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ABSTRACT. Three positive feedback mechanisms that accelerate ice-sheet melting are assessed in a
warming climate, using a numerical ice model driven by atmospheric climate models. The Greenland ice
sheet (GrlS) is the modeling test-bed under accelerated melting conditions. The first feedback is the
interaction of sea water with ice. It is positive because fresh water melts ice faster than salty water, owing
primarily to the reduction in water heat capacity by solutes. It is shown to be limited for the GrIS, which
has only a small ocean interface, and the grounding line of some fast glaciers becomes land-terminating
during the 21st century. The second positive feedback, strain heating, is positive because it produces
further ice heating inside the ice sheet. The third positive feedback, granular basal sliding, applies to all
ice sheets and becomes the dominant feedback during the 21st century. A numerical simulation of
Jakobshavn Isbrze over the 21st century reveals that all three feedback processes are active for this glacier.

Compared with the year 2000 level, annual ice discharge into the ocean could increase by ~1.4 km
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(~5% of the present annual rate) by 2100. Granular basal sliding contributes ~40% of this increase.

1. INTRODUCTION

The 2007 Intergovernmental Panel on Climate Change
(IPCC) Fourth Assessment Report (AR4) highlights the
melting of the Greenland ice sheet (GrlS) as a critical, but
still poorly understood, process in shaping global climate
change in the 21st century. The accelerated GrlS mass loss
observed since the 1990s (e.g. Velligna and Wu, 2004;
Velicogna, 2009; Rignot and others, 2011) was not captured
by any ice-sheet model in the IPCC AR4. This led to IPCC
underestimates of global sea-level rise (SLR) projections for
the 21st century of up to 0.2 m (Meehl and others, 2007). At
present, the astronomical background is stable and there are
no global forcing processes outside the climate system (e.g.
changes in solar activity; large volcanic eruptions that alter
radiative forcing) to contribute to accelerated melting of the
GrlS. For example, the eruption of the Eyjafjallajokull
(Iceland) volcano in 2010 did not slow the GrIS melting rate.

Therefore, the dramatic ice mass loss over the past
decade, which reached ~0.7 mma~' sea-level contribution
in 2010, is probably an impact of climate warming. The
warming is not reversible just by a few opposing events,
such as several years of lower annual mean temperatures.
The climate-system components most relevant to ice-sheet
evolution occur in the atmosphere, lithosphere and hydro-
sphere. Internal processes, or processes within the cryo-
sphere, may also have contributed to the recently observed
accelerated ice melting.

This study examines three important, but previously
overlooked, self-perpetuating, positive feedbacks between
ice warming and ice-sheet melting. Bindschadler (2006)
proposed that ocean warming triggers accelerated glacier
melting. The hypothesis is supported by the acceleration of
outlet glaciers (Joughin and others, 2004, Howat and
others, 2007; Stearns and Hamilton, 2007) occurring at
approximately the same time as a warming trend began in
the subpolar North Atlantic Ocean, adjacent to Greenland’s
southeastern and western sectors. The warming apparently
produces increased melting at the ice/ocean interface
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(Thomas, 2004; Nick and others, 2009). Adding weight to
the hypothesis, recent observational studies (Rignot and
others, 2010; Straneo and others, 2010) provide evidence
of subtropical waters offshore of Greenland (e.g. Bersch
and others, 2007; Myers and others, 2007; Thierry and
others, 2008).

Accelerated melting of the GrlS and thawing of the
permafrost could also affect the freshwater discharge to
the subpolar Atlantic and the Arctic Oceans (Peterson and
others, 2006; Serreze and others, 2006), which are the source
regions for the North Atlantic Deep Water. The associated
change of salinity can have a large impact on the strength of
the Atlantic Meridional Overturning Circulation (AMOC), as
described by Broecker and others (1985), Manabe and
Stouffer (1999), Oka and Hasumi (2004) and Peterson and
others (2006). The AMOC plays a crucial role in the global
redistribution of heat and fresh water (Stocker, 2002; Stouffer
and others, 2006; Hu and others, 2010). It pulls warmer,
saltier surface water from the other oceans to the subpolar
North Atlantic, where it descends in the far north to form cold
deep water, after losing its heat and exchanging physical
properties with the polar environment. The cold water flows
southward at depth to complete the loop. Possible changes in
the AMOC as the climate warms also drive the increased
focus on the role of oceans in ice melting. In situ measure-
ments in harsh subpolar environments are limited (Rignot
and others 2010; Straneo and others 2010) but show that
subtropical Atlantic water can reach the western and
southeastern Greenland fjords and cause direct submarine
melting at the glacier terminus. They support another
hypothesis concerning the recent acceleration of outlet
glaciers from the GrlS: that ocean heat transport causes
enhanced melting at the front of the glacier, leading to ice
thinning and ungrounding of the terminus and ice-flow
acceleration (Bindschadler, 2006).

Recent studies suggest that salinity anomalies in the
tropical Atlantic can propagate northward to the subpolar
Atlantic and influence the strength of the AMOC (Vellinga
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and Wu, 2004; Saenger and others, 2009). Salinity changes
occur in response to atmospheric forcing fluctuations such
as changes in precipitation and winds (Hakkinen, 2007) and
inter-(ocean-)basin water exchanges (Hu and others, 2010).
Salinity anomalies in the North Atlantic are mainly caused
by changes in the Arctic outpouring current, ice melting,
precipitation and river discharges. The Greenland Sea upper
ocean (primarily the upper 200 m mixing layer) has become
fresher and warmer since 1980 (Karstensen and others,
2005). Present understanding and predictive skill remain
low (Huang and others, 2007), especially concerning the
influence of adjacent continents (Richter and Xie, 2008).
The salinity feedback process is complex, due primarily to
the usually opposing contributions to thermal and dynami-
cal properties of sea water. This study calculates the net
contribution of salinity change and shows that the outcome
is a positive feedback on ice melting, for water-terminating
fast glaciers.

Increased ice temperatures lead to a second positive
feedback process, namely increased internal friction (strain)
heating. This is a positive feedback because it leads to further
heating of the ice from inside the ice sheet. Strain heating
provides a ‘faster’ pathway for heat to be transferred within
the ice than is possible purely by diffusion. A time-invariant
link is presented to describe the strain-heating relationship
with ice temperature. Using this relationship, changes in
strain heating in a future warming climate can be estimated.

The third positive feedback is granular basal sliding (Ren
and others, 2011a). This feedback is persistent, and unlike
the ocean-ice feedback it also applies to the land-terminat-
ing part of an ice sheet. Both global compilations (Hay and
others, 1988) and studies of specific regions (Hay and others,
1989) show that increases in sediment accumulation
during the past 2 x 10° years and climate change played
an important role in the erosion process (Molnar, 2001).
Glaciers apparently erode more effectively than rivers under
otherwise similar conditions (Hallet and others, 1996; Ren
and others, 2011a,b). Ren and others (2011a,b) showed that
a warming climate and granular material production
together form a positive feedback through ice physics.

This paper is structured as follows. The three feedback
mechanisms are examined for the GrlS, using the recently
developed SEGMENT-ice model (Section 2.1). The input
static geological and ice geometry data and climate forcing
from global climate models are described in Section 2.2. The
results of the numerical simulations, which include all three
feedback mechanisms, are presented in Section 3. In
particular, the evolution of Jakobshavn Isbree is simulated
by SEGMENT-ice to trace significant changes of this glacier’s
flow in the 21st century. The particular bedrock geometry,
ice thickness profile and geological location of Jakobshavn
Isbree mean that all three feedback mechanisms are salient
for its evolution. Section 4 discusses the results of the
numerical model simulations, and Section 5 provides
concluding comments.

2. DATA AND METHODOLOGY

The surface topography (digital elevation map (DEM)) and
bedrock topography are from Bamber and others (2001). The
DEM is used to calculate strain, stress and surface slope. The
horizontal gradients of the surface DEM are the forcing terms
for the momentum equations. The surface topography slope
is also used to estimate the meltwater redistribution. Here
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the 1 km resolutions of ice thickness and the DEMs are used.
Geothermal heat flux, because it works steadily for an
extended period, is an important control on ice-sheet
temperature profiles. Geothermal heat fluxes were devel-
oped by Shapiro and Ritzwoller (2004). In addition to these
static datasets, which are invariant on the century timescale
of interest here, atmospheric parameters are also needed as
inputs. These climate parameters are obtained from coupled
general circulation models (CGCMs), which are commonly
referred to as ‘climate models’.

2.1. The ice dynamics model

The thermomechanically coupled scheme is designed and
implemented as one integral component of a scalable
and extensible geofluid modelling system, SEGMENT (Ren
and others, 2009). By synthetically solving the three-
dimensional conservation equations for mass, momentum
and energy under multiple rheological relationships, SEG-
MENT provides prognostic fields of the driving and resistive
forces, and describes the flow fields and the dynamic
evolution of thickness profiles of the medium (ice in this
case). The inner ice domain follows the Glen (1955) ice
rheology. A granular layer is allowed between ice and
unfractured bedrock. The granular viscosity parameterization
is based on Jop and others (2006). Many ice models use only
ice-over-bedrock configurations. In contrast, SEGMENT-Ice
has an ice-granular-material-bedrock configuration for re-
gions with granular material present, mostly for regions with
significant basal melting. Ren and others (2011a) provide the
formulation of the granular law; justification of the granular
layer; the omission of isostatic rebound; discussion of
consistent choices of ice constitutive law and Weertman
basal sliding; new approaches in parameterizing surface
melting and runoff; the crevasse enhancement of basal
sliding; and sea-water—ice interaction at the calving front.

Parameterization of viscosity is critical for ice creep.
SEGMENT-ice has two improvements over Glen’s ice rheo-
logical law (Hooke, 1981; Van der Veen, 1999), factoring in
the flow-induced anisotropy and granular basal conditions.
The flow enhancement by re-fabricating (Wang and Warner,
1999) is implemented, so older ice, farther from the Summit,
is easier to deform. SEGMENT-ice also allows a lubricating
layer of basal sediments between the ice and bedrock which
enhances ice flow and forms a positive feedback for mass
loss in a warming climate (MacAyeal, 1992; Alley and
others, 2003; Ren and others, 2010; Fig. 2, further below).
Because the ocean temperature is higher than that around
Antarctica, there are no ice shelves around Greenland.
However, there are several water-terminating fast glaciers
around the periphery of GrlS, such as Jakobshavn (J),
Kangerdlugssuaq (K), Helheim (H) and Petermann (P)
glaciers. In SEGMENT-ice, ocean-ice interactions are par-
ameterized so that the depressing of the freezing point by
soluble substances, the salinity dependence of ocean water
thermal properties and the ocean-current-dependent sen-
sible heat fluxes are all included.

As the climate warms, increased air temperature through
turbulent sensible heat-flux exchange increases surface
melting and runoff. Similarly, changes in precipitation affect
the upper boundary input to the ice-sheet system. For the
period of interest here, major ice temperature fluctuations are
near the upper surface of the GrlS. The strain rate, however,
can be large near the bottom, so SEGMENT-ice has a 31-
vertical-level, stretched grid to better differentiate the bottom
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and near surface. The uppermost layer is 0.45 m thick near
the GrIS Summit (e.g. gridlines in inset of Fig. 1), fine enough
to simulate the upper surface energy state on a monthly
timescale. Because of its location, the GrlS is an important
contributor to eustatic SLR, ocean salinity and North Atlantic
thermohaline circulation (Alley, 2000). In SEGMENT-ice, the
total mass loss comprises surface mass balance and the
dynamic mass balance due to ice flow divergence.

In ice flow, inertial and viscous terms counteract pressure
gradient forces. The full Navier—Stokes equations are used in
the momentum equations of SEGMENT-ice. Because of
comparably large aspect ratios, ice streams and surrounding
transition zones are the areas where a full Stokes model is
most needed (Zwinger and others, 2007). Finally, there are
two important improvements in the SEGMENT-ice numerics.
Recently, the Robert-Asselin-Williams (RAW; Williams,
2011) filter has been adopted, in place of the more
commonly used Asselin time filter. This treatment has
improved both spin-up and the conservation energetics of
the physical processes. A second improvement is in the
optimization procedure of the data assimilation code. A
quasi-Newton minimization scheme is now used instead of
the conjugate-gradient scheme which is less robust and less
efficient for real, noisy data.

Relevant to the first positive feedback mechanism
identified in this study, SEGMENT-ice has a unique ice-
shelf component that considers the heat transfer between
ice and the surrounding sea water as an aqueous solution of
five major electrolytes (CI-, Na*, Mg?*, SO,* and Ca®*)
and the subsequent ice formation and melting at the
interface. Sea water is an aqueous solution of many
electrolytes. The physical properties of this solution that
are relevant for heat transfer are thermal conductivity, A,
density, p, heat capacity under constant pressure, ¢, and
kinematic viscosity, v. The heat transfer from liquid (the sea
water) to solid (the ice in contact with sea water), Qy, is
also related to the liquid flow property, measured as Prandtl
number and Grashof number, to measure whether the
natural or forced heat conductance dominates. Under
typical conditions in the polar seas surrounding Greenland,
a turbulent boundary layer is a more accurate approxima-
tion. The ocean currents around Greenland are compli-
cated. The East and West Greenland Currents transport cold
and fresher water that meets the subtropical warm and
saltier waters from the Irminger Current, a topographically
steered branch of the North Atlantic Current. Fresh water
occurs in the vicinity of the glacier environment in the
upper 100 m, but strong mixing and density-driven circula-
tions are plentiful at greater depths. Recent observations
confirm that there are vigorous circulations even under a
glacier terminus (e.g. Rignot and others, 2010; Straneo and
others, 2010). Thus, we propose that

Qn = pcp Gu(Ti — Ty)u, )

where p is sea-water density, ¢, is specific heat of sea water,
u is sea-current speed, T, is sea-water temperature, T is ice
surface temperature and G is a stability-dependent heat
transfer coefficient (3 x 107°)-107). Note that p, ¢, and Gy
are all functions of salinity S (the molar fraction of
electrolytes over water).

There is a problem concerning freezing-point depression
by electrolytes in solvent. When the solution reaches solid
(ice)-liquid (sea-water) equilibrium, the chemical potential
of the solvent is equal between the liquid and the solid
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Fig. 1. Land-cover mask for the Greenland ice sheet. The locations
of Jakobshavn (J.), Kangerdlugssuaq (K.), Petermann (P.) and
Helheim (H.) glaciers, the northeast Greenland ice stream (NE.)
and the Summit (SMT) are labeled. Hatched areas are regions with
ice loads but with bottom elevations lower than the present sea
level. Red box delimits the 1 km simulation of Jakobshavn Isbrae in
Figure 6. Inset is a zoomed Petermann Glacier (south is to the left), a
vertical cross-section along the vertical red line.

phase (Raoult’s law). The molar Gibbs free energy for liquid
phase is defined as
W= po"(T,P)+R'Tlna, (2)

where T is temperature, P is pressure, R* is the ideal gas
constant and a is the activity of the solvent. The chemical
potential for the solid state is similarly defined as

H = po'(T, P). (3)
According to the Gibbs—Helmholtz equation,
p ndr
—(ho/—ho)ﬁ—O—R d(lna) =0, (4)

where hy" is the enthalpy of pure water and hy' is the
enthalpy of pure ice. Thus Ah(T) = (hy" — hy) is the
enthalpy change of fusion and can be parameterized linearly
around the triple point along an isotherm:

Ah(T) = Ah(T;) + (Cp” - Cp,)(T = Tp).

Here ¢, =22 )
" denotes liquid states and ’ denotes solid states, is usually
termed latent heat of fusion. Integrating Equation (4) along
an isotherm from the triple point of pure water, T to an

arbitrary temperature T, gives

/"—/(%,1?) - (0" —¢) <1 f¥+ In ?) =R"Ina. (5)
For a given value of a (molar concentration of solutes),
Equation (5) can be solved numerically to obtain an
equilibrium temperature, T. In SEGMENT-ice, Equation (5)
is used in determining phase change of ice in contact with
sea water. This parameterization is relevant for water-
terminated glaciers (e.g. Helheim Glacier) and ice streams.

is heat capacity and 1"~ = Ah(T;), where

2.2. Climate model forcing

This study investigates both atmospheric and oceanic driving
of GrlS melting, especially for ocean-terminating fast outlet
glaciers. The key controls on melting, such as volume and
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Fig. 2. Oceanic forcings shown at 10 m depth. (a) Flow speed (m s, (o) salinity (psu) and (e) potential temperature (K), with changes over
the 21st century shown respectively in (b), (d) and (). Contours in (c) and (e) are potential density (kg m~, difference from 1000 kgm™) and
are the same in both panels. Contours in (d) and (f) are changes in potential density.

properties of subtropical water intrusion, the alongshore
wind patterns and the associated changes in weather
patterns, likely are intertwined. Therefore, CGCMs provide
the predicted atmospheric and oceanic parameters to drive
the SEGMENT-ice model.

Refining the horizontal model resolution improves the
regional simulations of precipitation (Genthon 1994;
Ohmura and others, 1996). Thus, two CGCMs with rela-
tively fine horizontal resolutions, the NCAR CCSM3 (Collins
and others, 2006; ~1.4°) and MIROC3.2 (Hasumi and
Emori, 2004; ~1.125°), were chosen. These CGCMs provide
all input variables needed by SEGMENT-ice, i.e. monthly-
mean near-surface air temperature, precipitation rate, sur-
face (skin) temperature, surface pressure, 2m wind speed
and all six components of radiation for determining the
surface energy balance. For ice melting, SEGMENT-ice (Ren
and others, 2011b) uses an energy-balance scheme instead
of the positive degree-day (PDD) schemes which are popular
in ice models applied to paleoclimate studies. Estimates of
the warming effects on ice-sheet melting are based on the
IPCC Special Report on Emissions Scenarios (SRES) A1B
scenario, which assumes a balanced energy source in a
future world of rapid economic growth. This scenario is
chosen primarily because it reflects the most recent trends in
the driving forces of emissions.

In addition to atmospheric parameters, to investigate the
ice—ocean interactions at Jakobshavn, Kangerdlugssuagq,
Helheim and Petermann glaciers, the ocean flow speed,

‘\7‘, potential temperature, T, salinity, S, and density, p, are

also needed. Density is not an independent property since it
is a function of temperature, salinity and pressure. That is, it
is a function of salinity and potential temperature. For the
outlet glaciers north of 70°N, the CCSM and MIROC-hires
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ocean model outputs at 0, 10, 20, 30, 50, 75 and 100m
depths are interpolated to SEGMENT-ice grids. The top
100m of sea water has similar spatial patterns of the
physical properties and similar temporal variations. There-
fore plots are shown only of the near-surface (10m depth)
ocean parameters (Fig. 2). For Helheim Glacier, which
resides in the Sermilik Fjord, the 1km resolution ice-
thickness data obtained from the SeaRISE project (http:/
websrv.cs.umt.edu/isis/index.php/Main_Page) indicate that
the terminus depth is ~700m, close to the estimation of
Thomas and others (2000). Oceanic parameters up to
1000m are used for this glacier. At present, none of the
climate models has a coupled land-ice component, so the
limited salinity changes (Fig. 2b and e) are due primarily to
precipitation changes and changes in river routing and, to a
lesser degree, circulation adjustments. The model (Fig. 2f)
shows significant warming of ocean water around the GrlS
from the surface to 100 m.

3. RESULTS

3.1. Impacts of ocean water interactions

Freezing-point temperatures at the four selected fast glaciers
are respectively 1.6, —1.7, —1.65 and -1.66°C at Jakobs-
havn, Helheim and Petermann glaciers and the northeast
Greenland ice stream. Figure 3 shows the projected
additional ice retreat due to interactions with sea water
(the combined results of water warming and freshening). By
2100, the calculated net retreats from ocean contribution
are 327, 87, 57, 728 and 682 m for the northeast Greenland
ice stream and Petermann, Kangerdlugssuag, Helheim and
Jakobshavn glaciers respectively. To the southeast of the GrIS
(e.g. Kangerdlugssuaq and Helheim glaciers), the ocean
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Fig. 3. Terminus retreat for five fast glaciers at the margin of the GrlS:
Helheim (H.), Jakobshavn (J.) and Kangerdlugssuaq (K.) glaciers, the
northeast Greenland ice stream (NE.) and Petermann Glacier (P.).
The retreat is perpendicular to the interface. Dotted lines indicate
that the glaciers are likely to be totally land-terminated by that time,
and the direct ocean effects will suddenly disappear.

salinity is already low (28psu at surface level) and the
contributions from water freshening are small (<5%). At
Jakobshavn Isbree, it can be as large as 15%. For the same
temperature differences between ice and liquid/gas, water is
five times more efficient in melting ice than air, due to its
higher bulk heat-transfer coefficient. Although for ocean
water the heat transfer coefficient, Cy, is three orders of
magnitude smaller than for air, its density is three orders of
magnitude larger than for air, and its specific heat is four
times larger than for air. Hu and others (2010) prove that the
surface water salinity can fluctuate about 2 psu on glacial
timescales. If current climate change is more significant than
historical natural climate changes, a sensitivity experiment is
performed assuming a 5 psu fluctuation of the upper 1000 m
of sea water. If other factors are unchanged, the contribution
from the freshening of sea water is <3% of the sensible heat
transfer between ice and sea water.
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Note that the additional melting due to freshening is small
compared with that of ocean water warming. The ocean
water influence on the GrlS outlet glaciers is limited because
the interfaces are only a small fraction of the entire
grounding line and because some of the water-terminating
glaciers will be land-terminating during the 21st century
(e.g. Kangerdlugssuaq and Helheim glaciers in Fig. 3). From
Figure 1, the bedrock elevations for the outlet glaciers are
below sea level. There are always ocean/ice interfaces
before the grounding line retreats to locations above sea
level.

At the base of water-terminating glaciers (Fig. 4), the
interface is usually slanted so the water cavity is wedge-like.
The angle, 6, can be small (typically several degrees) to form
ice shelves, or moderate to form landlocked ice. For
numerical modelling, we set the stress tangential to the
water/ice interface to be zero. The normal stress is the
hydrostatic stress of the water at that depth. Inside the ice,
the imbalance of stresses is compensated by viscous creep.
Thermodynamically, turbulent sensible heat fluxes and
phase changes are allowed at the interface. As the ice
always melts from below, the tongue is lowered to meet the
hydrostatic balance requirement. In SEGMENT-ice, the yield
strength of the solid ice is prescribed so that when the yield
strength is exceeded, crevasses occur. As ice is brittle, even
at temperatures close to the melting point, a lowering of the
ice tongue is usually accompanied by cracking. The reverse
is true when ice accumulates at the interface. The actual
fluctuation of the grounding line location is a dynamic
balance between melting/condensing and flow divergence.
To convert retreating into grounding-line retreat, the angle
effects should be factored in, as they affect the melting
fraction contribution. For Helheim Glacier, the grounding
line retreat reaches 80 km by the end of this century from the
ocean contribution alone, and may render this glacier totally
land-terminated by that time.

The GrlS meltwater routing into surrounding waters might
have an effect on the AMOC analogous to the inter-basin
freshwater transfer effects (Molnar, 2008). For example,
relatively fresh North Pacific water can enter the Arctic
Ocean through the Bering Strait and go further into the

GROUNDING LINE

Fig. 4. Schematic of a water-terminating glacier. The water/ice interface cavity is usually wedge-shaped with angle 6. The model calculates
the ice retreat normal to the interface. The grounding line retreat should be estimated with a multiplicative factor 1/tan 6 which can be up to
O(10?) in magnitude. The portion that extends to sea (L) is limited by climate conditions, primarily by ice mass turnover rate and ocean

temperature. Ice is brittle because its low melting-point diffusivity is ~107'> m

257! The limiting length L for shelf break is a good indicator of

grounding line retreat. 6 increases as the climate warms. If the ice sheet is primarily land-based, the ocean’s effect diminishes as the

grounding line retreats to ground above sea level (point N).
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Fig. 5. Strain-heating rate relative to the rate at -35°C at six stations:
Summit (SMT), Petermann Glacier (P.), Southern Dome (SD),
Kangerdlugssuaq (K.), Helheim (H.) and Jakobshavn (J.) glaciers.
The starting point corresponds to the value in 2000; the end point
corresponds to the value in 2100. To differentiate clearly between
locations, the Petermann Glacier data are indicated by a red dashed
line, the Southern Dome data by a blue line, and the Helheim
Glacier data by a green line.

North Atlantic through the clockwise Arctic Ocean surface
current. Hu and others (2010) found that the opening and
closing of the Bering Strait corresponds well with the
eustatic sea-level oscillations on subglacial temporal scales
(~20ka). This is not explicable by solar radiation and albedo
positive feedback alone, as they both vary smoothly within
the 116 ka last glacial period. This identified self-constraint
mechanism is the strengthening and slackening of the
AMOC. When the AMOC is strong (e.g. when the Bering
Strait is completely shut down by a drop in sea level or is
frozen when the sea water is relatively shallow) the
northward heat transfer is strong and persists for many
thousands of years. This will cause a drastic shrinkage of ice
sheets and an associated global SLR. The opposite phase is a
strong mixing of surface water from the Arctic Ocean and a
weakened AMOC resulting in a colder environment that
favours expansion of glaciers and ice sheets. At present, the
runoff water from the GrIS melting may act in a similar way
to weaken the AMOC, but to a much smaller extent when
compared with Pacific-Atlantic water mixing. It is a
checking mechanism for enhanced melting as climate
warms (i.e. a negative feedback). However, the Hu and
others (2010) results cannot be taken literally in the current
human-induced climate-warming context. The current
warming trend is not comparable with the natural oscillatory
climate variability, as it has a human component with an
upward trend. This implies a net total energy build-up within
the climate system. Even when the AMOC weakens,
atmospheric components may assume the poleward en-
ergy-transporting role.

3.2. Impacts of strain heating

The evolution of ice-sheet geometry configuration is gov-
erned by competition between the net accumulation rate,
which is climate-governed, and the divergence/convergence
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of gravitationally induced ice velocity, which is flow-
governed. Ice microphysical processes regulate the character
of the ice flow, especially the dependence of viscosity on
strain rate and temperature. For a given ice thickness,
bedrock geometry and temperature profile within the ice,
an equilibrium flow field is obtainable. To maintain exact
balance, the flow-induced strain heating must be removed
completely by reversible means. Additionally, flow caused
by divergence/convergence must be exactly balanced by
surface net accumulation/ablation. As a consequence, exact
balance is never reached. In the following discussion of strain
heating, it is assumed that a nearly balanced state exists so
that the ice geometry does not vary significantly.

Strain heating can be expressed as 2 - o2; (Greve, 2005),
where v is ice viscosity and o is effective stress (Pa)

expressed as o = %tr(a)z, with tr being the trace function

and ¢ being the deviatoric stress tensor. Assuming constant
geometry and temperature field within the ice sheet, strain
heating can be expressed as Qs = 2A1/ng 010 \where A'is
the temperature-dependent ice fluidity, related to the
activation energies for ice deformation. At the same time,
¢e/A is a temporal constant. Thus, it is straightforward to
show that, for two temperatures T; and T,, the ratio of
strain heating is A(T¢)/A(T,). In the derivation, enhancement
factors are omitted and only the parameterization of Paterson
(1994) is used.

Figure 5 shows the near upper surface (10 m depth) strain-
heating changes estimated according to MIROC-hires
estimated atmospheric parameters. For each line segment,
the starting point corresponds to the 2000 situation and the
end point corresponds to the 2100 situation. The absolute
values for different fast glaciers are also quite different as
they depend on ice geometry. Thus, it is less meaningful to
make cross comparisons between different locations. For
each glacier, strain-heating values are plotted against strain
heating at —35°C. The A(T) curve is also plotted to provide a
reference. Integrating the ice model with the SRES A1B
scenario until 2100, we find that ice temperatures at
Jakobshavn, Petermann, Kangerdlugssuaq and Helheim
glaciers, Summit and Southern Dome increase by 1.8, 3.7,
2.8, 3, 2.42 and 2.6°C respectively over the 100 year period.
As a result, for Petermann Glacier, the strain-heating rate, in
the near surface at 10 m depth, will almost double by 2100.
Strain-heating rates at Jakobshavn and Kangerdlugssuaq
glaciers are already quite high, but will increase as the
temperature increases (there is a ~80% increase from 2000
to 2100). Increased strain heating will be significant over all
the GrlS, so as long as the air temperature keeps increasing,
the strain-heating rate also increases.

The ‘grade-glacier’ theory (Hallet and others, 1996 and
references therein; Alley and others, 2003) generalizes silt
production and transportation as an integrated component
of ice erosion on the glacier bed. It shows that climate
fluctuations, by modifying ice surface slope, can affect
sediment transport and erosion patterns. This theory partially
motivated the granular basal sliding treatment because the
established warming climate may flatten the marginal area
of the fast glaciers surrounding the GrlS and encourage the
deposition of granular sediments. This is a positive feedback
because granular basal sliding enhances ice divergence to
downstream locations which are not in equilibrium even
with current climate conditions, and hence the ice melts
rapidly. The meltwater thus generated enhances granular
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material production. The detailed parameterization of
granular material viscosity can be found in Ren and others
(2010, 2011a,b). This erosion positive feedback explains
why the fast glaciers usually have bedrock elevations lower
than the surrounding regions (ice lying in trenches) and
usually are below sea level (e.g. H., J. and K. glaciers in
Fig. 1). For example, the bedrock topography at Jakobshavn
Isbrae may initially be a slight depression. With the positive
feedback of ice viscosity enhancement (the larger the slope,
the smaller the viscosity as time elapses), the ice speed
increases and the ice flow forms a stream as it becomes
narrower and more concentrated than sheet flow. As the ice
flows faster, the erosion rate increases and more granular
material is produced at the bottom. Granular material has a
much smaller viscosity than solid ice and the flow is greatly
enhanced and the generated granular material is effectively
transported downstream. As these positive feedbacks con-
tinue, a deeper trench of the order of hundreds of metres is
produced and the trench extends upstream. If the ice were
suddenly removed, Greenland would become three major
islands separated by shallow ocean waters.

3.3. Impacts of granular basal sliding

Granular material can be widely available under an ice
sheet because, during the glacier’s history, around the
grounding line repeated phase changes between ice and
water are highly effective mechanisms for producing granu-
lar material. The process is several orders of magnitude faster
than uniform weathering by runoff water. To study ice-sheet
flow, granular material under solid ice is less important than
that located under a melting base. To first order, the
subglacial geochemical environment consists of finely
crushed rocks bathed in ice melt, analogous to the flow-
through reactors used to measure mineral weathering rates
(Anderson, 2006). For SEGMENT-ice, the input parameters
are granular layer thickness and effective grain size.
Obtaining the granular layer thickness is difficult because
both the production rates and the subglacial flow washout
rate are required (Cutler, 2006). With sufficient surface ice-
flow observations and known ice temperature distributions,
the granular parameters can be objectively retrieved by the
data assimilation routine of SEGMENT-ice. The retrieved
granular material thickness and effective size are used only
as initial conditions. Their subsequent evolution is par-
ameterized according to Anderson (2006), using an erosion
scheme with temperature- and geology-dependent multi-
plicative factors.

3.4. Case study: Jakobshavn Isbrae

Jakobshavn Isbree lies at the intersection of the three positive
feedbacks described in the preceding subsections. From
Figure 1, if the ice is completely removed, Greenland
becomes three islands separated by shallow ocean waters.
Geologically, Jakobshavn Isbre is located in the valley
between the largest middle island (containing the Summit,
SMT in Fig. 1) and the southern island (containing the
Southern Dome, SD). The largest surface slope angle is ~9°
at 1 km resolution, one of the steepest surface slopes on the
GrlS. At the interface with ocean water, there is ~550m
deep ice below sea level and the width of the mouth is
~6km (hence the vertical cross section is ~3 km? at the
ocean/ice interface). Because of its southern location
(69°N), the ice temperature is relatively high, with a surface
annual mean temperature of about —10°C.
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Fig. 6. SEGMENT-ice simulation of the ice flow field at Jakobshavn
Isbrae (red box in Fig. 1). (a) Year 2000 surface (u, v) velocity. (b) The
u-velocity profile at a point near the mouth (ice/ocean interface, '+’
in (a)) for 2000 and a projected 2100 profile (dashed line). Ice flow is
faster in 2100 because the ice temperature is higher; the back force
from ocean hydrostatic pressure is lower because the tongue thins as
ocean melting increases, and there is increased granular basal
sliding speed. Including ice-thickness changes, the discharge rate at
the mouth of Jakobshavn Isbrae has increased by ~1.2 km*a™" (~5%
of year 2000 value) by 2100. T km resolution ice geometry data are
used in the model simulation. Meteorological fields for the
projection are from CCSM3 under the SRES A1B scenario.

A model simulation of the entire GrlS was made at 1 km
horizontal resolution, but only the flow changes between
2000 and 2100 for the Jakobshavn Isbree vicinity are shown
here (Fig. 6). Meteorological forcing parameters are from
CCSM3 under the SRES A1B scenario emissions assumption.
Figure 6a is a model-simulated present-day surface level ice-
flow velocity, and Figure 6b shows the flow vertical profile
changes over the 2000-2100 period, near the bottleneck
leading to the present mouth (‘+ in Fig. 6a). The flow is
concentrated, and maximum velocity cores indicate primar-
ily westward speeds of >8000ma'. In addition to the
positive feedback of granular basal sliding, the concentrated
ice flow arises from the steep bedrock geometry and the
reduction in ice viscosity. Because of the large magnitude of
flow divergence/convergence, large fluctuations in ice
geometry adjustment are expected, on decadal timescales.
However, ocean discharge will always be significant. We
show a limited simulation domain (49.97W, 68.883N at the
left lower corner to 48.42W, 69.44N at the right upper
corner). Viewed from the entire GrlS, this ice stream drains a
large sector of the ice sheet (~7% of the total area).
Integration along the ocean/ice interface of the cross product
of ice velocity and unit normal of the interface indicates that
the present ice speeds supply ~23 km*a™ to the ocean.

There is an expected increase in flow speeds in the 21st
century (Fig. 6b), as a result of interactions between ocean
warming, air warming and increased granular basal sliding.
Ice surface elevation over this small area is insignificant
because of a dynamic equilibrium between increased ice
discharge and the increased ice flow at the upper stream
source region. Compared with the year 2000 level, annual
ice discharge into the ocean could increase by ~1.4km?>a™
(~5% of the present annual rate) by 2100. The grounding
line is steadily retreating. By 2050 the ice/ocean interface
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may retreat to the ‘+’ sign location, and by 2100 to the
location of the double dashed blue line. Because of the
complicated bedrock topography, the ice/ocean interface
may be separated into two segments by 2100 (Fig. 6a). The
southern branch has deeper (1000 m) ice layers lying below
sea level than the wider, northern branch, which has <100 m
ice lying below sea level. Also the ice speed is larger for the
southern branch (~8500ma™') than the northern branch
(700ma~"). Hence the ice/sea interaction is primarily
through the southern branch. The southeast areas below
sea level (right lower corner in Fig. 6a) cannot interact with
the ocean water in the transient climate change period as
they have no direct connection to the ocean.

Ice thickness near the mouth is ~600m. At the bottom,
basal sliding contributes a sliding speed of ~90ma™" at
present, increasing to ~400ma~" by 2100 (Fig. 6b). The ice
velocity profile within the thin (~1m) granular layer is
dilatant, but flow is shear-thinning above that layer. The
300ma " increase thus adds almost uniformly to the 600 m
thick ice.

4. DISCUSSION

The three positive feedback mechanisms examined in this
study have all been shown in Section 3 to be significant in
the 21st century. Hitherto, each has been neglected in ice
modelling but they all are important and contribute in an
interactive manner to the total ice melting. Therefore, this
study of GrIS melting has included all three processes and
has estimated their impacts.

In the case of positive feedbacks from oceanic interactions
with ice, we consider oceanic effects, through their pole-
ward energy transport and the associated influences on
weather patterns relevant to the GrlS surface mass balance.
The direct oceanic role on the GrlS is limited, as its interface
with water accounts for a small fraction of the current GrlS.
More importantly, most outlets will be land-terminated as the
climate warms, as they are on timescales much shorter than
the AMOC feedback. On even longer geological timescales
such as 10°year timescales, which are still below Milanko-
vitch’s orbital scale, land-sea reconfiguration from tectonic
movement may cause closing/opening of seaways and have
significant effects on ice age (Molnar, 2008). The potential
for large earthquakes and tsunamis must also be considered
when addressing oceanic effects on global energetics and
their relevance to climate change. However, such considera-
tions are beyond the scope of this study.

Turning to the second positive feedback process, strain
heating is a distributed heating source that heats the ice from
inside. Generally, strain-heating rate is largest near the
bottom. As the climate warms, the air temperature increases
and precipitation also tends to increase; this is a consensus
feature of all the IPCC AR4 archived general circulation
models. For ice sheets, these are heating sources at the upper
boundary. As the near-surface ice warms, the ice viscosity
reduces but the ice flow increases more dramatically, to
maintain balance with the gravitational driving, and the
strain-heating rate therefore increases. The heat caused by
strain heating warms the ice layer immediately beneath the
surface layer. As this layer’s temperature increases, flow
speeds in the layer increase to maintain a balance with
gravitational driving of the entire overlying ice, and strain-
heating rate also increases. This thermomechanically
coupled mechanism transfers heat more effectively and
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provides a pathway much quicker than pure heat diffusion.
Heat diffusion is ineffective for the long-distance transfer of
heat because, to effectively transfer heat away from a source,
a temperature gradient must be maintained. Maintaining a
steady temperature gradient over a long distance (several
kilometres) is not practical in natural conditions. For
example, to keep a 25Wm™ heat flow within an ice
column, a steady 10 Km™" temperature gradient is necessary.
It is impossible to keep this temperature even over a 30 m
depth. However, the GrIS has 80% of its area deeper than
2 km. By coupling with strain heating, the heat transfer is
more effective.

The effects of the third positive feedback, that of granular
material on ice flow, are not discussed in detail here as a full
discussion is given in Ren and others (2011a). The granular
enhancement of ice flow therefore is persistent, as it exists
whenever there is an ice sheet present.

5. CONCLUSIONS

In this study, the melting of the GrlS during the 20th and 21st
centuries and the underlying mechanisms are investigated. A
new ice-dynamics model, SEGMENT-ice, is employed,
forced by monthly atmospheric and oceanic conditions
provided by high-resolution CGCMs.

Three mechanisms that have positive feedbacks on ice
melting are described and assessed: oceanic interactions at
the interface, strain heating and granular basal sliding. Each
mechanism is significant and increases exponentially as the
temperature increases. Ice melting caused by oceanic
interactions, although important and of the same order of
magnitude as sensible heat flux from the atmosphere, is not
persistent and also is not universal for the GrlS. Less than
0.1% of the ice grounding line is marine-terminating. More
importantly, in the expected future climate-warming condi-
tions, fast glaciers that are currently marine-terminating may
become completely land-terminated and the direct ocean
effects will then disappear completely. This changing role of
ocean—ice interactions is exemplified by the case study, in
Section 3.4, of the evolution of Jakobshavn Isbree during the
21st century. Jakobshavn Isbrae begins with all three
processes being important, but when the links between the
ocean and the glacier cease, only two remain important:
strain heating and basal sliding. Strain heating and granular
basal sliding effects remain as both are more pervasive than
oceanic interactions because they continue for as long as the
ice sheets exist.
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