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Antarctic basal environment shaped by high-pressure flow through a subglacial river
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The stability of ice sheets and their contributions to sea level is modulated by high-pressure
water that lubricates the base of the ice, facilitating rapid flow into the ocean. In
Antarctica, subglacial processes are poorly characterized, limiting understanding of ice-
sheet flow and its sensitivity to climate forcing. Here, using numerical modelling and
geophysical data, we provide evidence of extensive, up to 460 km-long, dendritically
organised subglacial hydrological systems that stretch from the ice-sheet interior to the
grounded margin. We show that these channels transport large fluxes (~24 m? s1) of fresh
water at high-pressure, likely facilitating enhanced ice flow above. The water exits the ice

sheet at specific locations, appearing to drive ice shelf melting in these areas critical for ice-
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sheet stability. Changes in subglacial channel size can affect the water depth and pressure
of the surrounding drainage system up to 100 km either side of the primary channel. Our
results demonstrate the importance of incorporating catchment-scale basal hydrology in
calculations of ice-sheet flow and in assessments of ice shelf melt at grounding zones. Thus,
understanding how marginal regions of Antarctica operate, and may change in future,

requires knowledge of processes acting within, and initiating from, the ice-sheet interior.

The impacts of subglacial hydrology on ice dynamics have been widely demonstrated for
Greenland and Alpine glaciers'2. High-pressure water distributed across the ice-bed interface
lubricates the ice base, causing enhanced ice flow? and, consequently, mass loss and sea-level
rise®. However, development of large, low-pressure channels during the summer melt season in
these environments efficiently removes water, acting to slow ice flow?. In contrast to Greenland
and Alpine glaciers, the impact of subglacial hydrology on Antarctic ice-sheet dynamics*’
remains understudied. The Greenland-style system of seasonally-varying hydrological
inefficiency/efficiency is driven by surface water inputs during the summer (Fig. 1a). In contrast,
Antarctic systems are driven entirely by in situ basal water production and so have seasonally-
stable configurations (Fig. 1b). Antarctic subglacial hydrological systems draining over the
grounding line into ice-shelf cavities have been estimated previously through hydraulic potential
modelling, assuming time-invariant steady-state water pressures derived solely by ice-
overburden pressures®®. Such outlets are often spatially coincident with the location of ice shelf
channels, suggesting that the latter are formed by discharged subglacial water etching upwards
into the ice-shelf base®*2. Although hydraulic potential modelling allows estimates of likely

water routing, it does not allow for examination of: (1) the presence or size of subglacial
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channels; (2) how far upstream such channels can persist; (3) the volume and discharge of
subglacial water; or (4) temporal persistence of the subglacial drainage network. These issues are
important for determining the role of subglacial water in modulating Antarctic ice flow and basal

melting in ice-shelf ocean cavities, both of which are key for predicting future sea level rise®®.

Antarctic subglacial hydrology modelling

New high-resolution bed topography products from modelled mass conservation techniques®,
and continent-wide model-derived estimates of basal water production®, now enable 2D
subglacial hydrology models to be readily applied to large Antarctic catchments. Here, we use
the finite element Glacier Drainage System (GlaDS) model*®, which allows coincident
development of inefficient and channelised drainage networks, to assess the basal hydrology of
four major ice catchments that feed ice to the Filchner-Ronne Ice Shelf (FRIS) in the Weddell
Sea Sector of Antarctica: Institute Ice Stream (I1S); Moller Ice Stream (MIS); Support Force
Glacier (SFG); and Foundation Ice Stream/Academy Glacier (FIS-AG) (see Methods and Fig. 2).
We run GlaDS over these four catchments with a variety of sensitivity tests including channel
and distributed system conductivity, permitting assessment of the extent of channelisation and
the role that channels play in reducing surrounding water pressure and slowing ice flow (see
Methods). We present ‘base’ model outputs (Fig 2b-j; Extended Data Table 1) and compare them

with sensitivity test results (Fig 3; Extended Data Table 2).

The FIS-AG catchment originates from near South Pole and terminates 750 km downstream
at the Filcher-Ronne Ice Shelf. The FIS-AG receives much of its ice through the Pensacola-Pole

Basin, which lies up to 2.4 km below sea level (bsl) (with an average elevation of 500 m bsl)*’.
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The grounding lines of 11S and MIS are both perched at the top of steep reverse slopes leading
into deep basins, more than 1.6 km and 1.7 km bsl, respectively8. All these regions have been
identified as susceptible to marine ice sheet instability if the grounding zones were to retreat
from their current positions!”!8. SFG is a narrow ice stream that lies between FIS-AG and
Recovery Glacier. It also has a deep basin up to 1.4 km bsl but with a more gentle reverse slope,
compared to the other catchments, and a bedrock rise 30 km inland of the grounding zone.
Collectively, the 1S, MIS, SFG, and FIS-AG is a region of high vulnerability to change!®'®, has

an area of 960,000 km?, and contains enough ice to raise sea level globally by 4.3 m%.

Extensive network of subglacial channels

Model results indicate that a major subglacial channel exits the grounding line of FIS-AG
with a discharge of 24.2 m® s and a cross-sectional area (CSA) of 11.7 m? (Fig. 2¢). This
channel comprises two major branches: the primary branch is from AG, has a total length of 460
km; the secondary branch drains FIS, and flows for 130 km before merging with the Academy
channel (Fig. 2c,f). Major channels also exit at 1S (discharge: 8.3 m® s, CSA: 5.0 m?; Fig. 2d)
and MIS (discharge: 3.9 m3 s, CSA: 2.7 m?; Fig. 2d), with SFG draining two smaller channels
(discharge: 0.51 and 0.45 m® s, CSA: 0.45 and 0.37 m?; Fig. 2b). All these channels are
persistent annually. The size and distribution of channels draining water beneath the four ice
streams/glacier catchments remain resistant to changes in sensitivity tests; the only major
variation observed is a shift in the initiation of the extensive AG channel by +15 km (Fig. 3b, d).
The length of these channels dwarf those of the nearby Recovery Glacier, where hydrological

modelling suggests channels up to 75 km long between connected subglacial lakes®. The FIS-AG
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channels also connect several lakes?! but persist downstream of these features to drain into the

FRIS ocean cavity (Fig. 2f).

FIS-AG subglacial channels have previously been inferred from radar data?? with high
reflectivity indicating the presence of water. We find good correspondence between the locations
of high reflectivity and the modelled subglacial channels (Extended Data Fig. 1). Radar surveys
near the grounding line of SFG also record the presence of a subglacial channel that was
identifiable up to 7.7 km upstream of the grounding line, after which it could no longer be
differentiated from the surrounding basal conditions?®. The location and length of this channel
corresponds with the more easterly modelled channel at SFG (Fig. 2b,e), which runs from 5 km

upstream of the grounding zone.

These basal drainage networks resemble dendritic channelised subglacial systems identified
in summer Alpine and Greenlandic environments?*?°, despite the absence of surface-water
inputs. However, the FIS-AG channels (Fig. 2¢) extend far further inland than those monitored?

and modelled® in Greenland at ~40 km (Fig. 1a), and persist year-round.

High-pressure Antarctic channels

Subglacial channels typically develop at a lower pressure than the surrounding distributed
drainage system, due to faster melt rates from viscous water flow compared to ice overburden-
driven creep closure'?*. However, although our modelled Antarctic subglacial channels have
lower water pressure than the adjacent distributed system, they operate close to overburden
pressure (at around 98%), near steady-state (Fig. 2h,i,j). We test the impact of this on the

distributed drainage system and related ice-dynamic drivers by comparing the channel flux,
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water pressure, and water depth in sensitivity tests with higher and lower channel conductivities.
Lower conductivity (0.01 m*? kg*/?) inhibits channel formation and lowers the discharge from
the FIS-AG grounding line subglacial channel discharge by ~12 m® s (Extended Data Table 2).
These channels remain at a similar pressure to those in the higher conductivity systems.
However, the impact of smaller and less efficient channels on the hydrological system extends
far beyond the channelised drainage routes, up to 100 km on either side of the primary channels
(Fig. 3b,c). The distributed water system in these areas sees an increase in pressure, but generally
by less than 5% of overburden (which in this region translates to ~0.4 MPa). In addition, water
depth in the distributed system increases up to 3 cm, other than in deep basins where subglacial
lakes occur and where water depth increases by up to several meters as a result of fewer or
smaller channels forming (Fig. 3c). For example, lake F12 (Fig. 2f) has a maximum water depth
of ~4 m in the ‘base’ model run but this increases to 16 m in the low channel conductivity run.
Given that satellite-derived altimetry data suggest F12 changes in depth by ~6 m over a drainage
cycle?’, the base model outputs are likely more applicable than the low conductivity outputs.
Higher channel conductivity (0.1 m®? kg™*?) compared to the base run impacts water depth and
pressure over a similarly wide region, although only decreasing distributed water depth < 0.5 cm

(Fig. 3e) and pressure < 1% of overburden (Fig. 3d), on average.

High-pressure Antarctic channels are fundamentally different to those in Greenland and play
a distinct role in Antarctic glaciology. In Greenland, channels that grow and shrink annually
adjust regularly to changing hydrological conditions?® and operate at pressures significantly
lower than the surrounding distributed system (dropping to ~40% of overburden?; Fig. 1a). The
low-pressure Greenland channels thus play a key role in limiting ice flow rates by drawing water

from adjacent high-pressure regions, reducing the amount of basal lubrication®. In Antarctica,
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however, subglacial channels have limited dynamical influence on short temporal scales, but are
maintained at near steady-state with a high-pressure distributed water system adjacent to the
channels (Fig.1b). Changes in channel size occur only in response to subglacial lake growth and
drainage over periods of years?!. These channels are, however, critical for transferring water
from the ice-sheet interior to the grounding zone and any alteration in channel efficiency, size, or
pressure can impact large swathes of the basal Antarctic system and, consequently, ice-flow

rates, and processes operating at grounding zones.

High-pressure water drives fast ice flow

FIS-AG has both the largest hydrological catchment and the fastest surface ice flow (500-600
m a’l) within the model domain. 11S has the next largest catchment and next fastest flow (350 m
al), followed by SFG (290 m a) and then MIS (130 m at). All these enhanced (>~25 m a)
flow regions correspond with modelled water pressures of 96% of overburden or above (Fig.
2h,i,j, and Fig. 3a). In glacial settings, regions of faster ice flow are primarily assumed to be
driven by high-pressure distributed basal water systems with a lack of large, efficient channels®2
and/or by steep surface slopes creating large driving stresses?®. In the Antarctic, the fastest
flowing regions are ice streams draining large volumes of ice into the ocean®®, which have
shallow surface gradients and therefore limited driving stress?. The latter suggests that high-
pressure distributed drainage plays a key role in Antarctic fast flow, yet variability in ice shelf
topography at the grounding line, along with our modelling, provides strong evidence of large
focused channels exiting many ice streams*®t, Our model results explain how this is possible,
with high-pressure subglacial water coincident with regions of fast ice flow and the presence of

channels.
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In a warming climate, thinning at the grounding zone could increase the driving stress
upstream due to steeper ice-surface gradients, facilitating faster flow®! and an increase in
frictional basal water production. In addition, warming air temperatures could, potentially, allow
seasonal access of water from the ice surface to the ice bed®>33, We test the impact of increased
basal water volumes by multiplying the basal water production rate by 150%. We find that water
pressure, and therefore potentially ice flow speed, increases in the interior regions of the
catchment (Fig. 3f). Immediately adjacent to the channels (10-40 km to either side), increasing
the water supply has limited impact on water pressure and therefore, by inference, sliding
velocity (Fig. 3f). However, in regions where fast flow is observed, pressures increase by
between 1-3% of overburden. This suggests that increased basal water availability may not
significantly change the dynamics of the ice near the location of channels under the current ice
configuration. However, ice flowing over the more distant distributed system may accelerate.
Conversely, simultaneous changes in ice surface slope, and/or greater volumes of water input on
a seasonal basis could enhance efficient channel formation. This would draw more water from
the pressurized distributed system, particularly when variations in surface water input prevents

channels from reaching steady-state.

Large water volume into ice-shelf cavity

The volume of water discharged into the FRIS ice shelf cavity varies between outlets. At the
FIS-AG grounding line, the subglacial channel discharges a constant 24.2 m®s™ of freshwater.
This is significantly larger than the calculated discharge from smaller subglacial channels
draining 11S (8.3 m3s1), MIS (3.9 m3s?), and SFG (0.51 and 0.45 m® s1). These differential

discharge rates are due to catchment size and basal melt rates (Extended Data Fig. 2 and Table
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3). Given that the catchment size of MIS is 1/20" that of FIS-AG, it is initially surprising that its
grounding line hydraulic discharge is ~1/6 of FIS-AG. However, this is due to the location of the
MIS catchment in a region of relatively high water production (4.8 m3s™?). All the ice streams

lose a portion of their basal water through freezing and some of the supply is discharged over the
grounding line by the distributed system rather than the primary drainage channels. However, the
FIS-AG has greater volumes of water (~4.9 m®s™), discharging from the grounding zone than

produced from geothermal and ice-bed frictional heating alone. This is due to melting within the

460 km-long channel.

The grounding zone outlet locations for the subglacial channels of FIS-AG (Fig. 2i), 1S and
MIS (Fig. 2j), and SFG (Fig. 2h) each coincide with major ice shelf basal channels (see Methods
and Extended Data Figs. 3 and 4). In general, higher discharge over the grounding line appears to
lead to larger sub-ice shelf channels (see Fig. 2b,c,d, Extended Data Figs. 3, 4, and Table 3). The
importance of subglacial discharge for ice shelf melting can also be evaluated by comparing melt
rates calculated from ocean models with those inferred by satellite altimetry. Ocean modelling
suggests FIS-AG and SFG grounding zones have higher melt rates than 11S and MIS due to their
deeper grounding lines, which decreases the pressure melt temperature and allows access of high
salinity shelf water (HSSW) to the base of the ice®*%. However, at the channel outlets, the ocean
modelling consistently predicts lower melt rates compared to the estimates from Cryosat-2
derived melt mapping®® (see Extended Data Table 3 and Fig. 2b,c,d). At FIS-AG and SFG, there
is an order of magnitude difference between modelled ice shelf melt rates (2.9 ma® and 2.8 m a*
37), compared to satellite-derived rates (26.43 m a* and 18.5 m a’%, respectively®®; Fig. 2b,c). In
contrast, 10 km downstream of the grounding zone of SFG, within an ice shelf channel, there is

consistency between ocean modelling®’, Cryosat-2 altimetry®, and measured® melt rates of ~1.6
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m a’*. The high Cryosat-2 melt rates at the grounding zone channel outlets®®, demonstrate that
subglacial discharge into ice shelf cavities should be included in ocean models directed towards

assessing ice shelf melt.

Ocean models run until the year 2199 show enhanced melt, particularly at the deep grounding
lines of FIS-AG and SFG®. This modelling did not take subglacial outflow into account,
however, which would enhance melt at the base of the ice shelf, with the fresh, buoyant water
exiting over the grounding line drawing Modified Warm Deep Water (MWDW) water to the ice
shelf base. This would increase ice shelf melt rates at the channel outlets beyond rates currently
calculated or predicted over the next 200 years®®%®. The effects of enhanced ice-shelf melt could
cause: (1) grounding line retreat beyond that predicted by ocean modelling®; (2) larger ice shelf
channels, as demonstrated by the relationship between current subglacial discharge and ice shelf
profiles, which could weaken the ice shelf and cause fracturing®®; and (3) a reduction in ice shelf
buttressing, causing acceleration and thinning of the upstream grounded ice®!. The latter would
drive enhanced frictional melt at the grounded ice base and direct greater volumes of water into
subglacial channels, in response to steeper surface-driven hydraulic potential gradients.
Additional water flux over the grounding line could then instigate a positive feedback effect,

enhancing all of the above processes.

Impact of Antarctic subglacial channels

Antarctic subglacial hydrological channels play a key role in efficiently funneling water from the
interior of subglacial catchments towards the grounding line, despite maintaining high pressures

at all times. The persistent near steady-state nature of current Antarctic channels allows them to
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operate at water pressures much closer to overburden than their equivalent in Alpine or
Greenland settings. The accumulation of high-pressure water drives fast ice flow in the grounded
areas, , with the channels concentrating a flux of freshwater into ice shelf ocean cavities,
facilitating enhanced melt of ice shelves by buoyantly drawing up warm, deep water. Currently,
basal water supply is controlled over large catchments by a combination of geothermal heat flux
and friction related to the basal flow of ice. The former will only change over geological
timescales, but the latter is liable to alter significantly over the next century if ice shelf
buttressing is reduced and upstream grounded ice speeds up. Such acceleration will change both
the ice surface slope and basal water production. Furthermore, as Antarctic air temperatures
warm over the next century, additional water will potentially reach the ice-bed interface from the
surface. Changes to basal water supply will impact both the capacity of basal channels, which we
demonstrate affects the distributed system pressure up to 100 km on either side of primary
channel route and, in the case of seasonal inputs, will move the Antarctic system away from
steady state towards a Greenland-like system. Consequently, predictions of ice sheet evolution
under climate warming by ice-sheet and ocean models, especially under strong global warming
scenarios, must account for the influence of hydrology on ice dynamics in ways not presently

adopted*!.
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Fig. 1: Schematic of subglacial hydrology drainage characteristics for Greenland and
Antarctica. a, In Greenland, seasonal surface water accesses the bed and allows channel
development with enough efficiency to lower the water pressure over a distance of tens of km. b,
In Antarctica there is no surface water input but channels can develop over hundreds of km due

to near steady-state inputs. These channels do not lower the water pressure significantly.
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Fig. 2: Modelled subglacial hydrology. a, Basal topography* of the study region with the
model domain outlined in white and the grounding line*® in cyan. The divide between West and
East Antarctic Ice Sheets is plotted in red and the location of ICESat lakes?! outlined in black.
The black box shows the extent of Fig. 3. b,c,d, Ice shelf melt rate from Cryosat-2 altimetry
measurements®® and modelled channel discharge. The grey box in ¢ shows the extent of Extended
Data Fig. 1. e,f,g,. Distributed system water depth (with a log scale) with channels plotted in red
and the location of ICESat lakes?! outlined in black. h,i,j, Water pressure plotted as a fraction of
overburden. White circles are locations of channels with discharge >0.2 m® s, Background
image is the ice surface MODIS mosaic®!. Regions identified by color rectangles in a are

identified by their respective outlines in b-j.

Fig. 3: Impact of channel efficiency on system pressure and water depth. a Basal velocity
from ISSM™® with the 50 m a* contour outlines in grey. Difference in fraction of flotation and
water depth between b,c a system with lower channel conductivity and the standard (base) model
run, d,e, a system with higher channel conductivity and the standard model run, and f,g, a system
with additional basal water and the standard model run. The 50 m a* basal velocity contour is
outlined in dark red on each plot. The blue dots are the channels for the low conductivity (b,c),
higher conductivity (d,e) and additional basal water (f,g) runs. These plots include information

for 1S, MIS, FIS-AG, and SFG with the extent shown by the black box in Fig. 2a.
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Methods
Subglacial hydrology modelling

GlaDS has previously been applied to hydrological catchments elsewhere in the Antarctic,
including Recovery Glacier*, the Aurora Subglacial Basin and Totten Glacier®, David Glacier*,
and Getz Ice Shelf hydrological catchment*3. The model setup and equations are described in

depth in Werder et al.’®; model parameters used here are listed in Extended Data Table 1.

GlaDS is a finite-element model and includes distributed system development across
triangular elements, which exchange water with element edges where basal channels can
develop. The model therefore has dynamic drainage evolution both spatially and temporally.

There is some network dependency on mesh sizing, but it has been shown to have negligible

18



402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

impacts on the outcomes of catchment-scale hydrological assessments, although there may be

some local impacts on individual subglacial lake drainage dynamics*.

GlaDSs is initialized with no basal channels and these form over time due to water flux from
the surrounding distributed drainage elements. In a situation with slow flow over the elements,
which could be caused by minimal gradients in hydraulic potential and/or limited water supply,

channels will form less readily. The equation for channel development is:

opw

a9
s _ |Qg|—(ct cw pw Q=5 _ A INln_lN

at PiL

with Q the channel discharge, o the hydraulic potential over distance s, ¢t the Clapeyron slope, cw
the specific heat capacity of water, pw the density of water, pw is water pressure which is
determined from the pressure in the adjacent distributed system elements, pi is the density of ice,
L the latent heat of fusion, Ac the ice rheological constant, N the effective pressure, and n Glen’s
flow constant. Channels open through viscous dissipation of heat generated by the speed of water
flow, itself driven by a combination of the hydraulic potential gradient and the channel
conductivity; the latter is an unknown frictional parameter and therefore one that we explore with
sensitivity testing. Channels close through ice creep. As channels can form on all element edges,
we define the threshold when we call an element edge flow feature a ‘channel’ as having a

discharge of >0.2 m® s,

In our model experiments, we include freezing and melting within both the distributed and
channelised systems*®. Water production rates are sufficiently low that basal freeze-on could be
an important factor in how the subglacial hydrological system develops; for example, we found
that water produced in the vicinity of South Pole lake*® all freezes as is flows downstream and

therefore does not contribute to the FIS-AG drainage network. Flow through sediment is not
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explicitly modelled in GlaDS due to computational limitations, although adjusting the distributed
system conductivity can emulate flow through subglacial sediment. There is evidence that some
regions of FIS-AG are underlain by marine sediments, but it is suggested that they are not weak

and deformable, making GlaDS an applicable model for this region®’.

We use the Antarctic Surface Accumulation and Ice Discharge (ASAID) grounding line for
our domain®®, The remainder of the domain was determined using hydraulic potential gradients
assuming water pressure at overburden, and calculating the resulting basal drainage catchments®*’
that feed across the grounding lines of 1S, MIS, FIS-AG, and SFG. We use outputs from the Ice
Sheet System Model (ISSM), following the methods of Seroussi et al.'®, to obtain the velocity of
ice at the bed (sliding), and refine our triangular mesh in regions where the basal ice flow is
greater than 30 m a* and in the grounding zones of the catchment primary drainage outlets. The
minimum mesh edge length is 280 m and the average for the whole domain is 5.7 km. The basal
ice velocity within the catchment ranges from 0.03 m a™* near South Pole to 627 m a* at the FIS-
AG grounding line (Fig. 3a). The basal and surface topography is from BedMachine!* and
encompasses radar data as discussed in Jeofry et al.*®, which gives enhanced bed topography
resolution in the FIS-AG region, our primary area of interest. Other key inputs into GlaDS
include the rates of basal water production and basal sliding, the latter driving the rate of
distributed system cavity opening/closing. For both of these variables, we use outputs from the
ISSM model that are spatially variable, but temporally constant®. The basal water production
rate has a maximum of 0.28 m a! at the FIS-AG grounding line, with large regions of the interior
catchment at zero. We assume a temperate bed throughout, which may introduce some errors,

but the model does not require active melt production and so areas with zero water production
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essentially act as frozen regions unless water from up-catchment persists through those elements

without refreezing.

There remain many unknowns about basal conditions in the Antarctic and so we run
sensitivity tests to examine the range of likely hydrological conditions in this catchment. Our
sensitivity tests include separately varying the conductivity of the distributed system and the
channelised system. We also test the role that spatially variable basal water production rates has
on the hydrological configuration by running GlaDS with an enhanced water production of 1.5
times the ISSM value. The sensitivity parameter values along with the resulting channel
discharge rates at the grounding lines of FIS-AG, I1S, MIS, and SFG are shown in Extended

Data Table 2. The basal water pressure outputs for the sensitivity tests are shown in Fig. 3b,d,f.
Radargrams

Airborne radio-echo sounding (RES) is a key technique for measuring the morphology and
characteristics of beds of large ice sheets. The radar data used in this study were compiled from
flight surveys conducted by the Center for Remote Sensing of Ice Sheets (CReSIS) as a part of
the NASA Operation IceBridge (OIB) mission in 2014 and 2016°. The Multichannel Coherent
Radar Depth Sounder (MCoRDS) was run with a frequency of 195 MHz and a 50 MHz
bandwidth*. The data were processed assuming homogeneous ice and a radar propagation rate
of 0.168m ns™. Further instrumentation and processing details are provided in Jeofry et al.*°. We
analyse RES transects across the adjacent ice shelves of 11S, MIS and FIS to chart the geometry
of ice shelf channels across the grounding zone. All elevation measurements (i.e. radargram

profile and ice surface) are relative to the WGS 84 datum.
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Data availability

BedMachine basal and surface topography DEMs are available at NSIDC. Airborne radar data

used in this study are freely available at the CReSIS website (http://data.cresis.ku.edu/.). Model

outputs and reflectivity data are available from Zenodo repository 10.5281/zenodo.6785041.

Code availability

The Glacier Drainage System (GlaDS) model code is available by contacting Mauro Werder

(werder@vaw.baug.ethz.ch) and is also now included in the Ice-Sheet and Sea-Level System

(ISSM) model, which is freely available.
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