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11 Abstract

12 During the last deglaciation, the Barents-Kara Ice Sheet (BKIS), a marine-based sector of the
13 Eurasian Ice Sheet, was subject to a drastic retreat over only a few centuries. While the timing of
14  the BKIS deglaciation is well documented, the mechanisms driving the ice-sheet retreat remain
15 debated. Using the GRISLI2.0 ice sheet model, we investigate the behavior of BKIS during this
16 period and identify the marine ice sheet instability (MISI) as the primary driver of the BKIS
17  collapse. Contrary to current interpretations found in the literature, which suggest that a MISl is
18 primarily initiated by ocean-induced basal melting, our results suggest that surface processes,
19 particularly atmospheric warming, can directly trigger such a dynamic instability. Our results
20 highlight the combined roles of atmospheric and oceanic forcings, with atmospheric warming
21 triggering the initial retreat at the onset of the deglaciation and oceanic processes subsequently
22 controlling its dynamics. We therefore encourage future studies on marine ice sheets instability,
23 togive a better consideration to variations in atmospheric conditions on their impact on ice sheet
24  destabilization.

25 Plain Language Summary

26 The last deglaciation provides a unique opportunity to study the processes driving large-scale ice
27 sheet collapse. However, the mechanisms behind the retreat of the Barents-Kara Ice Sheet
28 remain debated. Here, we use an ice sheet model to show that the collapse was caused by a
29 mechanical instability triggered by rising atmospheric temperatures.

30 1Introduction

31 During the Last Glacial Maximum (LGM, i.e. 21 ka), the Barents-Kara Ice Sheet (BKIS),
32 which was part of the Eurasian Ice Sheet (EIS), covered a large part of the Barents and Kara Seas
33 (Fig. S1), with a maximum ice volume of approximatively 3x10® km? (Peltier et al., 2015, Tarasov
34 etal., 2014, Fig. S1) and up to 7 m in SLE (sea level equivalent, Hughes et al., 2016). Between the
35 LGM and the preindustrial period, the Arctic region experienced a significant warming of at least
36 12°C and more than 20°C across the BKIS (Tierney et al., 2020; Annan et al., 2022). At the same
37 time, the North Atlantic Ocean surface temperatures also increased by 2 to 7.5°C (Tierney et al.,
38 2020; Annan et al., 2022). The BKIS began to retreat between 26 and 19 ka and fully retreated
39 around 10 ka (Hughes et al., 2016, Peltier et al., 2015, Tarasov et al., 2014).

40 The BKIS was partially lying below sea level (Amante et al., 2009), making it potentially sensitive
41 to oceanic condition variations. As the last deglaciation is one of the best documented
42 paleoclimatic period, it offers a solid basis for comparing simulations and observations. Studying
43 the BKIS behavior during this period is therefore a key test for understanding ice-sheet
44  destabilization mechanisms that could also occur in the future in the West Antarctic Ice Sheet
45 (WAIS; Mercer, 1970; DeConto and Pollard, 2016; IPCC, 2021). In particular, the WAIS is also
46 known to be potentially susceptible to abrupt and irreversible retreat in the coming decades
47 (DeConto and Pollard, 2016; IPCC, 2021).

48 The mechanism of marine ice sheets destabilization was first identified by Mercer (1970) in the
49  West Antarctic ice sheet (WAIS) and is known as the marine ice sheet instability (MISI). This
50 instability is related to the fact that the ice flux at the grounding line is positively correlated with
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51 the ice thickness. When the bedrock upstream of the grounding line shows a retrograde slope,
52 an initial grounding line retreat is further amplified due to the increased ice flux. The MISl is a
53 self-sustained instability that can only be tempered by ice-shelf buttressing (Schoof, 2012;
54 Goldberg et al. 2009).

55 Marine sediment cores provide crucial insights into the timing and mechanisms of the BKIS
56 retreat. For example, using a revised radiocarbon chronology from a Norwegian Sea sediment
57 core, Brendryen et al. (2020) suggested that the rapid collapse of the marine-based sectors of
58 the BKIS contributed significantly to the abrupt sea-level rise during Meltwater Pulse 1A (~14.6
59 ka; Fairbanks et al., 1989; Deschamps et al., 2012). This study also suggested that the abrupt
60 retreat of the BKIS occurred just after an increase in subsurface ocean temperatures. They
61 consequently considered that oceanic forcing played a primary role in driving the rapid
62 destabilization of the ice sheet. However, because climate reconstructions proposed in
63 Brendryen et al. (2020), in particular those of subsurface temperatures, were not used to force
64 an ice-sheet model, it is difficult to assess whether these increases in ocean temperatures could
65 have actually triggered the retreat of the BKIS.

66 Recent modeling studies (Petrini et al., 2020; Alvarez-Solas et al., 2019) have investigated the
67 respective roles of atmospheric and oceanic forcings in driving the retreat of the BKIS,
68 highlighting a predominant role of ocean warming in triggering its collapse. Both studies,
69 however, do notinclude a representation of grounding line dynamics (Tsai et al., 2015) in the ice-
70  sheet model, which may have introduced biases in the simulated deglaciation dynamics, given
71 the largely marine-based configuration of the BKIS. As outlined in van Aalderen et al. (2024), their
72 experimental designs also do not allow a clear quantification of the respective contributions of
73 atmospheric and oceanic forcing, nor of the potential role of mechanical instabilities. Moreover,
74 the methodologies adopted in these studies likely overestimate the impact of oceanic forcing on
75  BKIS retreat (van Aalderen et al., 2024). In addition, the reconstructed climate used to force the
76 ice-sheet model is derived either from three sub-regions (Petrini et al., 2020) or from a single
77 region (Alvarez-Solas et al., 2019). This results in applying the same climate variability in all the
78 grid points of the region or sub-region.

79 In their previous paper, van Aalderen et al. (2024) conducted a series of idealized experiments
80 by applying constant perturbations in basal melting and atmospheric temperatures to LGM
81 equilibrium states of the BKIS using a state-of-the-art ice sheet model including a representation
82 of grounding line dynamics (Tsai et al., 2015). They suggest that the retreat of the ice sheet likely
83 began in the Bjgrngyrenna and Svyataya Anna regions (Fig. S1) in response to increasing
84 atmospheric temperatures. However, this study did not account for the actual evolution of
85 climate during the last deglaciation. Yet, the temporal trajectory of climate change can
86 significantly affect the deglaciation dynamics of the BKIS and may ultimately assign a more
87 important role to either the ocean or the atmosphere in driving ice loss.

88 Consequently, the different modeling studies (Petrini et al., 2020; Alvarez-Solas et al., 2019; van
89 Aalderen et al.,, 2024) do not allow a clear assessment of the respective contributions of
90 atmospheric forcing, oceanic forcing, and dynamic processes such as the MISI in driving the BKIS
91 deglaciation. Here we propose new experiments to investigate explicitly the role of different
92 mechanisms potentially responsible for the BKIS retreat during the last deglaciation, such as
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93 changes in surface mass balance (SMB) and basal melting, and dynamic processes. Specific
94 protocols are designed to disentangle the respective contributions of these factors to the BKIS
95 retreat. Our approach is based on an ice-sheet model that incorporates mechanisms capable of
96 simulating mechanical instabilities at the grounding line. To account for local climate variability,
97 our simulations are driven by a temporally evolving local climatology that reflects the dynamics
98 of the last deglaciation at each grid point of the model domain

99 2 Methods

100 2.1 The GRISLI ice sheet model

101 In this work, we used the GRISLI2.0 (hereafter, GRISLI) ice-sheet model fully described in
102 Quiquet et al. (2018). The model is run on a Cartesian grid (20 km x 20 km) to simulate the BKIS
103 retreat from 21 to 10 ka. GRISLI has demonstrated its ability to reproduce the grounding line
104 migration of the Antarctic ice sheet over several glacial-interglacial cycles (Quiquet et al., 2018;
105 Ritz et al., 2001) and has been employed in several international intercomparison exercises for
106  shorter time scales, including both Greenland and Antarctica (e.g., Goelzer et al., 2020; Seroussi
107 et al., 2020). Recently, it was also used to simulate the sensitivity of the Eurasian ice sheet to
108 variations in atmospheric and oceanic temperatures (van Aalderen et al., 2024).

109

110 Changes in ice thickness with time are given by the following mass balance equation:
111

112 ‘;—’: =SMBB - V(UH) (1)

113

114  with H the ice thickness, U the ice velocity, SMBB the sum of SMB and the basal melting (ice
115 grounded and ice shelves), and V(UH) the ice flux divergence.

116

117  Calving is based on a thickness threshold of 250 m below which ice is calved. The GRISLI model
118 also accounts for isostatic adjustment, represented by an elastic lithosphere-relaxed
119 asthenosphere model (Le Meur and Huybrechts, 1996).

120

121  For temperate-based grounded ice, we impose a linear basal friction law as follow (Brondex et
122 al., 2017):

123

124 1, =—Pu, (2)

125

126  where 1y, is the basal shear stress, up is the basal ice velocity and B is the basal drag coefficient.
127  In our model, B depends on the effective pressure N and on bed conditions and is expressed as B
128 = Ct- Csedim * N, Wwhere Ctis an internal constant parameter. The coefficient Csedim accounts for the
129 presence of subglacial sediments and takes values of 0.1 or 1 depending on the sediment
130 thickness (Laske, 1997). N is governed by the subglacial hydrology, which is computed according
131 to Darcy’s law (Quiquet et al., 2018). We fixed a lower bound of the basal drag coefficient, 8,,,,,=10
132 Pa.s.m’, to prevent excessively fast ice flow and ensures the preservation of grounded ice in
133 warm-based areas. For ice shelves, basal friction is neglected.
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134

135 The GRISLI model used in this study is based on the same parameter settings and
136 parametrizations as those of van Aalderen et al., 2024 (see also Tables S1 and S2), inlcuding the
137 prescribed ice flux at the grounding line, expressed as a function of the ice thickness to the power
138  of five, following Tsai et al. (2015).

139 2.2 Climate forcing

140 2.2.1 Climate forcing parameterization

141  The climatic forcing that drives the ice sheet evolution is derived from five different PMIP3/PMIP4
142  LGM climates, i.e. MPI-ESM-P, MIROC-ESM, IPSL-CM5A-LR, IPSL-CM5A2 and MPI-ESM1.2 (Adloff
143 et al., 2018; Sueyoshi et al., 2013; Dufresne et al., 2013; Sepulchre et al., 2020; Mauritsen et al.,
144  2019; Table S3). The PMIP models were chosen for their ability to provide a forcing climate
145 enabling GRISLI to simulate ice thickness and extent (van Aalderen et al., 2024, see Figs.52-53
146  herein) in a reasonable agreement with the geologically constrained ice thickness BKIS
147  reconstructions at the LGM based on inverse modeling approaches constrained by GPS data or
148 based on evidence found in the existing literature (e.g. Hughes et al., 2016; Peltier et al., 2015;
149 Tarasov et al., 2014).

150

151 To address the resolution mismatch between the PMIP LGM climate and GRISLI, the output from
152  the climate models are resampled onto the ice sheet model grid using a bi-linear interpolation.
153  Additionally, to correct for differences in orography due to the interpolation, a constant vertical
154 temperature gradient is applied on the surface air temperatures. van Aalderen et al. (2024)
155 indicate that the lapse rate plays only a very minor role in the retreat of the BKIS. Based on this
156 result, we decided to set the lapse rate to the fixed value of 7 °C km™.

157

158  Ablation is calculated using a positive degree day (PDD) method, as formulated by Tarasov and
159  Peltier (2002). Snow accumulation is computed from the total precipitation, interpolated on the
160  GRISLI grid, for months with average temperatures below the melting point.

161

162 Following the approach of Pollard and DeConto (2012), the sub-shelf melt rate (OM) is
163 determined based on ocean temperature and salinity using the formula:

164
165 OM = %m ~T|(T, - T;) (3)
166

167 where K¢ is the constant transfer factor, set to 7 myr™ °C™'in the baseline simulations as in Pollard
168 and DeConto (2012). In this equation, pw represents the density of ocean water, pi is the density
169 of ice, Lsis the latent heat of fusion of ice, Cw is the specific heat capacity of ocean water, and To
170 is the local ocean temperature coming from PMIP3/4 simulations. The freezing point
171 temperature T, which depends on ocean salinity and the ocean depth, is calculated using the
172 parameterization from Beckmann and Goosse (2003).

173
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174  In the GRISLI model, each grid point is classified as either floating or grounded ice. To account for
175 enhanced sub-shelf melt rates near the grounding line (Beckmann and Goosse, 2003), which arise
176  from small-scale processes not explicitly resolved by the ice-sheet model, we apply a fraction of
177  the melt rate from adjacent floating ice to the last grounded grid point.

178

179  As PMIP models do not provide oceanic data beneath ice shelves, we performed for each vertical
180 layer of the oceanic models a horizontal extrapolation of temperature and salinity within ten
181 sectors corresponding to drainage basins to estimate sub-shelf melt. Further information about
182  this approach can be found in van Aalderen et al. (2024).

183

184 2.2.2 PMIP3/4 simulations compared to reconstructions

185

186  The fives selected PMIP3/4 models were also compared to reconstructions to see their capacity
187 to simulate the LGM and pre-industrial conditions. To this aim, we use Tierney et al. (2020) and
188  Annan et al. (2022) reconstructions of LGM temperatures. Both studies employ broadly similar
189 data assimilation approaches to reconstruct Last Glacial Maximum (LGM) temperatures.
190 However, the methodology of Annan et al. (2022) differs notably in the choice of the prior, which
191 is based on an ensemble of 31 climate model simulations drawn from multiple phases of the
192  PMIP archive, whereas Tierney et al. (2020) use only CESM as their baseline. This difference leads
193  to asubstantially weaker global mean LGM cooling in Annan et al. (2022) (-4.5 £ 0.9 °C) compared
194 to Tierney et al. (2020) (-6.1 °C), and results in regional discrepancies of up to ~15 °C over the
195  BKIS region (Fig 1a) and a ~5 °C difference in warming at the surface of the Norwegian Sea (Fig.
196  1b).

197

198 Furthermore, surface air temperature anomalies simulated by the five PMIP simulations selected
199 in our study range between -14°C and -23°C (Fig. 1), spanning the range between Annan et al.
200 (2022) and Tierney et al. (2020) estimation. Specifically, IPSL-CM5A, IPSL-CM5A2, and MPI-
201 ESM1.2 show anomalies more consistent with Annan et al. (2022), whereas the other models
202  align better with Tierney et al. (2020).

203

204 Regarding sea surface temperatures (SST), the SSTs simulated by the selected PMIP models are
205 globally of the same order of magnitude as the reconstructions of Tierney et al. (2020), and
206 consequently strongly underestimate the warming compared to Annan et al. (2022).

207
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209  Figure 1: a: Near-surface atmospheric temperature anomalies at sea level during the LGM relative to the

210 pre-industrial period averaged over the BKIS region, in the domain defined using the icemask from DATED1
211  at 21k for the 5 GCMs used to force GRISLI, as well as for the reconstructions of Annan et al. (2022) and
212  Tierney et al. (2020). b: Same as (a), but for the Greenland Sea surface temperatures (see Fig. S1). For
213 panel b, the labels of each box are the same as in panel a.

214

215 2.2.3 Climate forcing index along the last deglaciation

216

217 2.2.3.1 Construction of the deglacial climate index
218

219 To reconstruct the climate evolution from the LGM to 10 ka, we relied on two transient climate
220 simulations performed with the global circulation model CCSM3 (Liu et al., 2009) and the Earth
221 system model of intermediate complexity iLOVECLIM (Bouttes et al., 2023). Hereafter, these
222 simulations are referred to as the TRACE21k and iLOVECLIM respectively.

223

224  To perform the transient simulations, Bouttes et al. (2023) and Liu et al. (2009) forced their
225 climate model (iLOVECLIM and CCSM3 respectively) in the same way, accounting for variations
226 in greenhouse gases and astronomical parameters. However, one of the main differences lies in
227 thereconstructed ice sheet that is used as a boundary condition of the deglaciation experiment.
228 The TRACE21k simulation was based on ICE-5G (Peltier, 2004), whereas the iLOVECLIM simulation
229 used the ICE-6G_C reconstruction (Peltier et al., 2015), which refines regional ice thickness and
230 shifts the timing of deglaciation, notably by incorporating a more rapid ice loss during MWP1A to
231 better align with sea-level observations (Peltier et al., 2014). Moreover, in iLOVECLIM, both the
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232 ice-sheet extent and volume are updated every 1000 years, whereas in TRACE21k, only the ice
233 volume is updated at the same frequency as in iLOVECLIM (i.e., the ice-sheet extent remains fixed
234  at LGM conditions throughout the simulation). The two simulations also differ in their treatment
235 of freshwater fluxes from ice-sheet melting into the ocean. TRACE21k applies a scenario
236  specifically designed to reproduce abrupt deglaciation events, whereas in iLOVECLIM, we chose
237 to use simulations in which the release of freshwater fluxes is not considered, because when
238 freshwater fluxes are included, the Atlantic Meridional Overturning Circulation is no longer
239 active. Differences in both experimental protocols (TRACE21k and iLOVECLIM) lead to
240 discrepancies in the simulated evolution of atmospheric and oceanic temperatures by the
241 iLOVECLIM and CCSM3 models. Bouttes et al. (2023) also support this analysis, highlighting that
242 the use of different ice-sheet reconstructions results in differences in both the amplitude and
243 timing of the deglaciation. Moreover, the two simulations differ in their temporal resolution.
244  Indeed, iLOVECLIM provides annual outputs while TRACE21k provides data every 10 years.

245

246  We did not use the direct outputs from iLOVECLIM or TRACE21k to force GRISLI because we were
247 unable to construct a consistent ice sheet at the LGM with these two climate forcings. Instead,
248 we chose to build an index based on the outputs of the deglaciation experiments run with both
249 models. In this way, we obtain a spatially varying index computed at each grid point of the GRISLI
250 domain, allowing us to represent the dynamics of the local climate. This approach differs from
251 the classical method based on the use of an index derived from an ice core (Charbit et al., 2002;
252  Huybrechts et al., 2002; Quiquet et al., 2018), which imposes the same dynamics across the entire

253 domain.
254
255 The temporal climate indices ITiL/TR(t’ x,y) are defined as follows:
256
T; tx,y)-T; PLx,
257y (b%,y) = TiL;LTZ(i(r;M,z?y)—l;i:;;(m,?y) @
258

259 where Ty rg(t, x,y), Ty yrr(LGM, x,y) and Ty, ;rr(P1, x, y)represent respectively the values at
260 the point (x,y) of the atmospheric surface or oceanic 3D temperatures at the LGM and the PI
261 periods and at time t, calculated with the iLOVECLIM (iL) or TRACE21k (TR) simulation. The
262 atmospheric and oceanic indices range from 0 to 1, where 1 corresponds to LGM conditions and
263 0to Pl conditions. To prevent excessively large warming or cooling (for example, to prevent ocean
264 temperatures from falling below the freezing point), the index was constrained between -2 and
265 2. Because GRISLI corrects atmospheric temperatures using a lapse rate, we adjusted the surface
266 air temperatures simulated by iLOVECLIM and TRACE21k to sea level when calculating the
267 atmospheric index. This avoids to count twice the vertical temperature correction during our
268 simulations.
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269 2.2.3.2 Transient climate forcing derived from the climate index

270

271  To build an evolving climate along the last deglaciation, we generate transient atmospheric and
272  oceanic forcings using the ITiL/TR(t’ x,y) index between two climate snapshots, LGM and pre-

273 industrial, from the selected PMIP models. The surface atmospheric temperatures and ocean
274 temperatures at each oceanic level of the ocean column are then calculated at each time step as
275  follows:

276

2717 Tyrr (6xy) = T(PLxy) * (1 - ITiL/TR(t’ X, y)) + T(LGM, x,y) * ITiL/TR(t, x,y) (5)

278

279 where Ty g (t,x,y) is the temperature at time t at the point (x,y), T(Pl,x,y) and T(LGM,x,y) are
280 thetemperatures during the pre-industrial period and at the LGM simulated by the PMIP models.
281 The salinity and precipitation are calculated in the same way. For the ocean temperature, we also
282 set alower bound corresponding to the freezing point.

283

284 The evolution of the atmospheric and oceanic temperatures calculated by the PMIP3/PMIP4
285 models with the use of the iLOVECLIM and the TRACE21k indices from the LGM to 10 ka is shown
286 in Figures 2a and 2b. The main differences between the two indices is mainly due to discrepancies
287 between the iLOVECLIM and TRACE21k simulations, as described in Bouttes et al. (2023) and Liu
288 et al. (2009) respectively.

289

290 iLOVECLIM shows an earlier and more pronounced atmospheric warming compared to
291 TRACE21k, with a relatively gradual warming. In contrast, with TRACE21k, the temperature does
292 notrise before 17 ka and shows an abrupt increase at the time of the MWP1A, around 14 ka. The
293 earlier and larger warming in iLOVECLIM suggests a stronger atmospheric response during the
294 deglaciation. At the end of the deglaciation experiments, iLOVECLIM and TRACE21k show a
295 significant temperature difference of ~10°C. However, this difference gradually decreases around
296 8 ka (not shown) as iLOVECLIM simulates a cooling of atmospheric temperatures (Bouttes et al.,
297 2023) whereas TRACE21K remains stable (Liu et al., 2009). Similar differences are observed in
298 subsurface ocean temperatures. While both indices produce long-term warming, their temporal
299 evolution differs significantly. In the TRACE21k simulation, ocean temperatures start rising
300 around 14 ka, coinciding with the MWP1A. On the other hand, the iLOVECLIM simulation shows
301 agradual but steady warming beginning much earlier until 14ka and shows a temporary cooling
302 phase during the MWP1A. The difference between the two indices is likely due to whether or not
303 freshwater fluxes from ice sheet melt are considered, as explained above. At the end of the BKIS
304 deglaciation, both indices converge towards a similar evolution, with ocean temperatures rising
305 continuously.

306



https://doi.org/10.5194/egusphere-2026-1137
Preprint. Discussion started: 7 April 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

307 2.2.3 Climate forcing compared to reconstuctions

308

309 To assess the validity of the index method, we also compared our results with the reconstructions
310 available at the time the experiments were conducted. In Figure 2c, we plotted the evolution of
311 atmospheric temperature anomalies reconstructed thanks to data assimilation by Osman et al.
312 (2021) above the BKIS, along with the evolution of surface temperatures anomalies computed in
313 the same region using the index method (unlike in Figure 2a, here the atmospheric temperatures
314 are not adjusted to sea level in order to be compared with the reconstruction of Osman et al.,
315 2021). First, the atmospheric temperature anomaly reconstructed by Osman et al. (2021) appears
316 relatively constant between 21 and 17 ka, following a similar evolution as that calculated using
317 the TRACE21k index. A strong warming is then observed in the reconstructions from 17 ka
318 onward, reaching the same anomaly values as those calculated with the iLOVECLIM index from
319 ~16 ka. Finally, at 10 ka, a difference of ~5°C is found between the reconstructions and the
320 atmospheric temperatures reconstructed with iLOVECLIM, whereas the TRACE21k-based
321 temperatures underestimate the warming by more than 10°C compared to the reconstructions.
322 Overall, atmospheric temperatures calculated with the iLOVECLIM index appear to overestimate
323 the warming at the onset of deglaciation (21-15 ka), whereas those calculated with TRACE21k
324 show an underestimation from 17 ka to 10 ka.

325

326 We also compared the evolution of subsurface ocean temperature anomalies with those
327 reconstructed from the MDO01-2461 (Peck, 2016) sediment core, located off the present-day
328  British coast (Fig. 2d). Although the sediment core is not located exactly within the BKIS region,
329 it provides valuable information on North Atlantic oceanic variability during the deglaciation. The
330 reconstructions show a cooling between 21 and 17 ka, consistently with the subsurface
331 temperatures calculated using the TRACE21k index. This cooling is followed by a strong warming
332 at 17 ka. Between 15.5 and 13, the reconstructed temperature anomalies follow a similar trend
333 to that derived from the iLOVECLIM index. By 10 ka, all three curves converge toward the same
334 temperature anomaly. In contrast, the reconstructions exhibit greater temporal variability,
335 particularly when compared with the temperatures derived from the iLOVECLIM index.

336

10
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337
338  Figure2: a: Evolution of the PMIP3/PMIP4 multi-model mean atmospheric temperature at sea level over

339 the BKIS region, in the domain defined using the icemask from DATED1 at 21ka, computed using the
340 iLOVECLIM (blue) or TRACE21k (brown) climate indices. b: Evolution of the PMIP3/PMIP4 multi-model
341 mean ocean temperature in the Barents Sea, averaged over depths between 200 and 750 m, computed
342  using the iLOVECLIM (blue) or TRACE21k (brown) climate indices. c: Evolution of the PMIP3/PMIP4 multi-
343  model mean atmospheric temperature anomalies over the BKIS region, computed using the iLOVECLIM
344  (blue) or TRACE21k (brown) climate indices. The white curve shows atmospheric temperature anomalies
345  over the BKIS region derived from data assimilation (Osman et al., 2021). d: Evolution of the PMIP3/PMIP4
346  multi-model mean ocean temperature anomalies in the Greenland Sea, averaged over depths between
347 100 and 200 m, computed using the iLOVECLIM (blue) or TRACE21k (brown) climate indices. The white
348  curve shows subsurface ocean temperature anomalies at 150 m depth derived from a sediment core
349 located off the present-day British coast (Peck, 2016). In the 4 panels, the shaded areas indicate the
350 standard deviation across the five PMIP3/PMIP4 models.

351 2.4 Experimental setup

352 We performed 5 spin-up experiments over 100,000 years, forced by a constant LGM
353 climate coming from the 5 selected GCMs. The simulations start from an ice-free state with the
354 eustatic sea-level set at 120 m below the present one and the initial bedrock topography is based
355 on the present-day ETOPO1 dataset (Amante, 2009).

356
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Then, we conducted 10 reference simulations of the BKIS deglaciation (21 to 10 ka), one for each
climatic index applied to the climates simulated by the five GCMs (see Table S5), by varying sea
level according to the reconstructions of Waelbroeck et al. (2002).

To assess the relative contributions of atmospheric and oceanic forcings and to investigate the
role of mechanical instabilities, we conducted four additional sets of experiments, each designed
to isolate specific processes forced by the iLOVECLIM index.

1. In the first series of experiments, we fixed the atmospheric temperatures at their LGM
values while allowing ocean temperatures to vary, thus removing any atmospheric
influence on the ice-sheet evolution (DEGLA-ATM-LGM). This provides a baseline to
isolate the specific impact of oceanic forcing.

2. In the second series of experiments (DEGLA-NOBMELT), basal melting beneath the ice
shelves was set to zero, eliminating ocean-induced melting. Here, atmospheric conditions
were allowed to vary following the iLOVECLIM index.

3. We conducted a third series of experiments, DEGLA-NOBMELT-NOGL, in which we set the
basal melting to zero and removed the analytical parameterization of grounding line flux
(Tsai et al., 2015). This formulation can induce strong grounding line retreat, particularly
over retrograde bed slopes such as those commonly found beneath BKIS (Amante et al.,
2009, see Fig. S1), by amplifying the flux with increasing ice thickness. By eliminating this
parameterization, we artificially reduce such flux-driven instabilities, and we isolate the
role of oceanic forcing in our experiments.

4. However, even in the absence of sub-shelf melting or explicit ice flux at the grounding
line, the ocean has an impact on the ice sheet simply because of flotation. Notably,
switching from grounded to floating ice produces a strong change in the basal friction and
therefore in the ice dynamics. For this reason, in the last series of experiments, we
conducted a series of idealized experiments (DEGLA-NOSL), in which grounding line
migration was entirely cancelled by imposing an artificially low sea level of -1000 m
relative to present-day. As this sea level is far below the bedrock across the domain, no
floating points remains. This allows to eliminate basal melt, the ice flux at the grounding
line and calving.

5. To assess the potential for abrupt and irreversible retreat of the BKIS, we conducted a set
of sensitivity experiments in which atmospheric temperatures and sea level were held
constant at selected stages of the deglaciation (15.5, 15, 14.5, and 14 ka), while oceanic
forcing remained fixed at its LGM state. For each experiment, once the target age was
reached, the atmospheric climate index was fixed until the end of the simulation. This
design allows us to isolate the impact of atmospheric warming on ice-sheet dynamics.

6. Finally, to test the sensitivity of the chosen basal melting parameterization, we run an
additional sensitivity experiment following the DEGLA-ATM-LGM design, but with
amplified basal melting at the grounding line.
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397 For these six new series of experiments, the initial state is the same as in the reference
398 simulations and we allow the ice sheet to calve when the relevant conditions are met (i.e. when
399 ice thickness becomes less than 250m, see section 2.1). The objective of these experiments is to
400 highlight the respective roles of atmospheric warming, basal melting beneath ice shelves,
401 grounding line flux, and grounding line retreat due to flotation in the retreat of the BKIS during
402 the last deglaciation.

403

404 3 Results

405 3.1 Ice sheet geometry at the LGM

406 The DATED-1 database (Hughes et al., 2016) provides a comprehensive collection of dated
407 climate archives allowing the reconstruction of the BKIS extent every 1,000 years from 25 to 10
408 ka. The GLAC-1D (Tarasov et al., 2014, Abe-Ouchi et al., 2015) and ICE-6G_C reconstructions,
409 based on an inverse modeling approach constrained by GPS data, relative sea level, and
410 geomorphological evidence, provide ice extent and ice-sheet topography for at least 21 ka (Fig.
411  S4).Forthe remainder of the study, we use the DATED-1 dataset to compare simulated ice extent.
412  We also use the GLAC-1D and ICE-6G_C reconstructions to assess ice volume evolution. A detailed
413 comparison of the spin-up simulations with these reconstructions is provided in the Supplement
414  (Fig. S2).

415 3.2 Ice sheet geometry during the last deglaciation (21ka to 10ka)

416  For simulations forced with the iLOVECLIM index, the ice volume shows a continuous retreat
417 between 21 and ~12 ka (depending on the PMIP model used to force GRISLI), with a marked
418 acceleration of ice loss from ~14 ka onward (see Fig. 3a). This phase corresponds to a loss of
419 about 40% of the total ice mass over 500 years, equivalent to a SLE of ~3 m over the same period.
420 This rapid retreat is of the same order of magnitude as that inferred by Brendryen et al. (2020)
421  from analyses of marine sediment cores. The diminution of ice volume along the deglaciation is
422 broadly consistent with the ICE-6G_C reconstruction and with GLAC1D, except for a slight
423 disagreement at the onset of deglaciation, where GLAC1D indicates a temporary increase in ice
424  volume. Regarding ice-sheet extent, the simulations show a similar pattern, with a steady
425 decrease followed by an accelerated decline from 14 ka. The evolution of ice extent generally
426  matches the trends of the DATED-1 and GLAC1D reconstructions, which also show an accelerated
427 retreat around 14 ka, with a reduction of about 50% of the ice extent over a few centuries. In
428 contrast, the ICE-6G_C reconstruction displays a constant decrease in ice extent from 21 to 14
429 ka, followed by a period of stabilization between 14 and 11 ka, and then a rapid retreat between
430 11 and 10 ka.

431

432  Simulations using the TRACE21k index, by contrast, fail to reproduce the observed deglaciation
433  patterns, mainly due to the delayed warming (see figure 2).

434
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436  Figure 3: a: Multi-model mean of the ice thickness loss in the BKIS region relative to the ice thickness of
437  the LGM ice sheet, using the iLOVECLIM index (0% indicate 100% ice loss) compared to the GLAC1D (black)
438 and ICE-6G_C (white) reconstructions. The label in the y axis is the loss of ice volume relative to its initial
439  volume. b: Same as a, but with the TRACE21k index. The shaded area corresponds to the standard deviation
440  of the ice volume between the 5 GCMs. c: same as a but for the ice extent compared to GLAC1D (black),
441 ICE-6G_C (white) and DATED1 (grey) reconstructions. The blue shaded area corresponds to the standard
442  deviation of the ice area between the 5 GCMs and the grey shaded area corresponds to the min and max
443  DATEDI1 scenario. d: same as b but for the ice extent.

444

445 When examining in more detail the BKIS retreat at the scale of the ice sheet, we observe that, in
446 the eastern part of BKIS, the evolution of the simulated ice extent is delayed compared to the
447 DATED-1 reconstructions (Fig. 4), whatever the choice of the climatic index. The mismatch
448 between our GRISLI simulations and the reconstructions could partly be explained, by the fact
449 that the initial states we built (see Fig. S3) overestimate the ice extent in this region. which
450 consequently leads to a delayed retreat of the ice sheet during deglaciation. This overestimated
451 ice extent may be attributed to the climate forcings derived from PMIP simulations. In particular,
452 the ice-sheet reconstructions used as boundary conditions in GCM simulations can imprint an
453 enhanced regional cooling that favors ice expansion in the GRISLI simulations. This effect may
454  also be amplified by the projection of the ice-sheet reconstructions onto the coarser GCM grid,
455  which can artificially spread the ice-sheet mask and therefore produce a cooling signal that is too
456  spatially extended.
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457  Conversely, in the Bjgrngyrenna region, simulations performed with the iLOVECLIM index show
458 a retreat starting between 18 and 16 ka, consistent with DATED-1. Except for the Svalbard and
459  Primorsky regions (i.e., the areas above sea level; see Fig. S1b), for simulations forced by the
460 iLVOECLIM index, melting ends around 12 ka in all simulations, except for the one forced by
461 MIROC-ESM, whereas reconstructions indicate complete melting around 14 ka (see Fig. S5). This
462  discrepancy is likely due to the large surface temperature anomaly simulated by MIROC-ESM (see
463  Fig. 1).

464

465 Our simulations consistently show that BKIS deglaciation generally begins in regions in contact
466  with the ocean, such as the Bjgrngyrenna and Svyataya Anna ice streams (Figs. 4, S1 and S5),
467 where some confined ice shelves emerge due to the geographic configuration. This pattern
468 suggests that oceanic processes may play a major role in controlling the dynamics of the BKIS in
469 line with previous studies (Petrini et al., 2020; Alvarez-Solas et al., 2019). Because of this, we
470 explore in the following sections the processes behind this retreat by examining the respective

471  effects of the ocean, atmosphere, and other physical mechanisms.
-21000 -18000 -16000 -15000 -14000 -12000

472
473  Figure 4: Top: The blue shape represents the ice extent provided by the max scenario of DATED-1 at

474  different time periods and the green shape to the min scenario. The black lines show the maximum ice
475  extent from the 5 references simulations performed with TRACE21k and the white line the minimum ice
476  extent at each time step. down: same as up but for iLOVECLIM index

477

478 3.3 Atmospheric forcing, oceanic forcing?

479

480 All the experiments presented in this section are based on the iLOVECLIM index, as it

481 offers a better agreement with the reconstructions when used in the GRISLI reference
482 simulations. In the following, we only present the results obtained with the MPI-ESM1.2 GCM
483 forcing, as it simulates the most consistent LGM ice volume and extent with the reconstructions
484  when used to force GRISLI (Figs S2-S3). Results obtained with the other GCMs are available in the
485 Supplement (Figs S8-S11).

486

487  Figures 5a and 5b show the ice thickness of grounded ice and ice shelves at different key dates
488 for the reference and the DEGLA-ATM-LGM (i.e. atmospheric temperatures fixed to their LGM
489 values) simulations. In the absence of atmospheric warming after the LGM, no significant ice-
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490 sheet retreat is simulated. Our results suggest that the increase in ocean temperatures alone is
491 not sufficient to trigger the retreat of BKIS, highlighting the crucial role of atmospheric warming
492 ininitiating the BKIS deglaciation (van Aalderen et al., 2024).

493

494  The main difference between the results of the reference and DEGLA-NOBMELT (no basal melting
495 under the ice shelves) experiments lies in the extent of the ice shelves (Figs. 5a, 5c). As expected,
496 as atmospheric temperatures rise, some confined ice shelves appear, and due to the absence of
497 basal melting, the simulated ice shelves extend farther throughout the deglaciation compare to
498 the reference simulation. This larger extent enhances the buttressing effect which reduces the
499 ice flux at the grounding line with respect to the reference experiment hence increases upstream
500 grounded ice thickness. While the buttressing effect seems to have only a moderate influence on
501 the position of the grounding line at the beginning of the deglaciation, the effect begin to be
502 clearly visible between 14 ka and 13.5 ka. Compared to the reference simulation, the total ice
503 loss at 13.5 ka is reduced by about 10% relative to the reference ice volume at the same date.
504

505 Moreover, when the ice flux at the grounding line is ignored (Tsai et al., 2015, DEGLA-NOBMELT-
506 NOGL), the grounding line retreat is further delayed compared to DEGLA-NOBMELT (Figs. 5a, 5d).
507 This emphasizes the sensitivity of grounding line dynamics to this prescribed flux. Compared to
508 the reference simulation, in this experiment, the ice loss is reduced by about 17% at 13.5 ka
509 relative to the initial ice volume. Finally, by fully eliminating the ocean’s influence (DEGLA-NOSL),
510 we observe an even more pronounced delay in the retreat of the BKIS compared to both DEGLA-
511 NOBMELT and DEGLA-NOBMELT-NOGL (Fig. 5e), underscoring the critical role of the transition
512 from grounded to floating ice in controlling marine-based ice sheet deglaciation dynamics (see
513  Figs. 5a and 5e). In this case, at 13.5 ka, the ice loss is reduced by about 45% relative compared
514 to the reference.

515

516 Consequently, this set of experiments highlights the primary role of variations in atmospheric
517 conditions in triggering the abrupt retreat of the marine sector of BKIS. However, unlike van
518 Aalderen et al. (2024), we also emphasize the indirect role of the ocean, notably the significant
519 impact of the transition from grounded to floating ice, as well as the crucial influence of the ice
520 flux at the grounding line, which plays a key role in controlling the dynamics of the marine sector
521 retreat of BKIS.

522
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523
524  Figure 5: Ice thickness (in meters) of grounded ice (blue shaded areas) and ice shelves (pink shaded areas)

525  at different time steps using the iLOVECLIM index, the MPI-ESM1.2 forcing and ,,;, = 10 Pa.s.m™ for the
526 reference (a), b: the DEGLA-ATM-LGM, c: DEGLA-NOBMELT; d: DEGLA-NOBMELT-NOGL and e: DEGLA-
527  NOSL.

528 3.4 MISI-driven retreat of the BKIS

529 We have previously shown that, in our simulations, the BKIS retreat exhibits a strong acceleration
530 starting around 14.5 ka (Fig. 3) and demonstrated that grounding line migration plays an
531 important role in driving the BKIS retreat. This raises the question as to whether this behaviour
532 could be associated with a rapid and an irreversible retreat driven by a mechanical instability,
533 more specifically by a MISI.

534 We performed sensitivity experiments to test whether the BKIS can undergo an abrupt and
535 irreversible retreat. Atmospheric temperature and sea level were fixed at key deglaciation stages
536 (15.5, 15, 14.5 and 14 ka), while ocean forcing was kept at its LGM state. This setup, applied
537 across five GCMs using the iLOVECLIM index, isolates the role of atmospheric warming and
538 assesses its ability to trigger a MISI.

539 Figure 6a shows the evolution of the atmospheric index through time for the different
540 simulations. It clearly illustrates that the atmospheric forcing warms during the deglaciation (i.e.,
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541 the closer the index is to 0, the closer the climate is to an interglacial state). Once the key date is
542  reached, the climate becomes constant over time.

543 The simulated ice volume evolution (Fig. 6b) reveals different responses depending on the date
544  on which the climate stabilises. When atmospheric warming is halted at 15.5 ka, the increase in
545 surface melt is insufficient to trigger an abrupt retreat of the BKIS. Although ice loss continues,
546 mainly due to the temperature-elevation feedback, the response remains moderate and no large-
547  scale destabilization occurs.

548 In contrast, when the atmospheric index is stabilized at 15 ka, 14.5 ka, or 14 ka, a rapid and
549 substantial ice volume loss is simulated, despite the absence of further atmospheric warming.
550 This indicates that BKIS has already crossed a critical threshold prior to stabilization and ice
551 retreat therefore continues under constant climatic conditions. Compared with the reference
552  simulation, where the ice sheet has completely retreated around 12 ka, approximately 1/3 of the
553 total ice volume remains in the stabilization experiments. This residual ice is primarily located in
554  regions situated above sea level, such as Svalbard and Primorsky regions which are less sensitive
555  to marine ice instability.

556 The contrast between the 15.5 ka experiment and the other stabilization experiments suggests
557 the existence of a critical SMB threshold. When atmospheric warming is halted at 15.5 ka, this
558 threshold has not yet been exceeded, and BKIS does not exhibit instability behaviour. However,
559 inthe experiments stabilized at 15 ka or later, the BKIS is already unstable, and ice loss continues
560 forthe rest of the deglaciation. These results show that once a critical SMIB threshold is exceeded,
561 the BKIS retreat becomes abrupt and irreversible.

562 However, this abrupt retreat could be due to a marine instability or to the elevation-temperature
563 feedbacks. To tackle this question, we performed an extra experiment. This experiment follows
564 exactly the same protocol as the simulation stabilized at 14.5 ka, except that the lapse rate is set
565 to 0 °C km™ (instead of 7 °C km™) once the stabilization date is reached. This allows to hold
566 constant the atmospheric temperature. We show that, even without this elevation-temperature
567 feedback, the ice sheet still undergoes a substantial retreat, but smaller than in the simulation
568 with a lapse rate set to 7 °C km™ (see Fig. 6b). This suggests that the process in the BKIS retreat
569 is driven by the MISI, with the elevation-temperature feedback amplifying the marine instability.
570 Inthis scenario, the initial increase in atmospheric temperatures triggers a marine instability. This
571 instability leads to ice thinning, which in turn amplifies local atmospheric temperatures through
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the elevation—temperature feedback, accelerating the marine instability and sustaining further
abrupt retreat.
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Figure 6: a: Evolution of the atmospheric index over time for the different stabilized experiments. b:
Evolution of the BKIS ice volume for the different stabilized experiments averaged over the 5 GMCs, using
the iLOVECLIM index. Solid lines represent simulations with a lapse rate of 7 °C km~ throughout, while
dashed lines show simulations where the lapse rate is 7 °C km™ between —21 and 14.5 ka, then set to
0 °C km™ until the end of the simulation.

Then, to quantify the roles of the marine instability and SMB changes in the BKIS retreat, we
conducted an analysis of the deglaciation of the Bjgrngyrenna region using the reference
experiment forced by MPI-ESM1.2 and the iLOVELCIM index (DEGLA-MPI1.2-iLOVECLIM-10). To
do so, we plotted the respective contributions of SMBB (the sum between surface mass balance
and basal melting; see Eg. 1) and dynamic processes (represented by the ice flux divergence
V(UH) in Eg. 1) to the variation in ice thickness at the onset of a significant ice stream retreat (i.e.,
between 14.5 and 14 ka, Fig. 7).

The simulation shows a significant decrease in ice thickness in the BKIS region, with mean values
of the ice thickness variation greater than 600m between 14.5 and 14ka (Fig. 7a). SMBB
contributes only marginally to the total ice loss, with values less than 100m (Fig. 7a). In contrast,
dynamic processes are responsible for a loss of more than 600m in 500 years (Fig. 7a), particularly
in the interior of the ice sheet, where the SMBB is positive. This illustrates a noticeable
acceleration of the ice flow triggered by the dynamical processes which propagates upstream. In
the interior of the BKIS region, AH has the same pattern as -V(UH), meaning that the dynamical
loss is the primary cause of the decrease in ice thickness. These results show that the increase in
atmospheric temperatures put BKIS in a state where dynamical processes can occurs, primarily
leading to the melting of the marine part of BKIS. The mechanism can be explained as follows:
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599 atmospheric warming reduces ice thickness near the grounding line, making the ice to float and
600 triggering the retreat of the grounding line. Since the underlying bedrock has a retrograde slope
601 (see Fig. S1b), the retreat of the ice towards the interior of the ice sheet enhances the ice flux at
602 the grounding line, causing a further retreat and resulting in a self-sustained and accelerated ice
603 sheet collapse. The sequence of these processes suggested by our results is consistent with a
604  MISI mechanism initiated by the atmospheric warming and leading to the retreat of BKIS.

605

606 To assess whether BKIS retreat is amplified by a MISI, we performed the same analysis for the
607 DEGLA-NOSL simulation, in which the ocean’s influence is fully removed. By completely
608 suppressing ocean forcing, we also eliminate the mechanical instability associated with the MISI.
609 Figure 7b presents the analysis of the different components (SMBB and dynamical processes) at
610 several key time steps and shows a clear delay in deglaciation compared to the reference
611 simulation (Fig. 7a). In this case, when the oceanic influence is entirely removed, the BKIS retreat
612 s largely delayed compared to the reference simulation, thereby highlighting the major role of
613 the MISI in driving BKIS retreat in the reference experiments.

614

615 In the end, the stabilized experiments, combined with the updated analysis of the various
616 processes, demonstrated that the BKIS retreat is both abrupt and irreversible (on the deglaciation
617 timescale). Our results indicate that this behaviour is primarily controlled by a MISI, whereby
618 grounding line retreat triggers a positive feedback, with the elevation—temperature feedback
619 further amplifying the retreat. This mechanism leads to accelerated ice loss once a critical
620 threshold is crossed (between 15ka and 14.5ka in our simulations). These findings provide
621 evidence that the rapid retreat of the BKIS is mechanically driven, rather than solely forced by
622 climate variations.
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624 Figure 7: a: Respective roles of SMBB versus ice dynamics for the DEGLA-MPI1.2-iLOVECLIM

625 experiment between 14.5ka and 14 ka. left/ Variation in ice thickness (in m yr-1) middle/ variation
626 in SMEE (= SMPB-bmelt) and right/ integral of the opposite of the divergence (i.e. convergence)
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627  of the ice flux: negative values correspond to a divergence of the ice flux and thus to ice loss
628 caused by dynamical processes. b: same as a but for the DEGLA-NOSL experiment between 14ka
629 and 13.5ka.

630 4 Discussions

631 For comparison with the previous study by van Aalderen et al. (2024), we reconstructed evolving
632 climate scenarios reproducing the observed dynamics of the ice volume loss and ice extent during
633 the last deglaciation, and we also performed simulations designed to identify the respective
634 contributions of climate and dynamical processes. In addition, we carried out new experiments
635 specifically designed to demonstrate the abrupt and irreversible retreat of BKIS. These
636 simulations go beyond the previous study, providing a more realistic and detailed assessment of
637 the processes driving the BKIS deglaciation. As a result, they allow us to identify mechanisms of
638 the ice sheet that were not captured in van Aalderen et al. (2024), offering significant new
639 insights into the BKIS behavior during the last deglaciation.

640

641 These new experiments allow us to highlight the dominant role of atmospheric forcing in driving
642 the BKIS retreat at the onset of the deglaciation, while showing that oceanic temperatures play
643 a much more limited role to trigger the retreat of the ice sheet. The weak sensitivity of BKIS to
644 oceanic temperatures at the onset of deglaciation is likely due to the limited extent of confined
645 ice shelves in our simulations. It is worth considering whether the initial LGM configuration of
646 the BKIS underestimates the extent of confined ice shelves, particularly in the Bjgrngyrenna
647 region. However, ice sheet reconstructions (DATED-1, ICE-6G_C, and GLAC-1D) indicate that
648 confined ice shelves were indeed very limited at the LGM (see Fig. S4). This can be explained by
649 the region’s geographical configuration, and notably by the abrupt transition between the
650 continental shelf and the deep ocean basin between Norway and Svalbard (see Fig. S1b). As a
651 result, the ice sheet was fully grounded on the continental shelf at the LGM, both in our
652 simulations and in the reconstructions. Consequently, at the start of deglaciation, BKIS had very
653 few confined ice shelves, minimizing its sensitivity to oceanic forcing. According to our
654 simulations, the atmospheric warming triggered an initial retreat of the grounding line in the
655 Bjgrngyrenna region, leading to the formation of confined ice shelves and increased the ice
656 sheet’s sensitivity to oceanic conditions. However, the relatively coarse resolution of GRISLI (20
657  km x 20 km) may limit the representation of small confined ice shelves, potentially leading to an
658 underestimation of the ocean’s impact. Higher-resolution simulations would allow a more
659 accurate assessment of the formation of such confined ice shelves and help determine whether,
660 if present, they significantly influence BKIS dynamics.

661

662 Our relatively weak sensitivity of the BKIS to oceanic warming contrasts with previous modeling
663 studies (Petrini et al.,, 2020; Alvarez-Solas et al., 2019). Differences in basal melting
664 parameterization between ice-sheet initialization and deglaciation experiments in those studies
665 may partly explain the stronger ocean-driven retreat reported in these studies as explained in
666 van Aalderen et al. (2024). In the present work, besides applying a consistent basal melting
667 parameterization between the equilibrium initialization and the deglaciation simulations, we
668 performed experiments in which atmospheric and oceanic perturbations were imposed
669 separately (see Fig. 5). This experimental design allows a clearer identification of the processes
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670 controlling BKIS retreat, in contrast to Petrini et al. (2020) where both forcings were varied
671 simultaneously. However, it is well established that increasing ocean temperatures can have a
672 significant impact on marine-based ice sheets (Pritchard et al., 2012), and the choice of basal
673 melt parameterization may affect the ice sheet sensitivity to oceanic variations (Burgard et al.,
674 2022). Moreover, the selected PMIP model may simulate a too slow ocean warming to
675 significantly enhance the BKIS retreat. To test whether our results might be influenced by the
676 basal melt parameterization or by the PMIP ocean temperature forcing, we conducted additional
677 simulations in which ocean temperatures were artificially increased by 10 °C (see Fig. S12),
678 producing basal melt rates at the grounding line in the Bjgrngyrenna region on the order of 30 m
679 yr™, and consequently approaching the upper theoretical basal melt limit highlighted in Favier et
680 al. (2019). Despite this substantial increase, no significant retreat occurred during the
681 deglaciation, further supporting the conclusion that atmospheric warming is the primary driver
682  of grounding line instability in our simulations (Fig. S12).

683

684 Moreover, basal friction between the ice sheet and the bedrock is a poorly constrained
685 parameter. As a result, it may be underestimated in our configuration, which could influence the
686 simulated sensitivity of the BKIS to climatic variations. Consequently, to assess the ice sheet's
687 sensitivity to basal friction, we performed additional simulations using different values for the
688 lower bound of the friction coefficient. In addition to 8,,;, = 10 Pa.s.m™* we conducted the same
689 reference experiment with B,,;, =50 or 100 Pa.s.m™ (see Figs. S2, S3, S6 and S7). Increasing the
690 lower bound of the basal friction coefficient reduces ice sliding over the bedrock. Overall, the
691 results indicate that basal friction has only a limited impact on the BKIS dynamics, as these
692 additional simulations exhibit the same behavior than the references simulations.

693

694 Constructing the initial states through an equilibrium experiment forced by a LGM climate can
695 also influence the simulated retreat dynamics of the BKIS. Unlike a simulated ice sheet evolving,
696 transiently over long timescales, an ice sheet equilibrated under an LGM climate tends to develop
697 ageometry fully adjusted to cold climatic conditions. This can lead, among other things, to a more
698 pronounced glacio-isostatic depression of the bedrock and warm bias. Both effects are likely to
699 modify grounding line stability and, consequently, the sensitivity of the ice sheet to MISI during
700 deglaciation. However, as shown in van Aalderen et al. (2024), the use of initial states constructed
701  with a transient method does not lead to any major differences in the response of the BKIS to
702 variations in both atmospheric and oceanic conditions.

703

704  Another source of uncertainty concerns the absence of hydrofracturing in GRISLI. This process
705 has been shown to play potentially an important role in the destabilization of ice shelves and the
706 deglaciation of marine ice sheets (DeConto and Pollard 2016, Goffin et al.,, 2025). Its
707 implementation in our modeling framework would likely amplify ice retreat in response to
708 atmospheric warming, thereby reinforcing our conclusion that atmospheric temperatures were
709 the primary driver of BKIS retreat.

710

711  The representation of glacio-isostatic adjustment (GIA) in our simulations could also bring some
712 uncertainties. In GRISLI, bedrock deformation is computed using an Elastic Lithosphere—Relaxed
713 Asthenosphere (ELRA) model with a relaxation time of 3 kyr. However, regional studies suggest
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714  that longer relaxation times may be more appropriate in some areas. For example, analyses of
715 the Angermanland relative sea-level record indicate decay times with a 2o lower bound above 4
716 kyr (Nordmann et al., 2015). A longer relaxation time would delay the bedrock uplift following
717 ice retreat and therefore reduce the attenuation of retrograde bed slopes during deglaciation. In
718 such a case, the grounding line would remain longer on retrograde slopes, which could enhance
719 retreat through MISI. Therefore, using a longer relaxation time would likely favor a stronger
720 retreat of the BKIS and would not contradict the mechanisms highlighted in our simulations.

721

722  Finally, Brendryen et al. (2020) conclude, based on marine sediment core, that several
723 mechanisms played a key role in the BKIS retreat, including surface melting, temperature—
724  elevation feedback and MISI. They suggest that the BKIS retreat was likely triggered by a rapid
725 increase in subsurface temperatures occurring shortly before MWP-1A, while atmospheric
726 temperatures appear to have remained constant. Our simulations forced by the iLOVECLIM index
727  align with the deglaciation timing proposed by Brendryen et al. (2020), showing a decrease in ice
728 volume equivalent to about 3 m of sea level in just 500 years. Moreover, our results broadly
729 support the mechanisms suggested by these authors, except for the triggering mechanisms of
730 the rapid BKIS retreat around 15 ka, which, in our simulations, is mainly caused by an increase in
731 atmospheric temperatures. These new, partially contradictory results raise several questions: is
732 the oceanic forcing used to drive GRISLI truly representative of the conditions at the start of
733  deglaciation? Is the subsurface warming before the MWP-1A, as mentioned by Brendryen et al.
734 (2020), sufficient on its own to trigger the retreat of the BKIS? We encourage future studies to
735 addressthese questions in order to better constrain the relative roles of atmospheric and oceanic
736 forcing in driving the BKIS retreat.

737

738 5. Concluding remarks

739 Using different climatic forcings as inputs to the GRISLI ice-sheet model combined with an
740 evolving climatology, and by varying basal sliding-law parameters, we investigated the
741 mechanisms responsible for the retreat of the BKIS. Removing basal melting beneath ice shelves
742  enhanced the buttressing effect and reduced grounding line ice flux, lowering total ice loss by
743 ~10%. Suppressing the analytical ice flux at the grounding line further delayed retreat, reducing
744 ice loss by 17%, while fully disabling flotation led to a 45% reduction. Each of this steps
745 progressively slowed the grounding line retreat, highlighting the critical role of oceanic processes
746 in BKIS deglaciation. Our simulations also show that BKIS retreat was abrupt and largely
747 irreversible, with a marked acceleration between 15 and 14.5 ka, indicating a rapid transition
748 once destabilization conditions were met. Moreover, we show that these marine ice sheet
749 instabilities were initiated by rising atmospheric temperatures and later amplified by the
750 elevation—temperature feedback, rather than by direct ocean warming, suggesting a strong
751 coupling between atmospheric forcing and ice sheet dynamics.

752

753  While oceanic temperatures are not the main trigger of the BKIS retreat in our simulations, we
754  corroborate previous studies on the essential role of the ocean in sustaining retreat through the
755  MISI mechanism. This study further highlights that other factors, especially atmospheric
756 warming, can initiate MISI, emphasizing the need for a more integrated approach in future
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757 marine ice sheet modeling. In particular, while basal melting beneath ice shelves remains the
758 dominant driver of the retreat of the West Antarctic Ice Sheet retreat, the influence of rising
759 atmospheric temperatures in the future should be carefully considered, as they may play a
760 decisive role in triggering instabilities. Overall, our results underline the importance of jointly
761 considering oceanic and atmospheric forcings to fully understand past and future marine ice
762  sheet behavior.
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