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1.Publishable summary 

As global temperatures rise, Antarctica's grounded ice sheet and floating ice shelves are losing mass 
at an accelerating rate, releasing meltwater into the Southern Ocean. This increasing freshwater 
discharge poses significant implications for global climate dynamics.  We now have clear evidence that 
freshwater discharges from Antarctica (ice-shelf melting, iceberg calving, subglacial discharge and 
surface runoff) are impacting the oceanography of the surrounding oceans, underscoring the urgent 
need to integrate these effects into climate models. In previous CMIP rounds, models either assumed 
that the ice sheets were in mass balance, or that discharge from the ice sheets was constant in time. 
Consequently, climate projections lack a detailed representation of spatiotemporal trends in ice-sheet 
freshwater fluxes and their impact on the global climate system, introducing unquantified 
uncertainties in future climate and sea-level projections. In this deliverable, we present a dataset that 
offers projections of freshwater fluxes from the Antarctic ice sheet and uncertainty estimates spanning 
from the present-day to the year 2300 that can be implemented as a forcing for climate models that 
do not include interactive ice sheets. These projections are derived from an ensemble of historically 
calibrated standalone ice sheet model projections generated with the Kori-ULB ice flow model 
(https://github.com/FrankPat/Kori-ULB), under different climate scenarios up to 2300. We assess the 
sensitivity and spread in freshwater fluxes projections in response to climate forcing and a 
comprehensive range of uncertain glaciological processes. 

 

 

 

 

  



OCEAN:ICE – GA 101060452    Deliverable D4.1 
 

6 

2.Work performed and main achievements 

2.1 Description of the work performed 

ULB has produced with the standalone ice-sheet model Kori-ULB (Pattyn et al., 2017; Coulon et al., 
2024; Kazmierczak et al., 2024, https://github.com/FrankPat/Kori-ULB) an ensemble of historically-
calibrated pan-Antarctic simulations between 1990 and 2300, forced by atmospheric and oceanic 
projections inferred from a subset of models from the sixth phase of the Coupled Model 
Intercomparison Project (CMIP6) under low- and very high-emission scenarios. They enable us to 
investigate the sensitivity of Antarctic freshwater fluxes to uncertain physical processes (Table 1) and 
climate scenarios. 

To comprehensively explore a range of uncertain glaciological processes, we designed a perturbed 
parameter ensemble including 8 key parameters (see Table 1) that govern the ice dynamics (basal 
melt, calving, basal sliding, and ice-shelf damage) and the climate forcing. We use a Latin hypercube 
sampling to create 100 distinct parameter vectors, producing a 100-member ensemble. Ensemble 
design, model setup and results (section 3) were discussed with UNN in regular meetings. 
 
The Kori-ULB model is a vertically integrated, thermomechanical, hybrid ice-sheet–ice-shelf model. 
The ice flow is represented as a combination of the shallow-ice (SIA) and shallow-shelf (SSA) 
approximations for grounded ice, while only the shallow-shelf approximation is applied for floating ice 
shelves (Bueler and Brown, 2009; Winkelmann et al., 2011). To account for grounding-line migration, 
a flux condition (related to the ice thickness at the grounding line; Schoof, 2007) is imposed at the 
grounding line following the implementation by Pollard and DeConto (2012a, 2020). Basal sliding is 
introduced as a Weertman sliding law, i.e. 𝑣௕ = −𝐴௕|𝜏௕|௠ିଵ𝜏௕ , where 𝜏௕ is the basal shear stress; 𝑣௕ 
the basal velocity; 𝐴௕ the basal sliding coefficient, whose values are inferred following the nudging 
method of Pollard and DeConto (2012b); and 𝑚 a sliding exponent. Basal melting underneath the 
floating ice shelves is determined by different sub-shelf melt parameterisation schemes, such as the 
PICO model (Reese et al., 2018), the plume model (Lazeroms et al., 2019), as well as simplified 
parameterisations (Jourdain et al., 2020; Favier et al., 2019). Similarly, calving at the ice front is 
determined by a crevasse depth law (depending on the combined penetration depths of surface and 
basal crevasses, relative to total ice thickness; Pollard et al., 2015), a Von Mises law (depending on 
tensile stresses and frontal velocities; Morlighem et al., 2016), and a simple minimum thickness law 
(Wilner et al., 2023). The calving front position is defined using the levelset method (Bondzio et al., 
2016). In addition, the effect of the propagation and penetration of fractures, called damage, on the 
ice flow (softening the ice, accelerating its flow and potentially promoting further damage 
development) is accounted for in Kori-ULB by establishing a direct link between the amount of damage 
(often expressed as the ratio between the total crevasse depth and the local ice thickness) and ice 
viscosity (following Sun et al., 2017). Such parameterization can be considered as a precursor to a 
Marine Ice Cliff Instability (MICI), as implemented in DeConto et al. (2016, 2021). Finally, basal melting 
underneath the grounded ice sheet is calculated based on the difference between the basal 
temperature gradient (influenced by both the geothermal heat flux and frictional heating at the base) 
and the gradient corrected for pressure melting. All simulations are performed at spatial resolutions 
of 16 km and 8 km (taken as an uncertain parameter in the ensemble – see Table 1). 

Our ice-sheet simulations start in 1990 to allow comparisons with observations over the satellite era 
(Otosaka et al., 2023; Davison et al., 2023). Ice-sheet initial conditions are provided by an inverse 
simulation nudging towards present-day ice-sheet geometry (Pollard and DeConto, 2012b; Bernales 
et al., 2017; Coulon et al., 2024). Hindcasts of the behaviour of the AIS over the period 1990–2014 are 
produced using surface mass balance (SMB) and air temperature conditions for the 1995–2014 period 
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based on the Regional Atmospheric Climate MOdel (RACMO2.3p2; van Wessem et al., 2018) and 
present-day ocean temperature and salinity fields of the coastal ocean around Antarctica taken from 
Jourdain et al. (2020). As of the year 2015, changes in atmospheric and oceanic properties derived 
from a subset of CMIP6 climate models (MRI-ESM2-0, IPSL-CM6A-LR, CESM2-WACCM, and UKESM1-
0-LL) are used as forcing until the year 2300. The forcing applied is derived from both the Shared 
Socioeconomic Pathway (SSP) 5-8.5 and 1-2.6 scenarios to estimate the possible evolution of Antarctic 
freshwater fluxes to a wide range of climate forcing. Climate forcing is derived in the form of yearly 
averaged atmospheric (air temperature and SMB) and oceanic (temperature and salinity) anomalies 
compared with the 1995–2014 mean, added to reference fields used over the historical period (van 
Wessem et al., 2018, Jourdain et al., 2020).  
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Table 1: Parameters governing glaciological processes along with their uncertainty ranges used in the uncertainty 
analysis.  

Parameter Uncertainty range Units 

Sub-shelf melt parameterisation 
(Mparam) 

PICO model (𝑀௉ூ஼ை) 
Plume model  (𝑀௣௟௨௠௘) 
Local quadratic parameterisation (𝑀௤௨௔ௗ) 
ISMIP6 non-local quadratic parameterisation (𝑀௃஽ଶ଴) 
ISMIP6 non-local quadratic parameterisation including a 
dependency on the local slope (𝑀௃஽ଶ଴௦) 

- 

Effective ice-ocean heat flux 
(𝛤௘௙௙) 

𝛾𝑇

⋆
 in 𝑀௉ூ஼ை: 0.1-10 x 10-5 

𝐶ௗ

ଵ/ଶ
𝛤 ௌ in 𝑀௣௟௨௠௘: 1-10 x 10-4   

𝛾
்

 𝑖𝑛 𝑀௤௨௔ௗ: 1-10 x 10-4 
𝛾

଴
 in 𝑀௃஽ଶ଴: 1-4 x 104 

𝛾
଴
 in 𝑀௃஽ଶ଴௦: 1-4 x 106 

m s-1 

- 

 

m s-1 

m yr-1 

m yr-1 

Calving law (Claw) Crevasse depth law (CD) 
Von mises law (VM) 
Minimum Thickness law (MT) 

- 

Calving parameter (Cpar) Critical crevasse ratio in CD: [0.5 - 1] 
Tensile stress threshold in VM: [25 - 1000] 
Minimum ice thickness threshold in MT : [50 - 400]  

- 
 kPa 
m 

Exponent in sliding law (m) [1 - 5] - 

Maximum damage ratio (dam) [0 - 0.5] - 

Spatial resolution (Δx) 8 - 16  km 

CMIP6 GCM (GCM) MRI-ESM2-0, UKESM1-0-LL, IPSL-CM6A-LR, CESM2-WACCM - 

 

We then perform a Bayesian calibration of our 100-member ensemble of ice-sheet model simulations 
by comparing the model results over the past decades with a series of estimates of regional net mass 
balance from the latest Ice Sheet Mass Balance Inter-comparison Exercise (IMBIE; Otosaka et al., 2023, 
see Table 2). This allows a higher predictive weight to be attributed to model simulations that 
demonstrate skill at reproducing the observations (Ritz et al., 2015; Nias et al., 2019; Wernecke et al., 
2020, Coulon et al., 2024). In particular, we determine the posterior probability distribution of the 
uncertain input parameters starting from the prior probability distribution (assumed to follow a 
uniform distribution) using Bayes' theorem. For more details on the calibration procedure, we refer to 
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Coulon et al., 2024. Note that we here estimate the structural error by multiplying the observational 
error by a factor of 8. 

 

Table 2: Observational constraints of Antarctic regional mass balance from the Ice Sheet Mass Balance Inter-
comparison Exercise (IMBIE; Otosaka et al., 2023) used for the Bayesian calibration of the ensemble. 

 WAIS (Gt yr-1) EAIS (Gt yr-1) APIS (Gt yr-1) 

1992-1996 -37 ± 19 -27 ± 33 -7 ± 11 

1997-2001 -42 ± 19 21 ± 32 2 ± 11 

2002-2006 -64 ± 20 21 ± 34 -20 ± 11 

2007-2016 -129 ± 23 19 ± 36 -21 ± 12 

2012-2016 -131 ± 21 -13 ± 35 -6 ± 13 

2017-2020 -94 ± 25 0 ± 47 -21 ± 12 

 

2.2 Open Science 

The version of Kori-ULB used to perform the simulations is accessible on GitHub 
(https://github.com/VioCoulon/Kori-ULB/tree/OceanIce). The method applied to design and calibrate 
the ensemble of simulations is explained in detail in Coulon et al. (2024).  

The fast-track dataset produced is made available: 

- as NetCDF files (‘SSP126_FWF_1990_2300.nc’ and ‘SSP585_FWF_1990_2300.nc’) on the 
OCEAN:ICE ERDDAP (https://er1.s4oceanice.eu/erddap/index.html) 

- on Zenodo: https://zenodo.org/records/14162776 
 

The content of this deliverable will be presented in a Poster entitled ‘Constraining projections of future 
freshwater fluxes from Antarctica’ in session CR2.2 – Ice-sheet and climate interactions at the EGU 
2024 conference taking place in Vienna, Austria from 14 to 19 April 2024. 
The content of the deliverable and the dataset produced will also be presented to the OCEAN:ICE 
community at an OCEAN:ICE Annual Storyline Meeting on Deep Uncertainty in Freshwater Fluxes Led 
by Frank Pattyn (ULB) taking place online on the 2nd of May 2024. 

The authors are also planning to publish these results in a manuscript to be published in open access. 
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3. Results 

We have produced ensembles of historically-calibrated Antarctic simulations, with projections of 
freshwater fluxes (ice-shelf melting, iceberg calving, and surface mass balance) under low and very-
high emission scenarios for 27 drainage basins until 2300. Our simulations encompass both the 
historical period (1990-2020) and future projections until the year 2300 under distinct climate 
scenarios. These Antarctic freshwater flux projections will be implemented as forcing for climate 
models within WP5 and WP6 (Fast track). We assume that changes in ice thickness above flotation 
represent net mass-balance changes. Changes in cumulative surface, sub-ice-shelf and subglacial 
fluxes reflect surface mass balance, sub-shelf melt and subglacial melt (underneath the grounded ice 
sheet) fluxes, respectively. Subtracting these three terms from the net change in thickness gives an 
estimate of losses due to iceberg calving. Note that since subglacial melt underneath the grounded ice 
sheet represents a minor component of the Antarctic ice sheet mass balance and subglacial water is 
not routed around, we do not provide estimates of the subglacial discharge across the grounding line 
here. 

The behaviour of the ensemble over the historical period is displayed in Figure 1. From 1990 to 2020, 
calibrated net mass balance and calving and sub-shelf melt fluxes are in good agreement with satellite-
based estimates (Otosaka et al., 2023, Davison et al., 2023, Adusumilli et al., 2020). The spread of the 
posterior distribution is reduced compared with the prior distribution, showing that the calibration is 
effective in reducing uncertainty in the model hindcasts even though a large tolerance was assigned 
for model structural error. The resulting posterior distributions of the parameter space are displayed 
in Figure 2. Rapid grounded-ice mass losses are reproduced around the margins of the ice sheet, 
especially in the Amundsen Sea Embayment and in Aurora Basin in East Antarctica (Fig. 1 d-e), similar 
to observations over the past decades (Smith et al., 2020; Rignot et al., 2019). 
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Fig. 1: Evolution of the 100-member ensemble of simulations of the Antarctic ice sheet over the historical period 
(1990-2020). Evolution of the Antarctic ice-sheet net mass balance (considering volume above flotation only), 
i.e. the rate of mass change contributing to sea-level rise (a); the sub-shelf melt fluxes (b); and the calving fluxes 
(c), over the historical period and comparison with observations (red lines and shaded areas represent the 
uncertainty of the observations, shown as ±1.64σ; Otosaka et al., 2023, Davison et al., 2023, Adusumilli et al., 
2020). Dashed lines and pale blue shaded areas represent the ensemble prior distributions (medians and 5 %–
95 % probability intervals), while solid lines and dark blue shaded areas represent the posterior (Bayesian-
calibrated medians and 5 %–95 % probability intervals) distributions. The spatial pattern of historical mass 
change over the ensemble is illustrated by the Bayesian-calibrated mean thickness change (e) and rate of 
elevation change (f) over the period 1990-2020. Black lines show the ensemble mean grounding-line position 
(allowed to evolve during the hindcast). The 100-member ensemble of simulations is produced using Latin 
hypercube sampling in the parameter space defined in Table 1. 
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Fig. 2: Posterior parameter probability distributions and density histograms resulting from the calibration. 
Posterior parameter density histograms and probability distribution functions approximated using kernel density 
estimation (lines) are shown for all parameters except discretely distributed parameters. The parameters are 
detailed in the supplementary Table S1. The prior distributions are shown as dashed orange lines while the 
posterior distributions are shown as yellow lines. Weighted histograms are shown in blue. 

 

Similarly, the differences between the prior and posterior distributions of the sea-level projections are 
shown in Figure 3. The spread of the posterior distribution is reduced compared with the prior TO 
distribution. Over the historical period, the calibrated median sea-level contribution is in line with the 
cumulative ice sheet mass changes from the latest IMBIE assessment (Otosaka et al., 2023; Figure 3a–
b). Throughout the century, mass loss primarily occurs in the Amundsen Sea Embayment and Totten 
Glacier area under both socio-economic pathways (Figure 4). The pattern of mass loss under both 
emission pathways starts to diverge after the end of the century. While mass loss remains essentially 
limited to the Amundsen Sea Embayment under SSP1-2.6, the very high-emission scenario (SSP5-8.5) 
exhibits an acceleration of mass loss in the Amundsen Sea sector, as well as the onset of grounding-
line retreat in Siple Coast (Ross area) and Filchner-Ronne ice shelf area (Weddell Sea).  

 

 

 



OCEAN:ICE – GA 101060452    Deliverable D4.1 
 

13 

 

Fig. 3: Comparison of the prior and posterior distributions of projected Antarctic contribution to global mean 
sea-level rise between 1990 and 2300. Evolution of the ensemble projected contribution to sea-level from the 
Antarctic ice sheet until 2020 (a-b) and 2300 (c–d), under the Shared Socio-Economic Pathways (SSP) 1-2.6 and 
SSP5-8.5 scenarios (N=100 per SSP scenario). The ensemble uncalibrated median (dashed lines) and 5–95% 
probability interval (light dashed area) are compared to the Bayesian calibrated ensemble median (solid lines) 
and 5–95% probability interval (dark shaded area). The cumulative ice sheet mass changes from the latest IMBIE 
assessment (Otosaka et al., 2023) are shown in a–b for comparison. 
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Fig. 4: Mean ice thickness change under the shared socioeconomic pathways (SSP) 1-2.6 (a) and 5-8.5 (b) at 
different points in time until 2300. For each scenario, the mean thickness change at a given point is computed 
using the Bayesian calibrated mean of the ensemble (N=100). Black lines show the ensemble mean grounding 
line positions. 

 

This projected Antarctic mass loss will release meltwater into the Southern Ocean, posing significant 
implications for global climate dynamics. The projected historically calibrated trends in the distribution 
of calving, ice shelf basal melt, and surface mass balance fluxes for the entire Antarctic ice sheet under 
the low- and very-high emission pathways are displayed in Figure 5. Overall, sub-shelf melting emerges 
as the dominant freshwater contributor, with an increasing influence in both climate scenarios, 
projected to surpass the initially dominating calving fluxes by around 2050 under both scenarios. This 
increase in sub-shelf melt fluxes is particularly strong in the SSP5-8.5 scenario, peaking around 2150 
and then declining with the collapse of the ice shelves. In contrast, calving fluxes follow a more stable 
trajectory, remaining relatively constant over time. Under both emission scenarios, calving fluxes 
decrease in response to the increasing sub-shelf melting. Under SSP5-8.5, however, calving fluxes 
slightly increase again after the 2150 peak in sub-shelf melt, with this increase being particularly 
pronounced within the 5-95% probability interval. Furthermore, surface mass balance is projected to 
decrease after 2100 under SSP5-8.5 due to an increase in surface runoff with warmer air temperatures.  
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Fig. 5: Calibrated probabilistic projections of the Antarctic ice sheet mass balance components until 2300 under 
SSP1-2.6 (a) and SSP5-8.5 (b). Solid lines and shaded regions show the median and 5-95% probability intervals 
(N=100), with a 5-year running average applied. Boxes and whiskers show [5;25;50;75;95] percentiles for the 
year 2300. Positive SMB fluxes represent mass gains while positive sub-shelf melt and calving fluxes represent 
mass losses. Note that the ice-sheet net mass balance does not represent the sum of all mass balance 
components but instead considers changes in volume above flotation and may therefore be interpreted as the 
rate of mass change contributing to sea-level rise. 

 

Spatial trends in future freshwater discharge will significantly influence the oceanography of the 
surrounding oceans. For this reason, projected trends in calving, sub-shelf melt and surface mass 
balance fluxes are provided for 27 Antarctic drainage basins (Figure 6). These can be grouped in the 
three ocean sectors of Antarctica. The evolution of the projected freshwater fluxes in each ocean 
sector of Antarctica over the historical period and until the year 2300 are displayed in Figures 7 and 8, 
respectively. 

 

Fig. 6: Delineation of the 27 drainage basins and the Pacific (orange), Atlantic (blue), and Indian (purple) ocean 
sectors of Antarctica used for the regional analysis. 
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The posterior distributions of the modelled calving and sub-shelf melt fluxes are overall in line with 
observations (Davison et al., 2023) over the historical period (1990-2020; see Figure 7).  In the Pacific 
sector, about 50% of the total freshwater flux comes from melting, which has increased slightly in 
recent years to about 650 Gt/yr. Meanwhile, calving has remained relatively stable at about 550 Gt/yr. 
Conversely, in the Atlantic sector, calving dominates, contributing roughly 70% of total freshwater 
fluxes at about 850 Gt/yr, while melt contributions hover around 300 Gt/yr. Similarly, in the Indian 
sector, calving is the main contributor to freshwater fluxes, accounting for about 75% of total fluxes 
at approximately 650 Gt/yr, alongside a small increase in melt fluxes to about 200 Gt/yr. 

 

Fig. 7: Evolution of the regional net mass balance (considering volume above flotation only) (a); the sub-shelf 
melt fluxes (b); and the calving fluxes (c), over the historical period for each ocean sector of Antarctica and 
comparison with observations (red lines and shaded areas represent the uncertainty of the observations, shown 
as ±1.64σ; Nilsson et al., 2022, Davison et al., 2023).  

 
Looking towards future projections under different climate scenarios, notable shifts in sectoral 
freshwater flux dynamics are expected (Figure 8). Under the SSP1-2.6 scenario, there is a projected 
slight increase in snow accumulation and surface mass balance across all sectors due to limited surface 
melt and runoff. In addition, sub-shelf melt fluxes are projected to rise in all oceanic sectors, leading 
to a decrease in calving fluxes and establishing sub-shelf melt as the primary source of freshwater flux. 
Under SSP5-8.5, initial increases in SMB are followed by declines beyond the end of the century, 
particularly pronounced in the Pacific sector, as runoff fluxes increase (Kittel et al., 2021; Coulon et al., 
2024). A significant increase in sub-shelf melt is also forecasted, with sub-shelf melt fluxes expected 
to surpass calving as the primary source of freshwater flux across all sectors by around 2050. However, 
a subsequent slight resurgence in calving fluxes is projected, particularly within the 5-95% probability 
interval, potentially reaching fluxes of the same magnitude as the sub-shelf melting. 

In summary, the majority of Antarctica's projected freshwater fluxes will be discharged in the Pacific 
Ocean sector, closely followed by the Atlantic sector. These freshwater fluxes may become particularly 
significant under very-high warming scenarios (SSP5-8.5), linked to a progressive collapse of the West 
Antarctic ice shelves, and will be primarily discharged locally through sub-shelf melting. 
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Fig.8: Calibrated probabilistic projections of the Antarctic ice sheet mass balance components until 2300 under 
SSP1-2.6 (a–c) and SSP5-8.5 (d–f) for each ocean sector of Antarctica. Solid lines and shaded regions show the 
median and 5-95% probability intervals (N=100), with a 5-year running average applied. Boxes and whiskers 
show [5;25;50;75;95] percentiles for the year 2300. Positive SMB fluxes represent mass gains while positive sub-
shelf melt and calving fluxes represent mass losses. Note that the ice-sheet net mass balance does not represent 
the sum of all mass balance components but instead considers changes in volume above flotation and may 
therefore be interpreted as the rate of mass change contributing to sea-level rise. 
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5. Impact 

This deliverable contributes to the following objectives stated in the description of the action. 

O2: Improve critical ice sheet-ocean processes in numerical models. 

We have included novel processes and interactions previously lacking in ice sheet models, such as ice 
shelf damage and improved ice shelf calving. We also included a thorough uncertainty analysis of those 
critical processes.  

O3: Improve representation of AIS dynamics and integrate this knowledge into ice sheet-climate 
models.  

We developed and implemented new representations of ice sheet dynamics, such as damage and 
calving, in the ice sheet model that was used to produce the freshwater fluxes. 

O4: Quantify AIS melt sensitivity to climate forcing and reduce the ‘deep uncertainty’ in freshwater 
flux and SLR projections to 2300.  

We have quantified AIS freshwater fluxes and their uncertainty thereby including AIS melt sensitivity 
by using different subshelf melt and calving models and a large parameter space. Uncertainties are 
reduced by comparing the model results over the past decades with a series of estimates of regional 
net mass balance from the latest Ice Sheet Mass Balance Inter-comparison Exercise. Calibrated 
simulations are then qualitatively assessed with a series of spatially aggregated estimates of ice-sheet 
net mass balance, surface mass balance, sub-shelf melting, and iceberg calving fluxes from recent 
satellite- and modelling-based studies. 

O5: Assess how global ocean circulation is impacted by freshwater discharge from the northern and 
southern ice sheets.  

The produced AIS freshwater fluxes will be used in WP5 to assess ice sheets impacts on global ocean 
circulation. Results contribute to improved knowledge of glaciological physical processes and hence 
improved projections of future SLR by better quantifying uncertainties in AIS projections. 

O6: Assess the ocean impact on key global climate metrics from polar ice sheet melt to 2300 and 
beyond.  

The produced AIS freshwater fluxes will be used in WP6 to assess the role of Antarctica in the global 
climate. 

O7: Deliver free and open data access and contribute to international assessments, climate model 
development, observing initiatives and policymakers. 

Our datasets are freely available and will be intensively used by project partners in assessing the 
impact of distributed freshwater fluxes on global ocean circulation.  
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Annex 1: Supplement Table S1: Parameters governing glaciological processes 

This table lists the parameters shown in Fig. 2. 

 

 


