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Abstract

 The variability of the Antarctic and Greenland ice sheets occurs 
on various timescales and is important for projections of sea level 
rise; however, there are substantial uncertainties concerning future 
ice-sheet mass changes. In this Review, we explore the degree to which 
short-term fluctuations and extreme glaciological events reflect the ice 
sheets’ long-term evolution and response to ongoing climate change. 
Short-term (decadal or shorter) variations in atmospheric or oceanic 
conditions can trigger amplifying feedbacks that increase the sensitivity 
of ice sheets to climate change. For example, variability in ocean-induced 
and atmosphere-induced melting can trigger ice thinning, retreat and/or 
collapse of ice shelves, grounding-line retreat, and ice flow acceleration. 
The Antarctic Ice Sheet is especially prone to increased melting and ice 
sheet collapse from warm ocean currents, which could be accentuated 
with increased climate variability. In Greenland both high and low melt 
anomalies have been observed since 2012, highlighting the influence of 
increased interannual climate variability on extreme glaciological events 
and ice sheet evolution. Failing to adequately account for such variability 
can result in biased projections of multi-decadal ice mass loss. Therefore, 
future research should aim to improve climate and ocean observations 
and models, and develop sophisticated ice sheet models that are directly 
constrained by observational records and can capture ice dynamical 
changes across various timescales.
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systems, including atmospheric rivers (episodic narrow bands of 
enhanced moisture transport) that are associated with large amounts 
of snowfall10–12. Indeed, the top 10% of daily precipitation totals for the 
AIS contribute around half of the total annual precipitation, dominat-
ing surface mass balance, especially in coastal areas and over the ice 
shelves13. Precipitation across the south-eastern GrIS and Antarctic 
Peninsula is also linked to topographic lifting of relatively warm and 
moist air masses14,15. From these high coastal accumulation rates, snow-
fall decreases markedly to <10 cm year−1 water equivalent towards the 
elevated interiors wherein colder and drier conditions prevail and 
precipitation falls primarily as diamond dust16,17.

Accumulation and ablation are also influenced by modes of climate 
variability. For instance, surface melt events in the GrIS are tightly 
coupled to the North Atlantic Oscillation. A trend towards negative 
phases since the 1990s (ref. 18) has been accompanied by more anti-
cyclonic circulation anomalies (blocking events), the descending air 
and adiabatic warming of which lead to extreme melt episodes19,20, 
especially in conjunction with low-level warm air advection21, shal-
low surface-based temperature inversions22 and accompanying 
cloud-radiative anomalies23,24. These blocking events are also thought 
to be partially linked to Pacific decadal variability25, as well as on 
higher-frequency timescales associated with El Niño Southern Oscil-
lation changes. Blocking highs over Greenland deflect the atmospheric 
jet stream and synoptic weather systems further south over the North 
Atlantic, reducing accumulation over southern Greenland in summer 
but increasing it in western Greenland in winter26.

Modes of climate variability are similarly important in Antarctica, 
dominating interannual surface mass balance variability27. In particular, 
a trend towards positive phases of the Southern Annular Mode from 
the 1950s to the 2010s (ref. 28) — driven by stratospheric ozone deple-
tion and greenhouse gas emissions and modulated by multi-decadal 
variability in Pacific and Atlantic sea surface temperature — is associ-
ated with stronger westerly winds, enhanced circumpolar deep water 
upwelling29 and, thereby, ice shelf basal melting30. In addition to impact-
ing ablation, the Southern Annular Mode trend also influences accumu-
lation, although the observed increase in Antarctic snow accumulation 
since 1900 could be caused by other factors31.

The response of the ice sheet to atmospheric forcing is modulated 
by the firn layer — a layer of buried snow (up to 120 m thick), which slowly 
(decades to millennia) transforms into ice32,33. This firn layer acts as a 
low-pass filter between short-term atmospheric variability in snow-
fall, which replenishes the firn pore space, and melt, which destroys it. 
Refreezing of surface meltwater within the firn during cooler periods 
following warming is also critical because it caps the firn and increases 
runoff. Also, over the GrIS, firn layer saturation under warmer, high-melt 
conditions causes the expansion of the runoff zone, which can lead to 
accelerated mass loss. Because of the considerable year-to-year variability 
in melt and accumulation, this evolution of the firn layer provides a useful 
baseline for distinguishing ice sheet ‘weather’ from ‘climate’ changes.

Oceanic forcing
Oceanic forcing drives ice sheet mass loss by melting marine-terminating 
glaciers and ice shelves (Fig. 2). Both the GrIS and AIS exhibit interannual- 
scale to decadal-scale variability in response to oceanic forcing, 
potentially related to internal climate variability34,35.

In Greenland, for example, such oceanic forcing has been impli-
cated in the multi-decadal retreat and thinning of several coastal gla-
ciers since at least the early 1990s, as well as decadal oscillations in their 
frontal position and thickness34,36. These glaciers largely terminate into 

Introduction
Ice sheet mass budget is a function of surface mass balance (net snow 
accumulation minus the runoff of surface meltwater), basal mass balance 
(net mass change owing to accumulation and melting at the base of an ice 
sheet or ice shelf), and dynamics (ice flow and calving). This mass balance 
has been negative for both the Antarctic Ice Sheet (AIS) and Greenland 
Ice Sheet (GrIS) for several decades, with individual rates estimated at 
−127 ± 23 Gt year−1 and −255 ± 19 Gt year−1, respectively, from 2002 to 2022 
(Fig. 1), totalling −382 ± 42 Gt year−1 (~1.1 mm year−1 sea level equivalent). 
As such, the ice sheets have together overtaken mountain glaciers as the 
dominant cryospheric contributor1 to the global mean sea level rise of 
approximately 3.3 mm year−1 over 2002–2020 (ref. 2).

Embedded within these long-term negative mass loss trends are 
considerable well-documented short-term fluctuations in ice mass3 
(Fig. 1). These short-term fluctuations include the break-up and collapse 
of the Larsen A (1995), Larsen B (2002) and Wilkins (2008) ice shelves 
in the AIS4,5 and the major surface melt events in 2010, 2012 and 2019 
across the GrIS6. In the case of the latter, these relatively short-term 
melt events lasting a few days to a few weeks can produce annual mass 
loss anomalies double those of surrounding years, as in July 2012 and 
July and August 2019 (Fig. 1b). However, it remains unclear how indica-
tive such short-term extreme events are of longer-term change and 
what the impact of system-intrinsic variability (that is, sub-daily to 
decadal timescale variations in atmosphere and ocean circulation and 
ice dynamics) is compared with that of longer-term external forcing 
(especially climate change over decades or centuries).

The different impacts of long-term and short-term variability —  
coupled with the fact that ice sheet model forcing often excludes 
extremes or variances — contribute substantial uncertainties to projec-
tions of future ice sheet mass change. Given that mass loss projections 
underpin sea level projections, these uncertainties have important 
ramifications for climate adaptation (for example, coastal protection 
strategies) and mitigation.

In this Review, we use observational and model evidence of ice 
sheet change to understand how short-term and long-term effects 
contribute to ice sheet change. We first outline the key atmospheric 
and oceanic drivers and hydrological processes that are involved in ice 
sheet change. Next, we explore short-term and long-term changes in 
the AIS and GrIS and the interrelations between these timescales that 
can provide insight into ice sheet sensitivity and response to ongoing 
climate warming. Last, we recommend research priorities.

Drivers and processes of ice sheet mass change
Ice sheet mass change is driven by several processes (Fig. 2), including 
variations in atmospheric and oceanic forcing, hydrology and sea ice, 
and by ice sheet instabilities, as now discussed.

Atmospheric forcing
The atmosphere affects the mass balance of ice sheets on a range of spa-
tial (sub-metre to hundreds of kilometres) and temporal (sub-minute 
to decadal) scales (Fig. 2). Atmospheric circulation impacts ice sheets 
primarily through its direct influence on accumulation and ablation, 
regulating snow and rainfall and the surface energy balance.

Snow accumulation on the AIS and GrIS exhibits a strong gradi-
ent. Accumulation is largest at the ice sheet margin, locally reach-
ing >1 m year−1 water equivalent; in-air sublimation in the dry polar 
atmosphere7 and sublimation and erosion by near-surface (kataba-
tic and foehn) winds8,9 can introduce substantial small-scale spatial 
variability. Generally, high accumulation is linked to synoptic scale 
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fjords as cliff-like vertical ice fronts in which oceanic heat flux regulates 
submarine melting. Ocean heat fluxes are regulated by oceanic temper-
atures in the fjords and by near-glacier meltwater plumes36. Relatively 
high oceanic temperatures in the fjords are associated with inflow of 
Atlantic waters at depth37. Meanwhile, plumes develop adjacent to 

the ice front and originate from subglacial meltwater discharge that 
is ultimately driven by surface melting and subsequent runoff (which, 
in turn, is closely linked to atmospheric forcing36). Submarine melting 
can also indirectly cause the retreat of marine-terminating glaciers by 
enhancing iceberg discharge38–40.

a  Antarctic mass change

b  Greenland mass change
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Fig. 1 | Antarctic and Greenland ice mass change. 
a, Time series of mass change and the equivalent 
sea level change for the Antarctic Ice Sheet for 
2002–2022 based on 213 monthly gravity field 
solutions from GRACE/GRACE-FO249. Mass change 
estimates are provided for the entire ice sheet 
(green), East Antarctica (blue), West Antarctica 
(red) and the Antarctic Peninsula (yellow). Shading 
represents 2-sigma monthly empirical uncertainties. 
The glacial-isostatic adjustment (GIA) correction 
represents the arithmetic average of the models IJ05 
R2 (ref. 250), AGE1 (ref. 251) and ICE-6G_D (ref. 252). 
The uncertainties for the mass balances on the map 
inset (in Gt year−1) consist of propagated empirical 
uncertainties and the spread of 13 model corrections 
for GIA249. The vertical dashed lines indicate the end 
of GRACE and start of the GRACE-FO science data 
operations, and the coloured dashed lines within 
these intervals represent linear interpolations 
over the observational gap. b, The same as in part 
a, but for the Greenland Ice Sheet184. Estimates are 
provided for the entire ice sheet (purple) and the 
regions north (green) and south (grey) of about 72° 
N. The GIA correction is the GGG1.D model, tuned 
to fit measured GIA-induced GPS uplift rates253. 
The uncertainties on the mass balances in the map 
inset consist of propagated empirical uncertainties 
and the spread of ten model corrections for GIA184. 
The bars at the bottom indicate the measurement 
periods underlying the GRACE and GRACE-FO 
monthly gravity field solutions. Greenland lost 
approximately double the mass of Antarctica from 
2002 to 2022, but both ice sheets exhibit substantial 
interannual variations in mass changes. GPS, Global 
Positioning System; GRACE, Gravity Recovery and 
Climate Experiment; GRACE-FO, GRACE-Follow-On.
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By contrast, oceanic forcing of the AIS is dominated by the melt-
ing of floating ice shelves (which cover 75% of the Antarctic coast)41. 
In these cases, upwelled warmer waters are channelized towards the 
base of ice shelves, driving melt29,42–44. Indeed, much of the interan-
nual to multi-decadal AIS mass loss has occurred in regions exhibiting 

ocean-driven basal melting, retreat and thinning of ice shelves27,42–45 and 
outlet glaciers46–48, particularly along coastal West Antarctica35,44,48,49. 
This process of vigorous ocean-driven melt is also implicated in the 
sustained retreat of the marine-terminating glaciers49 of the Western 
Antarctic Peninsula. Simulations of the Amundsen Sea, West Antarctica, 
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Fig. 2 | Key processes influencing ice sheet mass balance. a, Weather, climate, 
hydrological and ocean processes in Antarctica, including the relatively warm 
water flow in the ocean (red arrows), ice flow (white arrows), incoming shortwave 
radiation (yellow arrows) and sublimation and evaporation (dark blue arrows). 
b, The same as in part a, but for Greenland, with the orange arrow indicating 

descending atmospheric motions (adiabatic warming) in the atmosphere and 
the light blue arrow indicating the flow of meltwater into the ocean. Greenland is 
dominated by atmospheric processes, whereas oceanic forcing predominates for 
the Antarctic Ice Sheet. ACC, Antarctic Circumpolar Current.
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over the twentieth century further confirm that oceanic forcing has 
become stronger50. In case of a sustained oceanic forcing anomaly, an 
ice sheet can be perturbed until its equilibrium state cannot be recov-
ered; however, the mechanisms controlling such long-term behaviour 
are currently poorly understood. More generally, the role of subglacial 
water discharge in ice shelf basal melting remains poorly constrained, 
with some evidence suggesting that it can increase basal melting near 
the grounding zone51,52.

Effect of sea ice on ice sheet change
Natural variability in sea ice cover can also drive changes in the ice sheet 
mass budget. For example, satellite observations indicate that glacial 
advance occurs when highly pressurized sea ice or ice mélange (a mix 
of sea ice and icebergs) is connected to the shelf front or tidewater 
glaciers, preventing calving through enhanced buttressing and reduced 
gravitational flow53,54. Sea ice cover also limits how much and how 
far atmospheric moisture reaches inland in the form of snowfall55,56. 
Records of such processes prior to the satellite era and their importance 
for longer-term ice sheet mass balance can be reconstructed from ice 
core proxies57,58 and marine sediment cores59. These measurements 
are used to infer past sea ice cover and how it was influenced by chang-
ing oceanic and atmospheric frontal systems. For relatively small and 
thin ice shelves (including the Antarctic Peninsula’s Larsen A and B ice 
shelves prior to their collapse), short-lived, high-energy ocean waves 
during times of regional, storm-driven sea ice loss can also occasionally 
trigger calving events53,60.

Ice sheet hydrology
Surface melt is widespread and complex in Greenland and on Ant-
arctica’s low-lying ice shelves61,62 (Fig. 2) and will probably become an 
increasingly important component of the ice sheet mass budget in a 
warming climate63,64, partly owing to the melt–albedo feedback65,66. 
Although the relationship between climate and the development 
of surface hydrological systems over multi-annual timescales is 
uncertain67, the importance of surface melt is well-established. The 
GrIS, for example, experiences considerable mass loss through run-
off. Indeed, roughly 50% of ice lost from the GrIS from 1992 to 2018 is 
estimated to be from this process42,68.

In Antarctica, surface melting is widespread only on and immedi-
ately adjacent to the ice shelves of the continent61,69, wherein much of 
the melt refreezes in situ and is, therefore, not lost through runoff42. 
However, meltwater can influence ice shelf stability though the forma-
tion of surface meltwater lakes, leading to surface meltwater-driven 
ice shelf flexure and/or through-ice fracture (hydrofracture)70. Some 
Antarctic Peninsula ice shelves are particularly vulnerable to hydro-
fracture, and their future vulnerability will be partly determined by 
the production and destination of surface melt71 and by snowfall, 
which replenishes firn pore space72,73. Hydrofracture-driven ice shelf 
disintegration events can lead to accelerated ice loss through the 
de-buttressing of upstream glacier ice74.

In the GrIS and AIS, the drainage of surface melt to the bed is 
inferred to subsequently influence ice dynamics through connec-
tions to the subglacial hydrological system75–77. Generally, however, 
the impact of hydrodynamic coupling on ice motion for grounded ice 
is uncertain75,78.

Marine ice instabilities
Marine ice sheet instability (MISI) is a self-enhancing process, which 
results from the interactions between grounding lines, bed topography 

and ice dynamics. MISI is typically triggered by the thinning of a confined 
ice shelf, which buttresses upstream flow, leading to grounding-line 
retreat. Once the grounding line is destabilized, it could continue  
to retreat in a self-enhancing fashion. How far the grounding-line retreats 
depends on multiple factors, including the geometry of the bed topo
graphy. For example, grounding lines in regions of retrograde bed slopes 
are expected to be especially susceptible to self-enhanced rapid retreat. 
This potentially irreversible process can be slowed or stopped by local 
factors, such as strong lateral or vertical shear stresses, brought about 
by the presence of pinning points or morphological landforms79. These 
landforms can be pre-existing tectonic features or formed through the 
deposition of subglacial and ice proximal sediments79–82. Rapid uplift 
of the bed owing to glacio-isostatic adjustment can further shoal those 
features and potentially slow down grounding-line retreat83,84.

In the Amundsen Sea sector of West Antarctica, satellite-derived 
observations of pervasive grounding-line retreat since the 1990s27,85,86 
have raised concerns of the initiation of MISI. Indeed, some glaciers 
of the Amundsen Sea Sector, such as Pine Island and Thwaites gla-
ciers, are prone to instability. These glaciers are probably not already 
engaged in irreversible retreat87; however, current climate conditions 
might be sufficient to eventually push these glaciers into a MISI88. MISI 
would destabilize the marine-based sectors of the AIS in the absence of 
sufficient ice shelf buttressing and other pre-conditioning factors89–91.

In addition to MISI, another potential instability that could lead to 
rapid glacial retreat and amplify ice sheet mass loss is marine ice cliff 
instability (MICI)92,93. This mechanism would be triggered by the col-
lapse of ice shelves, exposing an ice cliff at the grounding line. If the ice 
cliff is tall enough, the stresses at the cliff could exceed the strength 
of ice and the cliff could fail structurally, triggering repeated calving 
events94. Unlike MISI, MICI does not require a retrograde bed slope to 
occur and could also happen on a flat or prograde terrain. Furthermore, 
the percolation of meltwater into newly formed surface crevasses, 
alongside subsequent refreezing in situ, could further enlarge the 
crevasses and enhance MICI, leading to even faster rates of retreat93. 
Direct observations of cliff failure are, however, limited at present, 
making it difficult to assess whether MICI has ever occurred in the past. 
It is, therefore, challenging to accurately parameterize the retreat of 
marine-terminating glaciers that undergo cliff failure95.

Short-term and long-term variability in Antarctic 
Ice Sheet mass balance
The drivers and processes of ice sheet mass change contribute to AIS 
variability across a range of timescales, including short-term fluctua-
tions (sub-daily to decadal), long-term changes (multi-millennial) 
inferred from paleo-proxy evidence, and projected multi-decadal to 
multi-centennial changes (Fig. 3), as now discussed.

Short-term fluctuations
Most of the mass loss of the AIS since the 1990s has occurred in 
regions exhibiting strong basal melting, retreat, and thinning of ice 
shelves27,42,43,45, implicating oceanic forcing as a key driver (Fig. 3b). 
Interannual to multi-decadal acceleration, thinning and retreat of 
Antarctic outlet glaciers46–49 have been observed where warm waters 
from the depths of the Southern Ocean can upwell and be conveyed 
towards the base of ice shelves29,42–44.

Over short timescales, tides induce hourly-to-daily variations 
in the amount of oceanic heat that is advected from the open ocean 
to the margins of the AIS96,97. Tides enhance the basal melting of ice 
shelves98, explaining an estimated 4% of the AIS basal ice loss 99. Satellite 
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interferometry has revealed that tides also cause short-term fluctua-
tions in the grounding-line position ranging from a few kilometres to 
over 15 km (refs. 27,85). Such behaviour allows oceanic water to pen-
etrate to the grounding zone and beyond, increasing oceanic-enabled 
melting100,101.

Atmospheric forcings through processes such as atmospheric 
rivers, accumulation, melt events102 or other extreme weather events 
can also induce strong short-term variability in the AIS surface mass 
balance. Such events are regionally linked to large-scale modes of 
atmospheric–ocean circulation variability, especially El Niño Southern 
Oscillation-related tropical Pacific warm episodes and the increas-
ingly positive Southern Annular Mode. The Amundsen Sea Low atmos-
pheric pressure system modulates the links between larger-scale 
teleconnections of the AIS’ surface mass balance13.

Basal melting in the AIS exhibits interannual variability. Across 
Antarctica, this variability is linked to the effects of oceanic forcing 
including tropical Pacific atmosphere–ocean teleconnections, the 
southward shift and intensification of the westerly winds offshore 
from Antarctica (which regulate the upwelling and advection of Cir-
cumpolar Deep Water (CDW) towards the continent29,103–105), intrinsic 
oceanic variability106, and a remote connection with the variability 
of the Amundsen Sea Low107. For ice sheets in quasi-equilibrium with 
the climate, these interannual variations in oceanic forcing are not 
expected to cause substantial deviations from the equilibrium state. 
Indeed, high basal melt rates (>10 m year−1) do not necessarily imply 
that the ice shelves and tributary glaciers are out of balance. However, a 
sustained climate anomaly or long-term trend in oceanic forcing could 
perturb the system to a new stable state.

The direct influence of surface melting on AIS mass loss is neg-
ligible at present42, and the ice shelves of Antarctica have only expe-
rienced minor changes in surface melt since 1980 (ref. 69). However, 
the contribution of melt to the overall mass imbalance of the AIS is 
expected to increase with climatic warming61,65. Atmospheric warming 
over the Larsen B Ice Shelf since the Holocene108 provides a good ana-
logue for the potential implications of such warming for Antarctica’s 
ice shelves more generally. Such warming made Larsen B vulnerable 
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Fig. 3 | Past, present and future changes of the Antarctic Ice Sheet. 
a, Simulated Antarctic Ice Sheet retreat during a generic warm interglacial of 
the Pliocene (3.3–3.0 Ma, magenta line) and the Last Interglacial (~130 ka, blue 
line) accounting for marine ice cliff instability94. White circles indicate deep 
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change is semi-transparent to emphasize rates of ice shelf thinning. c, Ice Sheet 
Model Intercomparison Project 6 ensemble member-derived141 estimates of 
maximum (orange), median (yellow) and minimum (blue) volume changes 
above floatation (in millimetres) by 2100 under representative concentration 
pathway 8.5 for individual drainage basins27; changes are calculated relative 
to 2015 using 362.5 Gt = 1 mm sea level rise as a standard conversion factor63. 
Positive values indicate a contribution to global mean sea level rise. In parts a 
and c, the black line corresponds to the present-day grounding line and coastline 
from BedMachine Antarctic v3 (ref. 225). In a, b and c bathymetry is from IBCSO 
v2 (ref. 255). Knowledge of the past and ongoing behaviour of the Antarctic Ice 
Sheet is essential for accurately constraining projections of its future evolution. 
ka, thousand years ago; Ma, million years ago.
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to the presence of liquid water at its surface. Prior to its 2002 collapse, 
the ice shelf had experienced two decades of progressive surface lake 
expansion coinciding with regional climatic warming of approximately 
2.5 °C during the mid-late twentieth century109. The collapse coin-
cided with the drainage of over 2,000 surface lakes, which are sug-
gested to have contributed to the break-up event through ice shelf 
flexing, weakening and fracturing110–112. The rapid disintegration of 
Larsen B instigated prolific inland glacier acceleration owing to the 
loss of buttressing after the collapse of the ice shelf74,113. Similar mecha-
nisms, together with enhanced, ocean-driven basal melting, have also 
been implicated in the break-up of Wilkins Ice Shelf in 2008 (ref. 5). 
Ultimately, the fate of both ice shelves underscores how sustained 
extreme warm weather events associated with atmospheric river activ-
ity, alongside ocean swell wave-induced damage, have the potential to 
trigger ice shelf disintegration11,60,67,114,115.

As for the GrIS, surface melt on the AIS percolating under grounded 
ice might also increase ice discharge. For example, the rapid (~15–100%) 
intra-annual acceleration of multiple glaciers in the Antarctic Penin-
sula could be controlled by surface meltwater inputs to the subglacial 
environment76,77. Additionally, glacier velocity and geometry measure-
ments suggest that changes in surface climate (such as temperature) 
and, therefore, melt rates might directly influence active subglacial 
hydrological networks in the region77,116.

Finally, the discharge from the AIS of icebergs and meltwater in 
the upper ocean layers could temporarily cause an expansion in sea ice 
cover117. This expansion warms subsurface waters through enhanced 
water mass stratification and lowers near-surface air temperatures 
around the Antarctic margin118,119. This phenomenon also traps warm 
CDW in intermediate ocean layers, funnelling it towards the undersides 
of the ice shelves of Antarctica wherein melting is maximized near 
the grounding line118–120. The resulting amplifying feedback from ice 
loss caused by increased sub-ice shelf melt, and the damping feedback 
caused by atmospheric cooling, could therefore be important for the 
long-term future of the AIS92.

Reconstructed long-term changes
The far-field geological record indicates that, during the past periods 
of warm climate, sea levels were higher than at present, implying that 
partial melting of the GrIS and AIS occurred in those time intervals. Sea 
level was more than 7 m higher than at present in the mid-Pliocene Warm 
Period (3.3–3.0 million years ago (Ma)), during which, the atmospheric 
CO2 levels peaked above 400 ppm (refs. 121,122), which is broadly simi-
lar to today’s CO2 levels. During the early-Pleistocene, mid-Pleistocene 
and late-Pleistocene Marine Isotope Stages (MIS; MIS 31 (1.1–1.0 Ma), 
MIS 11c (426–396 thousand years ago (ka)) and MIS 5e (128–116 ka), 
respectively), atmospheric CO2 levels were around 300 ppm or less 
and the ocean–continent configuration was similar to that of today 
but the Southern Hemisphere surface temperature exceeded that of 
today owing to astronomical forcing.

Geological archives in the Antarctic interior and margins yield 
proxies for precipitation, temperature, sea ice, salinity, water depth 
and circulation during the past interglacials123, which can be used to 
reduce uncertainties in the absolute values of the contributions of 
the AIS and GrIS to the past sea level change. These data document ice 
margin retreat of up to several hundred kilometres in the Ross Sea and 
in the Wilkes Subglacial Basin (WSB), East Antarctica, during the warm 
Pliocene124,125 and late Pleistocene interglacial intervals126, when Antarc-
tic air temperatures were at least 2 °C higher than pre-industrial levels 
for ≥2,500 years (Fig. 3a). Numerical simulations constrained by ice and 

sediment cores show that the ice could have retreated by approximately 
100–330 km from the WSB around 330,000 and 125,000 ka, coincid-
ing with periods of warmer Southern Ocean conditions and a global 
mean sea level that was 4–6 m higher than that at present127 (Fig. 3a). 
If paleo and modern oceanographic data, which are still lacking for 
the Antarctic continental margin, provide information about present 
conditions and confirm these simulations, these findings suggest that 
even modest (~0.5 °C) future warming would be sufficient to cause ice 
loss from the WSB128.

Elsewhere in Antarctica, marine geomorphological evidence has 
revealed that the grounding line of the Ross Sea continental shelf region 
receded 200 km from the shelf edge over several centuries during the 
last deglaciation (~11.5 ka) (ref. 80). During this time, similar styles of 
rapid retreat also occurred across the Marguerite Bay region offshore 
of the Antarctic Peninsula79. Although proxies can help to establish ice 
sheet sensitivity to external climatic forcing, they can only be used to 
approximate a low temporal or spatial resolution climate average state. 
Therefore, numerical modelling is needed to assess the importance of 
nonlinear variability for AIS processes.

Projected long-term changes
Projected global warming of approximately 5 °C over Antarctica by 2100 
under continued strong anthropogenic greenhouse warming129 could 
result in substantial surface melt over large areas of the AIS. For exam-
ple, runoff is estimated to increase as a fraction of surface mass balance 
from the current 1.5% to >7% by the 2090s (ref. 130). The resulting mass 
loss from increased melting is projected to be partly compensated by 
increases in Antarctic snowfall by 2100, although considerable uncer-
tainty about the magnitude of this offset remains63,64,130,131. Therefore, 
whether or not the surface melt caused by atmospheric warming could 
contribute to the disintegration of an entire glacial basin on centennial 
to millennial timescales is unclear94.

Future climate warming will also increase the supply of oceanic 
heat to ice shelf cavities. In cavities that are currently exposed to fre-
quent warm CDW intrusions in the Amundsen Sea132 and some parts of 
East Antarctica133, this oceanic heat could lead to enhanced basal melt 
and exacerbate sea level rise (Fig. 3c). Other, currently cold, ocean cavi-
ties with no or seldom CDW intrusions, for example, the cavity on the 
Filchner–Ronne Ice Shelf134–136, could transition to warm cavities under 
high greenhouse gas emission scenarios. Such transitions could have 
important implications for the mass balance of adjoining ice streams 
and neighbouring ice sheet drainage areas (Fig. 3c).

Increases in ocean-driven basal melting, surface ablation or 
calving rates could lead to widespread ice stream grounding-line 
retreat27,93,137–140. The grounding lines of the large Thwaites and Pine 
Island glaciers in the AIS have already retreated by more than 1 km year−1 
since the 1990s (refs. 85,86). Several glacier and ice sheet and shelf 
models suggest that these grounding lines could retreat far inland (tens 
of kilometres or more) of their present-day position in the future90,92,141, 
as they did during the mid-Pliocene Warm Period and/or some of the 
Pleistocene warm interglacials (Fig. 3a).

At the continental scale, current ice sheet models predict 
that the AIS will contribute 3–32 cm to sea level rise (relative to the 
1995–2014 baseline) by 2100 in the case of the high-emission Shared 
Socioeconomic Pathway (SSP) 5–8.5 (>1,000 ppm atmospheric CO2)3 
(Fig. 3c). For a Paris Climate Agreement-like future scenario or better 
(low-emission scenario SSP1–2.6, <450 ppm atmospheric CO2), the 
contribution of the AIS to sea level rise by 2100 is similar to that of 
SSP5–8.5 (3–27 cm)3.
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MICI could increase the future mass loss of Antarctica in 
high-emission scenarios. Indeed, including an explicit parameteriza-
tion for MICI under SSP5–8.5 increases the projected contribution of 
the AIS to sea level rise by 2100 to 2–56 cm, but this estimate is uncer-
tain and only based on one model92. Under low-emission SSP1–2.6 
scenarios that account for the contributions of MICI, the projected 
contributions of the AIS to sea level rise by 2100 are again similar to 
those of SSP5–8.5 (ref. 3).

However, over much longer (multi-centennial) timescales, the dif-
ference between the sea level rise projected by the two SSP scenarios 
clearly emerges. Under SSP1–2.6, the contribution of AIS to sea level 
rise is up to 78 cm and could reach 135 cm by 2300 if parameterizing for 
MICI3. However, under SSP5–8.5 scenarios, the projected AIS contribu-
tion reaches 3.13 m and increases to over 13 m if MICI is accounted for3. 
Uncertainties related to the knowledge gaps about MICI and ice–ocean 
interactions currently preclude more accurate projections of the future 
contribution of AIS to sea level. However, the estimated multi-metre 
sea level rise falls within the range inferred from geological records for 
key warm paleo periods121,122 (Fig. 3).

Interaction of short-term and long-term changes
Most short-term atmospheric and oceanic fluctuations around Ant-
arctica, which cause episodic calving or anomalous snowfall or melt 
events, are linked to the internal variability of the climate system. The 
AIS is not currently in steady state; therefore, short-term variations in 
atmospheric or oceanic conditions can trigger self-reinforcing (ampli-
fying) feedbacks that increase the sensitivity of the AIS to longer-term 
climatic forcing. For example, observations of ice flow in the Amundsen 
Sea Embayment or the collapse of Larsen B Ice Shelf illustrate that vari-
ability in ocean-induced and atmosphere-induced melting can trigger 
ice thinning, retreat or collapse of ice shelves, grounding-line retreat 
and ice flow acceleration.

The trigger mechanism for these rapid, MISI-like grounding-line 
migration events has been ascribed to the impact of an array of inter-
mittent, atmosphere-related and ocean-related forcing events on 
the Antarctic coastal margin80,142,143. The retreat observed in the Amund-
sen Sector since the 1990s is associated with a multi-decadal trend in 
climatic forcing over at least the past 100 years (ref. 144), although 
internal climate variability also has an important contribution145.

The marine geomorphological record81,82,146 has revealed that 
pulses of extremely rapid grounding-line retreat (between 10 and 
600 m day−1) can occur at tidal (sub-daily to daily) timescales in the 
absence of the steeply retrograde bed topography that is condu-
cive to MISI. These pulses of retreat are only sustained for periods of  
days to months; thus, this behaviour could represent an example of ice 
sheet perturbation in response to short-term, weather-type forcing. 
Offshore of the Antarctic Peninsula, marine geomorphological data 
reveal that a grounding-line retreat rate of up to 50 m day−1 (equivalent 
to ≥10 km year−1) occurred during regional deglaciation of the conti-
nental shelf (approximately 10.7 ka) (refs. 79,81,82). This constitutes 
the highest rate of retreat recorded in Antarctica so far. However, 
grounding-line retreat rates near this magnitude have recently 
been detected in West Antarctica by satellites (~30 m day−1 over the 
course of 3.6 months in 2017 at Pope Glacier138), offering important 
corroboration of these past magnitudes of retreat.

Marine geomorphological observations also reveal the highly 
nonlinear nature of ice sheet retreat, with substantial pulses of 
grounding-line retreat occurring over short timescales punctuated 
by longer periods of relative stability. Furthermore, they highlight 

the important role of ice sheet bed geometry in modulating the rate 
of retreat, by showing that flat-bedded parts of ice sheets are par-
ticularly vulnerable to pulses of rapid ungrounding146. The long-term 
ice dynamical response of the AIS to such rapid recession remains 
unknown. Nonetheless, the prolific rates of retreat inferred from these 
records imply that, even in the absence of MISI and MICI, the future 
pace of short-term AIS retreat over such vulnerable regions could be 
substantially greater than most satellite-derived and model-derived 
insights suggest.

Short-term and long-term variability in Greenland 
Ice Sheet mass balance
The mass balance of the GrIS also changes over various timescales, 
including short-term fluctuations (sub-daily to interannual), observed 
long-term changes (decadal to geological) and projected decadal to 
centennial changes, as outlined here.

Short-term fluctuations
Short-term fluctuations in the GrIS mass balance mainly arise from 
surface melting. Extreme examples linked to climate warming are the 
record seasonal melt events in the summers of 2012 and 2019 (ref. 147), 
when over a few days to a few weeks, approximately 60–90% of the 
surface temporarily melted: a phenomenon that has not been seen 
since at least 1979 (the start of the satellite record). The 2019 melt event 
resulted in a record of 444 Gt year−1 mass loss, which is approximately 
double the average mass loss for the 2010s (ref. 148) (Fig. 1). Additionally, 
in September 2022, an unprecedentedly late seasonal melt occurred, 
involving 36% of the ice sheet surface including the Summit station at 
an elevation of 3,250 m (ref. 149). Surface meltwater can infiltrate to 
the bed and increase ice flow. The ice dynamical response to surface 
melting can occur on diurnal to weekly timescales150–152, depending 
on the amount of melt and the seasonally evolving subglacial drain-
age efficiency. In summer, the peak ice flow speeds often exceed the 
annual mean by 25–100% in the fast-flowing areas 40 km inland from 
the GrIS margin150,153–155.

Extreme melting is often driven by atmospheric blocking and is 
also associated with the delivery of heat and moisture by atmospheric 
rivers10–12. The frequency of the incursion of moisture-laden air masses 
has increased by >6% between 1979 and 2015 (ref. 156). During an atmos-
pheric river episode in mid-August 2021, rainfall occurred at Summit 
station, apparently for the first time in modern history, prolonging melt 
conditions through the ensuing melt–albedo feedback14. With Green-
land climate warming157, the melt threshold in the lower atmosphere is 
more frequently crossed; therefore, rainfall constitutes an increasing 
fraction of the total precipitation158 (Fig. 4).

Tidewater glacier calving enables large-scale mass loss to occur 
over short timescales. Calving-induced changes in near-terminus 
stresses can disrupt upstream ice flow on timescales of minutes159 
to days160,161. Changes in the frontal position of tidewater glaciers 
driven by variation in submarine melting and/or calving rates can 
trigger increases in dynamic mass loss that last several years and have 
a marked impact on regional mass balance162. Observations and mod-
elling suggest that short-term surface meltwater variability affects 
the calving dynamics of Greenland tidewater glaciers38,163,164 but the 
net effect is complicated by the effect of the stress state at the gla-
cier terminus, which can be modified by bed topography165,166, tidal 
variation167,168, submarine melt169,170, surface meltwater ejection from 
the grounding line into fjord waters163 and the stabilizing effect of sea 
ice and mélange171,172.
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Observed long-term changes
Over 2002–2020, the average mass change of the GrIS was 
−235 ± 21 Gt year−1 (ref. 148). During 2007–2017, the overall mass loss 
was estimated to comprise a 64% contribution from surface mass 
balance and 36% from ice dynamical losses, with the largest rates of 
GrIS surface elevation change (in excess of −1 m year−1) occurring at 
fast-flowing marine outlets68. It has been suggested that the surface 
ablation through meltwater runoff could be the primary control on the 
trend and interannual variability of the GrIS mass budget173.

Elevation changes in Greenland are driven by various competing 
processes. Satellite altimetry revealed a slight increase (~0.1 m year−1) 
in surface elevation in the interior GrIS above 2,000 m elevation 
between 2007 and 2017, suggesting that snow accumulation increased 
during this period of increasing temperatures68. However, surface 

mass balance models generally underestimate snow accumula-
tion in the interior GrIS174 and cannot explain the observed interior 
thickening68. Greenland atmospheric warming157 has been accom-
panied by melt, runoff and rainfall increases158,175 that have outpaced 
the 7% increase in snowfall accumulation per degree Celsius warming 
during 1840–1999 (ref. 176). In the snow accumulation area, increased 
refreezing in the firn has led to an expansion of partly impermeable 
ice slabs by 26 ± 3% since 2001, limiting firn meltwater storage and 
enhancing lateral runoff through firn177,178. This deterioration of the 
firn layer includes an expansion of the bare ice area by approximately 
20–34% during 1958–2017 across the GrIS20,179,180. Firn deterioration 
is further augmented by melt and rainwater storage in perennial 
firn aquifers, and in the south-east of the GrIS, aquifer area has 
increased181.
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Fig. 4 | Past and future Greenland air temperature and sea level contribution 
between 1850 and 2100. a, Observed and projected June through August 
summer air temperatures. The observed temperatures are from land-based 
stations at Ilulissat, Nuuk, Upernavik, Qaqortoq and Tasiilaq (updated from 
ref. 256) (stars on the inset map, with corresponding line colours), and the 
projected temperatures include the ensemble mean of CMIP6 models forced 
with SSP2–4.5 (blue) and SSP5–8.5 (red)257; shading represents one standard 
deviation of the ensemble. The inset depicts Copernicus Arctic Regional 
Reanalysis-derived258 rainfall trends over 1991 to 2021, with non-stippled areas 
indicating trend confidence above 66% measured using 1 minus the p-statistic, 

suggesting statistically significant difference from a random series. b, Greenland 
Ice Sheet contributions to sea level, with observations148,185,259,260 offset to align 
with CMIP6 SSP5–8.5 (red) and SSP2–4.5 (blue) projections257, which start in 2016; 
shading represents one standard deviation of the ensemble. The Sasgen et al. 
mass balance data are only visible for the last 2 years260. The brown dashed line 
indicates the level of ice sheet loss committed throughout 2000–2019 (ref. 173). 
Greenland Ice Sheet contributions to sea level have started to depart from a 
period of relative stability. CMIP6, Coupled Model Intercomparison Project 
Phase 6; SSP, Shared Socioeconomic Pathway.
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However, ice core paleoclimatic reconstructions indicate that the 
GrIS is more resilient than what regional climate model (RCM) projec-
tions suggest, with temperatures 8 ± 4 °C above the mean of the past 
millennium182 producing a modest ~2 m sea level rise during the previ-
ous interglacial, the Eemian (130–115 ka). Additionally, throughout the 
last 11,700 years of the current interglacial, an initial thinning of several 
hundred metres occurred in the northwest and southeast of GrIS during 
the first few thousand years after the glacial–interglacial transition. The 
interior areas have since remained stable within a few hundred metres 
throughout the Holocene183.

Projected long-term changes
The contributions of the GrIS to sea level rise vary under the different 
emission scenarios. For the SSP5–8.5 high-emission scenario, GrIS 
model projections from the Intergovernmental Panel on Climate 
Change’s (IPCC’s) Sixth Assessment Report (AR6)3,63,131 yield a 13 cm 
(with a probable range of 9–18 cm) contribution to sea level rise by 2100. 
Under a Paris Climate Agreement-like future scenario (SSP2–4.5), the 
sea level rise contribution is 8 cm (probable range of 4–14 cm), which 
is 62% of the high-emission amount. The two scenarios increasingly 
diverge after 2050, with summer air temperatures over Greenland 
differing by 0.6 °C by 2050 and 2.4 °C by 2100 (Fig. 4).

The two decades (2002–2022) of observed GrIS mass change184  
(Fig.  1) indicate an average sea level rise contribution of 0.70 ±  
0.05 mm year−1. Analysis of different satellite data and regional climate 
modelling yields a similar rate (0.61 ± 0.25 mm year−1) over the same 
period185. These two 20-year rates are not reached by the median esti-
mate of the AR6 projections in the SSP2–4.5 scenario until some two 
to three decades later (Fig. 4): 2029–2049 (ref. 184) and 2022–2042 
(ref. 185), respectively. Under the SSP5–8.5 (ref. 3) scenario, these rates 
are reached by 2021–2041 (ref. 185). The differences between observed 
and projected mass balance changes are, however, within the error 
envelope of the AR6 projections. The differences probably arise from a 
combination of the limitations of the global climate model (GCM) and 
RCM forcing (for example, using an inaccurate representation of atmos-
pheric circulation changes), the wide range of Ice Sheet Model Inter-
comparison Project 6 (ISMIP6) model results63, and observed processes 
not being fully incorporated into ice sheet model projections.

Currently, models simulate that about half of the surface melt-
water on the GrIS is refrozen and retained in the firn186. Under future 
warming scenarios, the ability of the firn to retain meltwater could 
decrease and eventually be lost, and centuries of cold climate would be 
required for this ability to be regained. Climate projections under the 
high-emission scenario SSP5–8.5 show that the refreezing capability 
could start to permanently decline by 2100 (ref. 187).

Additionally, RCMs project that a warming climate will lead to 
increased precipitation over Greenland; however, the amount of future 
increase in snow accumulation is uncertain. Projected surface mass 
balance suggests that surface melt and runoff will far outweigh any 
increase in accumulation188–190. Climate warming has also contributed 
to increased GrIS snow line altitudes and a mass budget deficit. If the 
average deficit realized over 2000–2019 remained constant, it would 
lead to a contribution to sea level rise of at least 27 ± 7 cm (ref. 173). 
Modelling suggests that the GrIS adjusts to surface mass balance 
perturbations across annual to multi-millennial timescales191–193.

Interaction of short-term and long-term changes
Short-term and long-term GrIS changes and their interactions are mod-
ulated by climate variability as a key influence on mass balance. Extreme 

atmospheric blocking episodes led to near-record surface meltwater 
runoff from the GrIS in 2012 and 2019 (ref. 147). However, these record 
atmospheric events were either followed (2013) or preceded (2018) by 
low melt anomalies, highlighting the impact of increased interannual 
variability on extreme glaciological events and ice sheet evolution.

The response of tidewater glaciers to atmospheric and oceanic 
forcing remains a key uncertainty when projecting future mass loss 
from the GrIS3. This uncertainty arises owing to seasonal ice velocity 
fluctuations at tidewater glaciers, which are influenced by surface melt 
and runoff, subglacial hydrology and ice–ocean interactions at the ice 
front155. This variability is a complex response to surface meltwater, 
basal drainage, calving events and break-up of mélange at the tidewater 
terminus153,194. For example, atmospheric circulation anomalies during 
1995–1996 drove a warm ocean current, which destabilized the largest 
tidewater glacier in the west GrIS195 and increased the meltwater runoff, 
leading to underwater melting36. However, interannual flow variability 
can also be a response to both contemporary terminus retreat or a 
lagged response to inland changes in snowfall and ice flux196–198.

As the infiltration of surface meltwater increases, the extent to 
which the lubricating effects of melt on glacier flow are self-regulating, 
and therefore affect the short-term and long-term variability of the 
hydrology and dynamics of the GrIS, remains a key topic. Global Navi-
gation Satellite System (GNSS) and surface climate measurements in 
western Greenland150 confirm that there is an annual ice flow cycle, 
which is coupled to surface meltwater production and transport 
into the subglacial drainage system199. Ice acceleration decreases as 
the melt season progresses, indicating the development of an effi-
cient, lower-pressure subglacial drainage network200. Although this 
self-regulation has now been firmly documented201,202, it has not been 
observed more than 40 km inland from the GrIS margin. The efficiency 
of meltwater routing and subglacial drainage tends to increase with 
climate warming and limit the impact of runoff fluctuations on annual 
ice flow velocities or multi-annual acceleration62,154,194,203. This limited 
impact contrasts with the much clearer effect of runoff fluctuations 
on diurnal to seasonal-scale flow151–153.

Inland and up to 140 km from the ice margin, where thicker ice and 
lower surface melt rates occur, persistent ice flow acceleration has been 
observed in winter and summer at and above the equilibrium line204. 
The underlying cause of this acceleration appears to be the upstream 
migration of distributed subglacial drainage along with the potential 
for viscous warming and decoupling of a previously frozen bed. The 
area over which such meltwater penetration occurs is projected to 
increase under future climate scenarios205. Late melt season rainfall 
is also thought to contribute to the acceleration of land-terminating 
glaciers206. However, the relatively modest net values of ice accelera-
tion observed across the equilibrium line (~1 m year−1 over a period of 
3 years (ref. 204)) means that it is unlikely to substantially influence 
mass loss relative to changes in surface mass balance or the major 
dynamic changes documented at tidewater glaciers207.

The many scales of iceberg calving, from the day-to-day crumbling 
of small bergs to the detachment of large tabular bergs at intervals of 
years to decades208, are a continuum connecting the short-term and 
long-term dynamics of marine outlet glaciers. Sustained retreats of calv-
ing termini often co-occur with dynamic drawdown of ice from tens of 
kilometres upstream209,210. Numerical models suggest that temporal dis-
turbances of calving termini can initiate long-term, large-scale dynamic 
changes far into the ice sheet interior211. Glacier outlet geometry, includ-
ing the ice thickness and the presence or absence of steep knickpoints 
in the bed topography, controls how fast and how far a wave of thinning 
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initiated at the terminus can propagate inland212. High-melt years, or 
consecutive years with high melt and loss of mélange, can destabilize 
the terminus and trigger a rapid dynamical retreat213. Glacier sensitivity 
to terminus position could depend on tides167 and near-terminus bed 
topography. Therefore, when the terminus is near a susceptible point 
in the bed, normal calving could initiate multi-annual retreat160,214. 
Ice sheet models show that failing to account for seasonal-scale to 
decadal-scale climate variability of marine-terminating glaciers can 
bias the projected multi-decadal mass loss215,216.

Summary and future perspectives
Ice sheet mass change is driven by various processes including atmos-
pheric and oceanic forcing and sea ice and hydrological changes. Such 
processes induce changes in ice sheets on timescales ranging from days 
to centuries and can, therefore, introduce substantial uncertainty into 
ice sheet model projections. The short-term and long-term variability 
in the AIS and GrIS can be revealed through observations, models and 
reconstructions from geological records, giving insight into how these 
changes interact with one another. Despite this knowledge, contin-
ued and enhanced monitoring and modelling efforts are required to 
fully partition the relative importance of short-term and long-term 
effects in driving future ice sheet demise. Such efforts should focus on 
understanding high-resolution mass changes; high-elevation, tidewa-
ter glacier and ice shelf hydrology and dynamics; calving; ocean heat 
flux; and grounding zone bed geometry, to more accurately predict 
the future evolution and contribution to sea level of the GrIS and AIS.

Satellite monitoring
Upcoming spaceborne observation systems such as NISAR (a NASA–
Indian Space Research Organization Synthetic Aperture Radar mis-
sion), which will launch in 2024, and the European Space Agency 
(ESA)’s Harmony mission, which will launch in 2029, will further extend 
understanding of short-term changes across the polar regions. Both 
missions will have extensive capabilities to sample the deformation 
(flow dynamics and grounding-line migration) of ice sheets at weekly 
resolution with unprecedented precision. These data should be used 
to interpret and constrain models, provide feedback to the missions, 
and help design the next generation of polar orbiting satellite sensors.

Since 2002, the Gravity Recovery and Climate Experiment 
(GRACE) mission led by NASA and the DLR (Deutsches Zentrum für 
Luft-und Raumfahrt, German Aerospace Center) and its successor, 
GRACE-Follow-On (GRACE-FO), have provided accurate, spatially com-
prehensive and continuous assessment of mass change across the ice 
sheets217 (Fig. 1). The data from these missions are needed to constrain 
models and projections of sea level rise. A GRACE-FO successor mission 
led by GFZ (Deutsches GeoForschungsZentrum, German Research 
Centre for Geosciences)–DLR and NASA–JPL ( Jet Propulsion Labora-
tory) is scheduled for launch in 2027. This mission will fly an upgraded 
laser-ranging interferometer, which will improve intra-satellite dis-
tance measurements by two orders of magnitude216, leading to cor-
responding enhancements in the spatial and temporal resolution 
of mass change observations218,219. In parallel, the ESA Ministerial 
Council is working to launch an additional GRACE-FO-type satellite pair  
in 2031. The Mass change And Geosciences International Constellation 
(MAGIC)220, comprising both GFZ/DLR–NASA/JPL and ESA satellite 
pairs, will reduce and homogenize uncertainties of global sea level 
change estimates. Beyond these missions, continued international 
investment into initiatives such as the EU Copernicus programme 
and the long-running NASA–US Geological Survey (USGS) Landsat 

programme will be key to ensuring the long-term ability to routinely 
monitor the ice sheets from space.

Aside from the (multi-)national, space agency-managed Earth 
observation programmes mentioned above, an increasing number of 
commercial companies have launched dedicated, ultra-high-resolution 
imaging satellites capable of providing daily to sub-daily optical- and 
radar-based observations of ice sheet change (including ice shelf rift-
ing, fracturing and iceberg calving) with ~1 m spatial resolution or 
better. This high resolution enables such data to offer insights that 
might not be possible from conventional imaging afforded by the Land-
sat and EU Copernicus–ESA Sentinel constellation of satellites. Despite 
these opportunities, most commercial satellite imagery presently 
comes with substantial cost, usage restrictions and/or other access 
barriers at the ice sheet scale. We therefore advocate for increased 
dialogue with these companies to encourage dedicated and routine 
commercial satellite image acquisition over the polar regions and 
open-access use by the international scientific community. Upcom-
ing initiatives such as the International Polar Year 2032–2033 can and 
should act as important catalysts for such dialogue.

In situ observations
In situ observational data are urgently needed to improve understand-
ing of ocean conditions offshore of Greenland and Antarctica and of 
sub-ice shelf conditions. Autonomous Argo floaters (floating devices 
that drift with the ocean currents and periodically move up and down 
with a depth range of ~2,000 m, taking measurements of temperature 
and salinity) are now ready to operate in ice environments and should be 
immediately deployed to provide a comprehensive observational net-
work across the polar oceans. Additionally, the Argo-derived observa-
tions should be complemented by measurements from MEOP (marine 
mammals exploring the oceans pole to pole) conductivity, temperature 
and depth probes deployed on sea mammals and observations of the 
ice sheet proximal environment collected using robotic devices221,222 
and other in situ techniques223. Such an observational network would 
provide sufficient data to enable models to constrain ocean state and 
ice melt rates at the ice sheet margins with minimized uncertainty. 
In Antarctica, this observation network should ideally extend to the 
grounding zone because this region is crucial to ice sheet evolution, 
is difficult to access, and is poorly observed at present. In Greenland, 
the difficulty of obtaining in situ measurements of submarine melt 
rate severely limits understanding of the importance of this process at 
tidewater glaciers. Dedicated field campaigns224 and new technologies 
and methodologies are needed to address this deficiency.

Knowledge gaps about the Antarctic subglacial topography, 
especially around grounding zones225 and on the continental shelf226 
(Fig. 3a) under areas of present-day ice shelf cover, currently preclude 
understanding of ice sheet dynamics in response to atmospheric and 
oceanic forcing in sectors that are potentially vulnerable to rapid 
retreat. It is, therefore, important that the understanding of the precise 
geometry and geological composition of the AIS grounding zone at 
the continental scale is improved through dedicated in situ geophysi-
cal campaigns such as that proposed by the Scientific Committee on 
Antarctic Research (SCAR)-funded RINGS and IBCSO (International 
Bathymetric Chart of the Southern Ocean) groups. Seaward of the 
present-day grounding zone, systematic bathymetric and sub-seafloor 
measurements over deglaciated margins are expected to yield impor-
tant insight into the configuration and behaviour of past and present 
ice sheets81,82,146, with additional importance for setting boundaries 
and validating and reducing uncertainty in models.

https://nisar.jpl.nasa.gov/
https://www.eoportal.org/satellite-missions/harmony
https://argo.ucsd.edu/
https://www.meop.net/
https://www.scar.org/science/rings/about/
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A similar (and substantially increased) network of surface-based 
energy balance-enabled weather stations with radiation sensors will 
be needed to improve model-based and satellite-based estimates of 
AIS surface melt and firn hydrology. A similar effort on the GrIS under 
the guidance of the Geological Survey of Denmark and Greenland has 
led to excellent ice sheet wide coverage from around 2010, enabling 
the calibration of satellite-based surface melt rate estimates using 
machine learning techniques227. Additional arrays of in situ obser-
vations are required to improve model representations of ice shelf 
flexure and hydrofracture in response to surface meltwater ponding 
and drainage. Valuable observations could include water pressure 
measurements to monitor lake depths, arrays of GNSS stations to 
quantify ice shelf flexure228, and seismic data to give insights into 
fracturing and rifting.

Ice sheet modelling
A major challenge for the modelling community is capturing the long- 
term ice sheet dynamics trend occurring at the continental to global 
scale and the short-term response occurring at local to regional scales 
within the same simulation. More sophisticated ice sheet models —  
constrained directly using knowledge from satellites, marine geomor-
phological records and in situ field observations — are needed to better 
predict future trends of rapid ice sheet evolution. Observationally 
constrained, regional-scale process models151,228 have yet to be upscaled 
to the ice sheet scale, underscoring the need for comprehensive in 
situ observations to improve model-based predictions of the rate at 
which the ice sheets will respond to long-term and short-term forcing.

There are various processes that current models do not explicitly 
simulate, including decreased permeability of firn layers177; amplified 
melt owing to biological snow and ice darkening229; tidewater glacier 
acceleration and destabilization by submarine melting34,230,231; reduced 
buttressing effect from ice shelves232; accelerated interior motion from 
increased melt and rainfall206; enhanced basal thawing owing to hydrau-
lically released latent heat and viscous warming233; and ice shelf flexure, 
(hydro)fracture and collapse in response to surface meltwater ponding 
and drainage109,112,228. The lack of representation of these processes in 
the modelling chain leads to deep uncertainty and could mean that 
future sea level rise projections are too conservative, motivating the 
high-end storyline in AR6 (ref. 3) or high-end mass loss estimates234.

GCM and Earth system model projections typically under- 
represent changes in atmospheric circulation and wind that are asso-
ciated with increased Greenland atmospheric blocking235,236 (Fig. 5). 
Reasons for the lack of consistency between models and observa-
tions have been suggested to stem from model biases in the forced 
response to anthropogenic emissions or in simulating tropical decadal 
variability237. Therefore, the projected surface melt increase of the 
GrIS could be misrepresented if the summer circulation changes that 
have been observed since the 1990s persist in the next decades238. 
Improved representation of Greenland atmospheric circulation and 
blocking changes in climate models is, therefore, a priority. A similar 

situation is seen for the AIS wherein models poorly represent surface 
air temperature and winds (Fig. 5).

Accurately simulating calving and damage processes using 
physics-based treatments is currently one of the greatest challenges 
in ice sheet modelling. The lack of a unified, physics-based treatment 
of calving processes contributes to the deep uncertainty in sea level 
projections for both ice sheets, especially the AIS3,239. By far, the high-
est sea level projections currently included in AR6 are produced by 
numerical simulations that contain a representation of MICI1. However, 
these projections are based on a simplified, untested and unverified 
implementation of MICI in a single ice sheet model94, which requires 
two separate calving mechanisms: ice shelf collapse caused by hydro-
fracturing, followed by potential cliff failure93,95. At present, there is no 
scientific consensus about the physical basis and exact formulation of 
these mechanisms in simulations of large-scale ice sheet dynamics.

Attempts have been made to implement calving laws and damage 
mechanisms in ice sheet models95,240,241. However, ISMIP6 sea level 
projections do not consider AIS calving and damage in any ice sheet 
model141, and ISMIP6 GrIS simulations only include a heavily param-
eterized representation of retreat caused by calving and submarine 
melting63. Therefore, there is an urgent need to improve the physical 
representation of ice sheet and ice shelf fracture, validate calving laws 
and implement robust algorithms for damage mechanics in numerical 
ice sheet models. However, such improvements must overcome the 
mismatch between the spatial scales of fracture and calving processes 
and the resolution of ice sheet scale models. Alongside investment 
in model development, the remotely sensed and in situ data sources 
outlined above offer an opportunity to validate such models.

Another challenge is achieving model representations of sub-shelf 
melting. Despite the development of sophisticated coupled ice–ocean 
models136,242, which have greatly improved the ability to represent melt 
rates for complex time-evolving geometries and ocean properties,  
a number of challenges remain. To increase confidence in the repre-
sentation of melt rates near the grounding line, wherein ice dynamics 
are particularly sensitive to basal melt, high-resolution numerical 
simulations constrained by satellite and in situ observations of past and 
present basal melt and seafloor bathymetry are required. Additionally, 
the two-way interaction between changes in ice shelf geometry (thin-
ning, thickening and calving) and basal melt rates is key to simulating 
future mass loss from the AIS140,243, yet these feedbacks remain poorly 
understood. For the GrIS, it is not yet possible to meaningfully couple 
ice sheet and ocean models across the many complex fjord systems, 
which are smaller than the resolution of regional ocean models; there-
fore, improved, higher-resolution models and better data are needed 
to bridge this gap. Obtaining improved observations of melt rates for 
changing cavity shapes and ocean conditions at annual to centennial 
timescales is, thus, a fundamental research priority.

Owing to the high computational cost of coupled ice–ocean 
simulations, most sea level projections are currently based on 
stand-alone ice sheet model simulations that use various simplified 

Fig. 5 | Atmospheric circulation and associated surface temperature 
changes. a, Annual mean surface air temperature (SAT, colour bar) and wind 
trends (green arrows, 500 hPa zonal or meridional wind trends) over 1979–2020 
in the mean of four reanalyses (ERA5 (ref. 261), NCEP2 (ref. 262), JRA55 (ref. 263) 
and MERRA2 (ref. 264) in Antarctica. b, As in a, but for Greenland. c, SAT and wind 
trends in Antarctica over 1979–2020 from the mean of 29 CMIP6 global climate 
models257. d, As in c, but for Greenland. e, SAT and 500 hPa stream function 

(rotational component of winds) trends in individual reanalyses261–264 and CMIP6 
models257 for West Antarctica (60–90° S, 0–180° W; only land points) following 
ref. 237. f, As in e, but for Greenland (also only land points). Winds are poorly 
represented by the global climate models for the Greenland Ice Sheet, and SAT 
and winds are poorly represented for the Antarctica Ice Sheet. CMIP6, Coupled 
Model Intercomparison Project Phase 6.



Nature Reviews Earth & Environment

Review article

melt parameterizations. Not only do spatial melt patterns vary greatly 
between these parameterizations, but AIS projections131,141,244 have also 
revealed that the sensitivity of the parameterizations to changes in ocean 
temperature constitutes a major source of uncertainty. This limitation 
must be addressed by developing new calibration approaches based on 
transient ocean model simulations245,246. Co-ordinated ice sheet model-
ling exercises such as ISMIP6/7 are largely unfunded, community-driven 
efforts; therefore, to overcome the above-mentioned model limitations, 
it will be important that such co-ordinated modelling exercises receive 
appropriate funding.

Finally, another advancement that is becoming increasingly 
important in ice sheet modelling is the development and implemen-
tation of coupled ice sheet–Earth system models, such as UKESM 
and CESM2/3 (refs. 130,247,248), in which ice sheets can dynamically 
interact with the climate and wider Earth system. Ice sheet and coupled 
models can complement each other, and their harmony will be critical 
for achieving interconnected, global insight into the short-term and 
long-term variability of the Antarctic and Greenland ice sheets.

Published online: xx xx xxxx
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