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A recent data campaign in the East Siberian Sea has revealed evidence of grounded and floating ice
dynamics in regions of up to 1000 m water depth, and which are attributed to glaciations older than the
Last Glacial Maximum (21 kyrs BP). The main hypothesis based on this evidence is that a small ice cap
developed over Beringia and expanded over the East Siberian continental margin during some of the Late
Pleistocene glaciations. Other similar evidence of ice dynamics that have been previously collected on the
shallow continental shelves of the Arctic Ocean have been attributed to the penultimate glaciation, i.e.
Marine Isotopes Stage 6 (=140 kyrs BP). We use an ice sheet model, forced by two previously simulated
MIS 6 glacial maximum climates, to carry out a series of sensitivity experiments testing the impact of
dynamics and mass-balance related parameters on the geometry of the East Siberian ice cap and ice
shelf. Results show that the ice cap developing over Beringia connects to the Eurasian ice sheet in all
simulations and that its volume ranges between 6 and 14 m SLE, depending on the climate forcing. This
ice cap generates an ice shelf of dimensions comparable with or larger than the present-day Ross ice shelf
in West Antarctica. Although the ice shelf extent strongly depends on the ice flux through the grounding
line, it is particularly sensitive to the choice of the calving and basal melting parameters. Finally,
inhibiting a merging of the Beringia ice cap with the Eurasian ice sheet affects the expansion of the ice
shelf only in the simulations where the ice cap fluxes are not large enough to compensate for the fluxes
coming from the Eurasian ice sheet.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Arlis Plateau, Niessen et al. (2013) suggest that an ice cap developed
over Beringia, large enough to allow for an ice shelf to develop in a

Recent Arctic data campaign results from Niessen et al. (2013)
reveal evidence of grounded ice dynamics along the East Siberian
continental margin (Fig. 1), in regions of up to 1200 m present-day
water depth, and which are attributed to glaciations on Beringia
older than the Last Glacial Maximum (=21 kyrs BP, LGM). Beringia
is nowadays below present-day global mean sea level, forming the
Beaufort, Chukchi, East Siberian and Laptev seas. During past gla-
ciations, this area was emerged as a result of the sea level drop
caused by the growth of the large Northern Hemisphere ice sheets
(Fig. 1). In order to explain glacial lineations in sub-bottom sedi-
ments found on seamounts of the Mendeleev Ridge, namely the
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semi-enclosed coastal configuration off the East Siberian conti-
nental margin during the Late Pleistocene glaciations (Fig. 1).
Over the last decade, various Arctic expeditions have revealed
large-scale glacial erosion and glaciogenic bedforms on the seafloor
down to approximately 1000 m below present sea level (e.g.
Jakobsson, 1999; Polyak et al., 2001; Jakobsson et al., 2008), with
likely different causes leading to their formation: Some of the ev-
idence found on the Lomonosov Ridge has been attributed to large
icebergs drifting with oceanic currents, or to a large floating ice
shelf covering most of the Arctic Ocean (Jakobsson, 1999; Jakobsson
et al, 2008). In contrast, evidence found along the Chukchi
Borderland and along the Northern Alaskan margin is indicative of
grounded ice dynamics of small ice caps (Polyak et al., 2001;
Jakobsson et al., 2005, 2008; Engels et al., 2008). The mapped
glacial erosional features are mostly dated to the penultimate
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Fig. 1. MIS 6 glacial maximum (=140 kyrs BP) Arctic topography. Topography and
bathymetry are from present-day ETOPO1 (Amante and Eakins, 2009) in which the sea
level is set to —120 m below mean global present-day sea level, therefore the Bering
Strait and the East Siberian shelf are emerged. Extents from the MIS 6 Eurasian ice
sheet from Svendsen et al. (2004) and from the ICE-5G Laurentide ice sheet from
Peltier (2004) are drawn with a white thick continuous line. Speculative ice covered
areas over East Siberian ice cap and ice shelf are after Niessen et al. (2013) including
previous ice-cap reconstructions by Jakobsson et al. (2008) and Basilyan et al. (2008)
for the Chukchi Borderland and the New Siberian Islands, respectively (indicated by
a dashed white lines).

glacial cycle (Jakobsson et al., 2001, 2010, =192—135 kyrs BP). This
implies that the largest ice shelves in the Arctic Ocean coexisted
with the largest recorded extent of the Eurasian continental ice
sheet, that occurred during Marine Isotope Stage 6 (MIS 6,
Svendsen et al., 2004).

The MIS 6 glacial maximum ice-sheet topography is poorly
constrained. Although the largest ice-sheet extent in records across
Eurasia is attributed to the MIS 6 glacial maximum (Late Saalian,
=140 kyrs BP, Svendsen et al., 2004), the thickness of the MIS 6 ice
sheet is poorly constrained. While Peyaud (2006) simulated a thick
MIS 6 Eurasian ice sheet reaching a maximum elevation of 3500 m
and a total ice volume of about 70 meters Sea Level Equivalent (m
SLE), Lambeck et al. (2006) simulated a thinner ice sheet (3000 m)
leading to a total ice volume of about 60 m SLE during MIS6. In
contrast, no geological evidence has been found for the MIS 6
glacial maximum Laurentide ice sheet; it reached its maximum
Quaternary extent during the LGM, destroying the traces of the
previous glaciations (Dyke et al., 2002). Consequently, the MIS 6
Laurentide ice sheet was smaller than or as large as during the LGM.
Over East Siberia, Grosswald (1989); Hughes and Hughes (1994);
Grosswald and Hughes (1999) proposed that during some of the
Pleistocene glaciations, a large ice cap covered the Siberian Highs,
the Siberian Lowlands and the Siberian continental shelf. Some
geological evidence, indeed, indicates that the East Siberian Highs
have been glaciated during the last glacial cycle (Stauch and
Lehmkuhl, 2010) and also during MIS 6 glacial cycle (Niirnberg
et al,, 2011). On the continental margin of the Laptev Sea, the
input of terrestrial organic matter has been used as an indicator of
glacial erosion in the hinterland, which was significantly larger
during MIS 6 compared to MIS 2 (Stein et al., 2001). However,
Romanovskii and Hubberten (2001) state that the Laptev Sea has

never been subject to glaciation but was characterised by thick
permafrost formed on the exposed continental shelf during glacial
times (Hinz et al., 1998). While it is widely accepted that the Laptev
Sea continental shelf was not covered by an ice sheet during the
LGM (Kleiber and Niessen, 1999; Svendsen et al, 2004;
Schirrmeister et al., 2011) the extent of the continental ice sheet
in the area during the MIS 6 glaciation is by far less understood (e.g.
Moller et al., 2015).

In terms of ice shelf distribution, Mercer (1970) proposed that
Antarctic-style ice shelves developed in the Arctic Ocean during the
Pleistocene glaciations. Further, Hughes et al. (1977) suggested that
during the LGM, a 1-km thick ice shelf potentially covered the
entire Arctic Ocean and form a critical part of a huge ice sheet,
including the Laurentide and Eurasian ice sheets, that behaved as
one dynamic continental ice system. This model has been rejected
for the LGM by most of the members of the Arctic scientific com-
munity due to lack of field evidence (Svendsen et al., 2004;
Jakobsson et al, 2014). However, recent seafloor mapping
revealed traces of ice dynamics on the Chukchi Borderland (Polyak
et al., 2007; Engels et al., 2008; Dove et al., 2014), which are
attributed to large ice shelves expanding from the Laurentide ice
sheet over the Beaufort Sea during LGM. On the Lomonosov Ridge
(Fig. 1), deep scour marks, representative of large drifting icebergs
or a massive ice shelf, have been dated to MIS 6 (Jakobsson et al.,
2001). More recently, Jakobsson et al. (2010) also attributed some
of the evidence found on the Chukchi Borderland to MIS 6. The
hypothesis of whether or not MIS 6 Arctic Ocean ice shelves were
restricted to the shallow continental shelves or covered the entire
ocean is still actively debated.

To test if MIS 6 climate conditions are favourable to the main-
tenance of a large ice shelf, Colleoni et al. (2010a) forced and at-
mospheric model by prescribing Jakobsson et al. (2010) Canadian
ice shelf reconstruction and alternatively a fully ice-covered Arctic
Ocean as suggested by Hughes et al. (1977). The simulated surface
mass balance was positive, around 0.1-0.2 m/yr, for both ice shelf
configurations, implying that a large ice shelf can develop and be
maintained over the Arctic Ocean if the basal melting due to ocean
heat fluxes and ice flux from the grounded ice sheets are also
favourable to its maintenance.

In the present contribution, we investigate whether or not an ice
cap could develop over Beringia and feed an ice shelf in the western
Arctic Ocean off the East Siberian continental margin as suggested
by Niessen et al. (2013) during the MIS 6 glacial maximum. In
particular, Niessen et al. (2013) suggest that: (1) an Eastern Siberian
ice cap have encompassed the New Siberian Islands, up to the
Wrangle Island and was potentially connected to a small ice cap
growing over the Chukchi Borderland (Fig. 1). This hypothesis is
based on a connection of their own evidence of glacial landforms at
the East Siberian continental margin to evidence found in the other
regions mentioned above (Basilyan et al., 2008; Brigham-Grette,
2013; Jakobsson et al., 2008). If this ice cap was connected or not
to the Eurasian ice sheet during MIS 6 or older glaciations as sug-
gested by Grosswald and Hughes (1999) is still an open question,
mostly because the western end of the East Siberian Sea and
adjacent continental slope is only sparsely explored; (2) Niessen
et al. (2013) suggested that this ice cap was large enough to feed
a 1-km thick ice shelf, off the East Siberian continental margin,
which grounded and formed an ice rise on the Arlis Plateau.

In order to test the Niessen et al. (2013) hypothese, we use a
thermo-mechanical ice-sheet ice-shelf model, forced by the simu-
lated climates of the MIS 6 glacial maximum (= 140 kyrs BP) from
Colleoni et al. (2014) to build an ice cap-ice shelf system over
Beringia and the adjacent area of the western Arctic Ocean. We
perform a series of idealised sensitivity simulations in which we
vary the model parameters related to ice cap mass balance and ice
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shelf geometry. In addition to those experiments, we test if a
connection between the Beringian ice cap and the Eurasian ice
sheet is a necessary condition for the development of an ice shelf off
the East Siberian continental margins. We also address selected
climate feedbacks that could alter the behaviour of the ice cap-ice
shelf system over Beringia and the adjacent area of the western
Arctic Ocean, but that are only crudely represented in the ice sheet
model.

The manuscript is structured as follows: in Section 2, we detail
some aspects of the ice-sheet model and the design of the experi-
ments; in Section 3, we analyse our numerical reconstructions of
the Eastern Siberian ice cap and ice shelf. In Section 4, we embed
our results in the ongoing discussion concerning East Siberian
glaciations found in literature, and draw conclusions.

2. Methods

We force a 3D thermo-mechanical ice sheet model off-line with
two climate states derived from two MIS 6 ice topographies,
namely Topo1 and Topo2 (Fig. 2a and b), obtained from coupled
Atmosphere-Ocean General Circulation Model (AOGCM) simula-
tions. To investigate the growth of an ice shelf in the western Arctic
Ocean, sensitivity experiments are carried out by varying the pa-
rameters related to the dynamics of the grounded and floating part
of the ice sheet as well as the parameters related to the ice shelf
mass balance.

2.1. GRISLI ice-sheet model

GRISLI is a 3D-thermo-mechanical ice sheet — ice stream - ice
shelf model, able to simulate both grounded and floating ice
Rommelaere and Ritz (1996); Ritz et al. (2001). The grounded part
uses the Shallow Ice Approximation (Hutter, 1983; SIA) whereas ice
shelves and ice streams are treated using the Shallow Shelf
Approximation (MacAyeal, 1989; SSA). The ice shelf formulation in
GRISLI allows for a more realistic calculation of the ice sheet
growth, and particularly of the advance of ice onto the shallow
continental shelves (e.g. Alvarez-Solas et al., 2011; Peyaud et al.,
2007). Isostasy is calculated by means of the elastic-flexural
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lithosphere-asthenosphere model (Lemeur and Huybrechts, 1996)
and geothermal heat fluxes are prescribed from Shapiro and
Ritzwoller (2004). To account for anisotropy in GRISLI, two en-
hancements factors are prescribed, one for grounded ice, handled
with the SIA (Esja), and one for ice shelves, handled with the SSA
(Essa). Usually, Esja is larger than 1, while Esgsy is lower than 1. Note
that the position of the grounding line is determined according to a
flotation criterion.

As input fields, GRISLI needs the mean annual and July air sur-
face temperature as well as the mean annual total precipitation.
During runtime, air surface temperature is corrected for elevation
changes by means of two spatially uniform lapse rates, A;q and Ay,
for mean annual and summer temperatures, respectively. Correc-
tion of the precipitation field is based on Charbit et al. (2002) who
use an exponential function relating the corrected temperature
with the saturation pressure of water vapour in the atmosphere by
means of a corrective factor y. Based on the Clapeyron relationship,
this saturation ratio increases roughly exponentially with temper-
ature. In addition, the precipitation fraction converted into snowfall
follows Marsiat (1994). The ablation is calculated using the semi-
empirical Positive Degree Day method (PDD, Reeh, 1991) and part
of the surface melt is able to refreeze. The surface mass balance is
calculated as the difference between precipitations and ablation.
Calving occurs at the ice shelf front at a prescribed thickness Hggyy if
the upstream ice flux cannot maintain the ice shelf balance. Basal
melting under the ice shelves takes a prescribed uniform value that
can vary with depth. Unless otherwise stated, we use the default
parameters listed in Table 1.

2.2. Initial Northern Hemisphere ice topography

As initial conditions, GRISLI needs the surface topography,
including the ice sheets elevation, and the associated ice thickness.
Following Colleoni et al. (2014), we use the two MIS 6 glacial
maximum topographies, referred to as Topol and Topo2 (Fig. 2a
and b), differing in ice elevation and extent over North America.
Topo1 accounts for the LGM Laurentide topography (Peltier, 2004)
while Topo2 accounts for a smaller Laurentide ice sheet, taken from
the last deglaciation transient ICE-5G simulation from Peltier
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Fig. 2. Surface topographies used in the climate simulations K140T1 and K140T2 (MIS 6 only), using a horizontal resolution of 0.9° x 1.25°. a) and b) MIS 6 glacial maximum global
topography (=140 kyrs BP) as reconstructed in Colleoni et al. (2009b). The Eurasian ice sheet corresponds to the Late Saalian reconstruction from Peyaud (2006). Since there is no
evidence about the Laurentide and the Antarctic ice sheets, we used the ICE-5G ice topography (Peltier, 2004) at Last Glacial Maximum (=21 kyrs BP, LGM) in K140T1 and a smaller
Laurentide ice topography, taken from Peltier (2004) at 13 kyrs BP in K140T2 (b) to equilibrate the global ice volume. c) LGM ice topography from Peltier (2004 ). In all the displayed
topographies, the Bering Strait is closed due to the glacial sea-level drop of about 120 m. Note that the 0 level in the label bar corresponds to MIS 6 sea level.
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Table 1

Standard parameters used by GRISLI in the reference simulation SHELFOO1.
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Parameter

Default value

Unit

Description

Enhancement factors

ESA 3

E3A 1

ESSA 0.37

ESSA 0.37

Tgrans —6.5

Qe 7.820-10*
Qgam 9.545-10%
Tltrans -10

Qi 4.0-104
Qpam 6.0-10%
Climate forcing

Ama/Aja 5/4

Y 5

Psolid 2

PDD parameters

Cicel Csnow 0.008/0.003
g 5

csi 60

Ice streams parameters
sediment map

Laske and Masters (1997)

dimensionless
dimensionless
dimensionless
dimensionless

SIA enhancement factor, Glen
SIA enhancement factor, linear
SSA enhancement factor, Glen
SSA enhancement factor, linear

°C Transition temperature of deformation, Glen
J-mol™! Activation energy below transition, Glen
J-mol ™! Activation energy above transition, Glen

°C Transition temperature of deformation, linear
J-mol™! Activation energy below transition, linear
J-mol~! Activation energy above transition, linear
°C/km Mean annual and summer lapse rates

%/C° Precipitation correction factor

°C Temperature threshold for rain/snow conversion
mm/d/°C Melting coefficients for ice and snow

°C Standard deviation of daily air temperature

% Percentage of refreezing

m Map of sediment thickness

m Critical sediment thickness and hydraulic head

b q/hy 150/250
cr 2.107°
Ice shelf areas
Hcalv 150
bimelr 0.1 (depth <1500 m)
0.1 (depth >1500 m)
Solid earth
Tr 3000
GHF Shapiro and Ritzwoller (2004)

dimensionless Basal dragging coefficient

m Critical thickness of ice-shelf front
m/yr Melting rate below ice shelves

yrIs Characteristic relaxation time
mW/m? Geothermal heat flux

(2004). A more detailed discussion about the MIS 6 glacial topog-
raphies adopted in this study can be found in Colleoni et al. (2014).
Both Topo1 and Topo2 use the MIS 6 Eurasian ice topography from
Peyaud (2006) (Fig. 2a and b). For comparison, we simulate the ice
shelf expansion under Last Glacial Maximum climate conditions as
simulated by Brady et al. (2013) and based on ICE-5G ice topog-
raphy (Peltier, 2004, Fig. 2c). The LGM simulations are used in
Section 4.1 to analyse the impact of climate forcing on the East
Siberian glacial ice topography. Sea level is set to —120 m below
mean present-day one, which corresponds to the averaged sea level
drop for both MIS 6 and MIS 2 glacial maxima as indicated by
proxy-based sea level reconstructions (e.g. Waelbroeck et al., 2002;
Rabineau et al., 2006).

2.2.1. Climate forcing

Mean annual and July surface air temperature and mean annual
total precipitation are taken from Colleoni et al. (2014) who
simulated two MIS 6 glacial maximum climates (=140 kyrs BP)
using the fully coupled Atmosphere-Land-Ocean-Sea-Ice model
CESM 1.0.5 (Gent et al., 2011). Note that in Colleoni et al. (2014), the
CESM model is used as in its CCSM4 configuration, i.e. using CAM 4
atmospheric model version rather than the more recent version
CAM 5 included in CESM 1.0.5. Those two MIS 6 simulations,
referred to as K140T1 and K140T2, differ in the prescribed surface
topographies described in the previous section, i.e. Topol and
Topo2 (Fig. 2a and b). Both climate simulations K140T1 and K140T2
account for orbital parameters (Berger and Loutre, 1991), CO; (192
ppmv, Petit et al., 1999), CH4 and N O (401 ppbv, 217 ppbv,
respectively, Spahni et al., 2005) as for the MIS 6 glacial maximum.
During the MIS 6 glacial maximum, Earth is at perihelion in early
December (mid-January for LGM) and eccentricity (0.033) and
obliquity (23.42°) are large compared to their LGM values (0.019
and 22.95°). This orbital configuration enhances seasonal contrasts

and is therefore more favourable for glaciation. As a consequence,
we expect the simulated MIS 6 glacial maximum winters to be mild
and summers to be particularly cold compared with LGM climate.
In addition, the low CO, and CH4 concentrations, i.e. comparable to
those of the LGM (185 ppmv and 350 ppbv, respectively), further
help to maintain glacial conditions in high latitudes.

To force our ice-sheet experiments, we use air surface temper-
ature at 2 m and the total precipitation averaged over the last 50
years of K140T1 and K140T2. In addition, for the sake of compari-
son, the LGM climate (NCAR21 hereafter) from Brady et al. (2013),
carried out using the same AOGCM is also used to force GRISLI. Note
that in NCAR21, the carbon-nitrogen bio-geochemistry is interac-
tive and allows for the vegetation phenology to change and to
impact on the surface albedo. In contrast, in the K140T1 and K140T2
simulations, the vegetation phenology was not allowed to change.
Nevertheless, the comparison with Brady et al. (2013) LGM simu-
lation is only indicative and introduced in Section 4.1 to support the
discussion of the present work. In the present paper, we only briefly
describe the MIS 6 Arctic temperature and precipitation for K140T1
and K140T2, which are the variables of interest in the framework of
our ice sheet simulations (Section 3.1). For a more detailed
description of the MIS 6 and LGM climates, the reader may refer to
Colleoni et al. (2014) and Brady et al. (2013).

2.2.2. Ice-sheet experiments

The experiments are designed on a 40-km regular rectangular
grid from =37°N to the North Pole. The three initial ice topogra-
phies displayed in Fig. 2 are spun up for 200,000 years using the
two MIS 6 climate forcing from Colleoni et al. (2014) while the LGM
climate forcing comes from Brady et al. (2013). To start from ice-free
conditions over East Siberia, high surface temperatures are
imposed over the ice-free areas in Topol and Topo2. The spin-ups
are then used as initial conditions for all the sensitivity
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Table 2

Simulations settings. Each category corresponds to the parameters that were varied in our experiments. This serie of experiment was repeated for each of the glacial
topography considered in this study, i.e. the two MIS 6 glacial topographies. The reference SHELF experiment is SHELFOO1. Therefore, except for the parameters that were
varied, all the other parameters are assumed to be identical with SHELFOO1. See Table 1 for more details on the parameters.

Run ID Enhancement factors (dimensionless) Basal melting (m/yr) Heap (M) Lapse rate (°C/km) PDD ¢°C Sediments
SIA and SSA enhancement factors:
SHELF001 ES = 3; E$$A = 0.37 0.1 150 5/4 5 no sedim.
SHELF002 ES = 3; 5 = 0.60 - - - - -
SHELF003 ES = 5; 54 = 0.80 - - - - -
Basal hydrology:
SHELF004 - - — - - sediment map
Calving and basal melting:
SHELFO005 - - 200 — — —
SHELF006 — — 100 — — —
SHELF007 — 0/0.2 — — — —

depth limit: —1500 m
SHELF008 — 0/0.2 — — — —

depth limit: —500 m

Surface mass balance:
SHELF009 - _
SHELF010 - -

- 8/6.5 - -

experiments detailed in Table 2.

In total, for each MIS 6 topography, 10 experiments, SHELFOO1 to
SHELF010, testing the impact of Glen's flow law enhancement
factors for both SIA and SSA, basal melting under the shelves,
calving and surface mass balance parameters, are carried out
(Table 2). The simulations are run for 30,000 years, using the
steady-state climate conditions described in the next section.
SHELFOO1 serves as a reference simulation and the model param-
eters used for this control run are reported in Table 1. The set of
experiments is repeated for both MIS 6 topographies and if not
modified, the parameters are kept identical to SHELFOO1.

3. Results
3.1. Climate forcing

Mean annual air temperature (MAAT hereafter) in K140T1
amounts to about —34°C over the western Eurasian Arctic and to
about —28°C over the Canadian Arctic and the East Siberian Arctic
margins (Fig. 3a). MAAT reaches about —40°C in the central part of
the Eurasian ice Sheet and about —35°C in central Greenland and
over the northern part of the Laurentide ice sheet (Fig. 3a). Summer
temperature are positive over Alaska, the emerged Bering Strait and
the eastern part of Beringia as shown for July (Fig. 3d). The 0°C
isotherm reaches the coastlines along the margins of Alaska and of
the Bering Strait area. July temperature remains negative over the
western part of Beringia and averages about —10°C over this area.
As a result of the ice sheets elevation along the Arctic Ocean mar-
gins and of the low temperature, precipitation decreases to rates
lower than 0.2 m/yr (Fig. 3g).

The smaller and lower Laurentide topography prescribed in
K140T2 causes an increase in surface air temperature of about 4°C
over the northern part of the Eurasian ice sheet and of about 6°C
over the northern part of the Laurentide ice sheet compared to
K140T1 (Fig. 3b). Furthermore, the simulated MAAT over Alaska and
Eastern Siberia drops by ca. 6°C compared with K140T1. The July
temperatures are similar over the western part of Beringia but are
reduced by about 8°C in Alaska and East Siberia in K140T2
compared to K140T1 (Fig. 3e). Precipitation is approximately 30%
higher over the western part of the Eurasian ice sheet and doubles
along the western edge of the Laurentide compared with K140T1
(Fig. 3h). This is because the jet stream is shifted northward
compared with K140T1 as a result of the lower North America
orography prescribed in Topo2 (not shown, Colleoni et al., 2014). In
addition, as a result of the lower prescribed ice elevation over the

Cascadian mountain range in K140T2, 40% more precipitation rea-
ches the Beaufort Sea compared to K140T1. The lower Laurentide
elevation induces changes in the synoptic atmospheric circulation,
which causes a decrease in precipitation of about 20% over Beringia
in K140T2 compared with K140T1 (Fig. 3h).

3.2. Simulated reference ice-sheet surface mass balance

The surface mass balance (SMB) computed by GRISLI is positive
over the entire Arctic Ocean in all three reference simulations using
the SHELFOO1 parameter set for MIS 6 and for LGM (Fig. 4a to 4c).
The spatial pattern of SMB results from the distribution of precip-
itation over the Arctic Ocean. The SMB reaches about 0.15 m/yr on
average in both MIS 6 simulations (Fig. 4a and b) and about 0.1 m/yr
in the LGM simulation (Fig. 4c). In the western Arctic Ocean and
along the Canadian archipelago, the simulated MIS 6 SMB is the
largest, up to 0.24 m/yr and 0.3 m/yr, respectively when using
K140T1 (Fig. 4a). The lowest SMB occurs along the margins of the
Barents and Kara Seas (about 0.06 m/yr) and is negative in the
Beaufort Sea because no precipitation reaches this area in K140T1
climate forcing and summer temperatures are positive (Fig. 3¢ and
3d). When using K140T2 instead, the maximum SMB value is
shifted along the coasts of Alaska but is of the same order of
magnitude than when using K140T1, i.e. up to 0.24 m/yr (Fig. 4b).
The maximum SMB is simulated in the Fram Strait as a consequence
of the large precipitation rates from K140T2 climate forcing
(Fig. 3e). In the LGM reference simulation, the SMB spatial pattern is
similar to that of the MIS 6 simulation when using K140T1. The
maximum SMB occurs in the area of the East Siberian Sea, about
0.16 m/yr and along the Canadian margins, about 0.26 m/yr
(Fig. 4c). Note that in the Beaufort Sea, as a result of the lack of
precipitation in the climate forcing and of positive summer tem-
peratures over this area, the simulated SMB is negative (ablation
occurs during summer).

When using K140T1, the simulated SMB is positive over the
actual Laptev Sea region, close to the Eurasian ice sheet but is
negative over the easternmost part of Beringia (Fig. 4a). When
using K140T2, and as a result of the lower temperature simulated
over East Siberia and Alaska compared with K140T1 (Fig. 4b), the
SMB is positive over the entire emerged East Siberian continental
shelf (Fig. 4b). These SMB patterns are constrained by the summer
temperature as displayed in Fig. 3b and d. As shown in the
following sections, this parameter determines the geographical
extent of the ice cap over this area.
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3.3. Simulated reference ice topography

In the following, the modelled ice shelf over the East Siberian
Sea will be analysed quantitatively, while ice shelves developing in
the Laptev Sea and elsewhere will only be described qualitatively.
When using the K140T1 climate forcing (Fig. 4d), an ice cap de-
velops over the East Siberian continental margin, connected with
the Eurasian ice sheet. Two ice shelves also develop, off the actual
Laptev Sea and off the actual East Siberian Sea (Fig. 4d). Small ice
caps also develop over the Siberian mountain range and over the
Kamchatka Peninsula. The ice volume accumulated in the ice cap
represents 6.14 m SLE. For comparison, this is similar to the
present-day Greenland ice volume (Bamber et al., 2013). After
30 000 years of simulation, the ice cap volume reaches equilibrium
(Fig. 6a, black thick line). The maximum grounded ice thickness is
2791 m and is located over the present Laptev Sea (Fig. 5a and
Table 3). The ice shelf growing off the East Siberian Sea starts to
expand after 4000 years of simulation, i.e. when the maximum ice
thickness of the ice cap reaches about 800 m (Fig. 6a). The final area
of this ice shelf is about 42x 10 km?, which is comparable to the

Ross ice shelf in East Antarctica (49x10* km?) and the maximum
ice thickness, located at the outlet of the grounded zone, averages
290 m (Fig. 6b).

When using K140T2 climate forcing, the ice cap spreads over the
entire Beringia, and connects with the East Siberian mountain
range — Kamchatka peninsula (Fig. 4e). This is in agreement with
Niirnberg et al. (2011) who show that the flux of ice-rafted debris
(IRD) during MIS 6 was two to three times larger than during the
LGM in the Okhotsk Sea, suggesting that the glaciation during MIS 6
was more extensive over the Kamchatka Peninsula. As a result of
lower mean summer temperature over Beringia, the total grounded
ice volume growing over this region (excluding the Siberian
mountain range and the Kamchatka Peninsula) is about 14.26 m
SLE after 30 000 years of simulation, which is twice as big as when
using K140T1 climate forcing (Table 3 and Fig. 3b). Two main domes
form over East Siberia, the first one located over the current Laptev
Sea and the second one located over the emerged Bering Strait
(Fig. 4e). Equilibrium is reached 5000 years later and the maximum
ice thickness is about 3000 m. As in the case of K140T1, this ice cap
is connected to the large Eurasian ice sheet. This point is further
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discussed in Section 4. As a result of the larger ice cap, the ice shelf
growing in the area of the East Siberian Sea covers about
75x10% km? (Fig. 7b), which is almost twice as large as in the case of
K140T1 and the maximum ice thickness at the main outlets is in
average 450 m (Table 3). It starts floating after 4000 years of
simulation, i.e. when the grounded maximum ice thickness reaches
circa 900 m (Fig. 7a).

There are no direct geological constraints on the extent of an ice
shelf. By analogy, in Antarctica, most of the ice shelves develop over
the shallow waters of the continental shelf and seldomly expand
significantly beyond. In their work, Niessen et al. (2013) suggest
that the extent of the ice shelf in the western Arctic Ocean would
have covered the area between the Chukchi Borderland and the
new Siberian Islands (Fig. 1) in order to explain glacial lineations
formed by grounded ice in this area down to about 1000 m present
water depth. A more geographically restricted reconstruction of the
grounded part could be the key to constrain the ice shelf extent by
limiting the ice flow through the grounding line. In the following
we perform some sensitivity tests in which the ice-sheet model
parameters related to ice flow and to ice shelf mass balance are
varied.

3.4. Impact of Glen's flow law enhancement factors and basal
sediment layer

Ma et al. (2010) used a full-Stokes anisotropic ice-sheet — ice-
shelves flow-line model to estimate the most suitable enhance-
ment factors values to properly reproduce the observed ice flow for
the past and current ice sheets (e.g. Durand et al., 2007). They
deduce Egjy values ranging from 4.5 to 5.6 and Esss values ranging
from 0.58 to 0.71. They conclude that to properly account for ice

anisotropy, the ratio between Esjs and Essa should range between 5
and 10. In our reference experiments SHELFOO1 (see Table 2), Egja is
set to 3 and Esgy is set to 0.37. This gives a ratio Egja/Essa =8. Two
additional experiments, SHELFO02 and SHELF003 test different
ratio, i.e. Esja/Essa = 3/0.6 = 5 and Egja/Essq = 5/0.8 = 6.25.

In SHELFO02, the enhancement factor for the SIA is identical to
SHELFO0O01, only the value of Essy is increased. As a consequence, the
ice volume and the maximum ice thickness are identical to that in
the reference simulations SHELFOO1 using both K140T1 and K140T2
(Table 3). The ice shelf dimensions, on the contrary decreases
compared with SHELFQO1, as a result of the enhanced ice flow.
Because the ice velocities are higher, calving increases since the
conditions to maintain the ice shelf are not fulfilled. As a conse-
quence, the ice-shelf area reduces by about 60% when using K140T1
climate forcing and by 25% when using K140T2 (Table 3). In this
latter case, the volume of the ice cap is large enough to feed the ice
shelf and compensates for the enhanced ice flow.

In the case of SHELF003, both Esj4 and Esss values are increased.
The ice cap elevation is consequently slightly lower
(about —150 m), and the volume is smaller (by about —0.5 m SLE)
than in SHELFOO1 using both climate forcing (Table 3). As for
SHELF002, the ice shelf area reduces by about 66% in the case of
K140T1 and by about 30% in the case of K140T2 (Fig. 5b and g and
Table 3).

The increased Esja and Essq values also impact on the timing of
the ice shelf growth. While in SHELFOO1, the ice shelf starts
spreading after 4000 years of simulations (using K140T1), in the
case of SHELF002, the growth is delayed by about 4000 years, i.e.
when the maximum grounded ice thickness reaches = 1300 m. This
delay is further larger in SHELF0O03, i.e. about 7000 years when the
maximum grounded ice thickness reaches =1600 m (Fig. 6a and b).
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When using K140T2 climate forcing, the delay reduces by about
3000 years since the ice cap is generally large enough to partly
compensate for the enhanced flow (Fig. 7a and b). Therefore, in
SHELF003, which represents the lower bound of this group of ex-
periments, the ice shelf starts spreading when the maximum
grounded ice thickness reaches =1200 m, i.e. 400 m less than in

the case of K140T1.

Lastly, we include an experiment accounting for the impact of a
sediment layer at the base of the ice sheet, namely SHELFOO4. The
sediment distribution comes from Laske and Masters (1997) and,
over Beringia, the thickness is of about 860 m (not shown). In
GRISLI, the sediment layer thickness is used as a threshold, com-
bined with basal melt water depth and with a topographic curva-
ture criterion to determine the potential ice stream areas, which are
treated with the SSA instead of SIA (Alvarez-Solas et al., 2011). In
this experiment, almost no basal melting occurs at the base because
the temperatures are too cold (not shown). Consequently, the
absence of a layer of melt water at the base of the ice cap induces
slow horizontal ice velocities, which inhibits the acceleration of the
flow. Thus, the presence of some sediments at the base of the ice
cap does not have any significant impact on its flow and most of the
ice cap is treated with the SIA and only some marginal zones are
treated with the SSA with increased horizontal velocities. This ex-
plains why the dimensions of the ice cap and of the ice shelf in
SHELF004 are similar to those in SHELFOO1, using both climate
forcing (Fig. 6a and b and 7a and 7b).

3.5. Impact of calving and basal melting

The two experiments testing the impact of the cut-off threshold
for the ice thickness at the calving front, i.e. SHELF005
(Heqry = 200 m) and SHELFOO6 (Heqy = 100 m) give rise to end-
members among the results obtained from the whole set of ex-
periments described in Table 2. While the calving threshold does
not affect the grounded ice (Figs. 6¢c and 7c), it substantially affects
the expansion of the ice shelf. In SHELF0O05, in the case of K140T1
climate forcing, the calving criterion is too strong and therefore, the
ice shelf does not expand in the area of the East Siberian Sea
(Fig. 6d). On the contrary, when using K140T2 climate forcing, the
ice shelf expands, but only after 16,000 years of simulation (Fig. 7d).
At this instance, the maximum grounded ice thickness reaches
about 2300 m (Fig. 7), which is close to the final maximum ice
thickness simulated using K140T1 for the same experiment
(Fig. 6¢). This indicates that in the case of K140T2 climate forcing,
the ice fluxes through the grounding line are able to feed
and sustain the ice shelf even if the calving threshold criterion is
strong.

In SHELFOO06, setting the Hcq, to 100 m causes the ice shelves to
spread quickly from the Eurasian margins and the Canadian Arctic
margins under both climate forcing conditions. In slightly more
than 2000 years, the Arctic is fully covered with a thin layer of ice.
At the end of the simulation, most of the ice is still floating and
reaches a thickness up to 3000 m (Fig. 5¢ and h). The ice becomes
grounded only along the Lomonosov Ridge and on the shallow
continental shelves around the Arctic Ocean. In Figs. 6d and 7d,
indeed, the ice shelf area for SHELFOO6 starts decreasing after 6000
years of simulations because most the ice floating points accounted
for calculation in the area of the East Siberian Sea become groun-
ded. The calving cut-off threshold also impacts on the timing of the
ice shelf growth. Prescribing the cut-off to 100 m allows the ice
shelf to spread faster and earlier than in the other experiments,
although the ice cap is still not as thick as in the other simulations
(Figs. 6d and 7d). Note that at the end of the simulation, the ice cap
is thicker than in SHELFOO1 because of a small buttressing effect
caused by the thickening of the large ice shelf that covers the entire
Arctic Ocean (Figs. 6d and 7d).

Basal melting is the other parameter that directly affects the
expansion of the ice shelf over the ocean in GRISLI. In the reference
experiment, it was uniformly set to 0.1 m/yr, independently from
depth (Table 1). The choice of this value is motivated by the fact that
GRISLI simulates a positive surface mass balance in the East
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Fig. 6. Time series of the simulated Beringia maximum grounded ice thickness and ice shelf area using K140T1 climate forcing. a. Ice volume of the ice cap over Beringia (m SLE)
resulting from changes in SIA and SSA enhancement factors (in meters). b. Chukchi Sea ice shelf area resulting from the growth of the Eastern Siberian ice cap (in 10-4 km?). c. same
as for a. but for changes in parameters relative to the ice shelf mass balance, i.e. standard deviation of temperature (¢), lapse rate (1), ocean basal melting (b)) and ice-thickness
calving threshold Hcq, d. same as for b. but for changes in parameters relative to the ice shelf mass balance. The major changes accounted for in the ice-sheet experiments relative to
the reference simulation SHELFOO1 (black thick line) are reported in the legend. The complete settings of each ice-sheet experiment are reported in Tables 1 and 2. Note that the ice
shelf expanding in the area of the Laptev Sea is not accounted for in those calculations since we only focus in the East Siberian Sea area.

Table 3

Beringia ice cap and ice shelf dimensions for each of the experiments listed in Table 2 and for both MIS 6 topographies considered in Fig. 2 after 30 000 years of simulations.
Grounded ice volume is given in m SLE and refers to the ice cap volume accumulating over Beringia, excluding the ice volume growing on the East Siberian mountain range. The
ice cap maximum thickness is reported for each simulations. For the ice shelf dimension, the area of the ice shelf growing over the East Siberian Sea is given in 10* km?. For
comparison, the current Ross ice shelf area in Antarctica is about 49 10# km?. “G” indicates that the final ice shelf in the East Siberian Sea area becomes grounded at the end of
the simulation. The averaged maximum ice thickness at the main outlets of the ice shelf are indicated in the last column. The parameter tested in each of the simulations
compared to the reference simulation SHELFOO1 are indicated in the second column, > and < indicate that the chosen values are larger or lower than in SHELFOO1. Refer to
Table 2 for more details.

Run ID Tested Grounded ice Max. Thickness Ice shelf area Max. Ice shelf

Parameter Volume (m SLE) (m) (10* km?) Thickness (m)

Topo1l Topo2 Topo1l Topo2 Topo1l Topo2 Topo1l Topo2

SHELF001 Ref 6.14 14.26 2791 3036 42.07 75.36 280—-300 440—460
SHELF002 <SSA 6.13 13.59 2790 3037 17.11 56.47 250—-270 360—380
SHELF003 <SIA/SSA 5.82 13.05 2633 2917 14.39 53.27 220-240 340-360
SHELF004 Sedim. map 5.99 13.62 2715 3025 2447 74.08 270-290 400—420
SHELF005 >Hcalv 6.38 13.12 2794 3036 8.47 26.07 260 380—400
SHELF006 <Hcary 7.05 15.74 3009 3388 G G - -
SHELF007 <brmeir 6.73 14.17 2793 3036 4431 72.96 300-320 400—460
SHELF008 >bmeir 6.65 13.95 2793 3034 35.19 61.11 300-320 400—420
SHELF009 > Ama/Aja 6.70 14.35 2828 3032 27.35 73.76 270 380—400
SHELF010 <o 7.40 20.28 2897 4143 54.23 G 310-320 —
Dust 6.81 12.31 2857 3032 23.03 64.47 280 360—-380
Connection 5.27 12.21 2642 3000 23.99 73.60 280 380—400
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Fig. 7. Same as for Fig. 6 but using K140T2 climate forcing.

Siberian Sea of the order of 0.18—0.24 m/yr in both MIS 6 reference
ice-sheet simulations (Fig. 4a and b). This implies that an ice shelf
can expand in that area if the basal melting is set to a value lower
than 0.18 m/yr. With the two climate forcing that we use in this
study, the entire Arctic ocean is covered with a perennial 12 m-
thick sea-ice cover (Colleoni et al., 2014). This means that above the
halocline, i.e. the uppermost 100—150 m of the ocean the simulated
MIS 6 Arctic Ocean water temperatures are almost at the sea water
freezing point (= —1.7°C), implying that only very little or no basal
melting occurs under the ice shelf at those depths. Therefore we
impose no basal melting above 150 m depth and we prescribe a
melt rate of 0.2 m/yr below this depth (SHELFO07). We further set
this depth limit to 500 m in SHELFOO08. Note that in average, the
basal melting is about 0.1 m/yr, as for SHELFOO1.

As expected, the ice shelf expands less in SHELFO08
(=35x10% km? for K140T1 and =61x10* km? for K140T2) than in
SHELF0O01 for both climate forcing (Figs. 6d and 7d). In the case of
K140T1, the ice shelf does not expand beyond the continental shelf
(Fig. 5d). When using K140T2, the ice fluxes at the grounded line
partly compensate for the basal melting, which allows the ice shelf
to expand beyond the depth limit (Fig. 5i). In SHELFOOQ7, the ice shelf
does not expand farther than in SHELFOO1 because the ice shelf
front thickness reaches the criteria for calving above the open
ocean basin (Figs. 6d and 7d). The basal melting values influence

the timing of the ice shelf expansion. Because we set the basal
melting to 0 m/yr in both SHELFO07 and SHELFOO8 above the depth
limit, the ice shelf starts expanding earlier than in SHELF0O1
(Figs. 6d and 7d).

3.6. Impact of surface mass balance related parameters

The last two experiments, SHELFO09 and SHELFO10, test the
impact of the atmospheric lapse rate values Ayq and Ays (8°C/km
and 6.5°C/km) and the impact of the standard deviation of daily
surface air temperature ¢ (1°C) on the SMB of the Beringia ice cap
and ice shelf. Compared with SHELFOO1, increasing the lapse rate
values induces a thicker ice cap in the case of K140T1 (Fig. 6¢) while
the ice cap does not reach a full equilibrium at the end of the
simulation when using K140T2 climate forcing (Fig. 7c). However,
those discrepancies with respect to SHELFOO1 are not large enough
to substantially affect the ice flow through the grounding line and
to significantly influence the timing of expansion and the dimen-
sion of the ice shelf off the East Siberian Sea (Figs. 6d and 7d).

The decrease in air surface temperature standard deviation in
SHELFO10 reduces the number of warm days occurring during the
year and especially during summer. Therefore, the amount of
ablation occurring during summer decreases, which leads to a
larger ice cap extent in East Siberia and to a higher ice elevation. In
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response to the larger ice cap volume (Table 3), ice fluxes through
the grounding line increase as well, causing the ice shelf to expand
more than 28% compared with SHELFOO1 (Fig. 5e). When using
K140T2 climate forcing, the ice shelf growing in the area of the East
Siberian Sea merges with the one growing off the actual Laptev Sea.
It further expands during the simulation until reaching the Cana-
dian shallow continental shelf and merges in turn with the ice
shelves growing along the Laurentide ice sheet Arctic margins. This
occurs after about 16 000 years of simulation and induces a thick-
ening of the Beringian ice cap through the buttressing effect
(Fig. 5i). In Fig. 7c, there is a change of trend in the maximum ice
thickness evolution towards 16 000 model years. This is caused by
the merging of all the Arctic ice shelves together and the thickening
of the large unified ice shelf over the Arctic Ocean as in SHELFOO06.
At the end of the simulation, the Arctic Ocean is fully covered with a
1800 m-thick ice shelf, grounded only along the Lomonosov ridge
and along the shallow continental shelves of the Arctic Ocean
(Fig. 5j). As for SHELFOO06, because the ice shelf becomes grounded
over the Arlis Plateau, the ice shelf area decreases through time in
(Fig. 7d).

3.7. East Siberian ice cap and ice shelf dimensions and geometry

Compared with the ice cap dimensions suggested by Niessen
et al. (2013) (Fig. 1), our closest numerical reconstructions are the
ones obtained using K140T1 climate forcing (Fig. 5a to e). The
reference SHELFOO1 ice volume is 6.14 m SLE and except in
SHELF006 and SHELFO010 (thickening due to buttressing effect), the
simulated ice cap volume in the other experiments is not signifi-
cantly different from the reference value (Table 3). However, our
simulated ice cap covers roughly twice the area suggested by
Niessen et al. (2013) (Figs. 2 and 6a—d). When using K140T2, the ice
cap covers Beringia entirely in all the simulations (Fig. 5f—i). In the
reference simulation SHELFOO1, the total volume accumulated over
the Beringia (excluding the ice accumulating over the Siberian
mountain ranges) amounts to 14.26 m SLE and similarly to when
using K140T1, in all the simulations, except SHELFO06 and
SHELF010, the ice volume does not substantially differ from the
reference value (Table 3).

The area over which the ice cap grows in our simulations derives
directly from the area where perennial snow accumulates in the
climate simulations K140T1 and K140T2 (Fig. 3g and i). In those two
MIS 6 climate simulations, Beringia is emerged due to sea level drop
and is considered as bare ground in the land surface model, i.e. no
initial vegetation is prescribed over this newly emerged area.
Therefore due to the low glacial Siberian temperatures, snow ac-
cumulates and becomes perennial. One consequence of this fact is
that the simulated ice cap connects with the Eurasian ice sheet,
which is contradictory with what Niessen et al. (2013) suggest.
However this debate is still an open issue and we further discuss
this aspect in the next Section.

In terms of ice shelf expansion, all the experiments successfully
develop an ice shelf off the actual East Siberian Sea, except in the
case of SHELFOO05 using K140T1. Most of the simulated ice shelves
have an equilibrium area ranging from 42x10* km? to
75.36x10% km? (14 experiments out of 20, Table 3), which is larger
than the area covered presently by the Ross ice shelf
(=49x10% km?). The maximum floating ice thickness ranges be-
tween 270 m (with K140T1) to 460 m (with K140T2) close to the
grounding line. Niessen et al. (2013) found mega-scale glacial lin-
eations on the oceanic floor at about 900 m depth, yet, none of the
14 simulations performed here produces marine terminating ice
streams thicker than 500 m at the grounding line (Fig. 5). However,
in SHELFO006 and in SHELF010, the whole Arctic Ocean is covered by
an ice shelf, with ice thicknesses ranging from 1800 to 3000 m. The

only areas presenting grounded ice are located over the shallow
continental shelves all around the Arctic Ocean and along the
Lomonosov Ridge (not shown). Simulated grounding is in agree-
ment with the geomorphological evidence dated to MIS 6 found by
Polyak et al. (2001); Jakobsson et al. (2001, 2005, 2008, 2010).

3.8. Dust induced snow-albedo feedback and connection with the
Eurasian ice sheet

Krinner et al. (2006) and Colleoni et al. (2009b) show the
importance of the dust-albedo feedback on the perennial snow
cover during the last two glaciations. In particular, Krinner et al.
(2006) shows that during the LGM, the dust deposition on snow
enables the melting of the perennial snow cover along the southern
margin of the Eurasian ice sheet. This process could explain the
absence of an ice cap in East Siberia during LGM. The simulated MIS
6 climate forcing from Colleoni et al. (2014) does not account for
this feedback. Further, in all our simulations, the ice cap growing
over Beringia is connected directly to the huge MIS 6 Eurasian ice
sheet. In their interpretation, Niessen et al. (2013) do not connect
the ice cap to the Eurasian ice sheet, while Grosswald and Hughes
(1999) do connect it.

Both the dust-induced snow-albedo feedback and the connec-
tivity with the Eurasian ice sheet influence the geometry of the ice
cap and therefore the expansion of the ice shelf off the East Siberian
Sea. To investigate this further, we performed two additional sets of
simulations testing the impact of dust-albedo feedback (Dust) and
the connection between the Beringia ice cap and the Eurasian ice
sheet (Connection). These simulations have the same settings as
the reference SHELFOO1 experiments and repeated for both sets of
climate forcing (Table 1). The final ice topography for all these
simulations is displayed in Fig. 8 and the ice volume and the ice
shelf area are reported in Table 3.

3.8.1. Impact of dust-snow-albedo feedback

The MIS 6 climate forcing used here employs pre-industrial dust
values. To better estimate the impact of changes in dust deposition,
we superimpose the MIS6 climate anomalies resulting from the
deposition of dust on snow simulated by Colleoni et al. (2009a)
onto the climate forcing K140T1 and K140T2. The atmospheric
model used in Colleoni et al. (2009a) accounts for the radiative
feedbacks due to the darkening of the snow and the penetration of
light in the snow pack based on the method in Krinner et al. (2006).
The resulting mean annual anomaly over East Siberia is roughly 1°C
(Fig. 8g), however, during the summer months, it rises to 2.5°C (not
shown).

In the case of K140T1, the ice cap reaches nearly identical di-
mensions as in SHELFOO1 (Fig. 8a and c), i.e. 6.81 m SLE against
6.14 m SLE (Table 3). As a result of the slight temperature warming
over the Arctic, the mass balance of the ice shelf off the East Sibe-
rian Sea is reduced, which limits its area to about 23x10% km?
instead of 42x10* km? in SHELFOO1. When using K140T2, the
sensitivity to the dust-induced temperature warming is larger than
with K140T1, therefore the ice cap exhibits a larger decrease in ice
volume, i.e. about —1.95 m SLE (Table 3), although its extent re-
mains similar to SHELFOO1 (Fig. 8b and d). The decrease in ice
volume causes a slow down of the ice flow through the grounding
line, which in turn reduces the ice shelf area (from about
75x10% km? in SHELFOO1 to 64 x 10* km?). From these experiments,
we conclude that the dust-albedo feedback has a moderate impact
on the grounded ice, but has a larger impact on the ice shelf
expansion since the climate is on average slightly warmer over the
Arctic and the ice flux from the ice cap decreases. However, proper
coupled climate-ice sheet simulations accounting for a more real-
istic dust transportation and deposition on snow for the MIS 6
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Fig. 8. Simulated final ice thickness over Beringia and the East Siberian Sea after
30 000 years of integration for the reference simulations SHELFOO1 carried out using:
a. K140T1 climate forcing; b. K140T2; Dust albedo feedback: the experiments are
repeated to test the impact of the dust deposition on snow through the albedo feed-
back on local temperatures. In frames c. and d. K140T1 and K140T2 are perturbed using
the monthly temperature anomaly (g.) simulated by Colleoni et al. (2009b) between
MIS 6 glacial maximum accounting for the dust albedo feedback and a standard MIS 6
simulations without this effect (note that Colleoni et al., 2009b, used a stand-alone
atmospheric model). Connection between the ice cap and the Eurasian ice sheet: the
SHELFOO01 simulations are repeated again but we explicitly inhibit the connection
between the Eurasian ice sheet and the ice cap over Beringia (frames e. and f.). The
connection is inhibited by setting the temperature to 40°C in a small longitudinal band
as displayed in frame h.

should be performed to fully investigate the impact on the growth
of the ice cap and ice shelf over Beringia.

3.8.2. Connection between the East Siberian ice cap and the
Eurasian ice sheet

The results from our sensitivity experiments presented in Fig. 6
and Table 3 suggest that if the ice cap would have been restricted to
the area suggested by Niessen et al. (2013, Fig. 1), its total ice vol-
ume could have been less than 6.14 m SLE, perhaps even less than
4 m SLE. In fact, the extent proposed by Niessen et al. (2013) is at

least two times smaller than in our simulations (Fig. 1). On the
contrary, if considering a connected system, following Grosswald
and Hughes (1999), the ice cap could have covered the entire
Beringia, which is what we predict in our simulations under
K140T2 climate conditions. In that case, the ice volume of such a
large ice cap reaches roughly 14 m SLE. For comparison, this volume
amounts to twice the present-day volume of the Greenland ice
sheet (Bamber et al., 2013).

To test whether or not the physical connection between the
small ice cap and the MIS 6 Eurasian ice sheet influences the growth
of the ice shelf over the ocean, we performed two simulations by
explicitly inhibiting this connection: a narrow corridor charac-
terised by an air surface temperature of +40°C was prescribed
between the Eurasian ice sheet and the ice cap (Fig. 8h). The final
ice cap extent does not differ from SHELFOO1 (Fig. 8e and f), how-
ever, the ice volume is lower by about 1 m SLE using K140T1 and
lower by about 2 m SLE using K140T2 (Table 3). In terms of ice shelf
extent, the split between the ice cap and the Eurasian ice sheet
induces a decline in the ice shelf area of about 57% compared with
SHELFO001 when using K140T1, while it remains almost similar
when using K140T2 (Fig. 8e and f). This is because in the case of
K140T2, the ice cap over Beringia is connected to the East Siberian
mountain range ice cap and the ice flow feeding the ice shelf in the
area of the East Siberian Sea comes mostly from the easternmost ice
dome (Fig. 8f). Therefore, even if the ice cap gets disconnected from
the Eurasian ice sheet, it is still able to sustain the ice shelf growth.
On the contrary, in the case of K140T1, the ice cap over Beringia is
not connected to the mountain range and the ice flow feeding the
ice shelf comes from the dome developing over the actual Laptev
Sea (Fig. 8e). As a consequence, when the ice cap is disconnected
from the Eurasian ice sheet, the ice flow feeding the ice shelf
weakens.

Inhibiting the connection between the ice cap and the Eurasian
ice sheet does not prevent the ice shelf over the East Siberian Sea
from growing. Inhibiting this connection only impacts the timing of
the ice shelf development: in the case of K140T1, it takes a longer
time to reach an area comparable to that in SHELFOO1; in the case of
K140T2, the absence of connection does not have any significant
impact on the growth of the shelf since the ice cap is autonomous
and supported by the ice accumulating over the Siberian mountain
range. Based on our simulations, we conclude that both a connected
or a disconnected ice cap are viable scenarios allowing for an ice
shelf to expand in the western Arctic Ocean.

4. Discussion

Using two previously simulated MIS 6 glacial maximum climate
forcing (set at 140 kyrs BP) differing in the topography of the
Laurentide Ice Sheet, we forced an ice-sheet model to investigate if
an ice cap and its associated ice shelf could grow over Beringia and
the western Arctic Ocean under simulated MIS 6 climate condi-
tions, and to determine a possible range of geometries for the ice
cap and ice shelf. From our numerical reconstructions, several
questions arise: (1) We used two Late Saalian glacial maximum
climate forcing generated by means of the CESM coupled climate
model. Charbit et al. (2007) show that simulated climate forcing are
model dependent and their use has a large impact on the simulated
ice sheets geometry. (2) Ice shelf expansion is sensitive to the
choice of basal melt rate. Basal melting was prescribed with a
spatially and temporally uniform value, which is a highly simplified
representation as in reality, circulation processes will imply spatio-
temporally variables melt rates. (3) Rather than conducting more
realistic transient experiments, we run equilibrium simulations of
30 000 years with steady-state glacial climate forcing. This might
impact on the final dimensions of the ice cap and on the extent of
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the ice shelf growing in western Arctic Ocean. In the following, we
discuss all those points and their potential impact on our results.

4.1. Sensitivity to climate forcing: comparison with Last Glacial
Maximum

To our knowledge, the Late Saalian maximum AOGCM climate
simulations performed by Colleoni et al. (2014) are the only ones
that exist for this specific period. This makes it impossible to
investigate how sensitive the modelled ice cap-ice shelf system is to
changes in climate forcing. How pronounced this sensitivity can be
has been exemplified by Charbit et al. (2007) for LGM ice configu-
rations. Since no alternative Late Saalian climate forcing is available,
we use LGM climate forcing from two different AOGCMs to force
our ice-sheet model, CESM 1.0.5 from Brady et al. (2013, hereafter
referred to as NCAR21) and IPSL from Kageyama et al. (2013,
hereafter referred to as IPSL21). The aim of those experiments is to
examine the impact of an AOGCM on the numerical reconstructions
over East Siberia. The settings of the ice-sheet experiments follow

r

those of SHELFOO1 (Tables 2 and 1).

Compared with IPSL21, NCAR21 is about 8°C colder over East
Siberia, which is associated with a negative anomaly in planetary
waves over this area (Fig. 9c and d). This is because in NCAR21, a
perennial snow cover develops over this area, while in IPSL21, this
area remains ice free during summer (not shown). The discrepancy
in the snow cover distribution probably results from the different
treatment of vegetation in both models. In NCAR21, only the
phenology is able to dynamically evolve during runtime, which
allow for albedo changes, but not for changes in the vegetation
distribution. In addition, newly emerged land areas, such as
Beringia, are prescribed as “bare soil” in NCAR21. In IPSL21, on the
contrary, changes in vegetation are fully dynamic. As a result, there
is more vegetation over East Siberia (tundra type) in IPSL21 than in
NCAR21, which prevents a perennial snow cover from
accumulating.

In NCAR21, mean annual surface mass balance over the Arctic
Ocean amounts to approximately 0.12 m/yr, slightly lower however
than in K140T1 and K140T2 (Fig. 4c). Using this climate forcing, an

-
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Fig. 9. Simulated final ice thickness over Beringia and the East Siberian Sea after 30 000 years of integration for the reference simulations SHELFOO1 carried out using: a. K140T1
climate forcing; b. K140T2; c. Mean annual planetary wave at 700 Mb (potential height minus zonal mean) difference between NCAR21 and IPSL21; d. Mean annual air surface
temperature difference (°C) between NCAR21 and IPSL21; e. Residence time for snow (days) for the MIS 6 simulation from Colleoni et al. (2010b). Note that the snow cover is
considered perennial when the residence time equals 365 days; f. Residence time for snow (day) for the LGM simulation from Colleoni et al. (2010b). The MIS6 and LGM simulations
from Colleoni et al. (2010b) have been performed using the stand-alone IPSL atmosphere model (LMDZ4 Hourdin et al., 2006) using MIS6 and LGM dust distribution on snow and

associated vegetation cover.
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ice cap and two ice shelves develop in East Siberia, of comparable
dimensions than when using K140T1 and K140T2 climate forcing
(Fig. 9a). In contrast, no ice cap develops over East Siberia when we
force the ice-sheet model with ISPL21 (Fig. 9b). Since there is no
geological evidence supporting the growth of an ice cap over
Beringia during the LGM, we regard the IPSL climate forcing to
imply the better match, while NCAR21 presents a cold bias over this
area.

Is the MIS 6 perennial snow cover over East Siberia inherited
from a cold bias of CESM or is it a robust feature of this glaciation?
We compare two simulations from Colleoni (2009), one of LGM and
one set at MIS 6 glacial maximum. Both simulations were carried
out with the atmosphere model of IPSL (LMDZ4, Hourdin et al.,
2006) in which vegetation distribution and sea surface tempera-
tures were prescribed to LGM. While there is no perennial snow in
the LGM simulation, consistent with IPSL21 coupled simulation,
some perennial snow forms over Beringia in the MIS 6 simulation
(Fig. 9e and f). The presence of a perennial snow cover in both CESM
and IPSL atmosphere model shows that MIS 6 could be a good
candidate for a glaciation over Beringia. However, to properly
investigate this issue, the MIS 6 glacial maximum climate should be
simulated by other existing AOGCMs.

4.2. Basal melting

In our simulations, basal melting under the ice shelves was set
to two values depending on depth but uniform in space and time.
Instead we could have use few published basal melting para-
metrisations, such as Holland et al. (2008); Martin et al. (2011) to
calculate a proper spatial distribution of basal melting. Those par-
ametrisations rely on the state of vertical ocean temperature,
salinity and horizontal velocities. If we use the simulated ocean
vertical temperature from K140T1 and K140T2, no melting occurs
in the uppermost 200 m of the water column because the sea-ice
cover is thick (about 10 m) and perennial (see Colleoni et al.,
2014). Below this depth and until about 500 m depth, which goes
beyond the depth of the grounding lines in our simulations
(Table 3), it leads to basal melt rates larger than 0.4 m/yr for both
climate simulations when using Martin et al. (2011) para-
metrisation, and to basal melt rates lower than 0.1 m/yr when using
Holland et al. (2008). Given that the SMB over the Siberian Sea is
less than 0.3 m/yr on average, the use of Martin et al. (2011) par-
ametrisation could inhibit the growth of the ice shelf. On the
contrary, the rates obtained using Holland et al. (2008) are close to
what was prescribed in our experiments (especially SHELFO07 and
SHELF008) and would probably leads to ice shelves of comparable
dimensions to those described in the present study. However, the
use of simulated vertical ocean temperature distribution does not
reduce the overall uncertainty regarding how well the true tem-
perature distribution is approximated. In fact, the simulated ocean
vertical structure might be model-dependent due to differences in
mixing and diffusion related parameters, as well as the type and
length of the ocean model spin-up. As pointed out by O'Regan et al.
(2008), a reconstruction of vertical temperature distribution in the
Arctic Ocean is not available for the Late Pleistocene. Therefore, a
proper evaluation of the simulated Arctic Ocean dynamics on past
glaciations is currently not possible. Caution is moreover advised
when applying parametrisations derived in a specific geographical
setting (Holland et al., 2008; Martin et al., 2011, parametrisations
are developed for present-day Antarctic modelling purposes) to
different regions and/or different time periods.

4.3. Steady-state versus transient: time of growth

In order to shed light on the sensitivity of the ice cap and ice

shelf geometries to model parameters, all ice sheet simulations
presented here were run for 30 000 years using constant climate
forcing. The results show that equilibrium is reached after about
20,000 years when using K140T1 climate forcing (Fig. 6) and about
5000 years earlier when using K140T2 (Fig. 7). This discrepancy is
explained by the fact that K140T2 is colder over Beringia than
K140T1, which limits the melting of the ice cap during summer
(Fig. 3) and therefore sustains the ice shelf growth with larger ice
fluxes than when using K140T1. Furthermore, due to circulation
changes induced by the lower Laurentide ice sheet, more precipi-
tation is able to reach the Chukchi Sea where the ice shelf is
growing. Therefore the growth and expansion rates of the ice shelf
are much larger - and thus approach equilibrium faster - when
using K140T2 climate forcing than when using K140T1. In the
present work, we force all our simulations using these two glacial
maximum climate forcing because we assumed that the Beringia
ice cap and ice shelf grew under glacial climate conditions. Niessen
et al. (2013) does not provide any precise timing for the growth of
the ice cap over Beringia. Glacial conditions are generally dry,
which is not favourable for the growth of ice bodies. Therefore,
when performing equilibrium simulations, the length of the
simulation compensates for the lack of precipitation and allow to
built massive ice caps and ice sheets. As a consequence, our sim-
ulations might overestimate the volume and the extent of the ice
shelf and the ice cap over Beringia. In nature, the climate evolves
continuously and an ice sheet is never in equilibrium with the
climate. The 6'® O record from North GRIP suggests that prior the
LGM, climate was warmer and wetter and gradually cooled toward
glacial conditions (North GRIP members, 2004). Therefore, it is
likely that in transient simulations, an ice cap and an ice shelf can
grow at faster rates before the glacial maximum of a cycle that at
the glacial maximum. Because pre-glacial climate conditions are
also warmer, the summer melt is larger, which implies that higher
temperatures might counterbalance the higher precipitation rates
in a transient simulation, leading to a similar or smaller accumu-
lated ice volume than in an equilibrium simulation.

5. Conclusions

Using previously simulated MIS 6 glacial maximum climate
conditions, we forced an ice-sheet model in order to test the hy-
pothesis that an ice cap and an ice shelf could have grown over
Beringia during the MIS 6 glaciation ( =140 kyrs BP) as suggested by
the recent Arctic campaign data from Niessen et al. (2013). We
investigate the impact of enhancement factors, calving, basal
melting and surface mass balance parameters on the growth of the
ice cap - ice shelf over Beringia. Our results show that:

e During MIS 6 glacial maximum climate conditions, an ice cap,
whose volume ranges between 8 m SLE and 14 m SLE, develops
over Beringia. At its seaward margin, it provides ice fluxes large
enough to spread an ice shelf in the area of the East Siberian Sea
of dimension comparable to that of the current Ross ice shelf in
Antarctica.

e All parameters investigated influence the timing of ice shelf
growth, and its final spatial configuration. Furthermore, the
dimension of the ice cap and its geometry directly influence the
geometry of the ice shelf. Calving cut-off threshold and standard
deviation of the surface temperature are the two parameters
that have the greatest influence on the growth of the ice shelf.
When we set low values, the Arctic Ocean becomes fully ice
covered.

e Merging of the Beringia ice cap and the Eurasian ice sheet affects
the expansion of the ice shelf only if the ice cap fluxes are not
large enough to compensate for the fluxes coming from the
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Eurasian ice sheet and sustain the growth of the ice shelf. This
concerns all the simulations under K140T1 climate forcing
exhibiting a small monodome ice cap over Beringia. In the
simulations where the ice cap exhibits two major domes, the ice
dome located over the easternmost part of Siberia sustains
independently the expansion of the ice shelf off the East Siberia
Sea.
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