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Abstract. Both ice sheets on Greenland and Antarctica are discharging ice into the ocean. In many regions along the coast of

the ice sheets, the icebergs calve into a bay. If the addition of icebergs through calving is faster than their transport out of the

embayment, the icebergs will be frozen into a mélange with surrounding sea ice in winter. In this case, the buttressing effect of

the ice mélange can be considerably stronger than any buttressing by mere sea ice would be. This in turn stabilizes the glacier

terminus and leads to a reduction in calving rates. Here we propose a simple model of ice mélange buttressing which leads to5

an upper bound on calving rates and can be used in numerical and analytical modeling.
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1 Introduction

Ice sheets gain mass by snowfall and freezing of sea water and lose mass through calving of icebergs and melting at the surface

and the bed. Currently the ice sheets on Antarctica and Greenland have a net mass loss and contribute increasingly to sea level10

rise (Rignot et al., 2014; Shepherd et al., 2018b; WCRP Global Sea Level Budget Group, 2018; Eric Rignot, 2019; Mouginot

et al., 2019). The ice sheet’s future mass loss is important for sea level projections (Church et al., 2013; Ritz et al., 2015;

Golledge et al., 2015; DeConto and Pollard, 2016; Mengel et al., 2016; Kopp et al., 2017; Slangen et al., 2017; Golledge et al.,

2019; Levermann et al., 2020).

For the Greenland ice sheet, calving accounted for two-thirds of the ice loss between 2000 and 2005, while the rest was lost15

due to enhanced surface melting (Rignot and Kanagaratnam, 2006). Because surface melt increased faster than glacier speed,

calving was responsible for a third of the mass loss of the Greenland ice sheet between 2009 and 2012 (Enderlin et al., 2014). In

the future, enhanced warming (Franco et al., 2013) and the melt elevation feedback (Weertman, 1961; Levermann and Winkel-

mann, 2016) will further increase surface melt but also intensify the flow of ice into the ocean. Calving accounts for roughly

half the ice loss of the Antarctic ice shelves, the rest is lost by basal melt (Depoorter et al., 2013).20

It is clear that calving plays an important role in past and present ice loss and is therefore very likely to play an important role

for future ice loss. However, by just calving off icebergs into the ocean and considering them eliminated from the stress field
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of the ice-sheet-ice-shelf system, most studies neglect the buttressing effect of a possible ice mélange, which can form within

the embayment into which the glacier is calving. This study provides a simple parametrization that accounts for the buttressing

effect of ice mélange on calving on a large spatial scale and that can be used for continental scale ice sheet modeling. Such

simulations are typically run on resolutions of several kilometres and over decadal to millennial timescales.

Any melange parameterization needs to be combined with a large-scale calving parameterizations of which there are some.5

Benn et al. (2007) proposed a crevasse-depth calving-criterion assuming that once a surface crevasse has reached the water

level, an iceberg calves off. This does not give a calving rate but rather the position of the calving front with the assumption that

ice in front calved off. It has been implemented in a flow-line model by Nick et al. (2010). Levermann et al. (2012) proposed

a strain rate dependent calving rate for ice shelves. Morlighem et al. (2016) proposed a calving rate parametrization based on

von Mises stress and glacier flow veloctiy. Mercenier et al. (2018) derived a calving rate for a grounded glacier based on tensile10

failure.

In addition to calving caused by crevasses, another calving mechanism called cliff calving has first been proposed by Bassis

and Walker (2011), who found that ice cliffs with a freeboard (ice thickness minus water depth) larger than 100m are inher-

ently unstable due to shear failure. Cliff calving was implemented as an almost step-like calving rate by Pollard et al. (2015);

DeConto and Pollard (2016), while Bassis et al. (2017) implemented cliff calving as a criterion for the calving front position.15

Finally, Schlemm and Levermann (2019) derived a cliff calving rate dependent on glacier freeboard and water depth by ana-

lyzing stresses close to the glacier terminus and using a Coulomb failure criterion.

Melange buttressing is likely to have a stabilizing effect on possible ice sheet instabilities. First, the so-called Marine Ice

Sheet Instability (MISI) (Mercer, 1978; Schoof, 2007; Favier et al., 2014) can unfold if the grounding line is situated on a20

reverse-sloping bed. Secondly, if the ice shelves buttressing the grounding line have disintegrated due to calving or melting and

large ice cliffs become exposed, runaway cliff calving might lead to the Marine Ice Cliff Instability (MICI) (Pollard et al., 2015).

DeConto and Pollard (2016) carried out past and future simulations of the Antarctic ice sheet with cliff calving implemented as

a step function with a discussed but rather ad-hoc upper limit of 5km/a as well as an additional hydrofracturing process that at-

tacks the ice shelves. Edwards et al. (2019) did further analysis and compared the simulations of mid-Pliocene ice retreat (about25

3 million years ago), where sea level was 5� 20m higher than present day, to observations. Given the uncertainty in many ice

sheet parameters, uncertainties in air and ocean temperature forcing as well as uncertainty in determining Pliocene sea-level,

agreement between simulations and observations could be achieved even without MICI. Calving rates larger than 5km/a were

not considered, but it is clear that using one of the recently derived calving parametrisations with calving rates up to at least

65km/a (see fig. 1) would result in too much and too fast ice retreat. An upper limit on the calving rates appears to be necessary.30

So far, the calving rate cutoff has been an ad-hoc assumption. However, this upper limit should correspond to some physical

process that is responsible for limiting calving rates. We propose that ice mélange, a mix of icebergs and sea ice that is found

in many glacial embayments, gives rise to a negative feedback on calving rates.
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