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Materials and Methods 

Evaluation and selection of cryosphere control variables 

According to the definition and purpose of the PB framework, any boundary must be grounded in 

well-understood control–response relationships, have demonstrable impacts on Earth system 

stability, and exhibit scalable mechanisms through which regional perturbations can propagate to 

the global level(90). Proposed boundaries should also be measurable, representative, 

understandable, operational, and unique, ensuring both scientific robustness and policy 

relevance(1). Following these principles, we established four criteria for selecting cryosphere 

control variables: i) importance for maintaining Holocene-like conditions, ii) susceptibility to 

anthropogenic perturbation, iii) universality and uniqueness, and iv) measurability. 

Candidate variables were identified through literature review, expert elicitation, iterative 

discussion, and consensus-based workshops. We first assessed the functional roles, similarities, 

and differences among cryosphere elements (Table S1), classifying the cryosphere into five 

subsystems: land ice (ice sheets and mountain glaciers), sea ice, snow cover, permafrost, and 

atmospheric ice. Potential control variable candidates were then compiled from the literature and 

expert input (Table S2). Applying the four criteria, experts scored each candidate, and consensus 

was reached through subsequent discussions. 

Ultimately, we selected four cryosphere control variables—land ice volume, sea ice area, snow 

cover area, and permafrost temperature—to represent the dominant cryosphere–Earth system 

interactions (Table S3). Components with negligible global influence (e.g., river ice, lake ice, 

icebergs) were excluded. However, changes in lake ice and river ice are already having a profound 

impact on many mountain communities. Ice shelves were considered together with ice sheets, and 

atmospheric ice was excluded because it is neither unique to the cryosphere. 

Land ice volume captures the total frozen water storage of the planet and directly reflects net gains 

or losses from ice sheets and glaciers(29). It serves as a robust indicator of land ice stability, 

anthropogenic influence, and planetary-scale impacts on sea level, climate, and polar and high-

mountain ecosystems(11). This variable is well-constrained through land ice models, in situ 

observations, and satellite missions such as GRACE (Gravity Recovery and Climate 

Experiment)(11), providing a quantifiable and sensitive measure of cryospheric health. 

Sea ice area quantifies the total surface coverage of sea ice in the Arctic and Southern Ocean(11). 

It is a key indicator of cryospheric stability, directly linked to albedo feedbacks, energy balance, 

and polar marine ecosystem health(91). Sea ice area is one of the best-observed cryospheric 

variables, with high-quality records derived from satellite passive microwave sensors and coupled 

sea ice models(53), allowing precise detection of long-term trends and thresholds. 

Snow cover area measures the spatial extent of global snow cover, a critical determinant of 

planetary albedo, heat exchange, and atmospheric circulation(61). Stable snow cover during the 

Holocene helped regulate global energy balance and hydrological and carbon cycles across 

biomes(92). Anthropogenic warming has driven widespread snow cover decline, particularly in 

the Northern Hemisphere. Compared with variables such as snow depth or snow-water equivalent, 

snow cover area is more directly measurable and globally representative. Advances in remote 

sensing (e.g., MODIS, Landsat), ground-based observations, and Earth system modeling now 

enable precise, continuous monitoring at global scales(11). 
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Permafrost temperature represents the thermal state of frozen ground and integrates the effects of 

atmospheric warming, soil properties, energy flux changes, and local climate variability(11). 

Warming permafrost leads to greenhouse gas emissions (CO₂, CH₄), ground instability, and 

ecosystem collapse, all of which amplify global climate change(78, 93). Mean permafrost 

temperature is a widely used and measurable indicator, routinely monitored through land process 

models and high-resolution observations(11), making it suitable for tracking systemic risk and 

early warning of tipping behavior. While we retain permafrost temperature as the primary control 

variable because of its superior performance according to the control variable selection criteria, 

the permafrost area was also chosen as a supplementary variable to support permafrost boundary 

transgression assessment. Permafrost temperature and permafrost area exhibit markedly different 

response characteristics. The latter often exhibits a substantially delayed response, reflecting the 

long timescales required for thaw to propagate through deep ground layers(11).  

Together, these four control variables capture the essential dimensions of cryosphere–Earth system 

coupling and provide a scientifically robust foundation for delineating a SOS for the cryosphere. 

Formulation of cryosphere control variables 

For land ice, the control variable is defined as the total ice volume, encompassing all land-based 

ice masses, including mountain glaciers, the Greenland Ice Sheet, and the Antarctic Ice Sheet. This 

formulation provides several advantages. First, total ice volume offers a direct and comprehensive 

measure of global land ice storage(91), reflecting its overall stability and health. Second, because 

changes in ice mass directly alter frozen water storage and sea level, this variable enables robust 

assessment of the land ice contribution to global sea level rise and freshwater availability(94, 95). 

Third, it captures scalable mechanisms by which regional ice loss aggregates to produce planetary-

scale impacts. Finally, substantial and accelerating reductions in land ice volume serve as early 

warning signals of approaching tipping points or irreversible melting(34), providing valuable 

information for policy and risk management. 

For sea ice, the control variable is defined as the total annual-mean sea ice area from both the 

Arctic and Antarctic. Likewise, the control variable for snow cover is defined as the annual-mean 

global snow-covered area. Using annual means provides a stable and policy-relevant indicator of 

long-term cryosphere trends, minimizing the influence of seasonal fluctuations and short-term 

variability. 

For permafrost, the control variable is formulated as the mean annual ground temperature 

(MAGT), averaged over the spatial domain of the maximum preindustrial permafrost region 

(1850-1899). The MAGT is measured at the depth of minimum or zero annual thermal amplitude 

for each grid cell, with permafrost area defined as those exhibiting negative MAGT(33). This 

formulation offers an integrated and temporally stable measure of permafrost thermal state, 

capturing both gradual warming and the potential onset of tipping behavior leading to irreversible 

thaw. 

Quantification of Holocene baseline departure 

We quantified the Holocene baseline departure for each cryosphere control variable using 

reconstructed datasets, multi-model simulations, and observational records. Where available, the 

full Holocene is used to define baseline variability; otherwise, mid-Holocene and pre-industrial 

conditions are applied in this provisional assessment. The mid-Holocene experiment is not 

intended to represent the entire Holocene variability, but rather to provide an approximate 
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reference state for evaluating departures from Holocene-like conditions. Existing paleoclimate 

evidence generally suggests that the mid-Holocene was characterized by reduced Northern 

Hemisphere sea ice, reduced snow cover(96), and warmer permafrost conditions across the entire 

Holocene(97), although the magnitude and timing of these changes varied regionally. Thus, the 

selected period captures a lower bound of Holocene variability but cannot fully characterize its 

entire range(26). The early industrial period (1850–1899), which is widely regarded as largely 

unaffected by anthropogenic forcing, serves as a standard baseline in climate and Earth system 

assessments(11). As our mid-Holocene analysis of sea ice, snow cover, and permafrost relies on a 

single model and experiment, the CESM2 Earth System Model (700 years simulation, ~6,000 years 

BP)—we adopt the early-industrial period as our primary baseline, drawing on a multi-model 

ensemble to reduce uncertainties. 

Land ice 
The time series of total and component land ice volumes were reconstructed from their estimated 

present-day volumes and the corresponding mass balance (sea-level equivalent) variability(28, 

29). The assessment of land ice mass changes draws primarily on two reconstructed time series. 

The first spans the entire Holocene (11,700 years ago to 1950 CE)(28), while the second provides 

multi-method estimates of land ice mass change from 1900 to 2018(29). Mountain glacier mass 

changes are based on (1) a global glacier model reconstruction for the twentieth century(98), and 

(2) in situ glaciological and geodetic observations covering 1960–2018(99). Estimates for the 

Greenland Ice Sheet derive from (1) a mass-balance reconstruction for 1900–2003(100), (2) input–

output estimates for 1972–2003(101), and (3) multi-method assessments for 1993–2003(94), and 

the GRACE-based estimates for 2003–2018(29). For the Antarctic Ice Sheet, a small pre-1993 

contribution (0.05 ± 0.04 mm yr⁻¹) was assumed(102), while mass changes for 1993–2003 were 

taken from multi-method assessments(94, 103), and changes for 2003–2018 were estimated based 

on GRACE observation(29). The 2010 global ice volumes are assumed as follows: mountain 

glaciers (excluding Greenland and Antarctic peripheries), 0.088 × 10⁶ Gt (0.096 × 10⁶ km³)(30); 

Antarctica, 24.794 × 10⁶ Gt (27.0465 × 10⁶ km³)(32), and peripheral glaciers (46.5 × 10³ km³)(30); 

and Greenland, 2.756 × 10⁶ Gt (3.006 × 10⁶ km³), including the ice sheet (2.99 × 10⁶ km³)(31) and 

peripheral glaciers (15.7 × 10³ km³)(30).  Ice density was assumed to be 0.9167 Gt km⁻³, and 362.5 

Gt of ice was taken as equivalent to 1 mm of global mean sea-level rise(11). Committed ice loss 

is based on Zekollari et al. (2025)(75) for mountain glaciers, Box et al., (2022) for Greenland ice 

sheet(76), as well as DeConto et al., (2021) and Klose et al., (2024) for Antarctic ice(45, 77). The 

uncertainty in reconstructed land-ice volume arises from the combined propagation of 

uncertainties associated with historical ice-change reconstructions, recent ice-volume estimates, 

and committed ice-loss projections. Uncertainty in the reconstructed relative ice changes primarily 

reflects observational limitations, structural differences between sea-level and ice-sheet 

reconstructions, and uncertainties in glacial isostatic adjustment (GIA), together with contributions 

from glacier and ice-sheet mass-balance estimates, thermosteric expansion, terrestrial water 

storage changes, and vertical land-motion corrections(28, 29). Additional uncertainty originates 

from the 2010 baseline ice volume used to convert relative changes into absolute ice volume, which 

is mainly affected by the limited availability of observational constraints(30–32). Furthermore, 

uncertainty in committed ice loss is associated with structural differences among models, 

inconsistencies among multi-source datasets, and systematic errors in model formulations and 

calculation procedures(75–77). Collectively, these uncertainties propagate through the 

reconstruction process and influence the magnitude of the estimated land-ice volume, while the 

overall long-term evolution remains robust across datasets and model ensembles. 
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Sea ice 

Because continuous Holocene sea ice data are unavailable, we assessed baseline departure of sea 

ice area using model-based reconstructions. Monthly sea ice coverage was obtained from the mid-

Holocene experiment (700 years beginning ~6,000 years ago) and historical (1850–2014) 

simulations of the CESM2 Earth System Model (CMIP6). CESM2 couples atmospheric 

(CAM6/WACCM6), oceanic (POP2), sea ice (CICE5), land (CLM5), and ice sheet (CISM2) 

components(104). Its sea ice simulations are broadly consistent with satellite observations for 

1990–2024 from the National Snow and Ice Data Center (NSIDC). For cross-validation, we also 

used ISIMIP3b ocean input data (1850–2014) (Table S4), remapped to a 1° × 1° grid and derived 

from four CMIP6 global climate models (GFDL-ESM4, IPSL-CM6A-LR, MPI-ESM1-2-HR, and 

UKESM1-0-LL). The ISIMIP ensemble captures observed trends in sea ice decline, albeit with 

inter-model spread.  

The uncertainty in simulated sea ice primarily arises from inter-model structural differences, 

internal climate variability, and limitations in the representation of key sea ice–ocean–atmosphere 

coupled processes within CMIP6-class models(105). In particular, divergence among simulations 

reflects differences in sea ice thermodynamic schemes, including melt–growth processes, snow–

ice conversion, and parameterizations of ice albedo feedback(106). 

Snow cover 

The baseline departure of snow cover area was estimated using three complementary monthly 

datasets: (1) CESM2 mid-Holocene and historical simulations, analogous to the sea ice and 

permafrost assessments; (2) historical snow cover data from 13 CMIP6 Earth system models 

(nominal 100 km resolution; Table S6); and (3) ERA5-Land monthly snow cover data (1950–

2024; 0.1° resolution)(107). The mid-Holocene (∼6 ka BP; 700-year period) and pre-industrial 

(1850–1899) intervals were used as baseline reference periods based on CESM2 and CMIP6 multi-

model means, respectively. Uncertainty in simulated snow-cover area primarily arises from inter-

model structural differences, particularly in the representation of snowfall partitioning, snow 

accumulation and ablation, snow-albedo feedbacks, and vegetation–snow interactions(92, 105). 

Such uncertainty mainly affects the magnitude of projected changes, whereas the direction of the 

long-term trend remains robust across the CMIP6 ensemble. 

Permafrost 

Baseline departures in permafrost mean annual ground temperature (MAGT) are estimated from 

CESM2 mid-Holocene and historical simulations (1.25° spatial resolution) and the ISIMIP3b 

permafrost output dataset (0.5° resolution; 42 m depth). The ISIMIP3b simulations employ the 

ELM-ECA land component of the E3SM model, forced by bias-corrected outputs from five 

CMIP6 models (GFDL-ESM4, IPSL-CM6A-LR, MPI-ESM1-2-HR, MRI-ESM2-0, and 

UKESM1-0-LL) (Table S5). The mid-Holocene (∼6 ka BP) and pre-industrial (1850–1899) 

periods were used as baseline references based on CESM2 and ISIMIP multi-model means, 

respectively. The uncertainty in simulated permafrost dynamics primarily arises from inter-model 

structural differences, internal climate variability, and limitations in process representation. In 

particular, inter-model divergence reflects differences in the parameterization of soil thermal and 

hydrological processes, phase-change physics, and unfrozen water content, as well as strong 

sensitivity to snow insulation effects that regulate the surface energy balance (108, 109). 

Collectively, these factors contribute to substantial ensemble spread in simulated permafrost 

evolution across mid-Holocene and historical periods. Nevertheless, the ensemble simulations still 

capture the first-order patterns of permafrost variability. 
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Supplementary Text 

Earth System Functions of the Cryosphere SOS 

We first identify the scope of an SOS of the cryosphere, focusing on the effect of the cryosphere 

on the Earth system resilience and fundamental conditions for human habitability on a planetary 

scale by following the planetary boundaries (PB) framework. The cryosphere components play 

critical roles in the functioning and stability of the Earth system through mediation of the energy, 

water, and carbon balance, which are fundamentally inextricable from other parts of the Earth 

system underlying the existing PB(1, 20). In particular, the functional cryosphere changes can 

significantly affect the two so-called “core” boundaries, i.e., climate change and biosphere 

integrity(2, 21), which constitute the aggregate manifestation of the main interactions among all 

the other boundaries, and have a decisive impact on the Earth system stability. Meanwhile, 

nonlinear transitions or regime shifts within the cryosphere also influence other non-“core” 

boundaries, especially for freshwater change PB. Building on existing scientific evidence and 

reports (Table S1), here we classify the Earth system functions of the cryosphere into three major 

categories: (1) cryo-climatic regulation, (2) cryo-ecological regulation, and (3) cryo-hydrological 

regulation.  

 

Cryo-climatic regulation 

The cryosphere exerts an important influence on Earth system resilience by regulating the Earth’s 

climate based on its special nature and properties, complex structures and processes. Among 

others, snow and ice can directly reflect a large fraction of solar radiation back into space owing 

to their inherently high albedo, hence regulating the quantity of solar energy absorbed by land and 

oceans(110, 111). The cryosphere, especially glaciers, ice sheets, sea ice, and permafrost, acts as 

Earth's massive heat storage system—the second largest component of the climate system (after 

the ocean), which acts as a crucial buffer capacity for preventing global warming(112). 

Additionally, snow and ice are excellent thermal insulators characterized by low thermal 

conductivity, allowing them to serve as a buffer against temperature changes(113). Huge latent 

heat exchange in the cryosphere is also a fundamental process that underpins the climate 

system(114). The cryosphere’s latent heat dynamics stabilize global temperatures near the ice-

water transition point (~0°C), a balance critical for maintaining Holocene-like conditions(7). The 

absorption of latent heat during melting helps significantly slow down regional and global 

warming(8). The cryosphere changes significantly affect weather patterns and precipitation by 

impacting local evaporation and atmospheric water content(115), and the polar cryosphere changes 

also reduce temperature gradients between poles and equator. Worryingly, the cryosphere 

influences the thermohaline circulation (such as the North Atlantic Current and AMOC) by 

releasing meltwater into the ocean, which distributes heat and regulates climates globally(116, 

117). Additionally, atmospheric ice also plays a crucial role in Earth's radiation balance and 

climate dynamics by reflecting incoming sunlight, influencing cloud formation and precipitation 

types(118). The cryosphere also provides cold conditions necessary for stratospheric clouds and 

ozone formation(119), and also provides various sources of aerosols (such as sea ice salt aerosols, 

dust, cryoconite particles, and volcanic eruptions in glacial regions)(120, 121). Last but not least, 

permafrost is a critical carbon reservoir with an estimated amount of more than all fossil fuel 

reserves together, which has played a significant role in regulating the Earth's carbon cycle and 

climate(69, 122, 123).  

 

Cryo-ecological regulation 
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The cryosphere is further critical for Earth system resilience through its crucial role in supporting 

diverse ecosystems and sustaining ecological balance, especially in polar and alpine regions, by 

influencing habitat stability, biodiversity, and ecological interactions. Snow and ice-covered areas 

provide unique habitats for a variety of species that are highly adapted to cold climates, including 

animals, plants, and microorganisms(124, 125). Especially, sea ice is essential for marine food 

webs in polar regions, because the algae that grow on the underside of sea ice are a primary food 

source for tiny organisms like zooplankton, which in turn are eaten by fish, that again feed seabirds, 

and larger mammals, such as seals, whales, and polar bears(126). The cryosphere also has habitat 

areas, especially for species that depend on ice and snow for breeding and feeding(127). The 

terrestrial cryosphere in higher altitudes and latitudes can also provide essential climate refuges 

for cold-adapted species that can’t survive warmer temperatures(128). In tundra regions, 

permafrost stabilizes soil and stores organic matter, impacting soil structure and nutrient 

availability(129). The frozen ground and sea ice can stabilize and prevent the seashore from 

erosion by ocean waves in high-latitude coastal areas, thereby maintaining coastal ecosystem 

stability(130). The glacial erosion and erosive cryospheric freeze-thaw processes over 

mountainous regions provide important sources of material (particles and nutrients) for the 

formation of proluvial fans, oases, and plains ecosystems(5). The mountainous cryosphere can 

further regulate downstream river and wetland ecosystems by providing critical water sources, 

sediment, and nutrients(4, 130). 

 

Cryo-hydrological regulation 

The cryosphere is an essential component of the global water cycle, storing and cycling water in 

frozen form. The land ice holds around 70% of the world’s freshwater as a huge water storage 

system(131). Among them, the mountain glaciers, Greenland Ice Sheet, and Antarctic Ice Sheet 

contain approximately 0.16 million km³, 2.9 million km³ and 30 million km³ of ice; equivalent to 

32cm, 7.4 m, and 57.5 m of sea level rise if melted entirely(30, 31, 132). It is estimated that the 

melting of glaciers and ice sheets has dominated the global mean sea-level rise, contributing with 

~1.6 mm year−1 from 2006 to 2018(91). The melting of smaller mountain glaciers and ice caps 

dominated the cryosphere’s contribution to global mean sea level rise during the 20th Century, but 

Greenland and Antarctica ice sheets now represent the dominant source(133). In contrast, 

permafrost holds about 1.5 million km3 of ice(134), and snowmelt contributes ~19% of the global 

freshwater supply annually(135). Permafrost regions contain frozen groundwater, which limits 

groundwater flow and creates unique hydrological systems(136). Mountain glaciers and snow 

cover have a unique function of “peak shaving and valley filling”(137), which maintains the 

relative stability of river runoff on annual or seasonal scales through the accumulation of large 

volumes of frozen water during cold and/or humid seasons and their ablation during hot and/or 

drought seasons(65, 138). Mountain snowpack is the primary source of freshwater supply for 

major rivers in cold regions and those with mountain headwaters in North and South America, 

Europe, and Asia(139).  
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Fig. S1 Departure from the envelope of the Holocene baseline variability for land ice volume. 

(A) Global integrated land ice volume, i.e., the sum of ice volume of (B) Antarctica, (C) Greenland, 

and (D) Global mountains. The ice volume time series of land ice and components are 

reconstructed based on their estimated current volume and reconstructed variability of sea level 

equivalent(28, 29).  The ice volumes of global mountains, Greenland, and Antarctica were 

estimated to 0.088×106Gt, 2.756×106Gt, and 24.794 ×106Gt in 2010, respectively.  
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Fig. S2 Departure from the envelope of the mid-Holocene and pre-industrial baseline 

variability for annual-mean sea ice area. (A) Global sea ice, i.e., the sum of sea ice area of (B) 

Arctic sea ice and (C) Antarctic sea ice. 



 

 

 

 
Fig. S3 Departure from the envelope of the mid-Holocene and pre-industrial baseline 

variability for global permafrost mean temperature (A) and associated permafrost area (B). 

Permafrost mean temperature refers to the mean annual ground temperature (MAGT) averaged 

over the global permafrost region. MAGT is the ground temperature at the depth of minimum 

amplitude for fluctuations in ground temperatures at the local scale, and the permafrost region is 

defined as the region that has a negative ground mean temperature. For each model, the permafrost 

mean temperature is calculated based on the maximum permafrost area during pre- industrial 

periods (1850-1899). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Table S1 Cryosphere components and associated functions for Earth resilience 

Cryosphere 

elements 

Functions Descriptions Importance Implication for Earth 

resilience 

Mountain 

glacier 

Hydrological 

regulation 

Lock up vast amounts of water; When they 

melt, the water flows into the ocean, 

causing sea-level rise; Acting as natural 

regulators of freshwater flow 

*** Rapid melting rates make 

them major contributors to 

current sea-level rise; 

Sustain river flows during 

the dry season 

Climate 

regulation 

Reflect solar radiation; Driving 

thermohaline circulation 

*** Influence global and 

regional temperatures; 

Excess freshwater input 

from melting glaciers 

disrupts the circulation 

Ecological 

regulation  

Sculpting landforms, provide unique 

habitats, deliver nutrients, and promote 

biodiversity; The freshwater input dilutes 

ocean salinity, particularly in regions 

where glacier-fed rivers meet the sea (e.g., 

the Gulf of Alaska, fjords in Greenland, 

and coastal zones) 

** Regional ecological regime 

shift and biodiversity loss’ 

disrupt marine ecosystems, 

fisheries, and the ocean’s 

capacity to store carbon 

and heat 

Permafrost Climate 

regulation 

Massive carbon reservoir, storing an 

estimated 1,400–1,700 gigatons of 

carbon—almost twice the amount of 

carbon currently in the atmosphere 

*** Influence the global carbon 

sink and climate stability  

Ecological 

regulation  

Permafrost regions, such as the Arctic 

tundra, host unique ecosystems adapted to 

cold and frozen conditions; Influence on 

coastal ecosystems, ocean chemistry, and 

introduce freshwater into the ocean 

*** Disrupt the stability of 

permafrost landscapes and 

biodiversity by altering 

water availability, soil 

stability, and nutrient 

cycles; Disrupt the stability 

of coast landscapes and 

marine ecosystems 

Hydrological 

regulation 

Permafrost regions contain approximately 

10,000–30,000 km³ of ice in the form of 

ground ice, equivalent to about 3–4% of all 

freshwater on Earth; Regulates soil 

moisture, groundwater flow, and the 

formation of lakes, wetlands and perched 

water tables 

*** Influence the stability of 

the global and regional 

freshwater cycle 

Snow 

cover 

Climate 

regulation 

Snow reflects solar energy, cooling the 

Earth's surface and regulating temperature; 

Contributes mass of the cryosphere 

*** Disrupt the stability of the 

cryosphere and climate 

system 

Hydrological 

regulation 

Snow stores precipitation, releases it 

through spring and summer snowmelt, and 

regulates river discharge and soil moisture 

*** Disrupt the stability of the 

global and regional water 

cycle 

Ecological 

regulation  

Provides habitat for wildlife and influences 

plant growth, biodiversity, and seasonal 

rhythms; Influence marine ecosystems 

by affecting the salinity and temperature of 

ocean water, particularly in polar regions 

*** Disrupt the stability of the 

global and regional 

ecosystem and biodiversity 

 Climate Reflects solar radiation, moderates * Influence local climate 



 

 

 

Fresh 

water ice 

(lake and 

river ice) 

regulation temperatures, contributes to the regional 

climate 

stability  

 Runoff 

regulation 

Regulates river flow, stores water, and 

affects seasonal discharge 

* Local hydrological regime 

shift 

Ecological 

regulation 

Provides habitat, influences microbial and 

plant communities, and impacts nutrient 

cycling. 

* Local ecological regime 

shift 

Ice sheets Climate 

regulation 

Reflects solar radiation, insulates the 

surface, stabilizes regional temperatures; 

Alters ocean salinity and impacts 

thermohaline circulation, influencing 

global climate 

*** Disrupt the stability of the 

global and regional climate 

Hydrological 

regulation 

Glaciers lock up vast amounts of water. 

When they melt, regulating regional water 

availability and causing global sea-level 

rise 

*** Disrupt the stability of the 

global and regional water 

cycle 

Ecological 

regulation  

Affects nutrient cycling, marine 

ecosystems, and global biogeochemical 

cycles 

*** Disrupt the stability of 

global and regional ecology 

Sea ice Climate 

regulation 

Reflects solar radiation, insulates ocean 

heat, affects polar vortex, jet stream; 

Drives the thermohaline circulation by 

regulating salinity and density 

*** Disrupt the stability of 

regional and global climate 

and weather patterns 

Ecological 

regulation  

Supports marine life and provides habitat 

for Arctic and Antarctic species 

*** Disrupt the stability of 

regional ecology 

Ice shelves 

and 

icebergs 

Climate 

regulation 

Provides thermal insulation, regulates heat 

exchange between ocean and atmosphere; 

affects thermohaline circulation by 

releasing freshwater and affecting the 

salinity and density of the ocean 

** Disrupt the stability of the 

regional climate 

Ecological 

regulation  

Provides habitats for marine life, influences 

nutrient cycling and the marine food chain 

* Local ecological regime 

shift 

Hydrological 

regulation 

Acts as a barrier to ice flow, preventing 

rapid sea-level rise. Its collapse accelerates 

ice flow into the ocean 

* Sea level rise 

Atmospher

e ice 

Climate 

regulation 

Reflects solar radiation (high albedo), 

moderates temperatures, and impacts 

global energy balance; Affects the 

formation of clouds, storms, and 

precipitation intensity (snow, hail, 

thunderstorms); Influences cloud 

formation, precipitation, and seasonal 

water storage (e.g., snowmelt). 

*** Disrupt the stability of the 

global climate 

Atmospheric 

composition 

regulation 

Affects chemical reactions in the 

atmosphere, including ozone depletion and 

aerosol formation. 

** Disrupt the stability of 

global atmospheric 

composition (ozone and 

aerosol) 

 

 



 

 

 

Table S2. Cryosphere variables and their impacts on Earth system dynamics 

Cryosphere 

elements 

Variables Descriptions  Units Characteristics 

Mountain 

glacier 

Mass Balance 

and Equilibrium 

Line Altitude 

(ELA) 

Measures the difference 

between the mass 

accumulation and ablation; 

The altitude at which 

accumulation and ablation 

(melting and sublimation) are 

balanced over a year. 

Gt/yr or m 

w.e./yr for 

mass 

balance; m 

a.s.l. for 

ELA 

A primary measure of glacier 

health and response to climate 

change 

Glacier Volume 

and thickness 

The total ice volume of a 

glacier and the thickness of 

the ice across different points 

km³ or Gt 

for volume 

and m for 

thickness. 

Contribution to water supply and 

sea-level rise. Glacier volume is a 

more direct indicator than glacier 

thickness 

Glacier area The spatial extent of the 

glacier 

km² Direct climate feedback, impacts 

on local hydrology and ecosystems 

Glacier velocity 

and flow rate 

Measures the speed at which 

ice moves within the glacier, 

from the accumulation zone to 

the terminus 

m/day or 

m/yr 

Important for understanding 

glacier mass balance 

Meltwater  The volume of water 

generated by glacier melt and 

flowing into rivers, lakes, or 

oceans 

m³/s Assessing freshwater availability 

for ecosystems and human use, as 

well as contributions to sea-level 

rise. 

Surface Albedo The reflectivity of the glacier 

surface, which can vary due to 

snow cover, debris, or soot. 

% Lower albedo (less reflectivity) 

increases glacier melt by allowing 

more solar absorption 

Permafrost Permafrost 

Temperature 

The temperature within the 

permafrost layer, often 

measured at various depths. 
°C 

Rising temperatures in permafrost 

indicate warming and potential 

thaw, leading to the release of 

greenhouse gasses and ground 

instability. 

Active Layer 

Thickness (ALT) 

The thickness of the upper 

layer of soil that thaws and 

refreezes annually. 

m 

 

Increases in ALT indicate deeper 

seasonal thawing, which can affect 

vegetation, hydrology, leading to 

the release of greenhouse gases 

and ground instability. 

Permafrost Extent 

and Area 

The geographical area 

covered by permafrost 

km² Changes in permafrost extent 

reflect long-term warming trends 

and have implications for regional 

ecosystems and climate feedback. 

Soil moisture 

content in the 

active layer 

The amount of water held in 

the active layer of permafrost, 

which can vary based on 

seasonal melting. 

% or 

volumetric 

water 

content 

(m³/m³). 

Soil moisture affects soil stability, 

vegetation, and the rates of organic 

matter decomposition, impacting 

carbon release. 

Ground Ice 

Content 

The volume of ice within 

permafrost, present in forms 

such as ice wedges, pore ice, 

and massive ice. 

% of soil 

volume or 

kg/m³ 

High ground ice content makes 

permafrost highly susceptible to 

thaw and destabilization, 

impacting ecosystems and carbon 



 

 

 

release. 

Carbon and 

Methane Content 

The amount of organic carbon 

and methane stored in 

permafrost soils. 

GtC or 

methane 

(CH₄). 

Thawing permafrost releases 

stored carbon as CO₂ and methane, 

potent greenhouse gases that 

amplify climate warming. 

Snow 

cover 

Snow Cover 

Extent (SCE) 

The geographical area 

covered by snow at a given 

time. 

km² or % of 

land area. 

influence Earth’s albedo and 

global energy balance, and provide 

a measure of seasonal climate 

patterns 

Snow Depth The vertical thickness of the 

snow layer on the ground. 

 cm or m Snow depth affects insulation of 

the ground below, impacting soil 

temperature, vegetation, and local 

wildlife 

Snow Water 

Equivalent (SWE) 

The amount of water 

contained within the 

snowpack if it were melted 

mm SWE is crucial for water resource 

management, especially in regions 

dependent on snowmelt for water 

supply 

Snow Density The mass of snow per unit 

volume, which varies based 

on snow age, compaction, and 

moisture content. 

kg/m³ Higher density indicates 

compaction and potential melt, 

influencing snow stability and 

water content. 

Albedo of Snow 

Surface 

The reflectivity of snow, 

which changes with snow 

aging, impurities, and snow 

grain size. 

% High albedo reflects sunlight, 

keeping temperatures cooler, while 

lower albedo increases absorption 

and accelerates melting. 

Ice sheets Ice Sheet 

Thickness 

The vertical depth of the ice 

sheet from the surface to the 

bedrock 

m Changes in thickness can indicate 

ice loss or gain, reflecting ice sheet 

stability and contributions to sea-

level rise 

Ice Sheet Volume The total ice volume of ice 

sheet 

km³ or Gt  Contribution to water supply and 

sea-level rise 

Ice Flow Velocity The rate at which ice moves 

over the bedrock, particularly 

in areas like glaciers and ice 

streams within ice sheets. 

m/yr Increased ice flow can signal 

instability, often due to warming 

temperatures or lubrication from 

meltwater at the base. 

Surface Mass 

Balance (SMB) 

The difference between ice 

gain (from snowfall) and ice 

loss (from melting and 

sublimation) on the surface. 

Gt/yr or mm 

w.e./yr 

A negative SMB indicates ice loss 

and contributes to sea-level rise, 

while a positive balance suggests 

ice growth. 

Subglacial 

Hydrology and 

Meltwater 

Production 

The water produced at the ice 

sheet’s base due to melting 

from geothermal heat or 

friction. 

m³/s or m 

w.e. 

Meltwater can lubricate the base, 

increasing ice flow and 

contributing to ice loss. 

Ice Sheet Albedo The reflectivity of the ice 

surface, influenced by snow 

cover, impurities, and surface 

melting. 

% Lower albedo (e.g., due to dust or 

soot) accelerates melting by 

absorbing more solar radiation. 



 

 

 

Sea ice Sea Ice Extent The total area of the ocean 

covered by sea ice, often 

divided into regions of 15% or 

more ice concentration. 

km² Changes in sea ice extent indicate 

seasonal and long-term shifts in 

polar climates and contribute to 

feedback loops in the climate 

system 

Sea Ice Thickness The vertical depth of sea ice 

from the surface to the 

bottom. 

m Thickness affects the thermal 

insulation of the ocean and helps 

determine sea ice volume, 

impacting the energy exchange 

between the ocean and atmosphere 

Sea Ice Volume The total volume of sea ice, 

calculated by combining 

thickness and extent. 

km³ Volume provides a complete 

measure of sea ice changes, 

reflecting both spatial extent and 

vertical structure, essential for 

understanding ice dynamics and 

climate impacts 

Ice Concentration The proportion of an area 

covered by sea ice, typically 

given as a percentage. 

% Ice concentration affects surface 

reflectivity and the amount of solar 

radiation absorbed by the ocean, 

impacting regional temperatures. 

Sea Ice Albedo The reflectivity of sea ice, 

which varies depending on 

snow cover, age, and ice type. 

% High albedo reflects solar 

radiation, cooling the region, while 

lower albedo absorbs heat, 

accelerating melting. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Table S3 Evaluating the suitability of control variables in the cryosphere. 
Criteria Control variable for each cryosphere sub-system 

Land ice volume Sea ice area Snow cover area Permafrost 
temperature 

Atmosphere 
ice volume 

1. Importance for 
Holocene-like Earth: Is 
the control variable 
critical for maintaining the 
Holocene-like conditions 
on Earth?  

Major role in sea 
level, water 
supply, and 
climate and 
ecological 
stability 

Strong influence 
on climate and 
polar biological 
feedbacks 

Strong impact 
on planetary 
energy balance, 
and regional bio-
physical 
feedbacks 

Key in GHG 
release, Earth 
energy balance, 
landscape, and 
ecological stabilities 

Impacts on 
radiative 
forcing and 
regional 
climate 
patterns 

2. Human perturbation: 
Can the variable serve as 
a robust and 
comprehensive indicator 
of anthropogenic 
perturbation on critical 
cryosphere functions? 

Driven by 
anthropogenic 
climate change 
and regional 
human 
disturbance, 
such as black 
carbon emission 

Driven by 
anthropogenic 
warming and 
regional human 
disturbance, 
such as black 
carbon emission 

Impacted by 
climate warming 
from human 
emissions 

Sensitive to surface 
warming from 
human emissions 
and regional human 
disturbance, such 
as deforestation 
and infrastructure 
development 

Not 
meaningfully 
perturbed by 
human 
activity 

3. Universality and 
uniqueness: Is the 
variable able to directly or 
indirectly represent 
multiple components and 
dynamics of the 
cryosphere? Is the 
variable unique to the 
cryosphere 

Broadly 
applicable and 
specific to the 
cryosphere; 
defining features 
of the Holocene-
like interglacial 
Earth system 
state 

Widely used and 
unique to the 
cryosphere 

Widely used and 
unique to the 
cryosphere 

Widely applicable 
and unique to 
frozen ground 
systems 

Occurs 
globally, but 
not unique or 
critical to 
cryosphere 

4. Measurability: can the 
status of the control 
variable be measured, 
tracked in time and 
monitored for both 
baseline and current 
conditions? 

Measured 
reliably with 
satellite and field 
data, simulated 
and projected by 
land ice models 

Well monitored 
by satellites; 
simulated and 
projected by sea 
ice models 

Good 
observations by 
satellites and 
snow sensors, 
simulated and 
projected via 
Earth system 
models 

Monitored by situ 
observation, 
simulated and 
projected via Earth 
system models 

Observable 
via satellite 
and radar, 
but sparse 
data 

Note: candidate control variables were assessed through literature review, expert elicitation, iterative discussion, and 

consensus-based workshops. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Table S4 Overview of sea ice data sources 

Time period data source Variant Resolution 

Mid-Holocene CESM2 experiment r1i1p1f1 Monthly, 1° 

Historical (1850-2014) CESM2 output r1i1p1f1 Monthly, 1° 

Historical (1850-2014) ISIMIP GFDL-ESM4 output r1i1p1f1 Monthly, 1° 

Historical (1850-2014) ISIMIP UKESM1-0-LL output r1i1p1f1 Monthly, 1° 

Historical (1850-2014) ISIMIP MPI-ESM1-2-HR output r1i1p1f1 Monthly, 1° 

Historical (1850-2014) ISIMIP IPSL-CM6A-LR output r1i1p1f1 Monthly, 1° 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Table S5 Overview of permafrost mean temperature data sources 

Time period data source Variant Resolution Depth (m) 

Mid-Holocene CESM2 experiment r1i1p1f1 Monthly, 1.25° 0~42 

Historical (1850-2014) CESM2 output r1i1p1f1 Monthly, 1.25° 0~42 

Historical (1850-2014) ELM-ECA forced by GFDL-ESM4 r1i1p1f1 Monthly, 0.5° 0~42 

Historical (1850-2014) ELM-ECA forced by IPSL-CM6A-LR r1i1p1f1 Monthly, 0.5° 0~42 

Historical (1850-2014) ELM-ECA forced by MPI-ESM1-2-HR r1i1p1f1 Monthly, 0.5° 0~42 

Historical (1850-2014) ELM-ECA forced by MRI-ESM2-0 r1i1p1f1 Monthly, 0.5° 0~42 

Historical (1850-2014) ELM-ECA forced by UKESM1-0-LL r1i1p1f1 Monthly, 0.5° 0~42 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S6 Overview of monthly snow area fraction data sources 

Time period data source Variant 

Mid-Holocene CMIP6 CESM2 mid-Holocene experiment r1i1p1f1 

Historical (1850-2014) CMIP6 CESM2 r1i1p1f1 

Historical (1850-2014) CMIP6 BCC-CSM2-MR r1i1p1f1 

Historical (1850-2014) CMIP6 HadGEM3-GC31-MM r1i1p1f3 

Historical (1850-2014) CMIP6 CESM2-FV2 r1i2p2f1 

Historical (1850-2014) CMIP6 CESM2-WACCM-FV2 r1i1p1f1 

Historical (1850-2014) CMIP6 NorESM2-MM r1i1p1f1 

Historical (1850-2014) CMIP6 SNU.SAM0-UNICON r1i1p1f1 

Historical (1850-2014) CMIP6 MPI-ESM1-2-HR r1i1p1f1 

Historical (1850-2014) CMIP6 CESM2-WACCM r1i1p1f1 

Historical (1850-2014) CMIP6 CMCC-CM2-HR4 r1i1p1f1 

Historical (1850-2014) CMIP6 CMCC-CM2-SR5 r1i1p1f1 

Historical (1850-2014) CMIP6 CMCC-ESM2 r1i1p1f1 

Historical (1850-2014) CMIP6 MRI-ESM2-0 r1i1p1f1 

Historical (1850-2014) CMIP6 TaiESM1 r1i1p1f1 

Note: all Earth system models have a nominal 100 km resolution. 
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