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Ice-shelf basal melting in a global finite-element
sea-ice/ice-shelf/ocean model
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ABSTRACT. The Finite Element Sea-ice Ocean Model (FESOM) has been augmented by an ice-shelf
component with a three-equation system for diagnostic computation of boundary layer temperature and
salinity. Ice-shelf geometry and global ocean bathymetry have been derived from the RTopo-1 dataset.
A global domain with a triangular mesh and a hybrid vertical coordinate is used. To evaluate sub-ice-
shelf circulation and melt rates for present-day climate, the model is forced with NCEP reanalysis data.
Basal mass fluxes are mostly realistic, with maximum melt rates in the deepest parts near the grounding
lines and marine ice formation in the northern sectors of the Ross and Filchner–Ronne Ice Shelves,
Antarctica. Total basal mass loss for the ten largest ice shelves reflects the importance of the Amundsen
Sea ice shelves; the Getz Ice Shelf is shown to be a major meltwater contributor to the Southern Ocean.
Despite their modest melt rates, the ‘cold water’ ice shelves in the Weddell Sea are still substantial
sinks of continental ice in Antarctica. Discrepancies between the model and observations can partly be
attributed to deficiencies in the forcing data or to (sometimes unavoidable) smoothing of ice-shelf and
bottom topographies.

INTRODUCTION
Melting of glaciers, ice caps and ice sheets contributes to
changes in global sea level. Therefore, an estimate of the
rate of ice mass loss from the Antarctic ice sheet is an
important component of the Intergovernmental Panel on
Climate Change (IPCC)’s Fifth Assessment Report. Given that
most of the Antarctic ice sheet drains into floating glaciers
or ice shelves, an understanding of sub-ice-shelf processes
is crucial to obtain a reliable estimate of the Southern
Hemisphere’s ice mass budget. The European Union project
ice2sea was set up to reduce uncertainties in projections
of the cryosphere’s contribution to global sea-level rise.
The development of improved models of ocean/ice-shelf
interaction is an important component of this.
Modelling of processes in sub-ice-shelf cavities and the

quantification of ice-shelf basal melt rates in an Antarctic
circumpolar context go back to the Bremerhaven Regional
Ice–Ocean Simulations (BRIOS; Beckmann and others,
1999; Timmermann and others, 2001, 2002a,b; Assmann
and others, 2003; Hellmer, 2004). Although resolution
in these simulations was relatively coarse and many
features of ice-shelf morphology and cavity topography
were unknown then, a comparison with results of smaller-
scale regional/local models (e.g. Gerdes and others, 1999;
Grosfeld and others, 2001; Williams and others, 2001;
Thoma and others, 2006; Dinniman and others, 2007) shows
that BRIOS results are, to a large extent, realistic.
To overcome the limitations of a relatively coarse reso-

lution and the open boundaries inherent to any regional
model, and at the same time to include newly obtained
information about many details of cavity geometry, we
developed a finite-element sea-ice/ice-shelf/ocean model
with a global domain, a hybrid vertical coordinate and a
horizontal mesh focused on the Southern Ocean continental
shelf including the sub-ice-shelf cavities. Here we report
on the achievements in the development of this member of
a new generation of ice-shelf/ocean models. For validation
purposes, we conducted simulations forced with NCEP (US

National Centers for Environmental Prediction) reanalysis
data. Sub-ice-shelf circulation and melt rates for present-
day climate are evaluated and compared to other model
simulations (with the BRIOS model serving as one of the
baseline datasets) and to observation-based estimates. We
discuss the model representation of the larger ice shelves
and look into possible reasons for discrepancies.

MODEL DESCRIPTION
The Finite Element Sea-ice Ocean Model (FESOM; Timmer-
mann and others, 2009) has been augmented by a newly
implemented ice-shelf component. We use a three-equation
system to compute temperature and salinity in the boundary
layer between ice and ocean and the melt rate at the ice-shelf
base as proposed by Hellmer and Olbers (1989) and refined
by Holland and Jenkins (1999). Turbulent fluxes of heat and
salt are computed with coefficients depending on the friction
velocity, following Jenkins (1991). As with most models of
ice-shelf/ocean interaction, we assume a steady state for ice-
shelf thickness and cavity geometry; on timescales covered
by the simulation, basal mass loss is assumed to be in
equilibrium with surface accumulation and the divergence
of the ice-shelf flow field.
We use a tetrahedral mesh with a horizontal length scale of

50 km along non-Antarctic coasts, which is refined to 10 km
along the Antarctic coast, 7 km under the larger ice shelves
in the Ross and Weddell Seas and 4 km under the small
ice shelves in the Amundsen Sea. While mesh size varies
between 30 and 40 km in the offshore Southern Ocean, it
increases to ∼250–300 km in the vast basins of the Atlantic
and Pacific Oceans. Model resolution is also high in some of
the narrow straits that are important to global thermohaline
circulation: the Strait of Gibraltar, Fram and Denmark Straits,
and the region between Iceland and Scotland. In total the
grid comprises ∼2×106 grid nodes.
To allow an adequate representation of sub-ice-shelf

cavities and at the same time obtain a realistic global
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Table 1. Characteristics of the larger Antarctic ice shelves from FESOM (average over 1980–99), BRIOS (Hellmer, 2004) and other sources.
Bold: basal mass loss; italic: area-mean melt rate; roman: ice-shelf area. ‘Sum of ten’ refers to the ten larger ice shelves considered in this
study. Areas in the left column are derived from RTopo-1 (Timmermann and others, 2010)

FESOM BRIOS Other estimates
(this study) (Hellmer, 2004)

All 1600Gt a−1 907Gt a−1 1030Gt a−1 (Rignot and Jacobs, 2008)
1494× 103 km2 1510× 103 km2 1233× 103 km2

Sum of ten 1130Gt a−1 860Gt a−1 756± 380Gt a−1 (Jacobs and others, 1996)
1244× 103 km2 1261× 103 km2 1183× 103 km2

FRIS 138 Gt a−1 120 Gt a−1 202 Gt a−1 (Jacobs and others, 1992)
83± 25Gt a−1 (Joughin and Padman, 2003)

0.35ma−1 0.32ma−1 0.55ma−1 (Jacobs and others, 1992)
0.24–0.44ma−1 (Nicholls and others, 2003)

433× 103 km2 438× 103 km2 408× 103 km2

Brunt + Riiser–Larsen (‘EWIS’) 65Gt a−1 166 Gt a−1
0.94ma−1 2.38ma−1 0.88ma−1 (Thoma and others, 2006)

<2.3ma−1 (Fahrbach and others, 1994)
78.5× 103 km2 77× 103 km2 76× 103 km2

Fimbulisen(+ Jelbart) 130Gt a−1 243Gt a−1
2.8ma−1 4.91ma−1 1.5–3.5ma−1 (Smedsrud and others, 2006)

0.85ma−1 (Nicholls and others, 2008)
51.3× 103 km2 53× 103 km2 54× 103 km2

Larsen (C) 48Gt a−1 38Gt a−1 15–70Gt a−1 (Holland and others, 2009)
1.0ma−1 0.6ma−1 0.27–1.26ma−1 (Holland and others, 2009)

0.35± 0.19ma−1 (Huhn and others, 2008)
52.0× 103 km2 52× 103 km2 66× 103 km2 (B+C)
George VI 86 Gt a−1 22.5Gt a−1 44 Gt a−1 (Jacobs and others, 1992)

3.6ma−1 0.43ma−1 1.9ma−1 (Jacobs and others, 1992)
2.1ma−1 (Potter and Paren 1985)

3–5ma−1 (Jenkins and Jacobs, 2008)
23.4× 103 km2 27× 103 km2 57× 103 km2

Abbot IS 59Gt a−1 18Gt a−1 46Gt a−1 (personal communication from E. Rignot, 2011)
2.1ma−1 0.6ma−1

31.4× 103 km2 32.5× 103 km2 36× 103 km2

PIG 13Gt a−1 28Gt a−1 (Jacobs and others, 1996)
53–85Gt a−1 (Jacobs and others, 2011)

3.1ma−1 10ma−1 (Jacobs and others, 1996)
24–50ma−1 (Rignot, 1998)

5.1× 103 km2 5.0× 103 km2

Getz IS 164Gt a−1 53.6Gt a−1 128Gt a−1 (personal communication from Jacobs, 2011)
5.4ma−1 1.95ma−1

35× 103 km2 35× 103 km2 30× 103 km2

Ross IS 260Gt a−1 180Gt a−1 81Gt a−1 (Jacobs and others, 1992)
0.6ma−1 0.49ma−1 0.22ma−1 (Jacobs and others, 1992)

0.14ma−1 (Dinniman and others, 2007)
470× 103 km2 475× 103 km2 401× 103 km2

Amery IS 174Gt a−1 18Gt a−1 23Gt a−1 (Jacobs and others, 1996)
9–18Gt a−1 (Williams and others 1998, 2001)

30–45Gt a−1 (personal communication from B. Galton-Fenzi, 2011)
2.9ma−1 0.35ma−1 0.65ma−1 (Jacobs and others, 1996)

65× 103 km2 67× 103 km2 55× 103 km2

sea level and the in situ freezing point is 0.9K below the
surface freezing point.
Marine ice is formed at rates of up to 0.6ma−1 north of

Henry and Korff Ice Rises, and east of Fowler Peninsula.
While the location of freezing areas is fully consistent
with the observed locations of marine ice (Lambrecht and
others, 2007), rates are smaller than estimates based on ice
flux divergence (Joughin and Padman, 2003). Furthermore,
marine ice formation in FESOM is stronger off Korff than

off Henry Ice Rise, while the marine ice thickness map of
Lambrecht and others (2007) suggests a stronger freezing
north of Henry Ice Rise.
Two additional hotspots of marine ice formation (at rates

of 0.5–1.0ma−1) are associated with the outflow of ice-shelf
water (ISW) on the western sides of the Filchner and Ronne
Troughs. For the Filchner Trough, the outflow of ISW and
the formation of marine ice are consistent with the sub-ice
flow pattern inferred by Nicholls and others (2001) and the
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glaciological findings of Grosfeld and others (1998), Joughin
and Padman (2003) and Lambrecht and others (2007). For the
Ronne Trough, evidence for marine ice formation exists for
a narrow band along the coast (Nicholls and others, 2004).
A circulation regime with ISW outflow at the western side

of the Ronne Trough has already been proposed by BRIOS
simulations for anomalously strong sea-ice formation and
dense water accumulation on the continental shelf north of
Berkner Island (Timmermann and others, 2002b), suggesting
that this may be part of a naturally occurring interannual
variability. In our FESOM simulations, however, this pattern
is persistent, which points to deficiencies in the density
(salinity) distribution on the Weddell Sea’s continental shelf
in the model.
Area-mean net melt rate for the Filchner–Ronne Ice Shelf

in the FESOM simulation is 0.35ma−1, which converts to a
mass loss of ∼138Gt a−1 (Table 1). These values are similar
to the rates found in BRIOS (Hellmer, 2004) and are well
within the range between the estimates of Jacobs and others
(1992) and Joughin and Padman (2003); they are actually
close to the centre of the range suggested from hydrographic
observations by Nicholls and others (2003).
The importance of tides for the patterns and magnitudes of

melting and freezing in an isopycnic model of the Filchner–
Ronne Ice Shelf cavity has been demonstrated by Makinson
and others (2011). Even though FESOM does not consider
tides, melt rate distribution and magnitudes in our simulation
are much closer to their ‘Tidal’ case than to their ‘Non-
tidal’ simulation, and the area-mean melt rate in FESOM is
considerably higher than in their ‘Tidal’ case. We conclude
that even without explicitly modelling tides, their effect can,
at least to some extent, be covered by an appropriate choice
of turbulent heat/salt exchange coefficients.

Eastern Weddell ice shelves
For the mean melt rate of the Brunt and Riiser-Larsen
Ice Shelves in the eastern Weddell Sea, Fahrbach and
others (1994) suggested an upper limit of 2.3ma−1,
which is consistent with estimates from glaciological field
measurements along individual flowlines (Thomas, 1973;
Gjessing and Wold, 1986). BRIOS estimates even slightly
exceed this upper limit (Table 1). Due to a combination of
coarse resolution and strongly smoothed model topography,
the warm core of the coastal current in BRIOS simulations
is not well enough separated from the EWIS base, leading to
spuriously high melt rates in this sector.
The improved resolution in FESOM (Fig. 1) enables us to

describe this region in a much more realistic way, with the
coastal current being separated from the ice-shelf cavities,
limiting the heat available for basal melting. Basal melting
in FESOM averages to 0.94ma−1, which converts to a mass
loss of 65Gt a−1 and is well within the range suggested by
the regional model of Thoma and others (2006).

Fimbulisen
Similar to the case for the Brunt and Riiser-Larsen Ice
Shelves, and also for the same reasons, FESOM melt rates for
Fimbulisen (including the Jelbart Ice Shelf) are considerably
smaller than in BRIOS. FESOM’s mean melt rate of 2.8ma−1

(converting to a mass loss of 130Gt a−1) is still at the upper
end of the range suggested by Smedsrud and others (2006),
and considerably higher than in the model simulations of
Nicholls and others (2008), who use a very similar model
with different boundary conditions.

Larsen Ice Shelf
Since we use the RTopo-1 ice-shelf configuration, only the
Larsen C and a small remnant of the Larsen B ice shelf
are present in our simulation (Fig. 6). Compared to the
BRIOS model, where the Larsen ice shelves were crudely
approximated as 200m thick slabs of ice, the ice draft in
FESOM is more realistic; the Larsen C ice shelf base extends
down to more than 400m below sea level. Basal melt
rates for the Larsen C ice shelf in the FESOM simulations
(48Gt a−1 mass loss, 1.0ma−1 mean melting) are therefore
considerably higher than in BRIOS, from which 38Gt a−1

was obtained as a total for Larsen B and C (Table 1). Both rates
are well within the range suggested by the plume model of
Holland and others (2009); FESOM, however, is close to their
‘warm case’ (temperature increased by 0.5◦C), suggesting
that FESOM shelf waters in this region are slightly too warm
in the annual mean.
We have already mentioned the underestimation of

summer sea-ice extent in the northwestern Weddell Sea
(Fig. 4). Reduced summer sea-ice coverage is bound to
cause spurious warming of surface waters, which come into
contact with the northern part of the Larsen C ice shelf and
cause a strong seasonal increase in basal melting. As another
consequence of this deficiency, formation of marine ice at the
base of the Larsen C ice shelf does not occur in FESOM.

Amundsen and Bellingshausen Seas
George VI Ice Shelf
For the George VI Ice Shelf (Fig. 6), FESOM suggests a mean
melt rate of 3.6ma−1 (86Gt a−1 mass loss), which is much
higher than in BRIOS simulations and even exceeds the
observation-based estimates of Potter and Paren (1985) and
Jacobs and others (1992), but it is well within (actually at
the lower end of) the range proposed by Jenkins and Jacobs
(2008). The cavity circulation features near-bottom inflows
at Ronne Entrance and in Marguerite Bay, recirculations
in the northern and southern sectors of the cavity, and a
northward flow along the ice-shelf base into Marguerite
Bay. This agrees well with the observation-based findings
of Jenkins and Jacobs (2008). Modelled temperatures at the
bottom of Ronne Entrance (Fig. 7) clearly show the signature
of warm water originating from Circumpolar Deep Water,
but its temperature remains between 0 and 0.1◦C (Fig. 7),
which is ∼1◦C too cold compared to observations.

Abbot Ice Shelf
Averaged basal melt for the Abbot Ice Shelf (Fig. 8)
in our simulation is 2.1ma−1, corresponding to a mass
loss of 59Gt a−1, which is only slightly higher than an
estimate derived from thickness and velocity measurements
at the grounding line, the surface mass balance and an
approximated calving rate (personal communication from
E. Rignot, 2011). Sub-ice circulation features the classical
cavity pattern with near-bottom inflows at Kings Peninsula
and east of Thurston Island, a recirculation in the eastern
basin, and outflows at the ice-shelf base, again at Kings
Peninsula and east of Thurston Island.

Pine Island Glacier (PIG)
While Jacobs and others (1996) proposed 10ma−1 mean
melting (28Gt a−1 mass loss), Jacobs and others (2011)
deduced meltwater fluxes of 53 and 85 ± 6 km3 a−1 from
hydrographic observations in 1994 and 2009, respectively.
Satellite-based calculations by Rignot (1998) indicate basal
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