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Variable temperature thresholds of melt 
pond formation on Antarctic ice shelves

J. Melchior van Wessem    1 , Michiel R. van den Broeke    1 , Bert Wouters1,2  
& Stef Lhermitte    2,3 

It has been argued that the −5 °C annual mean 2 m air temperature isotherm 
defines a limit of ice shelf viability on the Antarctic Peninsula as melt 
ponding increases at higher temperatures. It is, however, presently unknown 
whether this threshold can also be applied to other Antarctic ice shelves. 
Here we use two present-day and three future high-resolution Antarctic 
climate simulations to predict warming thresholds for Antarctic ice shelf 
melt pond formation on the basis of the melt-over-accumulation ratio. 
The associated warming thresholds match well with observed melt pond 
volumes and are found to be spatially highly variable and controlled by 
snow accumulation. For relatively wet ice shelves, the −5 °C temperature 
threshold was confirmed; but cold and dry ice shelves such as Amery, Ross 
and Filchner-Ronne are more vulnerable than previously thought, with 
threshold temperatures well below −15 °C. Coupled Model Intercomparison 
Project Phase 6 models predict that towards the end of this century these 
thresholds can be reached on many ice shelves, even on cold ice shelves and 
under moderate warming scenarios.

Several processes have been identified that precede the disintegra-
tion of Antarctic ice shelves, the floating extensions of the Antarc-
tic ice sheet (AIS). At the ice shelf–ocean interface, the warming of 
intermediate-depth waters increases basal melting, leading to ice 
shelf thinning, weakening and damage, which is currently driving the 
break-up of the Thwaites Eastern ice shelf in West Antarctica1. At the ice 
shelf–atmosphere interface, atmospheric warming increases surface 
melt rates along the entire margin of the AIS, most notably over the 
low-lying, floating ice shelves2–4. The additional meltwater can lead to 
firn air depletion, ponding and subsequent ice shelf hydrofracturing 
and disintegration5–8, the latter often in combination with enhanced 
ocean swell and atmospheric river activity9. Ice shelf hydrofractur-
ing also requires the presence of deep, pre-existing crevasses, which 
applies to most of the Antarctic ice shelf area8. In the eastern Antarc-
tic Peninsula (AP), a considerable fraction of ice shelves has (partly) 
disintegrated following extensive melt ponding, such as the Larsen 
A and Larsen B ice shelves in 1995 and 2002, respectively10,11. There 
are concerns that future warming and associated melt increases will 

cause more ice shelves to disintegrate in the AP as well as elsewhere 
in Antarctica, leading to enhanced mass loss where ice shelves but-
tress grounded ice and an acceleration in sea level rise. In this study, 
we present AIS-wide temperature thresholds for melt pond formation, 
a necessary condition for the potential hydrofracture of Antarctic ice 
shelves, and explore to what extent these thresholds have been passed 
or will be passed in the future.

Temperature thresholds for meltwater ponding
The impact of atmospheric forcing on ice shelf viability in the AP 
was previously quantified by Morris and Vaughan12, who showed 
that ice shelves situated at the warm side of the −9 °C annual mean 
surface temperature isotherm are susceptible to meltwater ponding 
and disintegration, and that no ice shelves exist above −5 °C in this 
region. It is presently unknown whether these thresholds can also 
be applied to other Antarctic ice shelves. An alternative method to 
predict the onset of meltwater ponding considers the formation (by 
snow accumulation) and demise (by refreezing and densification) 
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pathways extending to 2100 (R-CESM2; SSP1-2.6, SSP2-4.5 and SSP5-
8.5). We calculated the MOA = 0.7 threshold temperature (TT) and 
uncertainty (dTT) for groups of ice shelves (Fig. 1), individual ice shelves 
(Fig. 2, Extended Data Fig. 1 and Supplementary Fig. 3) and individual 
RACMO2.3p2 grid cells (27 × 27 km2, Fig. 3 and Extended Data Fig. 2).

Thresholds controlled by snow accumulation
The temperature threshold (TT) for Antarctic ice shelves grouped in two 
distinct present-day (R-ERA5, 1979–2021) climate regimes is presented 
in Fig. 1: relatively dry and cold (snow accumulation < 500 mm water 
equivalent (w.e.) per year; T2m < −15 °C), and relatively wet and mild 
(snow accumulation > 500 mm w.e. per year; T2m > −15 °C). For the dry 
and cold ice shelves, MOA = 0.7 is reached at TT = −13.4 ± 0.2 °C; for the 
mild and wet ice shelves, it is reached at TT = −9.0 ± 0.2 °C. While the 
latter value equals the lower AP temperature threshold proposed in 
ref. 12, the value for the cold and dry ice shelves is considerably lower, 
as the lower accumulation rates enable the threshold to be reached 
at a lower temperature. Note that above −10 °C (red dots in Fig. 1b), 
the dependency of snow accumulation on temperature decreases, 
a result of increased rainfall at the expense of snowfall under these 
warmer conditions.

The values of TT determined individually for all 56 major Antarctic 
ice shelves as a function of present-day (1979–2021) snow accumula-
tion are presented in Fig. 2. TT asymptotically converges to values 
around −5 °C, which suggests that the AP temperature thresholds can 
be applied to wetter Antarctic ice shelves but not to colder and drier 
ice shelves. The strong increase of TT with accumulation highlights the 
pivotal role of fresh snow in buffering meltwater and keeping the sur-
face bright, reducing the strength of the snowmelt–albedo feedback. 
Melt rate does not predict the warming threshold as skilfully, because 
the melt fits are comparable for most ice shelves (Extended Data Fig. 1).

TT on the scale of individual 27 × 27 km2 grid cells is presented in 
Fig. 3a, with values higher than −9 °C found in relatively warm and wet 
coastal regions, mostly in West Antarctica and the western AP. Colder 
and drier conditions with lower TT values around −12 °C are found 
in the eastern AP and coastal East Antarctica. The lowest TT values, 
less than −15 °C, are found on the coldest and driest ice shelves, such 

of firn air content5. Theoretical considerations imply that when the 
melt-over-accumulation (MOA) ratio exceeds 0.7, firn pore space 
can no longer be maintained, and meltwater runoff and/or ponding 
is initiated13,14. This threshold, when calculated using contemporary 
(1979–2018) output of a high-resolution (5.5 km) polar regional climate 
model (RACMO2.3p2), accurately predicts the viability threshold for 
ice shelves in the eastern AP (Supplementary Fig. 1b), but for tempera-
tures that are typically lower than the thresholds mentioned above 
(Supplementary Fig. 1a). This suggests that a universal temperature 
threshold for all Antarctic ice shelves does not exist.

An advantage of using the MOA = 0.7 threshold is that the effects 
of snow accumulation and liquid water availability (melt and rain, 
henceforth referred to as melt for readability), which are both expected 
to increase in Antarctica in a warming climate, can be separately quanti-
fied. This is relevant because model studies suggest that Antarctic-wide 
snow accumulation increases quasi-linearly with temperature, in first 
order following the Clausius–Clapeyron relationship15,16, but with 
large regional variations owing to changes in precipitation phase and 
large-scale circulation14,17,18. In contrast, surface melt is expected to 
increase more strongly than linear with temperature19 because of sev-
eral feedback mechanisms, such as the snowmelt–albedo feedback20, 
the wind–albedo interaction21 and/or the poorly understood impacts 
of ice clouds and water clouds on rainfall22 and surface melt23. We thus 
expect a non-trivial response of MOA to future warming.

The goal of this study is to include these feedbacks when calculat-
ing the spatial distribution of the MOA = 0.7 threshold, while still being 
able to use low-resolution Coupled Model Intercomparison Project 
Phase 6 (CMIP6) models that often represent Antarctic temperature 
reasonably well, but not accumulation and/or melt, owing to lacking 
resolution and/or snow physics. To that end, we used five contempo-
rary and future AIS-wide climate realizations from the high-resolution, 
polar regional climate model RACMO2.3p2 to robustly fit annual totals 
of snow accumulation and melt to annual average 2 m air temperature 
(T2m). The climate realizations used are one observationally constrained 
simulation for the present day (R-ERA5, 1979–2021) and four simula-
tions forced by the Community Earth System Model Version 2 (CESM2): 
one historical (R-HIST, 1950–2014) and three different future emission 
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Fig. 1 | Calculating the T2m threshold to reach MOA = 0.7. a,b, Annual ice 
shelf average surface melt rate (filled dots) and accumulation (open dots) for 
R-ERA5 (black), R-HIST (blue), R-126 (green), R-245 (yellow) and R-585 (red) 
(in mm w.e. per year) as a function of T2m for cold (contemporary (1979–2021, 
R-ERA5) T2m < −15 °C) and dry (contemporary accumulation (A) < 500 mm w.e. per 
year) (a) and mild (T2m > −15 °C) and wet (A > 500 mm w.e. per year) (b) climatic 

conditions. The selected climatic thresholds are medians—that is, just as many 
ice shelves fall in the cold and dry as in the wet and mild category. The resulting 
fits of melt and accumulation are shown by solid lines, their upper and lower 
uncertainty (±1σ) are shown by dashed lines, and the resulting TT ± dTT is shown 
in the lower right corner. The vertical dashed line represents the MOA = 0.7 
intersection at T2m = TT. See the Methods for more details.
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as Filchner-Ronne, Ross and Amery. Climate and thus the warming 
threshold can also vary substantially within individual ice shelves. 
On the Ross ice shelf, TT is distributed relatively uniformly, but Amery 
and Filchner-Ronne show larger spatial variability, with TT generally 
increasing towards the seaward parts of the ice shelves, which are 
generally wetter.

Observations confirm modelled thresholds
There is a high correspondence of low/negative values of ΔT (the 
increase in contemporary T2m required to reach the warming threshold 
(Fig. 3b)) with high observed supraglacial meltwater volume (Methods, 
Extended Data Fig. 3 and Supplementary Fig. 2). The regional variability 
of ΔT is large, even on individual ice shelves. On the furthest-inland 
parts of the Amery ice shelf, where accumulation and TT are the lowest, 
ΔT is close to zero, which is confirmed by observations of extensive 
meltwater ponding24 (Extended Data Fig. 3) and tidally induced hydro-
fracturing25. In contrast, towards the northwestern parts of the Amery 
ice shelf, accumulation rates increase, and approximately five degrees 
of warming is needed to reach the warming threshold.

Further east along the coast of East Antarctica, the Shackleton 
ice shelf also has considerably positive ΔT values and low observed 
melt pond volumes on the relatively wet western part, decreasing to 
ΔT < 0 further east, as confirmed by ubiquitous melt ponds26. Just 
east of the Shackleton ice shelf, we find ΔT < 0 on the Conger ice 
shelf, which has been gradually retreating since the 1970s, the last 
part breaking up in March 2022. Further east still, ice shelves along 

Sabrina Coast also have small ΔT values and high observed melt pond 
volumes (Extended Data Fig. 3), suggesting that they are also close to 
or beyond the warming threshold, in line with, for example, the 2007 
retreat of the Voyeykov ice shelf27.

The Fimbul and Roi Baudouin ice shelves in Dronning Maud Land 
show the lowest ΔT values near their grounding lines and higher values 
further seaward. The region near the grounding line is characterized by 
strong melt–albedo feedbacks causing meltwater flow, ponding and 
englacial water storage21. In the relatively mild AP, some ice shelves 
have also passed the threshold for melt pond formation (ΔT < 0): the 
remnants of Larsen B, northern Larsen C, northern George VI and dry 
inland parts of Wilkins and Bach. Most other AP ice shelves show small 
positive ΔT values—that is, they only require little additional warming 
to reach TT. This is different for coastal West Antarctica, where TT is 
high, ΔT relatively large and the currently observed melt pond volumes 
low. On the Getz, Abbot and Venable ice shelves, considerable warming 
(ΔT > 5 °C) is needed to reach the threshold. Only the dry section of the 
Abbot ice shelf in the lee of Thurston Island shows lower ΔT values. In 
summary, the ΔT = 0 threshold derived here robustly detects observed 
melt ponds in coastal Antarctica, which is further supported by a quan-
titative comparison of ΔT with observed melt pond volumes as well as 
two previously reported products of melt pond concentrations26,28 
(Supplementary Fig. 2).

Apart from locations where closed basins form in response to 
underlying bedrock topography, meltwater ponding is less likely to 
occur over grounded ice, where the surface slope induces downslope 
runoff, amplifying the availability of liquid water and the ponding 
potential over the adjacent ice shelf. Moreover, for most of the 
elevated interior, ice sheet melt remains small, and a meaningful 
warming threshold (hence ΔT) cannot be calculated (Fig. 3). Notable 
exceptions are the grounded ice sheet regions south of Amery and 
east of Ross. Over the Amery ice shelf, persistent meltwater flow over 
grounded ice and pond formation over the adjacent ice shelf were 
confirmed by ref. 26. For the large, relatively gently sloping grounded 
ice in West Antarctica east of the Ross ice shelf, ΔT values are relatively 
small and similar to those on the ice shelf, implying a notable potential 
for enhanced meltwater runoff from the grounded ice sheet onto 
the eastern Ross ice shelf in a future climate that is only moderately 
(~3–4 °C) warmer.

Future melt ponding potential
To assess future melt pond formation, we used T2m projections for 
the end of the century (2090–2100), averaged over individual ice 
shelves, from the full suite (N = 41) of CMIP6 models. The results for 
seven selected ice shelves that are large enough to be resolved by the 
low-resolution CMIP6 model grids (typically ~100 km) are presented in 
Fig. 4. The three largest and coldest ice shelves (Ross, Filchner-Ronne 
and Amery) are predicted to react very differently to future warming: 
even in the strongest warming scenario, the Filchner-Ronne ice shelf 
does not reach the warming threshold (TT) (for simplicity taken here as 
the median CMIP6 warming reaching the average TT value). In contrast, 
the warming threshold is reached for the Ross ice shelf for both the 
SSP5-8.5 and SSP3-7.0 warming scenarios. For the Amery ice shelf, with 
the lowest threshold temperature, all emission scenarios result in the 
warming threshold being passed by a significant margin.

The responses of the four selected warmer ice shelves are also very 
different. For the Shackleton and Larsen C ice shelves, the warming 
threshold will be passed in all warming scenarios, and for Roi Baudouin 
in all but the coldest scenario. For the Larsen C ice shelf, the warming 
threshold will be passed even in the strongest mitigation scenario. In 
contrast, despite it currently being one of the warmest ice shelves, 
Getz is also the most resilient and is not projected to reach the warm-
ing threshold this century in any of the warming scenarios. Not only 
its recent but also its future thinning will therefore largely depend on 
ocean influences.
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Fig. 2 | Control of the warming threshold by snow accumulation. Ice shelf 
average threshold temperature to reach MOA = 0.7, as a function of R-ERA5 
average present-day (1979–2021) accumulation in mm w.e. per year. The colours 
represent R-ERA5 present-day surface melt rates (mm w.e. per year). Some 
specific ice shelves are highlighted, and only major ice shelves (>800 km2) 
are shown. The square boxes represent the average conditions presented in 
Fig. 1. The vertical error bars denote the uncertainty in TT (dTT, one standard 
deviation as described in the Methods), and the horizontal error bars indicate 
the uncertainty in accumulation (10% of the present-day mean accumulation3). 
The horizontal dashed lines represent the −9 and −5 °C isotherms commonly 
applied to AP ice shelves12. The black line is a power-law fit of TT as a function of 
accumulation, with the fit parameters, R2 and root mean square error (RMSE) 
denoted in the figure text.
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Discussion
These results show that snow accumulation rates control the atmos-
pheric warming threshold for surface melt pond formation, a prereq-
uisite for the hydrofracture of Antarctic ice shelves. Our approach to 
calculating these warming thresholds involves historical, contempo-
rary and future regional climate model realizations. The model used 
(RACMO2.3p2) is known to realistically simulate the contemporary 
climate and surface mass balance of the AIS, and the chosen method 
(which uses temperature fits to all available data) ensures that the 
threshold values obtained are less sensitive to the choice of the indi-
vidual model realizations or the forcing model. Changing the MOA 
threshold to, for example, MOA = 1.0 (which reflects the situation where 
more snow mass is melted than is gained) simply increases TT but does 
not fundamentally change its spatial variability or its dependency on 
accumulation. The most likely reason for these results to become inac-
curate is when future changes in the large-scale atmospheric circulation 
and its effects on snowfall distribution are not well represented17. We 
also note that meltwater ponding does not necessarily imply ice shelf 
break-up through hydrofracturing, because hydrofracture may not 
always occur8,29 or the ice shelf may be able to sustain some amount 
of hydrofracture25.

Nonetheless, it is evident that numerous cold and dry Antarctic 
ice shelves are more susceptible to meltwater ponding than previ-
ously thought. Further refining these results will require improved 
(satellite) observations of melt ponding and Earth system models 
with improved snow physics and/or polar-specific, high-resolution 
regional climate models.

Online content
Any methods, additional references, Nature Portfolio reporting 
summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of 
author contributions and competing interests; and statements of 
data and code availability are available at https://doi.org/10.1038/
s41558-022-01577-1.
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Methods
Regional atmospheric climate model
We used the hydrostatic regional atmospheric climate model 
RACMO2.3p2 over Antarctica3. At the lateral and ocean boundaries, 
the model is forced by ERA5 reanalysis30 data every six hours from 1979 
to 2021. The model is run at 27 km horizontal resolution for the entire 
AIS (henceforth R-ERA5), which constitutes an update of the simulation 
forced from 1979 to 2018 by ERA-Interim31 reported in ref. 3. Upper air 
relaxation is also active32. The model topography and ice mask in this 
model are aggregated from ref. 33 and from ref. 34 for the AP. The data 
used in this study are provided in ref. 35.

CESM2
To simulate the recent past (1950–2014) and the future (2015–2100), 
we used RACMO2.3p2 at 27 km resolution to dynamically downscale 
one historical and three future projections emission scenarios (SSP1-
2.6, SSP2-4.5 and SSP5-8.5) of CMIP6, henceforth called R-HIST and 
R-CESM2 (SSP126, SSP245 and SSP585). CESM2 simulates coupled 
interactions between atmosphere–ocean–land systems on the global 
scale. The model incorporates the Community Atmosphere Model ver-
sion 6 (ref. 36), the Parallel Ocean Program model version 2.1 (ref. 37) and 
the Los Alamos National Laboratory Sea Ice Model version 5.1 (ref. 38).  
Here we used a full atmosphere–ocean coupling in CESM2—that is, 
including sea ice dynamics and sea surface temperature evolution 
while excluding land ice dynamics (for example, calving). The model is 
run at 1° (~100 km) spatial resolution and only prescribes atmospheric 
greenhouse gas (CO2 and CH4) and aerosol emissions as well as land 
cover use39. A detailed model description, the latest updates40 and an 
evaluation over Greenland are provided in ref. 41.

Fitting MOA
Using the five climate simulations at 27 km for the AIS, we fit exponen-
tial and power-law relations of annual total liquid water production 
(melt + rain; M) and snow accumulation (snowfall − sublimation; A) to 
calculate MOA sensitivity as a function of annual average T2m:

MOA = M
A = a expbT2m

cTd
2m

, (1)

where a, b, c and d are fitting parameters. This approach enabled us to 
solve for T2m for MOA = 0.7 and compare this threshold temperature 
(TT) with modelled warming rates in different climate projections 
and models. To calculate the uncertainty, dTT, we used the error (one 
standard deviation) in both fits (for example, a ± da) to calculate a lower 
and upper value of the temperature intersection TT. Our calculations 
were done by first averaging ice shelf annual melt and accumulation 
and then calculating TT ± dTT (Figs. 1, 2 and 4; Extended Data Fig. 1; and 
Supplementary Fig. 3), but we also calculated TT and dTT for every grid 
point separately (Fig. 3 and Extended Data Fig. 2). For some ice shelves 
and grid points, TT has already been passed, or annual snow accumu-
lation is negative (sublimation > snowfall). Here we conservatively 
replace TT by using average present-day T2m with a dTT of 10%. The code 
is provided in ref. 42.

Sentinel-2 observed melt volumes
To assess the performance of the ΔT < 0 threshold, we compared it 
with meltwater lake volume observations from the Sentinel-2 satellite 
record over the austral summers of 2015–2022. We applied the method 
for lake detection/volume of ref. 43 to first detect lake presence on the 
basis of thresholds for different satellite indices (that is, normalized 
difference water index, normalized difference snow index, and dif-
ferent and individual reflectance). Next, the detected lake pixels were 
converted to lake depths on the basis of a physically based model that 
relates reflectance to depth on the basis of the premise that light pass-
ing through a water column is attenuated with depth, due to absorption 

and scattering processes. This method of ref. 43 was applied to 19,213 
Sentinel-2 Level-1C top-of-atmosphere reflectance granules with less 
than 30% cloud cover and solar elevation angles above 25 degrees 
over all Antarctic ice shelves and the surrounding ice sheet. The result-
ing melt pond volume datasets were then aggregated on the 27 km 
RACMO2.3p2 grid, accumulating the melt ponds that fell within one 
model grid cell (Extended Data Fig. 3). We furthermore compared our 
results with melt pond products of refs. 26,28 in Supplementary Fig. 2b. 
The data used in this study are provided in ref. 35.

CMIP6 data
We obtained CMIP6 data from the KNMI Climate Explorer at https://
climexp.knmi.nl/start.cgi. We used member average annual average 
(2090–2100) surface air temperature from all available models for 
warming scenarios SSP1-2.6 (40 models), SSP2-4.5 (40 models), SSP3-
7.0 (36 models) and SSP5-8.5 (41 models). The Climate Explorer was 
used to directly mask output over the specific ice shelves in our study, 
chosen to be large enough to be represented by the coarse grids of 
the CMIP6 models. Box plots were then constructed for each ice shelf 
and each scenario, showing the 90%, 33% and median percentiles of 
the ensemble.

Data availability
The data used in this study are obtainable at https://doi.org/10.5281/
zenodo.7334047 (ref. 35). The CMIP6 data were obtained from the KNMI 
Climate Explorer at https://climexp.knmi.nl/start.cgi. The Sentinel-2 
melt pond volumes aggregated on the model grid are based on lake 
depths per pixel that are available as a public Google Earth Engine 
collection on https://code.earthengine.google.com/?asset=projects/
ee-earthmapps/assets/S2_LakesAntarctica_v3.

Code availability
The Python code for calculating the temperature threshold is obtain-
able at https://doi.org/10.5281/zenodo.7346880 (ref. 42). The figures 
were generated in NCL, and the figure code can be obtained from the 
authors upon request and without conditions.
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Extended Data Fig. 1 | Ice shelf average melt and accumulation fits. Ice shelf 
averaged fits of yearly averaged melt and accumulation over all 56 major ice 
shelves > 800km2) by R-ERA5 (black), R-HIST (blue), R-126 (green), R-245 (yellow) 
and R-585 (red). R2 of both fits as well as a linear fit for accumulation (Alin) is 

denoted and the calculated temperature threshold TT and its uncertainty dTT. 
Ice shelves are ordered by their average present-day accumulation (note the 
different y-axis limits).
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Extended Data Fig. 2 | TT uncertainty. Uncertainty (dTT) in the temperature threshold (TT), based on a lower and upper value of TT, calculated using the error (1σ) in the 
melt- and accumulation fits as described in the Methods section.
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Extended Data Fig. 3 | Sentinel-2 melt volumes. Integrated 2015-2022 austral summer melt pond volume (m water equivalent) from Sentinel-2.
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