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Leg 151, Site 910 (Shipoard Scientific Party, 1995) on the Yermak
Plateau and allows conversion of acoustic Two-Way Travel time
(TWT) in seconds to depth below seafloor:

z ¼ 0:846ðTWTÞ þ 0:000114ðTWTÞ2 (1)

Core 143SGC is 3.45 m long and, applying Eq. (1), this corresponds
to w4.1 ms TWT. Inserting this estimated penetration of core
143SGC into the chirp sonar profile at the projected location shows
that the core likely did not fully penetrate through the drape and
across the ice grounding surface (Fig. 7c). The nannofossil stratig-
raphy indicates that MIS 5 is still present at the bottom of core
143SGC. Therefore, we suggest that the ice grounding responsible
for the glacial lineations on the Yermak Plateau and the erosional
surface marked in Fig. 7c occurred prior to MIS 5, i.e. MIS 6. The
Yermak Plateau regional stratigraphy is further developed in
Dowdeswell et al. (submitted for publication) and O’Regan et al.
(submitted for publication).

4. Discussion

4.1. An Arctic Ocean Ice Shelf in the Amerasian Basin

The present collection of geophysical data from the Arctic Ocean
does not support the existence of a continuous 1000 m thick Arctic
ice shelf because numerous bathymetric highs that would have
been affected by such an ice shelf show no evidence of glacial
overriding (Fig. 8). Previous studies of the Chukchi Borderland

suggest the re-current influence of ice grounding attributed to ice
shelves extending from the northern margin of the Laurentide Ice
Sheet combined with an ice rise formed over the borderland
(Jakobsson et al., 2008b). This is corroborated by traces of ice shelf
grounding along the Alaska-Beaufort margin (Engels et al., 2007).
Furthermore, the flat topped nature of the southern Lomonosov
Ridge north of Greenland and the data presented here indicate
extensive ice grounding and the possible formation of local ice rises
in this area. The Morris Jesup Rise has the deepest iceberg plow-
marks mapped in the Arctic Ocean, and the Yermak Plateau has the
imprints from huge tabular icebergs that grounded as they drifted
towards the Fram Strait.

Taken together, the geophysical and geological data from the
Arctic Ocean suggest that the largest Quaternary marine ice sheet
complex, including thick ice shelves, existed during MIS 6. It is
important to stress that it is not possible to determine precisely the
extent of such an Arctic Ocean ice shelf since a floating ice shelf per
se does not leave any direct geomorphic traces on the seafloor.
Iceberg plowmarks and MSGL formed from ice shelves grounding
on, and passing over, shallow bathymetric highs such as the Yermak
Plateau are only indirect evidences of the existence of thick ice
shelves and do not reveal their precise spatial extents. However,
from the geographical spread of the geophysical and geological
datasets, ice shelves appear to have been primarily restricted to the
Amerasianpart of the Arctic Ocean. Assuming that the southernpart
of the LomonosovRidge off Greenland and Chukchi Borderlandboth
hosted ice rises and the large glacial troughs of the Canadian Arctic
Archipelago fed the MIS 6 ice shelf, its extent is roughly inferred in

Fig. 8. Tentative reconstruction of MIS 6 ice shelves. Orange arrows indicate ice flow inferred from geophysical mapping and white arrows hypothesized ice flow. Red arrows show
scours from deep-keeled icebergs while red lines show iceberg scours where the direction is not possible to conclude. The portrayed bathymetry is derived by lowering the recently
estimated sea level drop during MIS 6 of 92 m (Rabineau et al., 2006) from the International Bathymetric Chart of the Arctic Ocean (IBCAO) (Jakobsson et al., 2008a). Areas shallower
than 1000 m present water depth where geophysical mapping shows no glacial erosion are pointed to by thin white lines; the numbers represent the shallowest water depth in
each area, i.e. in order to derive the MIS 6 water 92 m must be subtracted. The Eurasian Late Saalian Ice Sheet (MIS 6) is inferred from the reconstruction by the Quaternary
Environment of the Eurasian North (QUEEN) project (Svendsen et al., 2004). The North American Ice Sheet shown is the Late Wisconsinan by Dyke et al. (2002), updated to include
Banks and Melville Islands as ice covered (England et al., 2009), assuming that the late Illinoian Ice Sheet (MIS 6) covered at least this area in the Arctic region. See the caption of
Fig. 2 for the abbreviations of feature names.
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Repeated Pleistocene glaciation of the East
Siberian continental margin
Frank Niessen1*, Jong Kuk Hong2*, Anne Hegewald1, Jens Matthiessen1, Rüdiger Stein1,
Hyoungjun Kim2, Sookwan Kim2,3, Laura Jensen1, Wilfried Jokat1, Seung-Il Nam2 and Sung-Ho Kang2

During the Pleistocene glaciations, Arctic ice sheets on western
Eurasia, Greenland and North America terminated at their
continental margins1–4. In contrast, the exposed continental
shelves in the Beringian region of Siberia are thought to have
been covered by a tundra landscape5–7. Evidence of grounded
ice on seafloor ridges and plateaux off the coast of the
Beringian margin, at depths of up to 1,000 m, have generally
been attributed to ice shelves or giant icebergs that spread
oceanwards during glacial maxima8–12. Here we identify marine
glaciogenic landforms visible in seismic profiles and detailed
bathymetric maps along the East Siberian continental margin.
We interpret these features, which occur in present water
depths of up to 1,200 m, as traces from grounding events
of ice sheets and ice shelves. We conclude that the Siberian
Shelf edge and parts of the Arctic Ocean were covered by ice
sheets of about 1 km in thickness during several Pleistocene
glaciations before the most recent glacial period, which must
have had a significant influence on albedo and oceanic and
atmospheric circulation.

For the Last Glacial Maximum (LGM), about 20,000 years
(20 kyr) ago, most of the present Chukchi and East Siberian seas
(Fig. 1) are thought to have been free of ice sheets1,2,5–7,13,14 (http://
instaar.colorado.edu/QGISL/ak_paleoglacier_atlas/gallery/index.
html). Invasion of atmospheric moisture from a predominantly
Atlantic source region was lowered by the barrier of the Eurasian Ice
Sheet2,13 combined with a reduced and more southerly meridional
overturning circulation in the North Atlantic15. With the sea level
120m lower than at present16 a land bridge existed between the
Asian and American continents5–7. Evidence for LGM ice is local
and minimal in extent as it is also elsewhere in East Siberia in
contrast to earlier glaciations5–7,13,14 (Fig. 1a). However, studies of
the Chukchi Borderland suggest ice grounding attributed to ice
shelves extending from the northern margin of the Laurentide Ice
Sheet combined with an ice rise formed over the borderland10,11. A
chronology is proposed that this may have last occurred during the
LGM (ref. 9) and at least during two earlier and larger glaciations
tentatively dated as middle and late Pleistocene with ice grounding
as deep as 900m below present sea level (m.b.p.s.l.; refs 9–11).
Within the timeframe of these earlier glaciations, erosion by
grounded ice has been recorded as far as the Mendeleev Ridge at
850m.b.p.s.l. (ref. 17), for which the proposed source region is on
the Chukchi Borderland or the East Siberian Shelf11,17.

Here the questions arise: did ice sheets exist on the East Siberian
Shelf during earlier Pleistocene glaciations? Is the lack of ice cover
during the LGM a unique minimum? To address this problem we
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present acoustic data from the East Siberian continental margin
(ESCM) obtained during two Arctic Ocean expeditions (Fig. 1c). It
is well established that evidence of ancient ice sheets is provided by
the presence of glaciogenic landforms preserved in the geological
record along submarine continental margins10,18–20. These are
best documented in data obtained by swath sonar, sediment
echosounding and seismic reflection methods. These tools can
be used to investigate former subglacial morphology, characterize
depositional environments and visualizemasses of glacial debris19.

On the ESCM we have discovered several sets of streamlined
glacial lineations (SGL) between 900 and 1,200m.b.p.s.l., which
are indicative of former ice grounding. They cluster in southwest–
northeast directions orthogonal to the ESCM (Figs 2a, 3a). SGL are
interpreted as flutes at the base of ice sheets and ice streams8,10,18.
On top of and adjacent to the Arlis Plateau (Figs 1, 2), four sets
of SGL can be distinguished. Ice that formed the youngest and
older sets grounded in depths of up to 950 and 1,200m.b.p.s.l.,
respectively (Fig. 2a). Likewise, farther west at the ESCM additional
sets of SGL are indicated in bathymetric data (Fig. 3a) resembling
water depth and orientation of those at the Arlis Plateau. The
geometry and pattern are similar to streamlined linear bed forms
described fromother polar regions and former glaciated continental
margins10,11,18–20. On the ESCM and the Arlis Plateau, the nearly
unidirectional orientation of the bed forms over long distances in
combinationwith the large grounding depths suggest that they were
formed by large and coherent ice masses.

On the Arlis Plateau the detailed bathymetry of the youngest SGL
provides evidence of both an ice-grounding line on its northern tip
and an increase in ice thickness in a southerly direction (Fig. 2a).
This indicates that the source area must have been located on the
ESCM with northeast- to north-northeast-directed ice flows into
the deep ocean (Fig. 1a). This is consistent with seismic evidence for
glacial erosion of older strata along the edge of the Chukchi and East
Siberian seas21. Our interpretation suggests that this erosion was
associated with a drastic change in the depositional environment
(Figs 2c, 3c, 4c). At some time in the past the sedimentation of
progradational, well-stratified sequences ceased, and the deposition
of glaciogenic fans in places more than 400m thick (Fig. 4c) began
to dominate the sedimentary accumulation on the ESCM.

These fans consist of glaciogenic wedges and layers intercalated
with, and overlain by, hemipelagic sediments (Figs 3b, 4b). The
glaciogenic facies can be identified by their structureless transparent
character in high-resolution seismic images (Figs 2b, 3b, 4b), which
is typical for subglacial and ice-proximal deposits in the Arctic
Ocean and along other modern and ancient glaciated marine
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a b s t r a c t

The hypothesis of floating ice shelves covering the Arctic Ocean during glacial periods was developed in
the 1970s. In its most extreme form, this theory involved a 1000 m thick continuous ice shelf covering
the Arctic Ocean during Quaternary glacial maxima including the Last Glacial Maximum (LGM). While
recent observations clearly demonstrate deep ice grounding events in the central Arctic Ocean, the ice
shelf hypothesis has been difficult to evaluate due to a lack of information from key areas with severe sea
ice conditions. Here we present new data from previously inaccessible, unmapped areas that constrain
the spatial extent and timing of marine ice sheets during past glacials. These data include multibeam
swath bathymetry and subbottom profiles portraying glaciogenic features on the Chukchi Borderland,
southern Lomonosov Ridge north of Greenland, Morris Jesup Rise, and Yermak Plateau. Sediment cores
from the mapped areas provide age constraints on the glaciogenic features. Combining these new
geophysical and geological data with earlier results suggests that an especially extensive marine ice sheet
complex, including an ice shelf, existed in the Amerasian Arctic Ocean during Marine Isotope Stage (MIS)
6. From a conceptual oceanographic model we speculate that the cold halocline of the Polar Surface
Water may have extended to deeper water depths during MIS 6 inhibiting the warm Atlantic water from
reaching the Amerasian Arctic Ocean and, thus, creating favorable conditions for ice shelf development.
The hypothesis of a continuous 1000 m thick ice shelf is rejected because our mapping results show that
several areas in the central Arctic Ocean substantially shallower than 1000 m water depth are free from
glacial influence on the seafloor.

! 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The idea of an Arctic Ocean ice shelf grew from Mercer’s (1970)
geographic comparison between the Eurasian Arctic Ocean and
West Antarctica. Located close to the Earth’s north and south poles,
both regions host large continental shelf areas with water depths of
some hundreds of meters. Portions of the West Antarctic

continental shelf are today occupied by theWest Antarctic Ice Sheet
(WAIS), while there is no equivalent ice sheet in today’s Eurasian
Arctic (i.e. in the Barents, Kara and Laptev seas). The WAIS is
marine-based, implying that its base is grounded well below sea
level and that it flows, through systems of large ice streams, into
floating ice shelves (Bentley, 1987; Anderson, 1999). The Ross Ice
Shelf covers 511,680 km2 and the Filchner-Ronne Ice Shelf extends
over 439,920 km2 (British Antarctic Survey, 2005). Together these
two large ice shelves occupy an area corresponding to ca 21% of the
deep central Arctic Ocean area beyond the shallow fringing shelves.
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Modelling West Antarctic ice sheet growth and
collapse through the past five million years
David Pollard1 & Robert M. DeConto2

The West Antarctic ice sheet (WAIS), with ice volume equivalent to
5 m of sea level1, has long been considered capable of past and

future catastrophic collapse2–4. Today, the ice sheet is fringed by
vulnerable floating ice shelves that buttress the fast flow of inland
ice streams. Grounding lines are several hundred metres below sea
level and the bed deepens upstream, raising the prospect of runaway
retreat3,5. Projections of future WAIS behaviour have been
hampered by limited understanding of past variations and their
underlying forcing mechanisms6,7. Its variation since the Last
Glacial Maximum is best known, with grounding lines advancing
to the continental-shelf edges around 15 kyr ago before retreating
to near-modern locations by 3 kyr ago8. Prior collapses during
the warmth of the early Pliocene epoch9 and some Pleistocene
interglacials have been suggested indirectly from records of sea level
and deep-sea-core isotopes, and by the discovery of open-ocean
diatoms in subglacial sediments10. Until now11, however, little direct
evidence of such behaviour has been available. Here we use a
combined ice sheet/ice shelf model12 capable of high-resolution
nesting with a new treatment of grounding-line dynamics and ice-
shelf buttressing5 to simulate Antarctic ice sheet variations over the
past five million years. Modelled WAIS variations range from full
glacial extents with grounding lines near the continental shelf break,
intermediate states similar to modern, and brief but dramatic
retreats, leaving only small, isolated ice caps on West Antarctic
islands. Transitions between glacial, intermediate and collapsed
states are relatively rapid, taking one to several thousand years.
Our simulation is in good agreement with a new sediment record
(ANDRILL AND-1B) recovered from the western Ross Sea11, indi-
cating a long-term trend from more frequently collapsed to more
glaciated states, dominant 40-kyr cyclicity in the Pliocene, and
major retreats at marine isotope stage 31 ( 1.07 Myr ago) and other
super-interglacials.

Large-scale modelling of the WAIS requires an ice-sheet model that
combines the flow regimes of grounded and floating ice efficiently
enough to allow simulations of ,105 yr or more. This is challenging,
because the scaled equations for the two regimes are very different, and
near the grounding line they interact in a boundary-layer zone that
affects the large-scale dynamics5. More rigorous higher-order flow
models without separate scalings are currently too computationally
expensive for long-term continental applications13. Our approach
simply combines the scaled sheet and shelf equations12, while capturing
grounding-line effects by imposing a new mass-flux condition5. Other
standard model components predict variations in ice thickness, ice
temperatures, and bedrock elevation below the ice (see Methods).

The multi-million-year timescales considered here are beyond the
capability of most climate models to provide the necessary time-
continuous forcings required by the ice sheet model. Instead we
use techniques similar to those used in previous studies6,7 and drive

the model with simple parameterizations of surface mass balance, air
temperature and specified sea level. A new parameterization of sub-
ice-shelf ocean melt based on modern observations14–16 accounts for
changes in the shape of coastlines and distance from the ice edge to
open ocean17 (see Methods).

Before considering long-term simulations, it is helpful to examine
the link between equilibrated ice-sheet states and the strength of
various forcing mechanisms (Fig. 1) representative of extreme inter-
glacial (left of graphs), modern interglacial (middle) and full glacial
(right) conditions. In between the values shown, each forcing is
linearly interpolated along the x axis. This closely approximates how
they co-vary in long-term simulations, but not exactly due to inde-
pendent influences of d18O and austral insolation (see below). The
envelopes of ocean-melt values are chosen so that complete WAIS
collapse and full glacial expansion are just attained.

Figure 1a indicates a smoothly varying response from intermediate
to large WAIS sizes, with sharper transitions into and out of extreme
interglacials (collapses), and also back from full glacial to intermediate
states. This behaviour is seen in long-term simulations and anima-
tions (Supplementary Videos 1, 2), with rapid transitions taking from
one to several thousand years. The whole range of Antarctic states in
the model is more or less ‘one-dimensional’, that is, the Ross, Weddell
and Amundsen Sea sectors of the WAIS usually retreat and expand in
unison, resulting in just one type of configuration for a given total ice
volume. This suggests that the broad-scale Plio-Pleistocene history of
the WAIS is represented at the ANDRILL AND-1B drill site11, and
persistent absence of a Ross ice shelf is indeed indicative of major
WAIS retreat.

The relative importance of individual forcing mechanisms is shown
in Fig. 1b. For modern to extreme interglacial conditions, changes in
surface climate and sea level are relatively small, while changes in
ocean melt are dominant via their effect on ice-shelf buttressing. For
modern to glacial conditions, a combination of ocean-melt and sea-
level changes is needed to produce realistic WAIS expansion6,7.
Changes in precipitation and surface temperature have significant,
but largely cancelling, effects: without reduced precipitation in cooler
climates, glacial volumes are too large (‘no DP ’, Fig. 1b); without the
effects of cooler surface temperatures on internal ice temperatures,
viscosities and basal sliding, glacial ice flows too easily and volumes are
too small (‘no DT ’, Fig. 1b).

A five-million-year simulation (Fig. 2) is performed from the early
Pliocene to present, with the long-term variation of each forcing
mechanism parameterized largely as a function of deep-sea-core
d18O (ref. 18). Sea level over most of this interval is dominated by
Northern Hemispheric ice volume, and can be readily prescribed in
proportion to d18O. The responses of Antarctic surface temperature
and precipitation to Pleistocene glacial cycles are also reasonably con-
strained by climate studies and observations, and we adapt established

1Earth and Environmental Systems Institute, Pennsylvania State University, University Park, Pennsylvania 16802, USA. 2Department of Geosciences, University of Massachusetts,
Amherst, Massachusetts 01003, USA.
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parameterizations using d18O and austral insolation as inputs (equa-
tions (1) and (2) in Methods).

Factors controlling past variations of oceanic sub-ice melt on ,104 yr
timescales are less certain. Sub-ice oceanic melting is affected in part by
circum-Antarctic deep-water (CDW) warmth and its incursions onto
continental shelves19. We argue that CDW and sub-ice melt have been
mainly controlled by far-field climatic influences that vary in step with
Northern Hemispheric glacial–interglacial cycles (see Methods).
Without identifying the explicit link (which may involve atmospheric
CO2, meridional overturning circulation, sea level, or other global-scale
teleconnections), we hypothesize that temporal variations of Antarctic
sub-ice ocean melt rates are represented by records that correlate with
Northern Hemispheric glacial variations, that is, deep-sea-core d18O
(equations (6)–(8) in Methods). A minor additional influence on sub-
ice melt from austral summer orbital insolation anomalies20 is also
needed to produce precessional cyclicity like that observed during
marine isotope stage 31 (MIS 31) around 1 Myr ago11,21. Our forcing
is warmest during the early Pliocene warm period (,5 to ,3 Myr ago)
due to light d18O values at that time; however, the parameterizations are
based more on Pleistocene variations, and may not fully represent the
warm Pliocene if unique processes (for example, persistent El Niño)9

were involved.
With long-term forcing variations mainly following deep-sea-core

d18O (ref. 18), the ice-sheet model is continuously integrated over the
past 5 Myr (Fig. 2). Except for small variations along the Wilkes

margin22 and in inlets such as Prydz bay23, East Antarctica is stable
throughout the simulation and nearly all of the ice-volume variability
is due to West Antarctica. Several key aspects of the model time series
agree with the AND-1B core11. There is an overall progression from
predominantly smaller WAIS sizes to larger. Furthermore, intervals
of WAIS collapse with little or no marine ice are much more common
from ,5 to 3 Myr ago, which is consistent with intervals in the
drillcore dominated by diatomaceous sediments indicating warmer
sea surface temperatures, little or no summer sea ice, and an open
marine Ross embayment11. In fact, the two thickest diatomaceous
intervals in the core, between ,4.3 and 3.4 Myr ago, correspond to
the period with the most frequent and prolonged WAIS collapses
simulated by the model. These collapses could well be continuous
if additional Pliocene warm-period forcing was added9. After 3 Myr
ago, there are longer intervals with modern-to-glacial ice volumes,
that is, with ice-shelf or grounded-ice cover at or near the AND-1B
site (Fig. 2), again in rough agreement with the increasing predomi-
nance of diamictite after 3 Myr ago indicating overriding ice or a
proximal grounding zone11.

Brief WAIS super-interglacial collapses occur after 3 Myr ago but
with decreased frequency. In some cases, these precisely match the
thinner diatomaceous intervals in the AND-1B core, including the
well-dated MIS 31 event at 1.07 Myr ago11,21. The large 100-kyr fluc-
tuations of the past million years are similar to those modelled in
earlier studies6,7,17. The last retreat of WAIS from ,15 kyr ago to the
present roughly matches the observed retreat of Ross Sea grounding
lines24,25, and is particularly realistic with modifications described in
Supplementary Information section 6.

The model predicts several major WAIS collapses during Pleistocene
interglacials (Fig. 2c), at times when d18O minima coincide with strong

Figure 2 | Simulated total Antarctic ice volume over the past five million
years. a, Stacked deep-sea-core benthic d18O (ref. 18). b, Total Antarctic ice
volume (red line) in a long-term simulation with variations of sub-ice melt
and other forcings parameterized mainly from the deep-sea-core d18O
record. Equivalent changes in global sea level are shown on the right,
accounting for the fraction of grounded ice above sea level compared to that
below sea level1. Bars along the x-axis indicate conditions at a single location
(78.0u S, 169.4uE), shifted one grid box to the east of AND-1B11 to avoid
poorly resolved Ross Island shorelines (yellow, open ocean; blue, floating ice
shelf; green, grounded ice). Yellow and blue/green here correspond to the
AND-1B diatomite (yellow) and diamictite (green) intervals in Fig. 2 of ref.
11. c, As b but with the time axis expanded over the past 1.5 Myr. Grey
shading indicates simulated super-interglacials, beginning with MIS 3121.
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Figure 1 | Equilibrium West Antarctic ice volumes versus specified forcing,
and ice-sheet configurations. Left panels, ice volumes. The four forcing
mechanisms are sub-ice-shelf oceanic melting and departures of sea level,
annual precipitation DP and temperature DT from present. The three sets of
forcing values represent climates for extreme interglacial (left), modern
interglacial (middle), and full glacial (right). In between, each forcing is
linearly interpolated along the x-axis (wg, see equation (6) in Methods). The
triplets of sub-ice oceanic melt rates are for protected, exposed-shelf, and
deep-ocean regions—[Mp, Me, Md], equations (7) and (8) in Methods. a, All
forcing mechanisms changed together. Solid (dashed) curves are generated
with ice sheets initialized from prior solutions representing cooling
(warming) trends. The slight difference between the two curves contrasts
with the much larger hysteresis of East Antarctica, where surface melt and
not sub-ice-shelf melt is the dominant ablation process32. b, With one
mechanism held constant at its modern value, and all others changed. Right
panels, ice sheet configurations representative of the three climatic states,
with the black dot showing the location of the ANDRILL AND-1B drill site11.
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austral summer insolation anomalies. The simulated collapse at MIS 31
corresponds well with core evidence11,21, both in terms of timing and
magnitude, but more recent collapses (for example, ,200 kyr ago) do
not always coincide with the late-Pleistocene interglacials (,125 kyr
ago and ,400 kyr ago) usually suspected of harbouring such
events10,26,27. Thus, while the total number of collapses is reasonable,
their sometimes imprecise timings may reflect the limitations of our
simple forcing parameterizations, including uncertainties in the 40-kyr
phase relationship of Antarctic sub-ice melt to deep-sea-core d18O
records, and the influence of local orbital insolation forcing.
Although the model clearly captures the overall ,40-kyr periodicity
seen in the AND-1B record, the precise phasing between Antarctic ice
sheet variations and Northern Hemispheric climate changes remains
uncertain. In some instances, the timing of our simulated super-
interglacials may be an artefact of the phasing between the imposed
d18O and austral summer insolation forcings. Recent observational
and modelling studies on the relative timing of Northern
Hemisphere ice volume variations, ocean meridional overturning
and orbital forcing28–30 are pertinent to this issue, but with no clear
consensus to date. These relationships could also be explored in future
work with global climate models in combination with regional circum-
Antarctic and sub-ice-shelf ocean modelling14,19, to better ascertain the
effects of Northern Hemispheric glacial cycles, orbital forcing and
greenhouse gas concentrations on regional Antarctic conditions.

To better focus on the Ross embayment and the AND-1B site11, we
ran higher-resolution (10 km) nested ice sheet-shelf simulations for
particular times, with boundary conditions at the domain edges

obtained from the long-term all-Antarctic simulation. Figure 3 illus-
trates a wide range of WAIS states, from weak glacial, full WAIS collapse,
to modern conditions. The modern network and behaviour of Siple
Coast ice streams and Transantarctic outlet glaciers is well resolved
(Fig. 3f), with some ice streams stagnating and re-activating over the
several thousand years of the nested run31 (Supplementary Videos 3 and
4). Ross ice shelf velocities are also similar to observations, as is the
central streamline dividing Siple (West Antarctic) and Transantarcic
(East Antarctic) ice31. The finer ice grid resolves the general ice flow
around Ross Island, although the details of flow are not fully resolved
within the narrow confines of McMurdo Sound containing AND-1B
and other drill sites11,21. When shelf ice is present at AND-1B (Fig. 3i),
offshore flow just to the east is always northward, with ice originating
from major Transantarctic outlet glaciers to the south (Byrd, Skelton,
Mulock). This offshore flow pattern and its Transantarctic provenance
prevail whenever there is shelf ice around Ross Island.

The dominant regional control is the overall strength of sub-ice
oceanic melting in the Ross embayment, which causes both Siple-
and Transantarctic-sourced ice to recede or advance in concert over
the eastern and western sides of the embayment, respectively. It is very
rare for one type or the other to dominate. Thus, although the
provenance of shelf ice around Ross Island may be insensitive to the
overall WAIS state, the basic presence or absence of shelf ice at the AND-
1B site11 is a good qualitative indicator of maxima and minima in WAIS
ice volume (Fig. 2). Other sites not yet cored in the central Ross embay-
ment may offer even better potential for uniquely identifying times of
WAIS collapse (Supplementary Fig. 3). These simulations show how
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Figure 3 | Snapshots at particular times from the long-term simulation
in Fig. 2. Shown are 1.094 Myr ago, 1.079 Myr ago (MIS 31 retreat) and
modern. a–c, Grounded ice elevations and floating ice thicknesses, shown
respectively (in m) by upper and lower colour scale on right. d–f, Surface ice
speeds (m yr21), from higher-resolution (10 km) nested runs over the Ross

embayment for the same three times, showing the whole nested domain.
g–i, Floating ice thicknesses (m) and velocity vectors from the nested
simulations, enlarged over the western Ross embayment. Vectors are shown
only every third grid point for clarity. The location of AND-1B is shown by
the black dot.

NATURE | Vol 458 | 19 March 2009 LETTERS

331
 Macmillan Publishers Limited. All rights reserved©2009

austral summer insolation anomalies. The simulated collapse at MIS 31
corresponds well with core evidence11,21, both in terms of timing and
magnitude, but more recent collapses (for example, ,200 kyr ago) do
not always coincide with the late-Pleistocene interglacials (,125 kyr
ago and ,400 kyr ago) usually suspected of harbouring such
events10,26,27. Thus, while the total number of collapses is reasonable,
their sometimes imprecise timings may reflect the limitations of our
simple forcing parameterizations, including uncertainties in the 40-kyr
phase relationship of Antarctic sub-ice melt to deep-sea-core d18O
records, and the influence of local orbital insolation forcing.
Although the model clearly captures the overall ,40-kyr periodicity
seen in the AND-1B record, the precise phasing between Antarctic ice
sheet variations and Northern Hemispheric climate changes remains
uncertain. In some instances, the timing of our simulated super-
interglacials may be an artefact of the phasing between the imposed
d18O and austral summer insolation forcings. Recent observational
and modelling studies on the relative timing of Northern
Hemisphere ice volume variations, ocean meridional overturning
and orbital forcing28–30 are pertinent to this issue, but with no clear
consensus to date. These relationships could also be explored in future
work with global climate models in combination with regional circum-
Antarctic and sub-ice-shelf ocean modelling14,19, to better ascertain the
effects of Northern Hemispheric glacial cycles, orbital forcing and
greenhouse gas concentrations on regional Antarctic conditions.

To better focus on the Ross embayment and the AND-1B site11, we
ran higher-resolution (10 km) nested ice sheet-shelf simulations for
particular times, with boundary conditions at the domain edges

obtained from the long-term all-Antarctic simulation. Figure 3 illus-
trates a wide range of WAIS states, from weak glacial, full WAIS collapse,
to modern conditions. The modern network and behaviour of Siple
Coast ice streams and Transantarctic outlet glaciers is well resolved
(Fig. 3f), with some ice streams stagnating and re-activating over the
several thousand years of the nested run31 (Supplementary Videos 3 and
4). Ross ice shelf velocities are also similar to observations, as is the
central streamline dividing Siple (West Antarctic) and Transantarcic
(East Antarctic) ice31. The finer ice grid resolves the general ice flow
around Ross Island, although the details of flow are not fully resolved
within the narrow confines of McMurdo Sound containing AND-1B
and other drill sites11,21. When shelf ice is present at AND-1B (Fig. 3i),
offshore flow just to the east is always northward, with ice originating
from major Transantarctic outlet glaciers to the south (Byrd, Skelton,
Mulock). This offshore flow pattern and its Transantarctic provenance
prevail whenever there is shelf ice around Ross Island.

The dominant regional control is the overall strength of sub-ice
oceanic melting in the Ross embayment, which causes both Siple-
and Transantarctic-sourced ice to recede or advance in concert over
the eastern and western sides of the embayment, respectively. It is very
rare for one type or the other to dominate. Thus, although the
provenance of shelf ice around Ross Island may be insensitive to the
overall WAIS state, the basic presence or absence of shelf ice at the AND-
1B site11 is a good qualitative indicator of maxima and minima in WAIS
ice volume (Fig. 2). Other sites not yet cored in the central Ross embay-
ment may offer even better potential for uniquely identifying times of
WAIS collapse (Supplementary Fig. 3). These simulations show how
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Figure 3 | Snapshots at particular times from the long-term simulation
in Fig. 2. Shown are 1.094 Myr ago, 1.079 Myr ago (MIS 31 retreat) and
modern. a–c, Grounded ice elevations and floating ice thicknesses, shown
respectively (in m) by upper and lower colour scale on right. d–f, Surface ice
speeds (m yr21), from higher-resolution (10 km) nested runs over the Ross

embayment for the same three times, showing the whole nested domain.
g–i, Floating ice thicknesses (m) and velocity vectors from the nested
simulations, enlarged over the western Ross embayment. Vectors are shown
only every third grid point for clarity. The location of AND-1B is shown by
the black dot.
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Basal melting: the questions

Do parametrisations help providing some constraints?

How to choose the basal melting formulation?

In the context of stand alone ice-sheet* modelling:
*ice-ocean coupling is still partial: no dynamic land-sea mask
*need the stand-alone ice sheet models to compute projections 
and past ice sheets



Basal melting: Ice shelf - ocean circulation cavity system
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Basal melting: simplest parametrisation

dHupstream/dt dH/dt>
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Basal melting: three equations formulation
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boundary!
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layer
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(2)
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Holland and Jenkins (1999):
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No salt diffusion within 
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Tb = 0.0939� 0.057Sb + 7.64⇥ 10�4Zb



Basal melting: examples

Holland and Jenkins (1999): Three equations formulations

728 M. A. Martin et al.: PISM-PIK – Part 2

margin, a parameterization for subgrid-scale motion of ice-
shelf calving-fronts (Albrecht et al., 2011) and a new calving-
rate law which is presented in Levermann et al. (2011).
In this paper we first describe the set-up for a dynamic

equilibrium simulation for Antarctica in Sect. 2. Section 3
presents the performance of PISM-PIK under present-day
conditions in this simulation and summarizes and discusses
it in comparison with observations. A conclusion is given in
Sect. 4.

2 Model setup for the dynamic equilibrium simulation

For our dynamic equilibrium simulation the following model
setup is used: the model domain is discretized on a 301⇥301
horizontal grid with 19.98 km spacing. The vertical grid has
51 levels within a domain extending 5000m above the bed
elevation. The vertical spacing ranges from 26.5m in the
lowest layer to 173.5m spacing at the surface of the thick-
est ice. The temperature is stored on this unequally-spaced
grid, but the equation of conservation of energy is solved on
a vertical grid with uniform spacing of 26m. A thin bedrock
layer of 265m with 26.5m spacing was used, following the
reasons given in Bueler and Brown (2009).
The input fields for topography and initial ice thickness are

regridded from the present-day ALBMAP v1 data (Le Brocq
et al., 2010) available on the SeaRISE (2011) project web-
site. These data update the earlier BEDMAP (Lythe et al.,
2001). Surface mass balance is adopted from Van de Berg
et al. (2006), and geothermal flux is based on the model of
Shapiro amd Ritzwoller (2004). Throughout the equilibrium
simulation surface mass balance, geothermal flux and bed to-
pography are held fixed. Notation for this paper is in Ta-
ble A1.
Similar to Huybrechts (1993) and Pollard and Deconto

(2009), the surface temperature field is parameterized as
a function of latitude and surface elevation:

Ts= 273.15+30�0.0075h�0.6878|8| (1)

with latitude |8| in � S; temperature is given in Kelvin. This
parameterization reproduces the observed temperatures for
the present-day surface elevation (Comiso, 2000; Van den
Broeke, 2008), particularly on the ice shelves.
This surface temperature field serves as a Dirichlet bound-

ary condition to the equation of conservation of energy (Eq. 3
in Winkelmann et al., 2011) which governs thermodynamics
within the ice body. This has not changed compared to PISM
and is described in detail in Bueler and Brown (2009); Bueler
et al. (2007).
At the base of the ice shelf we provide boundary condi-

tions both for the temperature field as well as a sink/source
term for the mass continuity equation (Eq. 1 in Winkelmann
et al., 2011) which incorporates basal melting and refreez-
ing. For the temperature evolution within the ice we define

the boundary as ice which is at pressure melting tempera-
ture. Hence the pressure-melting temperature Tpm is applied
as a Dirichlet boundary condition to the conservation of en-
ergy equation:

Tpm= 273.15+�CCzb (2)

with zb as the elevation (generally negative) of the base of the
ice shelf and with Clausius-Clapeyron gradient �CC. Con-
cerning the basal melting and refreezing a warm and saline
ocean is the determining factor: a mass flux S from shelf to
ocean

S = Qheat/(Li⇢i) (3)

where Li is the latent heat capacity of ice and ⇢i ice den-
sity, is computed from a heat flux Qheat. This heat flux is
determined following Beckmann and Goosse (2003) using a
virtual temperature Tf, which is the freezing temperature of
ocean water at the depth zb below the ice shelf

Tf= 273.15+0.0939�0.057So+7.64⇥10�4zb . (4)

Here So is the salinity of the ocean with a value of 35 psu.
The transition from the base of the shelf with a salinity close
to zero (Oerter et al., 1992) to the ocean water of full salinity
occurs in the oceanic mixed layer which we cannot resolve
in our approach. The resulting heat flux between ocean and
ice, representing the melting effect of the ocean through both
temperature and salt, is computed from

Qheat= ⇢ocpo�TFmelt(To�Tf) , (5)

with ⇢o density of ocean water and cpo specific heat ca-
pacity of the ocean mixed layer. For the present simula-
tion To is set to a constant value of �1.7 �C (see Table A1),
based on the NCEP reanalysis value for the Ross Ice Shelf
given in Beckmann and Goosse (2003). Here �T is the ther-
mal exchange velocity and Fmelt a model parameter. While
we adopt a value of � = 10�4 (Holland and Jenkins, 1999;
Hellmer and Olbers, 1989) the tuning process showed that
the introduction of the model parameter Fmelt, with a value of
Fmelt= 5⇥10�3 was necessary in order to match the present
position of the grounding line especially in West Antarctica.
This results in a low magnitude of the melt rate shown in
Fig. 1. The spatial pattern of subshelf melt rates however
depends on the shelf bottom temperature which is closely re-
lated to the shelf thickness, which is supported by Beckmann
and Goosse (2003).
As detailed in Winkelmann et al. (2011), Sect. 2.2, ice ve-

locities are calculated in PISM-PIK as the sum of the SIA
velocities and the SSA velocities with basal resistance that
are computed everywhere in the grounded ice. In fact, for
grounded ice the SSA velocity is interpreted as the basal
sliding velocity vb (Bueler and Brown, 2009). This provides
a smooth transition both from non-sliding ice which is frozen
to the bedrock (with negligibly small vb) to faster flowing ice
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Thermal and salinity  
exchange velocities

Fmelt = 0.005

Martin et al.(2011): Two equations formulations (infinite salt diffusivity)

Pollard and Deconto (2012): Two equations formulations (Martin et al. 2011 + adds on)
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K 0 = Kwa + (�1.7)(1� wa)

wa = max[0, min[1, (Aa � 50)/20]]

Aa = subtended arc-to-ocean angle

K = 1 or 8 according to the type of ice shelf

bmelt = ⇢W cW �TFmelt
(T � Tf )

L⇢i

bmelt =
⇥
⇢W cW �T (T � Tb) + ⇢IcII

�TI

�z

���
b

i
/(L ⇤ ⇢I)

bmelt =
⇢W �S(S � Sb)

⇢ISb

Tb = 0.0832� 0.057Sb + 7.61⇥ 10�4 ⇥ zb

�T , �S

TI

zb

T, S

Ice shelf temperature

Ice shelf depth

Ocean temperature 
and salinity

no plume



Basal melting: Present-day Antarctica

Note that the color scales are different

One order magnitude difference between Martin et al. (2011) and the two other methods

Holland and Jenkins (1999) Martin et al. (2011) Pollard and Deconto (2012)

Pollard and Deconto (2012) is in better agreement with observations than the other two methods



Basal melting: Penultimate glaciation in Arctic

Holland and Jenkins (1999) Martin et al. (2011) Pollard and Deconto (2012)

Forced with LGM ocean temperatures from Brady et al. (2013)

Greenland Svalbard

Bering Strait

Note that the color scales are different

Martin et al. (2011) seems more reasonable than the others



Basal melting: Last Glacial Maximum Arctic

Holland and Jenkins (1999) Martin et al. (2011) Pollard and Deconto (2012)

Forced with MIS6 ocean temperatures from Colleoni et al. (2016)

Greenland Svalbard

Siberia

Note that the color scales are different
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!
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Conclusions

The different existing methods do not converge, unless tuning

Present-day Antarctica: the methods have to be tuned to each ice shelves

The methods yields different basal melt rates even in the glacial Arctic

What will be the best parametrisation of basal melting for the future?

The best methods for Antarctica present-day is that of Pollard and Deconto (2012)
The best methods for glacial Arctic is that of Martin et al. (2011) if we want some 
ice shelves to grow


