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ABSTRACT. The basal thermal state of the Antarctic ice sheet (AIS) –8

whether the base is frozen or thawed – fundamentally underpins its flow and9

is an important factor in understanding its large-scale response to external10

forcings. Here we present a first synthesis of the AIS basal thermal state11

combining two indirect and independent methods: (1) a compilation of nine12

three-dimensional thermomechanical simulations that calculate AIS basal tem-13

perature as part of the Ice Sheet Model Intercomparison Project for CMIP614

(ISMIP6) and (2) an estimate of the basal slip ratio, defined as the ratio of15

observed surface speed to deformational speed. This synthesis is evaluated16

against direct observations from deep boreholes and predicted flowpaths for17

water originating from subglacial lakes detected by altimetry and radar sound-18

ing. The synthesis predicts a thawed bed across most of West Antarctica and19

localized regions in East Antarctica. Most of the Antarctic Peninsula, the20

Transantarctic Mountains, and several regions of East Antarctica are likely21

frozen at the bed. Overall, our synthesis suggests 46% of the AIS bed is likely22

thawed, 18% likely frozen, and the remaining 36% is uncertain. Additional23

observations, particularly at continental scale, are required to improve our24

understanding of Antarctica’s basal thermal state.25
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INTRODUCTION26

The basal thermal state of the Antarctic Ice Sheet (AIS), i.e., whether its base is frozen or thawed, is27

a fundamental control on its flow and response to external forcings (Pattyn, 2010; Dawson and others,28

2022, 2024). For example, regions with a thawed base permit significant basal motion (or sliding) at the29

interface between the ice and bedrock or within any deformable sediment layer directly beneath the ice30

(Thorsteinsson and Raymond, 2000). Such regions contribute more to sea level rise and are more sensitive31

to changing climate conditions (Dawson and others, 2022; Levermann and others, 2020; Larter, 2022). A32

recent study produced the first Antarctic-wide model of subglacial hydrologic conditions, which suggested33

the widespread presence of subglacial water and highlighted contrasting conditions across the continent:34

subglacial water thickness varies between 0 and 192 m, with an average of 0.1 m (Ehrenfeucht and others,35

2025). In another recent study, Zhao and others (2025) demonstrated the importance of understanding36

subglacial hydrologic systems and its influence on sliding behavior using an Antarctic ice-sheet model. They37

found that simulations that incorporated subglacial hydrology increased ice discharge threefold compared38

to simulations that did not include it, highlighting the importance of the basal thermal state and subglacial39

hydrology to Antarctic ice dynamics. Additionally, ice-core paleoclimatologists are interested in AIS basal40

conditions to obtain the oldest possible ice – and thus a longer climatic record – by avoiding drilling where41

there is significant basal melting (Obase and others, 2023; Van Liefferinge and Pattyn, 2013).42

Direct observations of basal thermal conditions are limited to the sites of deep boreholes that reach43

the ice-sheet base, of which only a handful have been drilled since the 1950s due to their logistical and44

technical complexity (Ueda, 2007; Talalay, 2023). Beyond these deep boreholes, only indirect methods that45

rely on a range of observations can be used to estimate the AIS basal thermal state. The basal thermal46

state is determined by the temperature at the ice base being at or very close to the pressure melting point47

(thawed ice) or below the pressure melting point (frozen ice). Ideally, the basal temperature would also48

be constrained, but identification of frozen and thawed regions is a much more tractable problem. The49

basal thermal state can therefore be reduced to a ternary assessment (frozen, thawed, or uncertain), and50

the identification of thawed and frozen regions can help constrain basal boundary conditions in models51

or radar observations, guide site selection for ice-core drilling, or characterize and quantify the potential52

effects of basal thaw on the AIS at decadal timescales. As a result, conditions at the ice–bed interface53

are a substantial focus of research, often involving radar observations and numerical modeling (Kang and54
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others, 2022; Huang and others, 2024; Schroeder and others, 2016).55

Conditions at the base of the Greenland Ice Sheet (GrIS) have been investigated by MacGregor and56

others (2016, hereafter GBaTSv1 ) in 2016 and updated in 2022 MacGregor and others (2022, hereafter57

GBaTSv2 ). In GBaTSv1, MacGregor and others (2016) combined estimates of GrIS basal conditions58

derived from eight three-dimensional (3D) thermo-mechanical ice-flow models, one-dimensional (1D) mod-59

eling of radiostratigraphy, a comparison of surface velocity with deformational velocity, and Moderate60

Resolution Imaging Spectro-radiometer (MODIS) surface texture. For the GBaTSv2 update, datasets61

were updated with newer versions and the MODIS surface texture analysis method was discontinued, as62

Ng and others (2018) demonstrated that surface undulations are not a consistent indicator of a thawed bed.63

GBaTSv1 and GBaTSv2 provided the first large-scale syntheses of GrIS basal thermal state. Rather than64

determining pressure-adjusted basal temperature everywhere across the ice-sheet, MacGregor and others65

(2016) and MacGregor and others (2022) reduce that challenging problem into a ternary classification66

system, determining a frozen base, a thawed base, or an uncertain region at a 5 km scale across the ice67

sheet.68

Here we present the first synthesis of AIS basal thermal state using a combination of two methods, a69

compilation of existing 3D thermomechanical AIS simulations and a comparison of observed surface velocity70

and calculated maximum deformational velocity. The AIS basal thermal synthesis is then evaluated against71

existing borehole data and inferred basal hydrology from subglacial lakes.72

DATA AND METHODS73

We first describe the two independent methods used to estimate the AIS basal conditions and the datasets74

used for each method. We then detail the method and data used for validation, including the process to75

simulate subglacial hydrologic routing from subglacial lakes and the borehole validation dataset. While the76

native resolution of the results varies for each method, all the results are re-gridded and synthesized onto77

the common 8-km grid used for ISMIP6 to simplify direct comparison (Nowicki and others, 2020).78

3D thermomechanical modeling of basal thermal temperature79

Ice-flow models simulate 3D thermomechanical ice conditions by solving coupled mass-, momentum-, and80

energy-conservation equations (Larour and others, 2012; Gagliardini and others, 2013; Winkelmann and81

others, 2011). These models therefore simulate the temperature of the ice at the ice–bed interface beneath82
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the AIS. The AIS basal thermal state varies between model simulations due to the wide range of initializa-83

tion methods, model resolution, boundary conditions, external forcings, and choices of model parameters84

and processes captured in the simulations (Pattyn, 2011; Seroussi and others, 2019, 2024).85

Here we use nine ice flow models that took part in ISMIP6-2100 to compile continental-scale basal86

temperature of the AIS (Nowicki and others, 2020; Seroussi and others, 2020). Using an ensemble of87

models allows us to capture a range of results and take into account individual model uncertainty by88

including basal temperature simulated with a wider range of parameterizations, numerical schemes, and89

initialization procedures. Within the ISMIP6-2100 ensemble, we use the nine models (Table 3) that solve90

the thermal equation and, therefore, simulate basal ice temperature. The model initialization procedure91

and length of the historical period varies between models, depending whether they use long spin-ups or92

assimilate present-day observations (Goelzer and others, 2018; Nowicki and Seroussi, 2018). As we are93

interested in present-day basal conditions, we select the modeled conditions at the end of the historical94

period, so conditions used represent modeled conditions by each of the nine models at the beginning of95

2015, before the start of future projections. Additionally, for modeling groups that submitted several sets96

of simulations, we only use one simulation per modeling group, designated as the main contribution by97

those groups. The basal temperatures calculated from the 3D thermomechanical models are adjusted to98

capture pressure melting using the modeled ice thickness and assuming a uniform melting-point decrease99

of 8.7¨10´4 K m´1 (Cuffey and Paterson, 2010, p. 406). Following MacGregor and others (2022), the100

transition between frozen and thawed ice is taken to be ´1°C, therefore areas with basal temperatures101

greater than ´1°C are presumed to have a thawed base and areas with basal temperatures lower than102

´1°C are presumed frozen.103

Basal slip ratio104

The second method estimates areas experiencing basal sliding as a proxy for regions that are likely thawed.105

Sliding occurs when the ice slides over the underlying bed either through deformation in the basal ice106

layer or in the underlying sediment layer (Tulaczyk and others, 2000; Cuffey and Paterson, 2010), which107

requires the ice at the base and the underlying sediments to be at or close to the melting point (Lliboutry,108

1987; Echelmeyer and Zhongxiang, 1987; Engelhardt, 2004). We evaluate the ratio between observed109

surface speed and modeled maximum deformational speed, termed the basal slip ratio, following MacGregor110

and others (2016). Where the observed surface speed is greater than the column’s modeled maximum111
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deformation speed, the basal slip ratio is greater than unity. Therefore, the observed surface motion112

cannot be explained by internal deformation only, so basal sliding (and hence a thawed bed) is therefore113

required to explain observed surface velocities. We use version 2 of the MEaSUREs continental-scale ice114

surface velocity from Rignot (2017), derived from satellite-based Interferometric Synthetic Aperture Radar115

(InSAR) data taken across the AIS from 1996 to 2016 and posted on a 450-m resolution grid.116

To calculate the maximum possible surface speed due to internal deformation, we use the shallow ice

approximation, which captures the large-scale deformation speed (Hutter, 1982; Cuffey and Paterson, 2010)

and was used by MacGregor and others (2022). The maximum velocity at the ice surface due to internal

deformation is:

udef “
2EHĀ
n` 1 pρigHαq

n , (1)

where the density of the ice column ρi is 917 kg m´3, the rate of acceleration due to gravity g is 9.81 m s´2,

the rate factor for ice Ā is temperature-dependent, E “ 2 is the dimensionless depth-averaged enhancement

factor, H is the ice thickness, α is the surface slope, and n is Glen’s flow exponent (assumed to be equal

to 3). udef is then compared to the observed surface velocity to calculate the basal slip ratio, γ, using the

method described in MacGregor and others (2016) as:

γ “
uobs
udef

. (2)

The calculation of the deformational velocity fields from digital elevation models requires smoothing117

to prevent small-scale features that have horizontal scales at or below the ice thickness from generating118

spurious results. A spatially varying triangular filter with a width of 10 ice thicknesses is applied to119

observations of surface velocity and ice thickness. These filtered values are then used to calculate the120

surface slope. This filter is chosen following recommendations from McCormack and others (2019), who121

showed that such a filter minimized the residual between calculated and observed surface velocity fields as122

well as their directions.123

As several terms used to calculate the basal slip ratio have potentially large errors, we investigate the124

sensitivity of the estimated basal thermal state to the choice of rate factor and the uncertainty reported in125

the thickness and surface-velocity datasets.126

We test a range of depth-averaged temperatures, from ´18 to 00C, estimate their corresponding rate127

factor according to an exponential regression determined using temperature and rate factor values from128
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Cuffey and Paterson (2010), and recalculate the basal slip ratio and fraction of frozen and thawed base for129

all these temperatures and rate factors. The rate factor associated with this temperature range is varied130

linearly, inputted into Equation 1, and then used to calculate the basal slip ratio following Equation 2. For131

each rate factor (and thus temperature), we calculate the fraction of ice-covered-area assumed to be frozen132

from the basal slip ratio (Fig. 1).133

We find a logistic relationship between the prescribed rate factor and the resulting fraction of frozen134

bed. Based on these results, we select a value near the inflection point of the standard case to represent135

our baseline or “standard” estimate; this inflection point is where the frozen fraction is most sensitive to136

changes in the rate factor and associated temperature. The temperature used for the standard case is137

´12.70C. For simplicity, we take the standard temperature associated with the rate factor to be ´120C,138

which is equivalent to a rate factor of Ā “ 3.22 ¨ 10´25 Pa s´1 (Fig.1).139

We also select two additional cases to evaluate the range of plausible basal thermal states, which140

are equivalent to “cold” and “warm” biased estimates. To capture the effect of uncertainty from the141

datasets, a maximum and minimum deformation speed are calculated for each grid cell. The uncertainty142

in ice thickness is added to the ice thickness value (H) in Eq. 1 for the maximum deformation speed143

case, and subtracted in the minimum deformation speed case. Similarly, a maximum and minimum value144

is generated for the observed surface velocity based on the uncertainty reported in the MEaSUREs v2145

dataset. The warm bias combines the minimum possible observed surface velocity and the maximum146

deformational velocity, leading to basal conditions that overestimate areas with a basal slip ratio greater147

than one and therefore may overestimate thawed areas (Table 1). Conversely, the cold bias combines the148

maximum observed surface velocity and the minimum deformational velocity, leading to basal conditions149

that overestimate areas with a basal slip ratio less than one. The ”cold” and ”warm” biased estimates,150

along with the standard, are also simulated across a range of rate factors and temperatures to reflect their151

uncertainty in rheology (Fig. 1). For the warm bias case, the selected temperature associated with the152

rate factor is ´180C, equivalent to Ā “ 1.29 ¨ 10´25 Pa s´1. For the cold bias case, the chosen temperature153

associated with the rate factor is ´50C, equivalent to Ā “ 9.34 ¨ 10´25 Pa s´1 (Table 1).154

We produce maps of the basal slip ratio for the standard case, the cold bias and the warm bias to155

evaluate the effect of uncertainties in the ice thickness, surface speed, and rate factor selection.156
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Table 1. Constants, parameters, and error handling used to calculate the basal slip ratio for the standard case,

cold bias, and warm bias.

Constant/Parameter Standard Cold Bias Warm Bias

Ā pPa´3 s´1q 3.22ˆ 10´25 9.34ˆ 10´25 1.29ˆ 10´25

Depth-averaged T (˝C) ´12 ´5 ´18

Thickness (m) H Hmin “ H ´Herr Hmax “ H `Herr

Deformational speed, udef (m ¨ yr´1) 2EH Ā

n` 1 pρice g H αqn
2EHmin Ā

n` 1 pρice g Hmin αq
n 2EHmax Ā

n` 1 pρice g Hmax αq
n

Observed speed, uobs (m ¨ yr´1) uobs uobs ` uerr uobs ´ uerr

Fig. 1. Fraction of the AIS bed predicted to be frozen by the basal slip ratio method across a range of rate factors

(upper x-axis) and associated depth-averaged temperatures (lower x-axis) for: (1) standard, (2) cold bias (minimum),

and (3) warm bias (maximum). The vertical dashed line represent the temperatures selected for the standard, cold

bias, and warm bias cases.
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Fig. 2. Antarctic Ice Sheet showing the current extent of grounded ice, ice shelves, and ice-free areas according to

BedMachine Antarctica v3 (Morlighem, 2022). Active and stable subglacial lake locations are from Livingstone and

others (2022). Borehole locations and basal thermal states at these locations are listed in Table 2. The area of the

subglacial lakes and boreholes are inflated relative to their actual size.
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Subglacial hydrology157

We seek to compare regions estimated to have a thawed bed with the previously identified presence of158

liquid water at the base of the AIS. Active subglacial lakes are detected from rapid and localized changes159

in the ice surface elevation detected by altimetry, indicating filling and draining of subglacial lakes (Fricker160

and others, 2007; Siegfried and others, 2014). Non-active (stable) subglacial lakes are generally identified161

by radar sounding and are assumed to neither fill or drain rapidly, so that these are closed systems where162

inflow and outflow are either balanced or small (Wright and Siegert, 2012). Radar identification of stable163

subglacial lakes comes from bright basal reflections, first observed in the 1960s, and later expanded and164

fully characterized in the 1990s and 2000s (Siegert and Dowdeswell, 1996; Wolovick and others, 2013).165

Livingstone and others (2022) recently compiled all subglacial lakes detected so far. Of the 675 subglacial166

lakes reported for the AIS, more than 80% were detected by radar sounding and are thought to be stable,167

while the remaining lakes have been observed to fill and drain by surface altimetry and are classified as168

active (Fig. 2).169

We simulate the presence of liquid water at the base of the AIS by initializing subglacial water flow-170

paths from observed subglacial lakes using a simple routing model based on hydraulic potential. We171

use TopoToolbox’s FLOWobj function and multiple flow direction algorithm (Schwanghart and Scherler,172

2014). We perform two versions of these simulations: (1) initialized from active subglacial lakes only; and173

(2) initialized from all subglacial lakes. We assume that active subglacial lakes contain enough water to174

generate downstream subglacial channels in all cases, i.e., that water is regularly transported downstream175

from these active lakes. In the subglacial lake routing using only active lakes, we assume that stable lakes176

do not discharge downstream and that only the lake itself indicates a locally thawed bed. However, the177

majority of subglacial lakes are stable and the identification of lakes from altimetry requires measurable178

surface-elevation change and thus may bias identification of active subglacial lakes toward those with larger179

discharges. We therefore run a second case where water is assumed to flow from all subglacial lakes, both180

active and stable.181

Subglacial water flow is assumed to follow gradients in subglacial hydraulic potential, which accounts182

for both subglacial topography and hydrostatic pressure from the overlying ice thickness. This hydraulic183

potential φ is defined as:184

φ “ ρwgzb ` ρicegH, (3)
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Table 2. Direct observations of the basal thermal state from deep Antarctic boreholes. “obs” and “corr” refer to

the measured and pressure-corrected basal temperature; “Th” and “Fr” indicate a frozen and thawed assignments,

respectively, with no corresponding temperatures.

Site Lat (˝S) Lon (˝E) Thickness (m) Temp obs/corr (˝C) Ref.
Bruce Plateau 66.03 –64.07 447 –10.2 / –9.8 Zagorodnov and others (2012)
Byrd Station 80.02 –119.52 2164 Th Gow and others (1968)
Dome F 75.10 39.70 3035 Th Motoyama and others (1998)
Law Dome 66.76 112.80 1200 –7.0 / –6.0 Dahl-Jensen and others (1999)
Siple Dome 81.66 –148.81 1005 –2.5 / –1.7 Engelhardt (2004)
South Pole 90.00 0.00 2810 –9.0 / –6.6 Price and others (2002)
WAIS Divide 79.47 –112.09 3405 Fr Cuffey and Clow (2014)
EPICA Dome C 75.10 –123.40 3286 Fr Augustin and others (2007)
EPICA DML 75.00 0.00 2774 Th Wilhelms and others (2014)
Berkner Isl. 79.55 –45.68 948 –11.6 / –10.8 Mulvaney and others (2014)
Fletcher Prom. 77.90 –82.60 654 –18.0 / –17.4 Mulvaney and others (2014)
Roosevelt Isl. 79.36 –161.71 765 –4.3 / –3.6 Fudge and others (2019)
Prin. Eliz. Land 69.59 –76.39 541 –4.5 / –4.1 Talalay and others (2025)

where ρi is the ice density (917 kg m´3), ρw the density of fresh water (1000 kg m´3), g the acceleration due185

to gravity (9.81 m s´2), zb the bed elevation, and H the ice thickness. We use BedMachine Antarctica v3186

for the ice thickness and bed topography (Morlighem and others, 2020; Morlighem, 2022). After calculating187

the hydraulic potential for each point on BedMachine Antarctica’s 450-m grid, we use TopoToolbox. These188

functions use the hydraulic potential gradient to compute water flow accumulation and routing from the189

lakes towards the Antarctic coast. Water flowpaths are then interpolated onto the 8 km ISMIP6 grid.190

These flowpaths along with the subglacial lakes are all considered to have a thawed bed and compared to191

the thawed regions estimated by the 3D thermomechanical model and the basal slip ratio methods.192

Borehole validation193

The AIS basal thermal synthesis is evaluated against the borehole temperatures measured in thirteen deep194

Antarctic boreholes (Table 2; Fig. 2). The basal temperature was measured at most sites (Zagorodnov195

and others, 2012; Dahl-Jensen and others, 1999; Engelhardt, 2004; Price and others, 2002; Mulvaney and196

others, 2014; Fudge and others, 2019; Talalay and others, 2025), while others only indicate whether the197

basal ice was frozen or thawed (Gow and others, 1968; Motoyama and others, 1998; Clow and others, 1996;198

Augustin and others, 2007; Wilhelms and others, 2014; Cuffey and Clow, 2014).199
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RESULTS200

3D thermomechanical modeling of basal temperature201

The nine individual 3D thermomechanical models generally show patterns predicting a thawed bed beneath202

the West Antarctic Ice Sheet (WAIS) and a frozen bed beneath much of the Transantarctic Mountains203

and the Antarctic Peninsula (Fig. 3). Beneath the East Antarctic Ice Sheet (EAIS), the modeled basal204

temperatures are both more heterogeneous and differ more substantially between the models. For example,205

the ILTS-PIK-SICOPOLIS model simulates cold basal temperatures over 77% of the grounded ice, including206

most of East Antarctica, while the AWI-PISM and PIK-PISM models simulate basal temperatures close to207

the melting point over 84% and 83% of the AIS, respectively, including most of East Antarctica (Table 3).208

These differences are caused by different choices made in various model parameters and inputs, including209

the methods used to initialize them (Goelzer and others, 2018), which remains an active field of research.210

Another source of uncertainty impacting the basal thermal state of ice sheet models is the geothermal heat211

flow, which is not well constrained and varies significantly, especially in West Antarctica (Reading and212

others, 2022; Martos and others, 2017; Stål and others, 2024).213

For more than half of the AIS, there is overall a good agreement between the ISMIP6 models: all nine214

models agree on the basal thermal state for 16% of the total grounded ice area and at least seven of the215

nine models agree for another 44% of the grounded ice area (Fig. 4). The remaining 40% of the total ice216

area has less agreement between the nine models. Therefore, significant uncertainty remains for „40% of217

the AIS, based on this assessment of ISMIP6 models. The agreement is overall higher for the WAIS than218

the EAIS.219

We synthesize the results from these numerical models into a binary map showing regions that are220

likely thawed or frozen (Appendix, Fig. 9). Borehole data confirm the basal state estimated by the models221

in nine of the thirteen locations. The boreholes that the binary model synthesis predicts incorrectly are222

WAIS Divide, Dome C, Siple Dome, and Princess Elizabeth Land. These boreholes are located in areas223

with higher uncertainties that border regions with more consistently thawed or frozen bases, with the224

exception of Dome C (Fig. 4).225
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Fig. 3. Pressure-adjusted basal temperature calculated with nine ISMIP6 models. Grey areas represent ice shelf

locations and red and blue diamonds indicate deep boreholes with a thawed and frozen bed, respectively.

Table 3. Fraction of grounded basal ice estimated to be frozen and thawed for each ISMIP6 model.

Model Area frozen (%) Area thawed (%)

AWI-PISM 16 84

DOE-MALI 45 55

ILTS-PIK-SICOPOLIS 78 22

LCSE-GRISLI 55 45

NCAR-CISM 57 43

PIK-PISM 17 83

ULB-f.ETISH 34 66

VUB-AISMPALEO 43 57

VUW-PISM 47 53
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Fig. 4. Agreement between 9 ISMIP6 thermomechanical models shown on Figure 3. Darker colors represent regions

where more models agree on the basal thermal state, while lighter colors indicate less agreement. Scattered red and

blue diamonds indicate the locations and basal thermal states from deep-drilling boreholes.
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Fig. 5. (a) Observed surface speed of the AIS (Rignot, 2017), (b) standard deformational speed calculated using

the Shallow Ice Approximation, and (c) basal slip ratio. Values greater than 1 in the slip ratio indicate basal sliding

and thus a locally thawed base.

Basal slip ratio226

Observations of surface velocity show fast-flowing ice streams around the continent, with velocities reaching227

up to about 4000 m yr´1 at Thwaites and Pine Island glaciers, and fast velocities propagating hundreds228

of kilometers upstream from the coast (Fig. 5a). Figure 5b shows the calculated deformational speed229

over AIS grounded ice for the standard case. Deformational speeds above 150 m yr´1 are estimated over230

large parts of WAIS and in coastal regions of the EAIS, as well as parts of the Antarctic Peninsula. In231

the ice-sheet interior, deformation speeds are below 10 m yr´1 in most places. Figure 5c shows the basal232

slip ratio, which has values greater than unity across WAIS, particularly in the Thwaites and Pine Island233

drainage basins, and in the Siple Coast region. Some isolated regions of the Transantarctic Mountains,234

the Antarctic Peninsula and EAIS also have values greater than unity, while most of the interior EAIS has235

basal slip ratio below unity.236

The basal slip ratio is highly uncertain, primarily due to the selection of values used in the calculation237

of the deformation of velocity. The rate factor (Ā) depends on both the depth-averaged temperature and238

the enhancement factor (used to adjust for ice softness within the shallow ice approximation), and both239

are particularly uncertain. The impact of the choices made for the rate factor, ice thickness uncertainty,240

and surface velocity uncertainty, is highlighted in figure 6. They show the resulting fraction of basal ice241

predicted to be thawed by the basal slip ratio for the standard, cold bias, and warm bias cases.242
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Fig. 6. Thawed areas predicted with the basal slip ratio (γslip ě 1) using three different rate factors: (a) standard

basal slip ratio, (b) cold biased basal slip ratio, and (c) warm biased basal slip ratio. Data from existing boreholes

is added on all three panels with red and blue dots to represent boreholes with a thawed and frozen bed.

The basal slip ratio for the standard case suggests that at least 62% of the grounded ice sheet has a243

thawed basal thermal state. For these conditions, we find that much of the WAIS and Antarctic Peninsula244

has a thawed base, while the Transantarctic mountains and heterogeneous regions in EAIS have a frozen245

base. As the englacial temperature associated with the rate factor warms, the predicted thawed fraction246

from this method decreases, perhaps counterintuitively. This behavior is the result of the increased rate247

factor associated with warmer temperatures, leading to an increased deformational velocity, and thus a248

decreased basal slip ratio. For the cold-biased case, the basal slip ratio, which is generated using a rate249

factor associated with a warmer depth-averaged temperature of ´50C, the ice deforms more easily and250

therefore only 12% of the grounded area is predicted to be thawed for Thwaites and Pine Island basins,251

Siple Coast ice streams, and a few ice streams feeding into Ronne Ice Shelf. In the warm-biased case, the252

basal slip ratio calculation suggests that 94% of the grounded area is predicted to have a thawed basal253

thermal state. The results from these extreme cases highlight this method’s high sensitivity to the rate254

factor used to calculate the basal slip ratio, as well as the uncertainty within the observed surface speed255

and ice-thickness datasets (Fig. 1).256

Subglacial hydrology257

The subglacial hydrology method estimates the presence of basal water from subglacial lakes and water258

routing from these lakes. We use it to compare these regions with thawed basal conditions estimated from259

the 3D models and slip ratio. Figure 2 shows all the subglacial lakes discovered so far (Livingstone and260
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others, 2022) and highlights that active subglacial lakes are predominantly located near the Ross and Ronne261

Ice Shelves, especially in the Siple Coast, while stable subglacial lakes are predominantly located in the262

AIS interior. Figure 7a shows subglacial channels originating from all active subglacial lakes, concentrated263

largely in the WAIS, again predominantly in the Siple Coast, with some additional subglacial channels in264

the EAIS. Figure 7b shows subglacial channels originating from all subglacial lakes (active and stable), with265

far more channels extending into the interior of the ice sheet near Dome A and South Pole. The simulated266

subglacial channels typically connect multiple subglacial lakes within the same subglacial hydrologic basin,267

as highlighted in previous studies (Fricker and others, 2014). As a result, there is a relatively limited268

number of subglacial channels simulated.269

Using active subglacial lakes as seed locations for the routing model, subglacial channels underlay „2%270

of the grounded ice. In the case where we route subglacial water from both active and stable lakes, „7%271

of the grounded ice is inferred to be underlain by water originating from subglacial lakes. Despite good272

coverage by altimetry and radar sounding, these observations have been recorded only over the past couple273

decades and can only detect relatively large features. This method therefore captures only a small fraction274

of the subglacial hydrologic features and underestimates thawed areas, i.e., it has a cold bias as it can275

only provide indirect evidence of a thawed bed – not a frozen one. Interestingly, the hydrologic routing276

from subglacial lakes using TopoToolbox’s FLOWobj function and multiple flow direction algorithm looks277

similar overall to the subglacial hydrology generated by Ehrenfeucht and others (2025) using the far more278

sophisticated Glacier Drainage System Model (GlaDS, Werder and others (2013)) implemented within the279

Ice-sheet and Sea-level System Model (ISSM v4.24, Larour and others (2012)). The subglacial hydrology280

results from Ehrenfeucht and others (2025) seem to reflect that the majority hydrologic routing occurs from281

the active subglacial lakes, but there is likely contribution of some stable subglacial lakes to the overall282

subglacial hydrology.283

Synthesis284

An agreement map combining the results from the two methods as well as the borehole data and the285

subglacial hydrology was generated on the common 8-km ISMIP6 grid (Appendix, Fig. 9). Areas where286

the modeling synthesis (Appendix, Fig. 9) and the basal slip ratio (Fig. 6) disagree on the basal thermal287

state are considered to be uncertain. Results show that most of the WAIS is predicted to be thawed, while288

the EAIS is generally more heterogeneous, with alternating localized regions of thawed and frozen bed.289
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Fig. 7. Subglacial hydrology indicating active subglacial lakes (purple dots), stable subglacial lakes (turquoise

dots), and the inferred subglacial streams from both subglacial lakes (black lines). Water originates from active

subglacial lakes only (a) and for both active and stable lakes (b). The symbol size of the subglacial lakes is dilated

to improve visualization.

Regions with a frozen basal thermal state also include the Transantarctic mountains and the Antarctic290

Peninsula. Based on the results of the thermomechanical modeling and the basal slip ratio, 18% of the291

basal thermal state is predicted to be frozen, 46% thawed, and 36% uncertain (Fig. 8 and Table 4).292

Considered regionally (Table 4), we estimate the WAIS to have the highest fraction of thawed bed and293

lowest fraction of frozen bed, as compared to the other Antarctic sectors. Almost 40% of the grounded294

ice area within the WAIS has disagreement between the modeling and basal slip methods. For the EAIS,295

there is a higher fraction of the grounded ice area expected to be frozen compared to the WAIS, about296

19%, while the fraction of uncertain areas is similar to WAIS.297

Most boreholes (8 out of 13) fall within areas identified as having an uncertain basal thermal state,298

and are therefore challenging to use to ground-truth the synthesis between the methods. If we discount299

the uncertain boreholes from the analysis, 4 out of the 5 boreholes basal thermal states agree with the300

synthesis. Nine of thirteen borehole data also confirm the basal state estimated overall by the numerical301

models, as seen in figure 4. In the basal slip method, all 3 thawed boreholes are located in regions with302

basal slip ratios above unity as seen in figure 6.303

The subglacial channels routed from the active lakes (Fig. 8a) almost entirely fall in areas that have304
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Table 4. Fraction of total grounded ice area predicted to be thawed, frozen, and uncertain, by Antarctic sector.

Basal thermal state area (%)

Region Thawed Frozen Uncertain

Whole continent 46 18 36

West Antarctica 53 11 36

East Antarctica 45 19 36

Antarctic Peninsula 8 40 52

a thawed bed, confirming independently that these regions are likely thawed and that these subglacial305

channels originating from active lakes mostly exist in thawed areas. The results are more nuanced for306

hydrologic paths originating from both the stable and active lakes (Fig. 8b). Most of the hydrologic paths307

simulated with the routing algorithm are still located in thawed bed areas, but a few are crossing areas308

with an uncertain or likely frozen base; this is especially the case in East Antarctica, in the Adélie Land309

around Dome A.310

DISCUSSION AND CONCLUSIONS311

We generated a first synthesis of basal thermal state for the AIS based on 3D thermomechanical models312

and a basal slip ratio that assesses regions likely to experience basal sliding. The synthesis indicates that313

46% of the AIS base is likely thawed, 18% likely frozen, and 36% remains too uncertain to characterize. A314

thawed bed appears widespread in WAIS, but more localized in the interior of EAIS, including east of the315

Transantarctic Mountains, around the South Pole, and near the grounding zones of the Ross and Ronne ice316

shelves. Under fast ice streams, there is likely significant subglacial water flux that saturates the sediment317

and facilitates sliding. The identification of the basal thermal state of the AIS remains uncertain in several318

areas, with the modeling and basal slip methods disagreeing over about 36% of the grounded ice area.319

The areas identified as having a thawed basal thermal state show a similar spatial pattern to regions320

identified by BedMachine v3 as being grounded below sea level. Of the areas identified by BedMachine v3321

to have a bed elevation below sea level, 57% have a thawed basal thermal state, while only 8% of areas322

identified as being grounded above sea level have a thawed basal thermal state. Of the grid cells predicted323

to have a thawed basal thermal state, 49% are below sea level and the 51% are above. This implies that,324

for any location grounded below sea level, there is a much larger chance of that location having a thawed325
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Fig. 8. Agreement map based on the ISMIP6 model results and basal slip ratio methods. Blue indicates that both

methods agree on frozen base, red indicates that both methods agree on a thawed base, and yellow indicates regions

where the two methods disagree. Observed basal thermal state from deep boreholes are scattered as red (thawed)

and blue (frozen) diamonds. Black lines indicate the simulated hydrologic paths from the routing model, with water

originating from the active lakes only (a) and from the active and stable lakes (b).

bed than a frozen one.326

The substantial remaining uncertainty in our synthesis stems from several factors. One source of327

uncertainty is the poorly constrained rheology of basal ice, which has distinct chemical and mechanical328

properties formed by the interaction of ice with basal sediment over long timescales (Hubbard and others,329

2009). Fitzsimons and others (2024) also note that sliding has been observed or inferred at temperatures330

ranging from ´1 to ´170C in a variety of glaciers (Cuffey and others, 1999; Echelmeyer and Zhongxiang,331

1987; Fitzsimons and others, 2000). Therefore, the basal slip ratio and the synthesis of ISMIP6 models332

could reasonably disagree if the observation of sliding does not depend only on the basal thermal state,333

but also on the sediment fraction within the basal ice, as observed by Fitzsimons and others (2024) in334

shear experiments on basal ice or if a different threshold should be used to separate frozen from thawed335

conditions. Another source of uncertainty is the challenge of acquiring direct basal temperature data,336

limiting opportunities for validation of basal temperature models, which produce a range of nominally337

valid results depending on model inputs and parametrization. Another potential source of uncertainty338

is the underestimate of areas with frozen basal thermal states. Given the phenomenon of frozen sliding339
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(Mantelli and Schoof, 2019), the basal slip method may overestimate the presence of basal thaw.340

The subglacial hydrology results suggest that most of the uncertain area likely has a frozen basal thermal341

state (Figs. 7 and 8). In figure 8a, the inferred subglacial hydrology is primarily observed where the basal342

thermal state is predicted to be frozen, with 85% of active lake originating hydrologic paths overlying343

predicted thawed regions, 12% overlying uncertain areas and only 3% on in predicted frozen regions. In344

figure 8b, the inferred subglacial hydrologic channels originating from both active and stable lakes do reach345

areas classified as having uncertain and frozen basal thermal states. This remains relatively limited as346

70% of the inferred hydrologic paths overlap with regions predicted to be thawed, 21% overlaps uncertain347

regions, and only 9% overlap regions predicted to be frozen (Fig. 8b). Considering these subglacial348

hydrologic scenarios, the minimal infiltration of subglacial channels into regions predicted to have frozen349

and uncertain basal thermal states suggests that much of the area classified as uncertain is likely frozen. As350

discussed in the subglacial hydrology portion of the results, the actual extent of the subglacial hydrologic351

channels likely lies somewhere between the inferred hydrologic channels in figure 8a and those in figure 8b.352

However, the assumption that much of the uncertain region likely has a frozen basal thermal state is also353

complicated by the evidence from the boreholes and comparison with elevation data. While most of the354

boreholes are located where we identify an uncertain basal thermal state, if we assume the uncertain basal355

thermal state to be frozen, then only 6 of the 13 borehole basal thermal states are correctly predicted. If we356

assume the uncertain basal thermal states to be thawed, then 10 of those 13 states are correctly predicted.357

Therefore, the uncertain region is likely a combination of thawed and frozen basal thermal states, despite358

the limited intrusion of subglacial hydrologic systems into the uncertain regions.359

Beyond the possible sources of uncertainty described above, there is also evidence that the basal thermal360

conditions vary over short distances and demonstrate spatial heterogeneity in many regions. Dawson and361

others (2024) used airborne radar sounding observations and binary logistic-regression based classification362

to determine the basal thermal state beneath the Adelie-George V Coast in East Antarctica. The results363

show mixed frozen and melted basal thermal states on scales of tens of kilometers, indicating complex basal364

conditions and the need to estimate the basal thermal state at finer resolution. One promising possibility365

for improving the basal thermal synthesis of the AIS is the expansion of radar data analysis over the AIS at366

both higher resolution and continental scale. As demonstrated by Dawson and others (2024) and Schroeder367

(2022) for the Adelie-George V Coast and the Amundsen Sea Sector, radar data would be an additional368

and independent indirect method of identifying the basal thermal state due to the temperature dependence369
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of the englacial attenuation rate and the variance in reflectivity between frozen, thawed, and wet basal370

thermal conditions.371

The results of the basal thermal state synthesis for the AIS differ significantly from the results of the372

basal thermal syntheses produces for the GrIS, which identified 40% of the GrIS basal thermal state to likely373

be frozen, 33% thawed, and 28% uncertain (MacGregor and others, 2022). The pattern of GrIS thawed bed374

is also more structured than that of the AIS, with a frozen interior, melting along the coast and under fast-375

flowing ice streams, while uncertain regions are largely localized within the transition zones between these376

areas. Compared with GBaTSv2, the predicted basal thermal state of the AIS has a higher percentage of377

expected thaw, a lower fraction of likely frozen bed, and higher uncertainty. Antarctica experiences colder378

surface temperatures than Greenland but has thicker ice than Greenland overall, decreasing the pressure379

melting point in large regions inland and facilitating melting in interior regions, along with generally380

higher geothermal heat flow, particularly beneath the WAIS. These competing processes create a more381

heterogeneous basal thermal state synthesis for the AIS, with a complex combination of thawed and frozen382

bases, especially in EAIS. The ice is melting not only under fast flowing ice streams but also in almost383

stagnant but very thick areas, where the very thick ice decreases the pressure melting point by several384

degrees.385

The uncertainty in predicting the basal thermal state of the AIS comes from the limited knowledge386

of geothermal heat flow below the ice sheet, the high variability within basal thermal state at small387

spatial scales, the need for denser radar tracks and longer records of surface altimetry. Improvements388

in our understanding of the AIS basal thermal state require additional data, particularly in the form of389

additional borehole temperature profiles, analysis of radiostratigraphy and collection and analysis of radar390

bed reflectivities. Increasing the coverage and analysis of existing results (e.g., Schroeder and al., 2017)391

would open new opportunities to refine our understanding of Antarctic basal conditions.392

OPEN RESEARCH393

The BedMachine and MEaSUREs datasets are accessible on the National Snow and Ice Data Center394

(NSIDC) website. The ISMIP6 data is accessible on GHub:395

https://theghub.org/resources?id=4745.396

Code used to generate basal syntheses and individual figures can be found on:397

https://github.com/owenseiner/AIS_BaTh_v1398
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Results from the modeling and basal slip methods, subglacial hydrology mapping, and synthesis generation,399

can be found on: Zenodo (doi: 10.5281/zenodo.15556691)400
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Fig. 9. Binary ISMIP6 agreement map, with regions in red where ě 5 models predict temperatures above ´10C,

and therefore a thawed bed, and blue where ě 5 models predict temperatures below ´10C, and therefore a frozen

bed. Red and blue diamonds indicate boreholes with thawed and frozen basal temperature, respectively.


