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1. Background and motivation 

Antarctica is currently witnessing a sustained warming, associated with sea-ice decline, accelerating 

mass loss, grounding-line retreat of ice shelves, and a measurable slowdown of the Antarctic 

overturning circulation1. In the atmosphere, recurrent atmospheric river intrusions – transporting warm, 

moist air from the mid-latitudes and subtropics – have driven a series of major heatwaves across 

Antarctica 2,3.  

As a precursor to the International Polar Year 2031/32, Antarctica InSync (2027–2030) will deliver a 

four-year baseline of the Antarctic climate and provide essential context for disentangling natural 

variability from long-term trends obtained from paleoclimate proxies, for identifying extreme events, 

and for assessing their role in Antarctic climate processes (see Box 1). 

Three recent Antarctic events illustrate some extreme changes (see also Fig. 1): 

● In 2002, over just a few weeks, ~3,250 km² of the Larsen B Ice Shelf collapsed following several 

intense summer melt seasons and an atmospheric river prior to the final collapse, with widespread 

surface meltwater ponding triggering hydrofracture.  

● In 2022, Antarctica experienced the most extreme atmospheric heat wave ever recorded worldwide4. 

Executive Summary and Key Recommendations  

Antarctica is changing faster than our current observation networks can robustly assess or predict. 

Recent extreme events – major ice-shelf collapse, unprecedented heatwaves and abrupt, record-low 

winter sea ice – show that rare extremes can rapidly reshape the Antarctic system. These changes 

matter well beyond the polar regions: Antarctica influences global sea level, ocean circulation, and 

the whole climate system. This white paper sets out the case for Antarctica InSync (2027–2030) to 

deliver a four-year, coordinated observational baseline ahead of the International Polar Year 

2031/32, so it is possible to distinguish temporary anomalies from long-term shifts, detect early 

warning signs of tipping points, and improve the evidence base for risk management. 

The result is more reliable projections, better attribution of drivers, and earlier detection of 

destabilising trajectories – directly supporting policy decisions on climate adaptation, coastal 

planning, and the design of international monitoring commitments, specifically targeting the 

following four focus areas bridging ocean-atmosphere-ice interactions and climate variability:   

• Snow, firn and SMB: Fund coordinated field and satellite-calibration measurements to reduce the 

largest uncertainty in sea-level projections: how snowfall, melt, refreezing and runoff will change. 

• Atmosphere and water cycle: Expand weather, precipitation and water-isotope observations to 

track storms and moisture transport inland – essential for forecasting extremes and future 

snowfall/rainfall shifts. 

• Ocean–sea ice–atmosphere coupling: Invest in marginal-ice-zone and ice shelves fronts 

observations to understand how sea-ice loss and ocean warming amplify extremes, alter 

heat/moisture exchange, destabilise ice shelves and weaken deep-water formation. 

• Variability and warming detection: Combine new observations and ice-core and marine records 

to separate human-driven trends from natural variability and identify early warning signals of 

irreversible change. 
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● In 2023, Antarctic sea-ice extent fell abruptly to a record winter low, reaching ~2.5 million km² 

below the satellite-era average5. 

Such extreme events, and the associated large snow accumulation, influence the Antarctic energy and 

surface mass balance (SMB) in ways that may either partially compensate for ice-sheet mass loss or, 

conversely, amplify loss by preconditioning ice shelves for collapse. Taken together, the emerging 

pattern of extremes, trends, and feedbacks indicates an increasing risk that parts of Antarctica may be 

approaching tipping points – thresholds beyond which change could trigger abrupt and potentially 

irreversible shifts in the coupled cryosphere-ocean-climate system, with global consequences6.   

 

 

However, assessing the significance and true extremity of recent and ongoing Antarctic changes 

remains challenging without sustained improvements in observations1,4. Theme 7 therefore aims to 

characterise natural and anthropogenic Antarctic climate variability and the drivers of change 

across the continent, providing the essential context needed to interpret extremes, identify 

emerging tipping behaviour, and distinguish transient anomalies from long-term shifts. 

Theme 7 activities aim to be informed by existing and new observation networks and will focus on the 

coupled processes that underpin Antarctic climate change: atmospheric circulation, extremes, and the 

hydrological cycle that drive accumulation and melt; the response of snow and firn processes in 

regulating SMB and ice-shelf vulnerability; the interplay between sea ice and the Southern Ocean, and 

atmospheric forcing and variability; and the resulting patterns of climate variability and emerging 

signatures of Antarctic warming across timescales. It links particularly closely also to Antarctica InSync 

Themes 1, 2, 3 and 6.  

Box 1: Definition of extreme events 

Definitions of extreme events in Antarctica vary by discipline and by spatial and temporal scales. In 

this white paper, we follow the Intergovernmental Panel on Climate Change (IPCC) definition: an 

extreme event occurs when a climate variable exceeds a high-impact threshold for a given region and 

season (typically the 95th or 99th percentiles).   

Rare events may have a return period of a century or more, while glaciological extremes can build 

over decades to centuries but be triggered by short-lived episodes; consistent metrics of frequency, 

duration and intensity are therefore essential for detecting future trends. 
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Figure 1: Examples of recent weather and climate extremes and their impacts across Antarctica (selected events; 

not exhaustive). Background shading shows the annual trend in atmospheric moisture transport based on ERA5 

reanalysis from 1979 to 2022. Modified from Zou et al. (Front. Earth Sci., 2026)33. 

 

 

1.1 Uncertain future in surface mass balance and role of extremes 

Current Earth System and climate models, regional climate models, and reanalysis products however 

do not agree on Antarctic SMB contributions, including the key accumulation, snowmelt, and runoff 

terms7. This represents a critical limitation, as an accurate assessment of the SMB response to climate 

change is essential for reliably projecting the future mass of the Antarctic Ice Sheet and its contribution 

to global sea-level rise.  

At the continental scale, climate projections show that snowfall will increase in a warming climate8. 

This is because a warming climate increases the atmosphere’s moisture-holding capacity, alongside 

modifications of large-scale circulation patterns. Warming also tends to increase the frequency and 

intensity of atmospheric storms and extreme events, including atmospheric rivers, that deliver pulses of 

heat and moisture to Antarctica, driving increased snowfall alongside increased surface melt in coastal 

regions2,3. 

Recent Antarctic surface mass balance changes reflect these shifts in atmospheric circulation, 

particularly in stronger and poleward shifting westerlies, which favour warm-air advection towards the 

Antarctic Peninsula9 as well as foehn effects, and which can enhance the delivery of relatively warm 

circumpolar deep water to Antarctic margins, thus driving regionally variable surface, hydrofracture, 

and basal melt of ice shelves10. Changes in large-scale atmospheric circulation can also affect the 

formation of Antarctic Bottom Water (AABW), ocean circulation and the Southern Ocean carbon 

cycle11.  

1.2 Surface ocean - sea ice - atmosphere interactions: from variability to regime change 

Against a backdrop of Southern Ocean warming, Antarctica’s recent sea-ice decline is reshaping the 

atmosphere–ocean interactions and the hydrological cycle. The recent record-low sea ice reflects long-

term oceanic warming, reduced upper-ocean stratification 12, and short-term atmospheric forcing, such 
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as circulation anomalies and storm episodes13 – suggesting a structural shift including diminished 

coastal polynya formation 14. As sea ice retreats, expanding open-ocean areas modify air–sea heat and 

moisture fluxes, alter boundary-layer conditions, and shift the source regions and transport pathways of 

moisture reaching the continent. These changes influence large-scale atmospheric circulation and 

extreme events through modified surface forcing, altered planetary-wave generation, and changes in 

troposphere–stratosphere coupling. In turn, these atmospheric changes have the potential to reduce sea 

ice formation and brine rejection, which may slow AABW formation.       

1.3 Climate variability and emerging warming signals  

Polar amplification, the ratio of polar to global temperature change, is expected to be weaker in 

Antarctica than in the Arctic. Recent studies report an amplified warming signal even on the East 

Antarctic Plateau15 and emerging evidence of rapid transformations in the atmospheric circulation1. The 

role of climate change on modifying extremes and natural variability is poorly quantified, with detection 

and attribution studies suggesting intensified amplification, especially over the Antarctic Peninsula16.  

Climate variability strongly influences Antarctica’s contribution to future sea-level rise. Satellite 

observations show accelerating mass loss from marine-based sectors of the ice sheet, largely driven by 

intrusions of warm Circumpolar Deep Water (CDW)17. High-resolution marine sediment records along 

shelf-to-open-ocean transects extend this perspective from decades to millennia, providing essential 

context for modern changes and the long-term interplay between ocean forcing and ice-sheet dynamics.  

 

2. Knowledge gaps and research needs 

2.1 Snow, firn and the Antarctic SMB 

Despite the central role of snow and firn processes in controlling Antarctic SMB, substantial knowledge 

gaps remain that limit our ability to quantify present-day SMB and project its future evolution. These 

gaps arise from sparse observations, incomplete representation of key processes in models, and weakly 

constrained linkages between atmospheric forcing, firn evolution, and ice-sheet dynamics. We identify 

the following two key knowledge gaps: 

2.1a What will be the overall Antarctic SMB changes under uncertainty in its components? Major 

uncertainties in SMB stem from the sparse ground-based SMB measurements, notably the remote 

interior and low-accumulation and melt-prone zones, directly hindering the development and 

calibration of satellite SMB products7. These chronic under-sampling compounds errors in snowfall, 

snow/firn density or wind-driven snow transport and sublimation in climate models18. Expanded, 

synchronised arrays of automatic weather stations (AWS), snow stakes, snow pits, firn cores, and 

accumulation radar are urgently needed, ideally sustained through IPY5.  

2.1b How do atmospheric drivers and firn processes affect susceptibility to hydrofracture? Firn 

densification, refreezing, and liquid-water retention determine meltwater storage or runoff in 

Antarctica, yet current models fail to capture spatial heterogeneity in firn responses – especially on ice 

shelves – during melt events. This affects their ability to predict saturation and ponding, both of which 

can precondition surface-lake formation and, in turn hydro-fracture and destabilisation19. SMB patterns 

are highly sensitive to both atmospheric forcing and firn evolution, underscoring the need for improved 

firn property observations20. Firn processes, also studied in Theme 3, are here linked to atmospheric 

drivers, extremes, variability, and compound multi-year effects potentially shaping tipping-point 

behaviour.  

Coupling between atmospheric changes, SMB variability and ice dynamics remains poorly understood. 

Surface forcing can affect ice viscosity, grounding-line stress regimes, and the likelihood of meltwater-

driven processes that can accelerate ice flow.  
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2.2 Atmospheric circulation, extremes and the water cycle 

Fewer than thirty weather stations, mostly located in coastal regions, comprise the totality of 

Antarctica’s long-term (>50 years) weather records. Antarctica InSync provides an excellent 

opportunity to address key gaps in data coverage and process understanding by enhancing synchronous, 

process-based observations through the integration of existing and newly established measurement 

networks. This coordinated framework will enable for example the tracking of air and water vapour as 

weather systems progress inland, improving understanding of how Antarctic atmospheric circulation 

and water cycle respond to anthropogenic climate change. We identify the following two knowledge 

gaps: 

2.2a How will climate change affect atmospheric circulation and the hydrological cycle in 

Antarctica? The current sparsity of weather and precipitation observations in Antarctica seriously 

hinders the identification of ongoing changes in the Antarctic hydrological cycle. This applies both to 

climatological trends and to changes in extreme snowfall and rainfall events 2,21. Fundamental questions 

about Antarctic atmospheric dynamics, including cyclone–anticyclone interactions, cloud processes, 

and boundary-layer dynamics, remain unanswered22. Further, despite its critical importance for 

Antarctic climate variability, the future evolution of the Southern Hemisphere storm track, its 

teleconnections with the tropics, and its sensitivity to uncertainties in the pace of ozone recovery remain 

under-explored. 

2.2b How will the Antarctic precipitation origins and pathway processes change under 

anthropogenic forcing? The origins and the pathways of moisture leading to precipitation in 

Antarctica is going to be a key parameter to understand future projection of increase of precipitation 

amounts, and is particularly characterised by distinct sources regions for high- and low-elevation 

Antarctic sites. Water isotopes permit the origin and transport pathways of the vapour contributing to 

Antarctic precipitation to be traced23. The inclusion of isotope diagnostics in regional and Earth system 

models, alongside the development of a more comprehensive observational network, can substantially 

improve understanding of the drivers of change in the Antarctic hydrological cycle, for both 

climatological trends and extremes24. However, we currently lack both a coordinated isotope 

observational network and the capability to track water isotopes in most climate models. Addressing 

these deficiencies would transform our ability to perform near-real-time tracking of vapour during 

Antarctic precipitation events and enable more rigorous evaluation of modelled circulation, water-

cycle, and precipitation processes. Together, these advances would enable direct links between 

Southern Ocean surface changes and the mass and energy exchanges that shape Antarctica. Crucially, 

improved understanding of water vapour isotopes in the present-day Antarctic hydrological cycle is 

also essential for interpreting ice-core and other climate archives, providing the basis for reconstructing 

long-term variability, trends, and extremes in atmospheric circulation and precipitation on centennial 

and longer timescales (see also 2.4 and 2.5). 

2.3 Sea surface interactions with the atmosphere 

Recent, significant losses of Antarctic sea ice have highlighted major gaps in our understanding of air-

sea-ice interactions, particularly in the marginal ice zone. Limited process-level knowledge constrains 

our ability to quantify how sea-ice loss and Southern Ocean surface warming alter heat and moisture 

fluxes, boundary-layer dynamics, cloud formation, and cyclogenesis. Persistent model biases – 

especially in clouds and sea-ice–atmosphere representation and coupling – undermine confidence in 

projections, motivating the following interrelated knowledge gaps linking atmospheric dynamics, 

surface mass balance, and the production of brines and deep-water. 

2.3a How does sea-ice loss modify marginal-ice-zone fluxes and boundary-layer dynamics? 

Substantial uncertainty remains in the atmospheric dynamical response to the recent Antarctic sea-ice 

loss14. While emerging evidence suggests that reduced sea ice can influence planetary-wave forcing and 
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large-scale circulation, it remains poorly constrained how strong surface-forcing anomalies affect air-

sea fluxes, boundary-layer structure, and stratosphere-troposphere coupling, including their influence 

on the Southern Annular Mode. 

2.3b Are Southern Ocean warming and sea-ice loss already reshaping Antarctic SMB and 

extremes? Process-level understanding of air–sea–ice interactions in the marginal ice zone remains 

limited, particularly regarding how changes in sea-ice concentration and snow-covered sea ice modify 

heat and moisture fluxes, boundary-layer dynamics, and cyclogenesis. In addition, there is a paucity of 

attribution studies that robustly link recent and emerging Southern Hemisphere extremes to sea-ice loss. 

As a result, the extent to which regional sea-ice anomalies can trigger or amplify extremes – through 

altered storm tracks, moisture-transport pathways, or large-scale circulation changes – remains poorly 

quantified. 

2.3c Can the ongoing atmospheric changes to cause abrupt changes in AABW formation and the 

Southern Ocean overturning circulation? Recent observations indicate that AABW formation rates 

may have declined by up to ~30% in some regions since the 1990s, with significant implications for the 

global overturning circulation and deep-ocean carbon storage. Determining whether these changes 

reflect a gradual response or an approach to a critical threshold requires sustained, multi-platform 

observations of the coupled system including the feedback mechanisms between atmosphere, sea ice, 

ice shelves, and ocean (in collaboration with Theme 2). A further challenge is disentangling the 

influence of sea-ice loss on AABW formation from other major climate forcings, including ozone 

recovery, increasing greenhouse gas concentrations, and tropical teleconnections. 

2.4 Characterising climate variability and warming in the recent past 

As above, the long recurrence length and paucity of Antarctic observations severely limit our ability to 

robustly quantify recent temperature trends, climate sensitivity, and the magnitude of natural variability 

across Antarctica25. Addressing these limitations requires integrating modern observations with 

paleoclimate archives to place recent change in a longer-term context of the last hundreds of years. We 

identify the following key knowledge gaps: 

2.4a What will be the magnitude and trajectory of climate warming amplification over 

Antarctica? Recent observations from parts of Antarctica, including the Antarctic Peninsula and the 

East Antarctic Plateau, indicate emerging signatures of warming and changes in accumulation that may 

represent early expressions of Antarctic polar amplification26. However, these sparse observations are 

cannot yet be assessed robustly against the background of natural variability. Climate models tend to 

underestimate Antarctic temperature variability27, complicating attribution of observed trends. 

Quantifying Antarctic amplification therefore requires extending temperature and accumulation records 

beyond the observational period using paleoclimate archives, particularly shallow ice cores, to establish 

robust baselines of variability against which recent change can be evaluated. 

2.4b How will climate variability across timescales evolve as Antarctica warms? Understanding 

how climate variability – from interannual to centennial timescales – will evolve with global climate 

mean warming remains a major challenge. Water-isotope observations of the atmospheric hydrological 

cycle, combined with shallow snow and firn cores, offer powerful tools to trace atmospheric processes 

and extend climate records into the pre-instrumental period, providing both information on Southern 

Ocean surface changes and on local temperature28. However, how synoptic-scale variability and 

extreme events are preserved in snow and firn remains poorly understood. Detecting past extremes in 

short firn cores and identifying Antarctic regions where the ice archive retains sufficient temporal 

resolution therefore represent critical research frontiers and require advances in proxy-model 

integration, completing the database of PAGES Antarctica 2k 29 and expanding the study of climate 

variability both spatially to a tighter network of sites and temporally beyond 2005 15. 
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2.5 Setting the current change in a longer, paleo context 

The synchronous measurements of Antarctica InSync can benefit from studies over a longer temporal 

context by understanding the underlying mechanism or obtaining past analogues. This paleo point-of-

view means targeting a comprehensive, pan-Antarctic reconstruction of the climate and ice sheet 

evolution since the Mid-Pleistocene transition.  

2.5a How can paleoclimate archives be better used to constrain Antarctic and Southern Ocean 

variability and warming? Current ice-core reconstructions are often affected by high noise levels that 

obscure decadal variability30, while systematic biases such as post-depositional processes introduce 

uncertainties across timescales31. Recent studies demonstrate that statistically optimised sampling 

strategies and replication can overcome these limitations15. Applying such approaches across the East 

Antarctic Plateau and revisiting deep ice core drilling sites is essential for quantifying Antarctic 

sensitivity to climate change, in particular, past warm and cold periods could provide a key context to 

understand whether climate variability will increase or not under a warmer mean climate state32. 

Beyond firn and ice cores, the relationship between sea ice, ocean circulation, and climate variability 

prior to the satellite era remains poorly constrained. Marine sediment records south of the Polar Front 

are sparse, and quantitative reconstructions of sea-surface temperature and salinity remain highly 

uncertain. Blue ice areas can be an interesting way to obtain records from past interglacial with only 

shallow drilling. Overall dedicated efforts are needed to better connect atmospheric, oceanic, and 

cryosphere information from ice-core and marine archives, supported by targeted modern observations 

to constrain proxy system models. Without such advances, our ability to benchmark climate models 

against independent evidence and to place recent Antarctic changes in a long-term context will remain 

limited. 

2.5b What Can Paleo-Proxies and High-Resolution Mapping Reveal About Antarctic Ice Sheet 

Evolution and Ocean-Driven Instability? High-resolution bathy-morphological mapping and 

geological records have advanced our understanding of Antarctic ice sheet dynamics, yet critical gaps 

remain: vast areas of the continental shelf – particularly grounding zones – and the continental rise and 

slope are still unmapped or unexplored. These regions are vital, as sedimentary and erosional features 

(e.g., sediment drifts, glacial troughs) trace the flow of warm Circumpolar Deep Water (CDW) toward 

the ice sheet base, accelerating basal melting and influencing glacier stability. 

To address the vulnerability of marine-grounded glaciers, in particular to extreme marine and 

atmospheric heatwaves, a multidisciplinary approach is essential – combining high-resolution mapping, 

geophysical data, sediment cores, and robotic surveys in challenging areas like grounding zones. The 

goal is to integrate past and present ice-earth-ocean interactions, improving predictions of ice sheet 

stability and sea-level rise in a warming climate.  

 

3. Key variables and an observational strategy 

A coordinated Antarctic observing strategy must directly target the dominant sources of uncertainty 

identified in Sections 1 and 2, including uncertainties in SMB arising from accumulation and 

atmospheric forcing (Sections 2.1, 2.2), weakly constrained couplings between atmospheric circulation 

and the hydrological cycle (Section 2.2), and limited process-level understanding of how ocean and 

sea-ice changes influence atmospheric circulation, extremes, and climate variability (Section 2.3, 2.4). 

Characterising Antarctic climate variability and emerging signatures of warming requires placing recent 

changes in a longer-term context using palaeoclimate constraints (Section 2.4). Observations must 

therefore span the coupled atmosphere-surface-firn-ocean system and resolve both spatial contrasts and 

variability across timescales, including rare extreme events. 
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3.1 Key variables 

The key variables required to address these uncertainties are summarised in Table 1, which to map 

scientific questions, timescales, observing platforms, and climate archives.  

Together, these variables support four linked objectives: 

(i) quantifying accumulation, precipitation characteristics, and wind-driven snow redistribution; 

(ii) constraining firn structure, thermal state, hydrology, and signal preservation that regulate meltwater 

storage, runoff, and ice-shelf vulnerability; 

(iii) diagnosing how atmospheric circulation, moisture transport, ocean–sea-ice interactions, and 

extremes propagate inland and affect SMB and ice-sheet stability; and 

(iv) characterising Antarctic climate variability and polar amplification across timescales by integrating 

modern observations with palaeoclimate constraints. 

3.2 Observing platforms, climate archives, and implementation 

The observing strategy emphasises a dual approach: broad spatial coverage through an expanded, 

coordinated network of stations, traverses, and marine observations to detect continental-scale 

circulation- and ocean-driven change, and long, continuous, high-resolution time series from well-

chosen palaeoclimate archives at a limited number of sites to quantify rare, high-impact extremes, 

variability, and emerging warming signals. 

Implementation must build on the existing Antarctic station network, together with coordinated 

deployments in under-sampled regions. Priority platforms include expanded snow-stake networks, 

accumulation radar surveys, blue ice, and firn-core programmes (including shallow coring and ice 

cores), alongside enhanced automatic weather stations in both accumulation- and melt-dominated 

regimes capable of measuring full surface energy balance, near-surface meteorology, and subsurface 

firn temperature, density, and liquid water content. Sites with deep ice cores covering at least the last 

interglacial (like Kohnen or Concordia) could be priority sites to improve climate reconstruction and 

connect the current change with past analogues. For instance, within the framework of IPICS, an expert 

group of SCAR, a new priority project, “Ice Core Context for Current Change” is expected to be 

proposed. 

 

System 

domain 

Key variables on 

short time scales 

Key variables on 

long time scales 
Key question 

Primary 

observing 

platforms 

Why this matters 

Precipi-

tation & 

accumu-

lation 

Snowfall rate 
Thickness/density 

of annual layers 
2.1a, 2.2a 

AWS (precip 

sensors), 

precipitation, 

disdrometers, 

radar, 

satellite, ice 

cores, stake 

networks, 

GPR, firn 

cores, 

sounding 

Dominant mass-

gain term; largest 

SMB uncertainty 

Rainfall rate & 

phase 
Ice lenses/crusts 2.1b, 2.2a 

Controls firn 

saturation and 

runoff onset 

Accumulation  Accumulation 2.1a, 2.4a 

Calibration of 

satellite SMB; 

trend detection 

Vertical 

precipitation 

structure 

  2.2a 

Links circulation 

and orography to 

snowfall 

Wind-driven 

snow 

processes 

Blowing/drifting 

snow flux 
  2.1a 

AWS, snow 

particle 

counters, 

satellite, flux 

tower, water 

isotopes, ice 

chemistry 

Major 

redistribution and 

sublimation loss 

Sublimation rate Metamorphism 2.1a, 2.4c 

Often missing 

SMB term in 

models 

Near-surface 

meteorology 
Air temperature 

Temperature 

reconstruction 
2.1b, 2.4a 

AWS, 

automatic 

Melt threshold; 

firn thermal state 
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Humidity   2.1a, 2.2a 
stations, flux 

towers, eddy 

covariance, 

masts, ships, 

water 

isotopes, 

dusts 

Sublimation and 

surface fluxes 

Wind speed & 

direction 
  2.1a, 2.2a 

Snow transport; 

circulation signal 

Turbulence Dust particles 2.1b 

Controls 

sensible/latent heat 

exchange 

Surface 

energy 

balance 

SW & LW radiation 

(↓/↑) 
Insolation 

1.1, 2.1b, 

2.2a, 2.3a 
AWS, flux 

towers 

radiometers, 

satellite, 

models 

Primary control on 

melt and 

refreezing 

Sensible & latent 

heat fluxes 
  

2.1a, 2.1b, 

2.3a 

Close surface 

energy and water 

budgets 

Cloud 

properties 

Cloud fraction, 

phase, optics 
  2.2a,2.3a 

Satellite, 

cloud radar, 

lidar 

Radiative forcing; 

precipitation 

formation 

Atmos. 

structure & 

circulation 

Boundary-layer 

profiles (T, q, wind) 
  2.2a, 2.3a 

Radiosondes, 

UAVs, AWS 

towers, wind 

profilers, 

reanalysis, 

models 

Coupling 

circulation to SMB 

response 

Vertical wind 

profiles 
  2.2a, 2.3a 

Moisture transport 

pathways 

Integrated moisture 

transport 
  2.2b,2.4 

Source regions of 

future snowfall 

Water-

isotope 

tracers 

Precipitation 

isotopes 

snow pit and ice 

core isotopes 
2.2b,2.3b,2.4a 

Precip 

collectors, 

firn cores, 

stations, 

ships 

Identify moisture 

origin and 

pathways 

Vapour isotopes 

(continuous) 
  2.2b,2.3b,2.4a 

Real-time tracking 

of extremes (e.g. 

ARs) 

Surface melt 

& runoff 

Melt rate Melt layers 2.1b 
AWS, 

satellite, firn 

cores, 

thermistor 

strings, 

satellite, 

ground 

survey 

Firn saturation and 

hydrofracture risk 

Refreezing rate Refrozen ice lenses 2.1b 
Firn buffering 

capacity 

Runoff occurrence   2.1b 
Ice-shelf 

destabilisation 

Firn thermal 

state 

Firn temperature 

profiles 

Firn temperature 

profiles 
2.1b firn cores 

Controls refreezing 

depth and water 

storage 

Firn 

structure & 

density 

Firn density 
Firn and ice 

density 
2.1a,2.4a Firn and ice 

cores, snow 

pits, radar 

Height–mass 

conversion 

uncertainty 

Stratigraphy Stratigraphy 2.1b,2.4b 
Permeability and 

ice-layer formation 

Near-surface 

firn (0–2 m) 

Grain size   2.1b 
Snow pits, 

optical 

sensors, field 

spectroscopy, 

snow pits, 

AWS 

radiometers, 

snow micro-

CT,  

Albedo and melt 

sensitivity 

Specific surface 

area (SSA) 

Crystalline 

structure 
2.1b 

Energy absorption; 

wind effects 

Albedo Albedo 2.1b 
Strong feedback 

on melt 

Microstructure Physical properties 2.1b,2.4b 
Liquid water 

retention 

Firn 

hydrology 

Liquid water 

content 
  2.1b Firn cores, 

dielectric 

probes 

Saturation and 

ponding 

Permeability 
Firn properties and 

lockin depth 
2.1b Runoff vs storage 
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Surface–ice 

coupling 

Meltwater at 

grounding lines 
  2.1c 

Satellite, 

GPS, field 

surveys 

Flow acceleration 

risk 

Sea ice-

ocean-air 

coupling 

Sea surface 

temperature and 

salinity 

Sea surface 

temperature and 

salinity 

2.3a, 2.3b 

Ships and 

autonomous 

profiles; 

satellite; 

sediment and 

ice cores 

(stable 

oxygen 

isotopes; 

Mg/Ca 

ratios, 

chemical 

proxies), 

airborne 

sampling 

Surface ocean 

warming 

Sea ice 

concentration 

Sea ice 

concentration 
2.3a, 2.3b 

Boundary 

conditions; sea ice 

loss 

Fluxes over 

heterogeneous 

surfaces 

Sea ice chemistry 2.3a 

Bridging point 

observations and 

model grid scales 

upper-ocean heat 

content and surface 

stratification 

  2.3c 

Ocean 

preconditioning 

and ice shelf 

destabilisation 

Integrated 

outcomes 

Net SMB Ice sheet thickness 1.1, 2.1c 
Integrated 

obs + models 

Sea-level 

contribution 

Spatial SMB 

variability 
  2.1a, 2.2a 

Radar, 

satellite, 

models 

Circulation-driven 

contrasts 

Atmospheric 

extreme events 

Frequencies of 

extreme events 
2.2a,2.4b 

Stations, 

satellite, 

reanalyses 

Risk-relevant 

change 

Marine heatwaves   2.3a, 2.3b 

Stations, 

satellite, 

reanalyses 

Risk-relevant 

change 

Positions of wind 

systems and 

currents 

Atmospheric 

circulation 
2.3 satellite, 

reanalysis 

Atmospheric and 

oceanic circulation 

changes 
      

System 

domain 

Key variables on 

short time scales 

Key variables on 

long time scales 
Key question 

Primary 

observing 

platforms 

Why this matters 

Precipitation 

& 

accumulation 

Snowfall rate 
Thickness/density 

of annual layers 
2.1a, 2.2a 

AWS (precip 

sensors), 

precipitation, 

disdrometers, 

radar, 

satellite, ice 

cores, stake 

networks, 

GPR, firn 

cores, 

sounding 

Dominant mass-

gain term; largest 

SMB uncertainty 

Rainfall rate & 

phase 
Ice lenses/crusts 2.1b, 2.2a 

Controls firn 

saturation and 

runoff onset 

Accumulation  Accumulation 2.1a, 2.4a 

Calibration of 

satellite SMB; 

trend detection 

Vertical 

precipitation 

structure 

  2.2a 

Links circulation 

and orography to 

snowfall 

Wind-driven 

snow 

processes 

Blowing/drifting 

snow flux 
  2.1a 

AWS, snow 

particle 

counters, 

satellite, flux 

tower, water 

isotopes, ice 

chemistry 

Major 

redistribution and 

sublimation loss 

Sublimation rate Metamorphism 2.1a, 2.4c 

Often missing 

SMB term in 

models 

Near-surface 

meteorology 

Air temperature 
Temperature 

reconstruction 
2.1b, 2.4a 

AWS, 

automatic 

stations, flux 

towers, eddy 

Melt threshold; 

firn thermal state 

Humidity   2.1a, 2.2a 
Sublimation and 

surface fluxes 
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Wind speed & 

direction 
  2.1a, 2.2a 

covariance, 

masts, ships, 

water 

isotopes, dusts 

Snow transport; 

circulation signal 

Turbulence Dust particles 2.1b 

Controls 

sensible/latent heat 

exchange 

Surface 

energy 

balance 

SW & LW radiation 

(↓/↑) 
Insolation 

1.1, 2.1b, 

2.2a, 2.3a 
AWS, flux 

towers 

radiometers, 

satellite, 

models 

Primary control on 

melt and 

refreezing 

Sensible & latent 

heat fluxes 
  

2.1a, 2.1b, 

2.3a 

Close surface 

energy and water 

budgets 

Cloud 

properties 

Cloud fraction, 

phase, optics 
  2.2a,2.3a 

Satellite, 

cloud radar, 

lidar 

Radiative forcing; 

precipitation 

formation 

Atmos. 

structure & 

circulation 

Boundary-layer 

profiles (T, q, wind) 
  2.2a, 2.3a 

Radiosondes, 

UAVs, AWS 

towers, wind 

profilers, 

reanalysis, 

models 

Coupling 

circulation to SMB 

response 

Vertical wind 

profiles 
  2.2a, 2.3a 

Moisture transport 

pathways 

Integrated moisture 

transport 
  2.2b,2.4 

Source regions of 

future snowfall 

Water-

isotope 

tracers 

Precipitation 

isotopes 

snow pit and ice 

core isotopes 

2.2b,2.3b,2.4

a 
Precip 

collectors, firn 

cores, 

stations, ships 

Identify moisture 

origin and 

pathways 

Vapour isotopes 

(continuous) 
  

2.2b,2.3b,2.4

a 

Real-time tracking 

of extremes (e.g. 

ARs) 

Surface melt 

& runoff 

Melt rate Melt layers 2.1b 
AWS, 

satellite, firn 

cores, 

thermistor 

strings, 

satellite, 

ground survey 

Firn saturation and 

hydrofracture risk 

Refreezing rate 
Refrozen ice 

lenses 
2.1b 

Firn buffering 

capacity 

Runoff occurrence   2.1b 
Ice-shelf 

destabilisation 

Firn thermal 

state 

Firn temperature 

profiles 

Firn temperature 

profiles 
2.1b firn cores 

Controls refreezing 

depth and water 

storage 

Firn 

structure & 

density 

Firn density 
Firn and ice 

density 
2.1a,2.4a Firn and ice 

cores, snow 

pits, radar 

Height–mass 

conversion 

uncertainty 

Stratigraphy Stratigraphy 2.1b,2.4b 
Permeability and 

ice-layer formation 

Near-surface 

firn (0–2 m) 

Grain size   2.1b 
Snow pits, 

optical 

sensors, field 

spectroscopy, 

snow pits, 

AWS 

radiometers, 

snow micro-

CT,  

Albedo and melt 

sensitivity 

Specific surface 

area (SSA) 

Crystalline 

structure 
2.1b 

Energy absorption; 

wind effects 

Albedo Albedo 2.1b 
Strong feedback 

on melt 

Microstructure 
Physical 

properties 
2.1b,2.4b 

Liquid water 

retention 

Firn 

hydrology 

Liquid water 

content 
  2.1b Firn cores, 

dielectric 

probes 

Saturation and 

ponding 

Permeability 
Firn properties 

and lockin depth 
2.1b Runoff vs storage 

Surface–ice 

coupling 

Meltwater at 

grounding lines 
  2.1c 

Satellite, 

GPS, field 

surveys 

Flow acceleration 

risk 
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Sea ice-

ocean-air 

coupling 

Sea surface 

temperature and 

salinity 

Sea surface 

temperature and 

salinity 

2.3a, 2.3b 

Ships and 

autonomous 

profiles; 

satellite; 

sediment and 

ice cores 

(stable 

oxygen 

isotopes; 

Mg/Ca ratios, 

chemical 

proxies), 

airborne 

sampling 

Surface ocean 

warming 

Sea ice 

concentration 

Sea ice 

concentration 
2.3a, 2.3b 

Boundary 

conditions; sea ice 

loss 

Fluxes over 

heterogeneous 

surfaces 

Sea ice chemistry 2.3a 

B            Bridging point 

observations and 

model grid scales 

upper-ocean heat 

content and surface 

stratification 

  2.3c 

Ocean 

preconditioning 

and ice shelf 

destabilisation 

Integrated 

outcomes 

Net SMB Ice sheet thickness 1.1, 2.1c 
Integrated obs 

+ models 

Sea-level 

contribution 

Spatial SMB 

variability 
  2.1a, 2.2a 

Radar, 

satellite, 

models 

Circulation-driven 

contrasts 

Atmospheric 

extreme events 

Frequencies of 

extreme events 
2.2a,2.4b 

Stations, 

satellite, 

reanalyses 

Risk-relevant 

change 

Marine heatwaves   2.3a, 2.3b 

Stations, 

satellite, 

reanalyses 

Risk-relevant 

change 

Positions of wind 

systems and 

currents 

Atmospheric 

circulation 
2.3 satellite, 

reanalysis 

Atmospheric and 

oceanic circulation 

changes 
      

Table 1: Antarctic Key Variables including links to key questions, time scales (short, daily to seasonal, long 

interannual to multi-millennial), observing platforms, and climate archives. 

 

Precipitation radar arrays are required to capture the strong spatial and temporal variability of Antarctic 

snowfall and extreme events. A limited number of coordinated supersites should be established where 

atmosphere-surface-firn-ocean interactions, water isotope measurements, and firn thermometry can be 

measured synchronously, including during extreme melt and precipitation episodes. These observations 

should help improve the retrieval of snowfall, melt extent, blowing snow, SMB, sea-ice conditions, and 

surface roughness from satellite products, via systematic calibration and validation against these in-situ 

measurements. 

Finally, coordinated measurements from research vessels and coastal and terrestrial sites are essential 

to connect atmospheric, oceanic, and cryospheric processes across the land-ocean interface and to 

provide context for climate variability and extremes beyond the observational period. All instrumental 

data must be tightly integrated with global or regional climate models, reanalyses, and isotope- and 

proxy-enabled simulations to reduce accumulation and circulation biases, improve process 

representation, and translate observations into robust projections of Antarctic mass change and climate 

evolution.  
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