the input surveys sev-
eral iterations were required to identify and remove anomalous measurements. We
produced a continuous topography with a grid cell size of 1000 m.15

3 Results

The resulting grid is shown in Figs. 2 and 3. It covers an area of the shelf, slope, and
ice-sheet interior > 1 080 000 km2 in size. The continental shelf edge is well defined
for the first time by the −600 m contour, except at the mouth of the prominent Belgica
Trough where the shelf break lies a little deeper at ca. −700 m (cf. Timmerman et al.,20

2010). A few small re-entrants to the west of the grid are artefacts resulting from sparse
input data, due to persistent ice cover north and northeast of Thurston Island which
repeatedly prevents ship access (Figs. 1c, 2). Measured linearly from the coastline,
the width of the shelf varies from very narrow (∼ 100 km) north of Charcot Island to
broad (400–480 km) in the central BS (Fig. 2). Water depths on the shelf also vary25

considerably from > 1000 m in the deepest inner-shelf basins to ca. 400–500 m on
shallower banks.
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The main shelf feature is Belgica Trough, a 430–550 km long (measured on a curvi-
linear course through Eltanin Bay and Ronne Entrance, respectively), 50–120 km wide,
and 200–600 m deep (amplitude; Figs. 2, 4) relict glacial trough that has been carved
out and subsequently occupied by fast-flowing ice streams since at least the Pliocene
(Nitsche et al., 2000; Scheuer et al., 2006). On the inner shelf, Belgica Trough is5

shown to be a convergent system connected by smaller tributary troughs to each of
the Ronne Entrance and Eltanin Bay basins. The trough shoals from the inner shelf
basins towards the middle shelf, before flattening out and deepening once again to-
wards the shelf break (Fig. 4c). A small, second order trough, known to exist on the
outer shelf within Belgica Trough (Hillenbrand et al., 2009) and resolvable in TOPAS10

profiles across the trough axis (Fig. S2), is well imaged in the new bathymetric chart
measuring ca. 25 km wide, and 30–40 m deep (Fig. 4a and b). A new u-shaped trough
is also revealed in the bathymetry to the east of Belgica Trough, which we refer to as
Latady Trough. Latady Trough originates in Wilkins Sound and possesses an additional
connection to the Ronne Entrance (Fig. 2). It is 390 km long, up to 80 km wide, has15

an arcuate planform expression, and like the neighbouring Belgica Trough, features
characteristics which suggest it has been glacially-carved (e.g., u-shaped, retrograde
slope). In addition, the data suggest the presence of two smaller troughs on the inner
shelf in the western part of the study area, near 87◦ W and 91◦ W, but the data coverage
is currently too sparse to outline their shape or extent (Fig. 2). Shallow banks, typically20

400–500 m deep, separate the troughs and also characterise regions of the inner shelf
between deeper basins (Fig. 2).

At the mouth of the Belgica Trough, a major glacial depositional centre (Belgica Fan;
Dowdeswell et al., 2008) is represented in the new bathymetry, in its entirety, for the first
time (Figs. 3 and 4a). It is characterised by widely-spaced slope contours and a clear25

bulge in the margin profile which becomes progressively exaggerated with increasing
depth. A smaller fan may also exist on the outer shelf at the mouth of Latady Trough
(at ca. 82◦ W; Fig. 3), as inferred previously by Scheuer et al. (2006) and Noormets
et al. (2009). In addition, other parts of the lower slope and upper continental rise
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are generally well imaged across our study area, including the bathymetry surrounding
Peter I island at ∼90◦ W, 69◦ S (Figs. 3 and 4a). Refined bathymetry in this area will be
particularly useful for future modelling of deep water circulation (Holland et al., 2010).

Some uncertainties still remain in the bathymetric chart. Seams between detailed
multibeam bathymetry and interpolated areas can cause artefacts manifested as sud-5

den changes in seafloor roughness, but these are a necessary trade-off in exchange
for a higher grid resolution and more detail. Trackline artefacts such as these are
common to most bathymetric compilations (e.g. Nitsche et al., 2007; Jakobsson et al.,
2008). In addition, in areas with few data points, it should be noted that the vertical
accuracy of the dataset is significantly reduced because in these areas the grid relies10

on interpolation over large sectors unconstrained by real measurements (e.g. north of
Thurston Island). Figure 1c highlights several areas of the sea floor that remain en-
tirely devoid of real observations. Likewise, sub-ice shelf bathymetry is still poor in the
SBS. However, our inclusion of seismic soundings beneath George VI ice shelf greatly
improves the bathymetry beneath the southern limb of the ice shelf, and moderately15

improves representation of the connection between the northern limb and Marguerite
Bay (Fig. 2).

Exact uncertainties are difficult to establish for the new grid, given the range of data
types, vintages, and associated errors that make up the input dataset (e.g. multibeam
data with a vertical accuracy of 1–2 m versus older soundings with 10s of metres of20

potential error). Nevertheless, we provide some basic error estimates for the gridded
data in Table 1, and suggest that readers consult original data sources and related
publications for further details of their accuracy.

Overall, this compilation is a major step in data representation for the BS compared
to the BEDMAP and recent ALBMAP compilations (Fig. 1b), and reveals more de-25

tail than found within new continent-wide datasets (Timmerman et al., 2010). Digi-
tal versions of this grid are available for download at http://doi.pangaea.de/10.1594/
PANGAEA.746255 in netcdf and ArcGIS – compatible ascii raster formats (also in-
cluded as a Supplement to the paper).
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4 Discussion

Our new bathymetry resolves major topographic features of the Bellingshausen Sea
shelf in detail for the first time. At 1-km resolution, the grid is of a much higher reso-
lution than current coupled ice-ocean or ice-sheet models require because such simu-
lations are computationally intensive and require a significant amount of running time,5

especially where working in large regional domains. However, even when resampled
to lower resolutions, the differences in our grid compared to alternative counterparts
are such that the new bathymetry should be useful immediately. Furthermore we antic-
ipate future improvements to model “ability” (i.e. resolution and processing capability;
Holland et al., 2010) which will allow for the use of more detailed boundary conditions10

with time.
A main observation is the continuity of cross-shelf troughs from the shelf edge to

the modern ice-shelf fronts. Several studies have suggested that warm CDW must
reach the ice-shelf fronts in the SBS to explain high rates of basal melting observed
there (Talbot, 1988; Jenkins and Jacobs, 2008; Holland et al., 2010). The new grid15

demonstrates that continuous connections exist between the shelf edge where CDW
originates, and each of the southern George VI and Wilkins ice shelves, and Eltanin
Bay ice front, via Belgica and Latady Troughs. Ferrigno Glacier in particular, which has
exhibited dynamic thinning and which may be an analogue for fast-changing glaciers
such as Pine Island Glacier, has a continuous bathymetric link to the shelf edge along20

which the minimum depth is only slightly shallower than 600 m, except across a ridge
near to its modern grounding line (at 400 m; Fig. 4c). The current surface elevation
change of Ferrigno Glacier is measured at ∼−6 m yr−1 at the grounding line, which
makes the ice stream one of the most dynamic on the Pacific margin of West Antarctica
outside of the Amundsen Sea sector (Pritchard et al., 2009).25

Warming as a result of CDW intrusion onto the inner shelf has been cited repeatedly
as an explanation for the recent thinning and retreat of some West Antarctic glaciers,
and this appears to be the most likely cause for Ferrigno Glacier’s current changes
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(Rignot and Jacobs, 2002). However, the apparent ridge at the grounding line of the
glacier would pose a clear obstacle to any deep-water ocean influence on the ice mar-
gin, if the sill were real. Thus, the simplest interpretation at present is that the sill
imaged in our grid is an artefact of existing topographic datasets and warm CDW is
allowed access to the grounding line via the glacial cross-shelf trough. An embayment5

at the latitude and with the shape of Eltanin Bay would typically host an ice shelf, so
the absence of an ice-shelf or floating ice tongue today supports the presence of a
warm-water influence right up to the modern coastline. Further survey of the glacier’s
grounding line is warranted however, to substantiate the presence or absence of a sill,
and to establish possible mechanisms behind recent ice-sheet thinning in the SBS.10

In contrast, for GVIIS models indicate that virtually all of its current melting variabil-
ity is driven by ocean processes at the southern end of the sub-ice cavity, in Ronne
Entrance (Holland et al., 2010). Our grid shows both the Latady Trough and Bel-
gica Trough connect to the southern limb of GVIIS through bathymetric deeps of 800–
1000 m. Likewise, the base of the Wilkins Ice Shelf is connected to the shelf edge via15

the 600–1000 m deep Latady Trough. Although surface water layer processes might be
a significant factor in melting these “throughflow” ice shelves (Holland et al., 2010), in-
teraction with warmer deep water masses is likely to play an important role in promoting
high basal melt rates and ice-shelf changes in the SE Bellingshausen Sea.

The improved morphological characterisation of Belgica Trough also reveals that the20

outermost shelf slopes seaward and the trough gradient is relatively flat on the mid to
outer shelf (Fig. 4c). In most other large palaeo-ice stream troughs in Antarctica, the
outer shelf exhibits a distinct reverse slope towards marked and deep (up to 1500 m)
inner shelf basins near to the coastline (e.g. Pine Island Trough; Graham et al., 2010).
Theoretical studies have suggested that reverse gradient ice-sheet beds are a causal25

factor in ice-stream instability and fast grounding line retreat (Vaughan and Arthern,
2007; Katz and Worster, 2010). However, a recent chronology presented for the re-
treat of palaeo-ice in Belgica Trough highlighted an unusually slow and continuous
deglaciation for the WAIS in the SBS (calculating mean retreat rates of 7–55 m yr−1)
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(Hillenbrand et al., 2010). We hypothesise that the unusual shape of the outer shelf,
together with a shallower trough profile, may have been influential for the style of ice-
sheet recession in the Belgica Trough drainage catchment. Moreover, the mouth of
Belgica Trough forms the deepest part of the shelf edge around West Antarctica which
may be a reason why the WAIS apparently began its retreat early across this part of5

the continental margin (Hillenbrand et al., 2010).
A further feature which defines Belgica Trough’s morphology is its second-order

trough (Fig. 4). The feature’s location, nested within the larger Belgica Trough on the
outer shelf (Figs. 4a, S2), implies a multi-episodic formation for both the main and sub-
ordinate troughs. It was previously speculated to have formed by meltwater outbursts10

during the last deglaciation (Hillenbrand et al., 2009). Imaged here in full for the first
time, we propose an alternative genesis for the feature: the trough forming as a result
of focused glacial erosion along a small zone of enhanced ice flow within a broader
fast-flowing ice stream. An analogue for such flow variability already exists in the mod-
ern, in cross-stream velocity variations measured on the Carlson-Talutis ice stream15

(e.g. Vaughan et al., 2008). As such, the second-order trough may pose an interest-
ing site for further study with possible relevance to the flow behaviour of Antarctic ice
streams operating today.

In addition, the bathymetry grid offers sharp definition of the continental margin for
the first time that was absent in previous compilations (e.g. Figs. 1b, 3). The morphol-20

ogy of the margin and slope is highly significant for modelling along-slope currents and
for establishing the precise locations of CDW intrusion onto the shelf. Warm deep wa-
ter may preferentially move onto the continental shelf via shelf break curvatures and
depressions (Dinniman et al., 2004; Walker et al., 2007) so an accurate delineation
of the shelf edge can be considered a basic requirement of successful ocean models.25

Similarly, ice-sheet reconstructions also require a well-defined shelf break to establish
the limit of former grounded ice, and the correct shape of the ice-margin has implica-
tions for ice-sheet models because changes in ice margin geometry will alter the strain
distribution in simulated ice-sheets.
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Finally, the new depiction of sea-floor landscape reveals information about the path-
ways of former ice streams in the BS. The new grid resolves at least two separate
troughs that occupied fast-flowing ice streams in the past. While Belgica Trough is al-
ready well-known as a former ice-stream route (Ó Cofaigh et al., 2005), Latady Trough
is identified here, for the first time, as a probable palaeo-ice stream pathway. Limited5

bedform data already show fast grounded flow in the upstream portion of this route (Ó
Cofaigh et al., 2005), and unpublished multibeam data reveal streamlined lineations at
the sea floor which suggest northerly grounded ice flow west of Latady Island (British
Antarctic Survey, unpublished data). These data imply that the trough was an important
outlet for ice draining Alexander Island during glacial periods. Resolving the accurate10

configuration and form of these, and other, major ice streams is crucial for modelling
change in the ice sheets through time, as reconstructions of the ancient Antarctic ice
sheets validate the use of models for future simulations of change. Thus, the new grid
should become a valuable resource for modellers reconstructing palaeo-ice activity in
the BS and for future expeditions targeting the main channels of ice flow in the past ice15

sheets.
On a regional scale, our grid adds to a number of others which depict the gross

morphology of the West Antarctic Pacific margin, and show it to be dominated by
cross-shelf troughs that were carved by and repeatedly channelled arteries of ice flow
(palaeo-ice streams) to the fringes of the continental shelf during periods of more ex-20

tensive glaciation (Fig. 5). A compilation of these bathymetric charts illustrates at least
8 known palaeo-ice stream systems between 120–60◦ W which were active at the Last
Glacial Maximum, and highlights an additional 4 areas in the SBS region where the
history of ice flow is almost entirely unknown (Fig. 5). These latter regions require fur-
ther marine geological investigation especially since the few data that do exist indicate25

the potential for additional ice-formed troughs. In the meantime, the newly-improved
regional bathymetry can be used immediately to test the reproducibility of ice stream lo-
cations and to constrain the patterns of long-term deglaciation within ice-sheet models
of the palaeo-WAIS and APIS.

2090



D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

5 Summary

We produced the most detailed bathymetric grid to-date for the hitherto poorly mapped
southern Bellingshausen Sea in West Antarctica. Our dataset shows that glacial
troughs carved out by the WAIS and APIS during repeated glaciations of the conti-
nental shelf are now probably instrumental in delivering warm CDW to the ice margin,5

which has been a factor in the recent rapid demise of both grounded and floating ice
in the BS. Use of our grid in future ice and ocean models is strongly encouraged,
to help determine WAIS stability and forecast future loss from the ice sheets which
translates directly into global sea-level. We also identify the wider application of the
new bathymetry for mapping benthic biodiversity and regional biological trends (e.g.10

the Census of Antarctic Marine Life (CAML) community), habitat mapping across dif-
ferent sea-floor terrains, structural geological and tectonic reconstructions of the West
Antarctic continent which utilise present-day sea-floor topography (e.g. Eagles et al.,
2009), as well as a starting point for reconstructions of Antarctic palaeo-topography.

Supplementary material related to this article is available online at:15

http://www.the-cryosphere-discuss.net/4/2079/2010/tcd-4-2079-2010-supplement.
zip.
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Ó Cofaigh, C., Larter, R. D., Dowdeswell, J. A., Hillenbrand, C.-D., Pudsey, C. J., Evans,10

J., and Morris, P.: Flow of the West Antarctic Ice Sheet on the continental margin of
the Bellingshausern Sea at the last glacial maximum, J. Geophys. Res., 110, B11103,
doi:10.1029/2005JB003619, 2005.

Overpeck, J. T. and Weiss, J. L.: Projections of future sea level becoming more dire, Proc. Natl.
Acad. Sci., 106, 21461–21462, 2009.15

Pritchard, H. D., Arthern, R. J., Vaughan, D. G., and Edwards, L. A.: Extensive dynamic
thinning on the margins of the Greenland and Antarctic ice sheets, Nature, 461, 971–975,
doi:10.1038/nature08471, 2009.

Pritchard, H. D. and Bingham, R. G.: Exploration glaciology: radar and Antarctic ice, Phys.
Education, 42, 442–456, 2007.20

Rignot, E. and Jacobs, S. S.: Rapid bottom melting widespread near Antarctic Ice Sheet
grounding lines, Science, 296, 2020–2023, 2002.

Sandwell, D. T., Smith, W. H. F., Gille, S., Jayne, S., Soofi, K., and Coakley, B.: Bathymetry from
Space: White paper in support of a high-resolution, ocean altimeter mission, April 5 2001.
http://topex.ucsd.edu/marine grav/white paper.pdf, accessed 29 September 2010.25

Scheuer, C., Gohl, K., Larter, R. D., Rebesco, M., and Udintsev, G. B.: Variability in Cenozoic
sedimentation along the continental rise of the Bellingshausen Sea, West Antarctica, Mar.
Geol., 227, 279–298, doi:10.1016/j.margeo.2005.12.007, 2006.

Sibson, R.: A Brief Description of Natural Neighbor Interpolation, in Interpolating Multivariate
Data, New York, John Wiley & Sons, 21–36, 1981.30

Smith, W. H. F. and Sandwell, D. T.: Bathymetric prediction from dense satellite altimetry and
sparse shipboard bathymetry, J. Geophys. Res., 99, 21803–21824, 1994.

Smith, W. H. F. and Sandwell, D. T.: Global seafloor topography from satellite altimetry and ship

2094



D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

depth soundings, Science, 277, 1957–1962, 1997.
Talbot, M. H.: Oceanic environment of George VI Ice Shelf, Antarctic Peninsula, Ann. Glaciol.,

11, 161–164, 1988.
Timmermann, R., Le Brocq, A., Deen, T., Domack, E., Dutrieux, P., Galton-Fenzi, B., Hellmer,

H., Humbert, A., Jansen, D., Jenkins, A., Lambrecht, A., Makinson, K., Niederjasper, F.,5

Nitsche, F., Nøst, O. A., Smedsrud, L. H., and Smith, W. H. F.: A consistent dataset of
Antarctic ice sheet topography, cavity geometry, and global bathymetry, Earth Syst. Sci. Data
Discuss., 3, 231–257, doi:10.5194/essdd-3-231-2010, 2010.

Vaughan, D. G. and Arthern, R.: Why is it hard to predict the future of ice sheets?, Science,
315, 1503–1504, doi:10.1126/science.1141111, 2007.10

Vaughan, D. G., Corr, H. F. J., Smith, A. M., Pritchard, H. D., and Shepherd, A.: Flow-switching
and water piracy between Rutford Ice Stream and Carlson Inlet, West Antarctica, J. Glaciol.,
54, 41–49, 2008.

Walker, D. P., Brandon, M. A., Jenkins, A., Allen, J. T., Dowdeswell, J. A., and Evans, J.:
Oceanic heat transport onto the Amundsen Sea shelf through a submarine glacial trough,15

Geophys. Res. Lett., 34, L02602, doi:10.1029/2006GL028154, 2007.

2095

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 1. Data sets used in the new bathymetry compilation. SBES: Single-beam echo sounder
data; MBES: Multibeam echo-sounder data.

Data set Errors estimate
Type Cruise/ID Year Vert. Horiz. Points

Sub-ice topography ALBMAP v.1 (5 km grid) 2010 N/A N/A 14 247
Maslanyj GVIIS soundings 1987 N/A N/A 101
Maslanyj contours, digitised (selected points) 1987 N/A N/A 20

MBES JR59 2001 1–8 ma 5 ma 913 570f

JR71 2002 1–8 ma 5 ma 913 570f

JR84 2003 1–8 ma 5 ma 913 570f

JR104 2004 1–8 ma 5 ma 913 570f

JR141 2006 1–8 ma 5 ma 913 570f

JR157 2007 1–8 ma 5 ma 913 570f

JR165 2007 1–8 ma 5 ma 913 570f

JR179 2008 1–8 ma 5 ma 913 570f

NBP9902 1999 1–8 ma 5 ma 913 570f

NBP0001 2000 1–8 ma 5 ma 913 570f

NBP0103 2001 1–8 ma 5 ma 913 570f

NBP0104 2001 1–8 ma 5 ma 913 570f

NBP0105 2001 1–8 ma 5 ma 23 933
NBP0202 2002 1–8 ma 5 ma 913 570f

NBP0204 2002 1–8 ma 5 ma 10 564
NBP0702 2007 1–8 ma 5 ma 913 570f

NBP0709 (500 m grid) 2007 1–8 ma 5 ma 277 291
ANT11/3 1994 1.2–8.5 mb <10 mc 913 570f

ANT23/4 2006 1.2–8.5 mb <10 mc 913 570f

NOAA RITS94B (150 m grid) 1994 1.2–8.5 mb <10 mc 90 692
EW9101 1991 1.2–8.5 mb <10 mc 49 235
Oden OS0910 (500 m grid) 2010 1−<8 md <10 mc 1259

SBES JR04 1993 <4−40 me <10 mc 2643
NBP9208 1992 <4−40 me <10 mc 7781
ANT11/3 (centrebeam) 1994 <4−40 me <10 mc 4096
ANT12/4 (centrebeam) 1995 <4−40 me <10 mc 5881
ANT18/5 (centrebeam) 2001 <4−40 me <10 mc 4187
DSDP35 (centrebeam) 1974 <4−40 me <10 mc 411
ELT11 1963 <4−40 me <10 mc 837
ELT17 1965 <4−40 me <10 mc 109
ELT42 1970 <4−40 me <10 mc 1277
PD190L1 1990 <4−40 me <10 mc 1920
THB80 N/A N/A N/A 1018
DF85 1985 N/A N/A 313

Other Collector sheet soundings Various N/A N/A 974
500 and 600 m hand contours from singlebeam soundings N/A N/A N/A 456
Amundsen Sea regional bathymetry compilation (3 km grid) 2007 N/A N/A 7454
GLOBEC bathymetry, northern front of GVIIS 2008 N/A N/A 26701

a vertical and horizontal accuracy after Dowdeswell et al. (2010). b Other MBES system accuracy generally equal to
0.5 m±0.2% of the water depth. c estimated value but highly variable, dependent on ship localisation, topography etc.
d EM122 accuracy of 0.2% of the water depth. e based on sounding vertical accuracy better than 1% of water depth,
but likely to be varied from survey to survey. f combined total of points – this survey forms a subset of a single MBES
grid
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Figure 1, Graham et al.
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Fig. 1. (a) Location map showing the Antarctic ice sheets, the continental shelf edge (blue) and
area covered by the new bathymetry grid (red); South Pole Stereographic projection. (b) Exist-
ing bathymetry in the BS rendered from ALBMAP v.1. (Le Brocq et al., 2010). WGS84 Mercator
projection. EB: Eltanin Bay; FG: Ferrigno Glacier; RE: Ronne Entrance; WIS: Wilkins Ice Shelf;
AI: Alexander Island; GVIIS: George VI Ice Shelf. (c) Data types and their distribution for the
new bathymetric compilation; coastline drawn from the ADD v.4.1. Table 1 provides additional
details. WGS84 Mercator projection.
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Figure 2, Graham et al.
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Fig. 2. Bathymetry of the Bellingshausen Sea. Grid cell size 1000 m. Coastline drawn from
the ADD v.4.1. and areas of the ice sheet are draped by a semi-transparent version of the
LIMA raster image. Grid is compiled in South Pole stereographic projection, but shown here
in Mercator WGS84 projection. The map is rendered here to accentuate shelf and sub-ice
features, but a map highlighting deep-ocean features is shown in Fig. 3. Large format plot of
the grid is available as Supplementary Fig. S1.
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Figure 3, Graham et al.

-4500 -500-2500
Topography (m) 100 km

Peter I Island

Belgica Fan

Latady Is.

Charcot

Is.

Fig. 3. New bathymetry for the Bellingshausen Sea continental margin, shaded to accentuate
features on the continental slope and rise. Mercator projection. Contours are rendered at 500 m
intervals.

2099

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

6005004003002001000

-400

-500

-600

-700

-800

-900

-1,000

-1,100

-1,200

-1,300

-1,400

-1,500

Belgica Trough

shelf break

Ferrigno Glacier

1200

1000

800

600

400

200

0

(km)

(m)

ridge at
grounding line

c

Figure 4, Graham et al.

-84°-86°-88°-90°

-69°

-70°

-71°

B
E L G

 I C
A

F A
N

0 50 10025
km

P E T E R   I   I S L A N D

B E L G I C A

T R O U G H

second-order trough

800

2000

3000

3400

600

a b

Fig. 4b

(km)

Belgica Trough

150100500

-450

-500

-550

-600

-650

-700

‘sub-trough’

Fig. S2

(m)

(m)

Fig. 4. (a) Bathymetry of the outer shelf near the mouth of Belgica Trough, showing the small
second order sub-trough, the shelf edge, and the Belgica Fan; contours at 200 m intervals.
(b) Cross-profile extracted from the new grid across the mouth of Belgica Trough; location
shown in Fig. 4a. (c) Along-trough profile of the Belgica Trough and the Ferrigno Glacier basal
topography, extracted from the new topographic grid. Note the unusual morphology of the
outer shelf, and the apparent ridge at the glacier grounding line. Surface elevations of Ferrigno
Glacier taken from the RadarSat DEM.
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Figure 5, Graham et al.
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Fig. 5. Compilation of bathymetric charts for the West Antarctic Pacific margin (this study;
Nitsche et al., 2007; Bolmer, 2008; Le Brocq et al., 2010), illustrating cross-shelf morpholo-
gies which were the principle drainage pathways for numerous palaeo-ice streams (labelled).
4 areas still requiring investigation are highlighted with a question mark. Mercator WGS84
projection.
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