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ABSTRACT

As to sea level rise (SLR) contribution, melting and setting afloat make no difference for land based ice. Melting of
West Antarctic Ice Sheet (WAIS) into water is impossible in the upcoming several centuries, whereas breaking and par-
tially afloat is likely as long as sea waters find a pathway to the bottom of those ice sectors with basal elevation below
sea level. In this sense WAIS may be disintegrated in a future warming climate. We reassess the potential contribution
to eustatic sea level from a collapse of WAIS and find that previous assessments have overlooked a contributor: slope
instability after the cementing ice is removed. Over loading ice has a buttressing effect on slope movements the same
way ice shelves hinder the flow of non-floating coastal ice. A sophisticated landslide model estimates a 9-mm eustatic
SLR contribution from subsequent landslides.
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1. Introduction

At present, the Earth climate is in an interglacial period
and the interglacial conditions possibly could continue
for another 50 kyr [1]. The relative abundance of glaciers,
when compared with two of the last three interglacial
periods, suggests that there is still room for sea level rise
(SLR) from the current cryosphere.

As the largest potential contributor to SLR, quantify-
ing the Antarctic ice sheet (AIS, Figure 1) total mass
balance is important in understanding the global hydro-
logical cycle and its fragile polar ecosystem consequences.
The AIS, especially the West Antarctica Ice Sheet (WAIS),
has been actively studied [2-8]. Since much of the grounded
ice in West Antarctica lies on a bed that inclines inland
and extends well below sea level (Figure 2), this bathym-
etry makes the ice sheet subject to the marine-ice sheet
run away instability [8]. Completely melting of WAIS
needs ~10*' J of energy, enough for quenching 30 thou-
sands Pinatubo-category Volcanos. This large amount of
energy cannot be provided under natural conditions on
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century time frame. However, for marine-based ice sheets
to have SLR contribution it is unnecessary for them be-
ing completely meltdown. It suffices making them afloat,
viable if basal melt water is effectively connected to the
oceans.

At present, the primary factor contributing to stability
of WALIS is the existence of buttressing ice shelves. Since
significant portion of WAIS’s inland ice has basal melt-
ing, the gravitational driving stress cannot be balanced
locally. Ice-shelves have very flat (upper/sub-aerial) sur-
face elevation and do not need too much resistive stress
to maintain a balance. The hydrostatic pressure from the
submerged portion of ice shelves provide the primary
resistive stresses for the neighbouring coastal land ice to
balance their gravitational driving stress arising from un-
even surface topography. Warming from underneath the
marine-based ice sheet, especially that affects ice-shelf
viability could unfasten this potentially fragile stability
and lead to accelerated creeping of the WAIS. Ice is brit-
tle at higher strain rates, especially under tension, be-
cause its melting point diffusivity is around 10" m%s,
which is much lower than the 10" m?s for elemental
metals. Accelerated creeping thus implies breaking of
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Figure 1. The Antarctica land-ice-ocean mask based on SeaRISE 5-km resolution digital elevation, ice thickness and bedrock
elevation data. In the color shading, white is ice, yellow (brown) is bare ground (L) and blue is oceanic grids. The ice shelves
are cross-hatched areas; land ice with base under sea level (marine based) also is hatched. West Antarctica has far more
complicated ice-water-bedrock configurations than the rest Antarctica. WAIS is defined as the ice sector confined by the
Transantarctica mountains and the 40°W. Ice shelves are essentially floating and have no extra sea level rise contribution
when melt. The Peninsula has very limited ice volume (<3.3 x 10* Gt) compared with the 2.8 x 10° Gt land-based ice of WAIS.
This study thus focuses on the landslides after de-glaciation of marine based ice sheet confined by Marie Byrd Land Ice Cap
(MBLIC) and Whitmoor Mountains (“WM?”).

(@ (b)

Figure 2. The West Antarctica land-ice-ocean mask based on SeaRISE 5-km resolution digital elevation, ice thickness and
bedrock elevation data. In the color shading, white is ice, yellow (brown) is bedrock and blue is ocean. Left panel is a
cross-section along the F-R shelf/Amundsen direction, as indicated in the inset (red dashed line). Right panel is along the
Siple coast direction, as the red line in the inset. In a future warming climate, ocean waters are likely rushing to the “soft
belly” of WAIS through Siple coast pathway. The extensive troughs (if ice is removed) extend to depth of more than 2 km at
places (a). Color-shading in the insets is surface elevation over Antarctica ice sheet.

WAIS. At the same time, once ice shelves are removed, thickness less than h,p, /p,, with A, the bedrock ele-

the pathway for seawater to erode marine based ice sheet vation, p, =1028 kg-m™ the density of sea water and
is open. With the breaking of ice, those sectors with p, =918 kg-m™ the density of ice, can actually be set
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afloat and have SLR consequences.

Warming factors can in the form of drastic increase of
geothermal as a consequence of large, sustained volcano
eruptions, which is of very low probability but cannot be
discarded outright because of the likely high impact, or
in the form of more gradual but widespread oceanic and
atmospheric warming driven by anthropogenic green-
house effects, which is assumed to be salient in the up-
coming century [9]. We still do not know the exact tim-
ing of the WAIS collapse and this study re-examine the
seal level contribution from collapse of the WAIS, a pos-
sibility initially proposed by Mercer [2].

Mercer’s estimate is based on reasoning as elucidated
by Oppenheimer [3]. As WAIS is disintegrated, the va-
cant below present sea level will be occupied by seawater.
The net amount of contribution would be the water
equivalent of the disintegrated ice adjusted to account for
the volume below sea level (V) and also for the post-
glacial rebound of the bedrock (V,). Figure 3(b) illus-
trates the sea level rise under this theory. The sea level

rise can be expressed as V Ly v, PPy V., where

P P
¥, is ice volume above sea level. Recently, Bamber ef al.
[7] made a major stride over the original estimate of
Mercer [2] by using non-static bathymetry from a sophis-
ticated Earth model, and considered that only a portion of
WALIS satisfy the marine ice sheet instability hypothesis
and can actually be floated.

However, this still overlooks a fact that ice overlain
bedrock is an ideal configuration for rock erosions and
producing large amount of granular material, especially
beneath the Marie Byrd Land and the Siple coast [10].
Loading of thick ice above slopes reduces landslide oc-
currence because of the large confining pressure and also
because granular debris are effectively cemented by ice
crystals. Inevitably after the removal of the WAIS, land-
slides will further change the basin shape (Figure 3(c)),
on time scales much faster than the basin rebound. In
principle, only the debris that is originally above sea
level has SLR contribution when sliding to places below
sea level (Vg). Sea level rise can be expressed as
(V,+V,)pi/py =V, +V, +V, . We estimate V, using
SEGMENT-landslide [11-13] model driven by meteoro-
logical parameters provided by coupled climate models.

2. Data and Methods

SEGMEN:-landslide explicitly accounts for soil mechan-
ics, vegetation transpiration and root mechanical rein-
forcement, and relevant hydrological processes. It con-
siders non-local dynamic balance of the three-dimen-
sional topography, soil thickness profile, basal conditions,
and vegetation coverage [11] in determining the prog-
nostic fields of the driving and resistive forces, and de-
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scribes the flow fields and the dynamic evolution of
thickness profiles of the medium considered. SEGMENT
is a thoroughly tested process-based modeling system for
monitoring and predicting landslides and their ecosystem
implications (e.g. Ref. 12). Application to polar envi-
ronment of WAIS poses less challenge for SEGMENT-
landslide because the vegetation processes are not an
issue. In addition, rainfall morphology, which is critical
for storm-triggered landslides, is not a concern because
solid precipitation dominates over WAIS. Monthly mean
atmospheric forcing parameters suffice for driving the
temperature solver to estimate frozen soil mechanical
properties. Three independent CGCMs (MPI-ECHAM,
NCAR CCSM3 and MIROCS3.2-hires, see
http://www-pcmdi.llnl.gov/ipcc/about_ipcc.php) are
chosen for their relatively fine resolution and for provid-
ing all atmospheric parameters required by SEGMENT-
landslide.

The subglacial particle properties of WAIS are speci-
fied according to studies using boreholes and seismic
methods [14,15]. The rocks are mostly volcanic and the
basalt clasts are of sizes of ~10 cm. Loose, ice-cemented
volcanic debris also are wide spread around Mt Waesche
(77°S and 130°W) and northern Antarctica Peninsula and
its constituent blocks. In assigning granular particle sizes,
geothermal pattern also are referenced because repeated
phase changes at the interface of ice/rock arguably are
the most efficient means of erosion and reducing the
granular particle sizes. A high-resolution digital elevation
map (DEM) is a key input for slope stability analyses.
SeaRISE project (http://websrv.cs.umt.edu/isis/index.php)
provides surface DEM at 5 km horizontal resolution in a
South Polar Stereographic projection. The actual sphere
resolution is higher at WAIS, but still coarser than 1000
m. Radarsat-1 SAR sensor via Modified Antarctic Map-
ping Mission (MAMM [16]), as by-product, provides slope
information at 200 m resolution. A 200 m resolution sur-
face DEM is obtained by combining the SeaRISE and
MAMM data. With these data and assuming no major
geothermal disturbance from volcano eruptions, SEG-
MENT-landslide simulation indicates that, except very
limited northern areas such as the Deception island,
where avalanches seem likely and involved very limited
mass redistribution (<10° m’), elsewhere on the present
WALIS is stable.

In addition to mechanical properties such as particle
size, porosity, bulk density, cohesion and repose angle,
the thickness of the granular material is critical in deter-
mining the magnitude of the landslides. The granular
thickness on slopes underneath the present WAIS is in-
versely retrieved using SEGMENT-ice, constrained by
the goodness of fit between model simulated and ob-
served [16] surface ice velocity, over entire AIS. Figure
4 is the distribution of the estimated granular material
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Figure 3. Sketch illustrating eustatic sea level rise after disintegration of WAIS. Panel (a) is the ice-bedrock configuration
before WAIS disintegration. As WAIS is disintegrated, the vacant below future sea level will be occupied by seawater. The
net contribution would be the water equivalent of the integrated ice adjusted to account for the volume below sea level (V)
and also for the postglacial rebound of the bedrock (red arrow, V,). Panel (b) illustrates the sea level rise under this hypothesis.

Sea level rise can be expressed as vaﬂ+vbm+v,. Inevitably after the removal of the WAIS, landslides (primarily
Pu P

from Marie Byrd Land) will further change the basin shape (c). In principle, only the debris sit originally above sea level has
sea level rise contribution after sliding down-slope to places below sea level (Vy). Sea level rise can be expressed as

(V. +V, )ﬁ =V, +V, +V, . What the ice shelf is to the inland coastal land ice is exactly what the land ice to slope stability.
Py

Copyright © 2013 SciRes. 1JG



982 D.D.REN ET AL.

Figure 4. Upon convergence of the optimization procedure, SEGMENT-ice simulated surface velocities over Antarctica ice
sheet (vector arrows) and the retrieved granular material depth under the overlain ice (color shading, in meters) over WAIS.
The top portion of Mountain Waesche (“W”) and the ridge of Whitmoor Mountains (“WM?”) has shallow debris accumula-
tion (<1 m). The retrieval is an optimization process. Magnitudes of surface ice velocity are sensitive to the thickness of basal
granular material. Based on this sensitivity relationship, repeated runs of the ice model are performed with present ice ge-
ometry and ice temperature profiles, but (automatically) varying granular layer thickness, to best fit the observed surface ice
velocities. The metric for goodness of fit of the modelled and observed velocity fields is defined as:

2 Vass Voot

ity. Subscriptions “obs” and “model” mean respectively observed and modeled velocities. The observed ice velocities are ob-
tained from Radarsat-1 SAR sensor via Modified Antarctic Mapping Mission (MAMM, Jezek 2008). Because the seven re-
gional composite of MAMM do not cover the entire Antarctica Ice Sheet (with a “polar hole”), the summation in the metric is
only over regions with MAMM observations. Upon convergence, the overall agreement between modelled and observed ve-

2 2 2
= Z\/( Ugps = Unoger )+ (Vabs = Vinoger )+ (Wops —Wonoge ) » Where u, v and w are components of the full vector veloc-

locities is very satisfactorily with correlation coefficients 0.92 for direction and 0.90 for magnitude, respectively.

thickness over West Antarctica. This is the initial sliding
material thickness.

We then performed the experiments to estimate possi-
ble landslides contribution to sea level rise as WAIS dis-
integrates. Starting from a configuration as in Figure
3(b), or Bamber et al. [7] anticipated results of SLR. The

SLR contribution is estimated with the following method.

In SEGMENT-landslide, a vertical integration of the in-
compressible continuity equation, with bedrock rebound
rate as lower boundary condition, gives:

oh_ 1 ja_U+8Vcos¢
ot Rcos¢y\ 00 o¢

=W, des 1)
where ¢ is time, 6 is longitude, ¢ is latitude, U and V are
horizontal velocity components, and H is the local thick-
ness of the sliding material. Equation (1) is the temporal
evolution of the surface elevation (%). It varies with ve-
locity fields and boundary sources (w;). In Equation (1),
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it is assumed that the Earth’s radius (R) is much larger
than the alluvial thickness. Changes in surface elevation
multiplied by grid area gives the volume ice loss for that
grid. The total sea level rise contribution is the summa-
tion over the grids with basal elevation above sea level.

3. Results and Discussion

Figure 5 is the surface elevation changes of the bare
slopes, and for areas under seawater, the bedrock eleva-
tion changes. Landslides can cause certain areas accu-
mulate more than 200 m of sliding material. The most
significant places of volcanic rock and silt debris accu-
mulation are close to Siple coast. However, the source
region of the sliding material is primarily the Marie Byrd
Land’s southeast facing slopes (86% of the accumulated
sliding material). Contribution from Whitmoor Moun-
tains are relatively small (<10%). This fact is primarily
from the existing granular material depths on the slopes
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Figure 5. Areas with bedrock elevation increase over 5 me-
ters, as a result of landslides accompanying the deglaciation
of WAIS, are color shaded (m). The bedrock zero elevation
contour lines are shown, and areas with bedrock elevation
below sea level are hatched. Landslide scares are every-
where on the slopes, with localized pairs of elevation in-
crease and decrease. However, regions accumulated most of
the sliding material (>5 m depth) are almost all lying below
sea level. Marie Byrd Land Ice Cap (MBLIC) and Whit-
moor Mountains (WM) are labelled for references. The
south east facing slopes of MBLIC contribute most of the
sliding material.

(Figure 4). The total volume of the scars on the slopes at
elevation above sea level, or equivalently the reduction
of the basin volume (under sea level part), is 3220 km®,
approximately 0.902 cm ecustatic sea level rise. This
amount, although small compared to the ~3.3 m eustatic
sea level rise from the collapsed WAIS [7], is added to
the eustatic sea level with very short time delay, essen-
tially closely following the steps of ice disintegration. If
the fast scenario [7] realises, the economic cost to world
cities from the additional 0.902 cm is not a simple linear
addition to the 3.3 m sea level rise. In contrast, the con-
tribution from rebound of the basin bottom takes over
10,000 years to finish, provide enough time for human
adaptation and mitigation measures to be tested.

The landslides we considered are primarily associated
with the granular material as the ice bonds melt and when
the solid ice loading are removed. Two most frequent
trigger mechanisms for large-scale landslides, rainstorms
and earthquakes both are negligible. The former is ap-
parent from year round low air temperature over WAIS.
Earthquakes also are rare at Antarctica in general and
WAIS in specific, as the Antarctica plate now has only a
very small proportion associated with subduction [17]

and is bounded by constructive and conservative margins.

Thus, our estimates are likely fully representative of the
landslides caused extra sea level rise as WAIS disinte-
grates. The scarp sizes and the maximum attainable slid-
ing speed are both sensitive to the WAIS disintegration
scenarios but the total volume of the sliding material in-
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volved are amazingly a conservative property insensitive
to fast/slow scenarios as defined in Ref. [7].
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