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Melt increases exponentially with temperatureLETTERS NATURE GEOSCIENCE DOI: 10.1038/NGEO2563
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Figure 1 | Melt–temperature nonlinearity and recent melting conditions.
a, Relationship between mean summer (DJF) 2-m air temperature (T2m)
and surface melt over ten-year periods from 48 Antarctic ice shelves (see
Methods). b, Mean (horizontal black lines) and ±1 temporal standard
deviation (s.d.; shaded area) of melt modelled by RACMO2 across Larsen A
and B in the respective decades before their collapses. c, Mean melt
(±1 inter-method s.d.) over 2000–2009 from two forcings of RACMO2
and satellite observations8. Red dot on map in c shows location of
James Ross Island and Base Marambio.

and this derived melt intensification is consistent with melt
simulated by RACMO2 on the now-collapsed Larsen A and B
(Fig. 1b), as well as previous ground-based assessments20,21 of pre-
collapse melt levels. Furthermore, we find melt immediately pre-
ceding collapses of Larsen A and B significantly exceeded that
on surrounding ice shelves that remained intact (Supplementary
Fig. 2). Our results also indicate that years of observed col-
lapses (1995 and 2002), although only marginally warmer than
surrounding years, appear to be the two years of highest melt-
water production on the northeast AP since these observations
commenced (Fig. 2a).

To characterize ice shelf melting more directly and within a
longer temporal framework, we investigated T2m simulated by a
subset of five well-suited global climatemodels (hereafter ‘GCMEn-
semble’) from theCoupledModel IntercomparisonProject 5 (ref. 22;
CMIP5; see Methods). Using the melt–T2m sensitivity (Fig. 1a)
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Figure 2 | Historical melt evolution before ice shelf collapse. a, Observed
air temperatures at Marambio and derived melt levels. Vertical red lines
show years of collapse for indicated ice shelves. b, Melt derived from GCM
Ensemble simulations and an ice core record of past melt intensity from
James Ross Island (JRI; melt as a percentage of annual accumulation)11.
c, Anomalies (from 1851 to 1900) in melt and temperature from GCM
Ensemble simulations including and excluding anthropogenic forcing. Bold
lines (in b,c) show 11-year centred moving averages. Dashed horizontal
lines (in a,b) show average pre-collapse melt on Larsen A and B simulated
by RACMO2.

and the multimodel T2m from CMIP5 Historical simulations
(post-1851), we find a marked increase in Larsen B melt beginning
in the early 1970s. This modelled melt intensification closely corre-
spondswith observed increases inmelt from the adjacent JamesRoss
Island ice cap11 (Fig. 2b), thereby supporting the melt–T2m sensitiv-
ity analysis and revealing that recent warming is well constrained
within the GCM Ensemble. Anomalies in modelled melt and T2m
uniformly vary until the early 1970s warming, after which melt
anomalies far exceed those in T2m (Fig. 2c). Furthermore, our results
indicate a recent regime shift of the northeast AP towards higher
melt–T2m sensitivities, whereby interannual temperature variability
results in disproportionately larger variability in melt (Fig. 2 and
Supplementary Figs 3 and 4).
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Firn air depletion fueling ice shelf hydrofracture

Kuipers Munneke et al., 2014



Research Questions

What conditions are necessary for the Antarctic firn to become 
depleted of air?
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How well is CESM2 doing? – Wind Speed
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How well is CESM2 doing? – Temperature

2-m temperature bias (model – obs)
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How well is CESM2 doing? – Temperature

2-m temperature bias (model – obs)
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How well is CESM2 doing? – Melt
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How well is CESM2 doing? – Melt
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Surface melt: 150% to 800% increase 

All results are Antarctic ice shelf integrated/averaged
10-year running means

Credit: Jan Lenaerts



Snowfall increases only 10-25%

All results are Antarctic ice shelf integrated/averaged
10-year running means

Credit: Jan Lenaerts



while rainfall increases strongly (100-700%)

All results are Antarctic ice shelf integrated/averaged
10-year running means

Credit: Jan Lenaerts



Towards liquid water dominated ice shelves 



Summary

• Wind – No significant bias
• Temperature – CESM2 is cold
• Melt  - CESM2 has more melt on Peninsula
• Snowfall – CESM2 has more snowfall

• Trend towards more liquid production on ice shelves



Research Questions

What conditions are necessary for the Antarctic firn to become 
depleted of air?

When will these conditions be met across Antarctica?





How well is CESM2 doing? – Melt volume
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How well is CESM2 doing? – Snowfall
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