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Abstract. Relative sea level (local water depth) on the Antarctic continental shelf is changing by the complex interplay of
processes associated with Glacial Isostatic Adjustment (GIA). This involves near-field visco-elastic bedrock displacement and
self-gravitational effects in response to changes in Antarctic ice load, but also far-field interhemispheric effects on the sea-
level pattern. On glacial time scales, these changes can be in the order of several hundred meters, modulating the access of
ocean water masses at different depths to Antarctic grounding lines. Our study shows, that due to strong vertical gradients in
ocean temperature and salinity at the continental shelf margin, basal melt rates of ice shelves can change significantly just by
variations in relative sea level alone. Based on coupled ice sheet—GIA model experiments and the analysis of topographic
features such as troughs and sills that regulate the access of open ocean water masses onto the continental shelf (oceanic
gateways), we derive maximum estimates of Antarctic basal melt rate changes, solely driven by relative sea-level variations.
Under Last Glacial Maximum sea-level conditions, this effect would lead to a substantial decrease of present-day sub-shelf
melt rates in East Antarctica, while the strong subsidence of bedrock in West Antarctica can lead up to a doubling of basal
melt rates. For a hypothetical globally ice-free sea-level scenario, which would lead to a global mean (barystatic) sea-level
rise of around +70 m, sub-shelf melt rates for a present-day ice sheet geometry can more than double in East Antarctica, but
can also decrease substantially, where bedrock uplift dominates. Also for projected sea-level changes at the year 2300 we find

maximum possible changes of 20 % in sub-shelf melt rates, as a consequence of relative sea-level changes only.

1 Introduction

Global-mean sea level (GMSL) varies on glacial-interglacial time scales in the order of 100 m depending on the density of
ocean water (steric effects) and the total ocean area, which is determined by the mass redistribution between ocean and land
(e.g. by ice sheet changes; Miller et al., 2020; Horwath et al., 2022). The latter component is also referred to as barystatic
sea-level change (Gregory et al., 2019), and is the dominant component of GMSL changes since the Last Glacial Maximum
(LGM, ca. 21kyr BP; Gebbie, 2020). The global distribution of the sea level aligns according to an equipotential surface, also
called the geoid (Gregory et al., 2019), which is determined by the gravity field of ice, water and the Earth’s mantle material,

with a feedback on Earth’s rotation. Variations of sea-level height through ocean currents and winds are not covered by the
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geoid definition. The relative sea level (RSL) is the depth of the water column, hence the vertical distance between the geoid
and the ocean bathymetry (or when negative, the land surface elevation above the geoid), and it can change through several

processes:

1. Changes in ice masses affect the volume and area of the global ocean, leading to a globally distributed, barystatic shift

of the geoid height.

2. The mass redistribution between ice and ocean also affects the Earth’s rotational axis, such that the global sea-level

pattern adjusts to the change in centrifugal acceleration.

3. The gravitational force exerted by ice masses on the surrounding ocean masses leads to variations in local geoid height

near ice sheets when there is a gain or loss of ice mass.

4. Changes in load have deformational (visco-elastic) effects on the solid Earth, leading to subsidence or uplift of the
underlying bedrock topography. This causes a horizontal flux of mantle material as well as an elastic response of the
lithosphere. The reverse signal in RSL, which occurs in the vicinity with smaller magnitude is called a ‘forebulge’.
Depending on the local mantle viscosity and lithosphere thickness, this visco-elastic process can induce vertical changes

of hundreds of meters.

These mechanisms act on different spatial and temporal scales, i.e. almost instantaneous in case of of rotational and gravita-
tional effects, whereas bedrock deformation can take several millennia to unfold. All of the mentioned mechanisms are covered
by the Glacial Isostatic Adjustment theory (GIA; Farrell and Clark, 1976; Whitehouse, 2018). Global mean sea level is also
influenced by thermosteric effects through changes in ocean water temperature, but this effect is comparably small on glacial

time scales.

During the Last Glacial Maximum, GMSL was about 125-134 m lower than today, mainly due to the greater extent of
northern hemisphere ice sheets (Yokoyama et al., 2018; Lambeck et al., 2014). Grounded ice in Antarctica reached close to
the continental-shelf break in many locations during LGM (Bentley et al., 2014) and holding up to 20 m sea-level equivalent
more ice, according to the literature review in Albrecht et al. (2020b, Fig. 11b). Today’s configuration of the Antarctic Ice
Sheet (AIS) still holds enough ice to raise GMSL by approx. 58 m if melted completely (neglecting isostatic or thermal effects;
Morlighem et al., 2020). Considering all land-based ice on Earth, including the Greenland Ice Sheet and mountain glaciers,
this number increases to approx. 66 m (IPCC AR6 WG1 Ch. 2.3.3.3, Gulev et al., 2021).

While Antarctic ice mass changes have been small in the Late Holocene (approx. last 4000 years, Jones et al., 2022), the
AIS is losing mass at an increasing rate in the last decades (Shepherd et al., 2012; Rignot et al., 2019; Otosaka et al., 2023).
Due to ongoing atmospheric and ocean warming, it is projected that Antarctica loses up to 3.13 m of sea-level equivalent ice
volume by 2300 under a high-emission scenario IPCC AR6 WG1 Ch. 9.6.3.5, Fox-Kemper et al., 2021). When considering
the long-term stability of the ice sheet, Garbe et al. (2020) find that due to several feedback mechanisms, the AIS is bound to
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become ice-free at warming greater than 10 °C above pre-industrial levels.

In order to assess the stability and long-term behaviour of ice sheets, interactions with the solid Earth and sea level are
relevant as GIA responses can have major feedbacks on ice dynamics (Whitehouse et al., 2019). Albrecht et al. (2023, in prep.),
for instance, use a globally consistent coupled ice sheet— GIA model framework and find that ice retreat can be significantly
slowed down when isostatic rebound is included, in particular when considering a weak Earth structure with low mantle
viscosity and thin lithosphere, as reconstructions suggest for the West Antarctic plate (Barletta et al., 2018). Coupled ice
sheet— GIA models exist in different modes of complexity, e.g. with regional setups (Coulon et al., 2021; Zeitz et al., 2022),
1-dimensional Earth structure (Pollard et al., 2017; Gomez et al., 2020) or globally 3-dimensional, which are just becoming
available as in van Calcar et al. (2023) and Albrecht et al. (in prep. 2023).

For ice-sheet simulations over long time scales, such as glacial cycles, climatic boundary conditions as ocean and atmo-
spheric temperature have to be parameterized in an appropriate way. Albrecht et al. (2020a) use a temperature-index method
and linear response functions to scale present-day ocean temperature observations on the continental shelf, which is the shal-
low ocean area surrounding the Antarctic Ice Sheet, with climatic variations derived from ice core data. A similar approach
is taken by Chandler et al. (2023, in discus.), which has been successfully tested against paleo reconstructions (Chandler and
Langebroek, 2023, in discus.). Melting of ice shelves, the floating extensions of the marine ice sheets, is highly sensitive to
changes in ocean temperatures on the continental shelf, especially when warm water masses intrude into the ice-shelf cav-
ities at depth (Hellmer et al., 2012; Pritchard et al., 2012; Rintoul et al., 2016). Sub-shelf melt rates are generally highest
close to the grounding line, where grounded ice becomes afloat (Rydt and Gudmundsson, 2016). The grounding line posi-
tion is determined by the RSL via the floatation condition. Hence, changes in RSL can affect the grounding line position and

the ice-sheet dynamics. In fact, changes in RSL can also influence the ocean forcing directly, which we discuss in the following:

As (positive values of) RSL indicate the local water column depth, changes of RSL can be interpreted as a negative displace-
ment of bedrock topography. From an ice-sheet perspective the local sea level thus remains at the same reference elevation
(z = 0). The change in bedrock provides potential access to the continental shelf for water masses from different depths, as-
suming that bathymetry primarily controls flow. The upper layers of the Southern Ocean (approx. upper 600 m) show a strong
increase of potential temperature with depth of about +0.5 °C per 100 meters on average (see Fig. S4 in the Supplement). This
thermocline layer is characterised by the transition between cold and fresh surface waters and warmer, saltier Circumpolar
Deep Water (CDW). The typical depth of the continental shelf around Antarctica (approx. 500 m) is in the range of the thermo-
cline layer, such that small RSL changes can have a comparably large effect on the available ocean temperature and heat on the
continental shelf, assuming no changes in flow pattern resulting from RSL changes. As depicted in Fig. 1, sea-level changes in
the order of 100 meters can have significant impacts on the heat available for melting at the ice-shelf base, even with no further
climatic temperature changes or grounding line migration considered.

Furthermore, the pattern of RSL changes is highly dependent on the local GIA response to ice dynamics. Visco-elastic ver-

tical displacement of bedrock as a consequence of a changing ice load can outweigh the barystatic sea-level signal and lead
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Figure 1. Transect through Filchner Trough showing relevant terms and concepts used in this study. The sill north of Filchner—Ronne
Ice Shelf determines the critical access depth of the basin, indicated by dashed horizontal lines. Variations of the sill depth can occur in
response to barystatic and far-field sea-level changes while the bathymetry within the ice-shelf cavity is mainly influenced by the near-field
effects from GIA, which can induce an additional forbuldge effect on sill depth. To assess the potential impact of those changes on sub-shelf
melt, temperature and salinity (the latter indicated as white contour lines in unit psu) estimates from Jourdain et al. (2020) are evaluated at

the critical access depth near the continental-shelf break, marked as T¢s, Scp. Magenta line in inlet map shows transect location.

to several hundreds of meter change in RSL, on glacial time scales. In a related study, Nicola et al. (2023b, subm.) show that
bathymetry generally plays a crucial role in the interaction between the AIS and the surrounding ocean: topographic features
such as troughs and sills act as oceanic gateways as they provide or block access of warm CDW into the ice-shelf cavities
towards deep-lying grounding lines. A changing topography through regionally varying patterns of relative sea level thus has

the potential to strongly influence basal melting in the ice-shelf cavities.

In this study, we investigate the potential influence of relative sea-level changes on Antarctic ice-shelf basal melt rates in
19 individual basins around Antarctica, due to deformational, rotational or gravitational effects of GIA in response to the
redistribution of masses between ice and ocean. To our knowledge this effect has not been quantified so far. We therefore
derive estimates for the maximum impact of this effect, based on upper limit scenarios, but also asses the impact on time scales
of the upcoming centuries. We explain the methodology of our analysis in Sect. 2, present the results in Sect. 3 and end with a

discussion (Sect. 4) and conclusion of our results (Sect. 5).
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2 Methods

This section describes the methods, scenarios and workflow we use to derive ice-shelf basal melt rate estimates from relative

sea-level changes.

To derive upper limit estimates, the analysis is based on two ‘end-of-the-spectrum® scenarios: (1) a global land-ice distri-
bution during the Last Glacial Maximum with a global mean (barystatic) sea level approx. 93 m lower than today, and (2) a
configuration with all continental ice masses transformed into liquid water (GMSL ~+70 m). In order to assess also near-future
impacts, we add another scenario (3) based on a projection following the ISMIP6 Antarctica extensions until the year 2300
with a high emission scenario (SSP5-8.5). In the following we will refer to these scenarios as LGM 15k, icefree and yr2300,
which are described further below (Sec. 2.5).

To estimate sub-shelf melt rate changes for the scenarios mentioned above, we follow these steps:
1. Compute relative sea-level changes with coupled ice sheet— GIA simulations.

2. Identify critical depths informed by relative sea-level changes to determine open ocean access to ice-sheet grounding

lines.
3. Calculate ocean state changes at the continental-shelf break due to vertical displacement of critical access depths.
4. Compute diagnostic changes in ice-shelf basal melt rates with an ice-sheet model.

The computation of RSL changes involves dynamic ice-sheet changes, while the rest of the analysis relies on a static, present-
day configuration of the AIS and the surrounding ocean. Reasons and implications of this are further discussed in Sect. 4. In

the following, we explain the methodology of each step in more detail.
2.1 Computation of relative sea-level changes

We simulate RSL changes using the coupled ice sheet— GIA model framework PISM-VILMA as described in Albrecht et al.
(2023, in prep.). The Parallel Ice Sheet Model (PISM; https://www.pism.io; Bueler and Brown, 2009; Winkelmann et al., 2011),
an open-source model which simulates ice sheets and ice shelves, is used to compute the transient evolution of the Antarctic Ice
Sheet under external climatic boundary forcings. It is interactively coupled to the VIscoelastic Lithosphere and M Antle model
(VILMA; Klemann et al., 2008; Martinec et al., 2018), which calculates the solid Earth and sea-level response to changes in
ice loading based on a 3D Earth structure (Bagge et al., 2021). VILMA solves self-consistently the global sea-level equation,
which yields a sea-level fingerprint in response to the redistribution of water masses between ice sheets and ocean, as well as
a result of rotational and gravitational feedbacks. The simulations use a coupling interval of 100 years to update changes of
ice load and bed topography between PISM and VILMA. For the ice loading history of the northern hemisphere over the last
glacial cycle we use the ICE-6G_C reconstruction (Stuhne and Peltier, 2015). A detailed description of the coupled PISM-
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VILMA framework and sensitivities to coupling parameter, resolution and Earth structures is given in Albrecht et al. (2023, in
prep.).

We interpret the computed sea-level changes relative to the geoid as negative shifts in bathymetry and update the present-day
topography of the BedMachine Antarctica (v3) dataset (Morlighem, 2022; Morlighem et al., 2020), conservatively regridded

to 8 km horizontal resolution, for all scenarios accordingly.
2.2 Identification of critical access depths

In order to evaluate how the altered bathymetry changes the water masses that have access onto the continental shelf and
into ice-shelf cavities, we make use of the approach developed in Nicola et al. (2023b, subm.). Therein, oceanic gateways
are defined as the deepest possible entry point of open ocean water to the grounding lines of the Antarctic Ice Sheet. First,
we compute access depth maps, which indicate for every location on the continental shelf, the deepest possible topographic
connection to the open ocean. This is implemented with a successive flood-fill algorithm, which starts in the Southern Ocean,
far from the continental-shelf break and iteratively propagates to all adjacent grid points that have the same or lower bathymetry.
We perform this analysis on 8 km horizontal bathymetry resolution and iterate vertically in steps of 1 m. Then, we evaluate
the resulting 2-dimensional field of access depths at the present-day grounding line position for all scenarios. This results
in ‘critical access depth* scalars d.(s,b,g), which indicates the lowest possible connection between the open ocean and the
deepest grounding line fraction g, ranging from 10 % to 90 %, varied in steps of 5 %. We calculate critical access depths for
each of the scenarios s described above and for each of the 19 basins b as defined in Zwally et al. (2012), with some of the
basins being merged as in Reese et al. (2018).

The deepest lying grounding line sectors typically feature high ice velocities, and thereby the biggest ice fluxes across the
grounding line, see also Nicola et al. (2023b, subm.). However, it is difficult to define a uniform threshold of relevant grounding
line coverage, where a change in critical access depth is most relevant, due to the great heterogeneity between the basins. We

therefore assess changes in critical access depths across the full spectrum between 10% and 90 %.
2.3 Calculation of marginal ocean properties

We assume, that a shift in critical access depths gives water masses from varying depths potential access onto the continental
shelf and to the grounding lines. In order to assess the induced changes, we evaluate the vertical column of ocean temperature
(Tesp) and salinity (Scgp) at the continental-shelf break (horizontal position where topography follows z = —1800m isobath).
We define the mean continental-shelf temperature m(s,b, g) as the horizontal average of T, in basin b at critical access
depth d.(s,b,g), similar to Nicola et al. (2023b, subm.). We then use the difference AT (s,b,g) to the present-day control
conditions for each scenario (see Eq. 1) to modify the ocean forcing input for calculating basal melt rate changes within the

ice-sheet model, as described in the next section.

ATen(s,,9) = Tesw(5,b, 9) — Tesp (s = present-day, b, ) M
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Salinity anomalies AS.q(s,b,g) are computed accordingly. As in Nicola et al. (2023b, subm.), we use the ISMIP6 clima-
tology dataset (Jourdain et al., 2020), which contains potential temperature and practical salinity data points averaged over the
period 1995-2017, available at a 8 km x 8 km horizontal and 60 m vertical resolution. To acquire ocean properties between

discrete vertical data layers, we utilize linear interpolation along the vertical axis.
2.4 Computation of basal melt in ice-shelf cavities

For computing basal melt rates we use the Potsdam Ice shelf Cavity mOdule (PICO) as implemented in the ice-sheet model
PISM (Reese et al., 2018). PICO parameterizes the vertical overturning circulation in ice-shelf cavities driven by melt-induced
buoyancy fluxes, extending the box model by Olbers and Hellmer (2010) to two horizontal dimensions. The module takes
ocean temperature and salinity at continental shelf depth as input, averaged horizontally per basin.

As a baseline, we use PICO parameters from Reese et al. (2023, AIS1) including their ocean forcing data, which is based
on Schmidtko et al. (2014). The parameters are C'=3.0 Sv m3 kg~ for the strength of the vertical overturning circulation and
the heat exchange coefficient 73 =7 x 107> m s~ 1. The tuning of Reese et al. (2023) optimises for the best fit of present-day
observed melt rates as well as melt-rate sensitivities to thermal forcing. For each scenario s and grounding line accessibility g,
we then compute adjusted sub-shelf melt rates 7i2(s, b, g) by adding the computed ocean forcing anomalies AT (s,b,g) and
AS.(s,b,g) to each corresponding basin b in the baseline forcing.

To initialise PISM, we use ice geometry (thickness) and bedrock topography of BedMachine v3 (Morlighem et al., 2020),

regridded to a horizontal resolution of 4 km.
2.5 Scenarios

This subsection provides more information about the scenarios used to compute RSL changes with the coupled ice sheet — GIA
model (step 1).

The LGM 15k scenario is preceded by a coupled ice sheet — GIA model spinup of two glacial cycles with prescribed northern
hemisphere ice load history from the ICE-6G_C reconstruction (Stuhne and Peltier, 2015) to account for the memory effects of
Antarctic Ice Sheet behaviour. The methodology is further described in Albrecht et al. (2023, in prep.). We follow similar AIS
climate forcing and initialisiation as in Albrecht et al. (2020a). During the coupled simulation, the maximum AIS extent during
the last glacial period is reached at around 15 kyr BP, which is approx. 11 thousand years later than in the northern hemisphere
(26 kyr BP, see Fig. S1). This delay agrees well with literature (West Antarctic LGM 4.5-12 kyr later than global LGM sea-
level lowstand in Clark et al., 2009) and the ICE-6G_C reconstruction. In our simulation, GMSL was approx. 93 m lower
than today during that period. We derive relative sea-level changes for this scenario as the difference between the maximum
Antarctic ice extent and present-day. If not stated otherwise, we will use the term Last Glacial Maximum (LGM) with respect
to the Antarctic Ice Sheet in the following.

In the icefree scenario, the solid Earth response to a removal of all present-day ice load is computed. Continental ice masses

are redistributed as liquid water and added to the ocean mass, which leads to a GMSL rise of approx. 70 m in our simulation.
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The simulation period spans 86 kyr into the future to account for long-term solid Earth response also in regions with strong
Earth structure featuring high mantle viscosities and a thick lithosphere.

For the yr2300 scenario, we start the coupled ice sheet— GIA simulations in year 1850 with a historical spin-up phase,
where we observe plausible RSL change rates as observed by GNSS measurements. Then, from present-day onwards, the
ice-sheet climate forcing follows the ISMIP6 2300 extension protocol using a SSP5-8.5 realisation of CESM2 (AE04, The
ISMIP6 2300 extension authors, 2022). We use the best scoring member of ice-sheet initialisation ensemble from Reese et al.
(2023, AIS1) as setup for the Antarctic Ice Sheet. While the climate forcing reflects an upper end estimate, the dynamic ice-
sheet response does not include structural uncertainties of ice sheet behaviour such as the Marine Ice Cliff Instability (MICI),
which can potentially increase Antarctic ice loss by a multiple (IPCC AR6 WG1 Ch. 9.6.3.5, Fox-Kemper et al., 2021). To
include also non-Antarctic cryospheric changes and reflect redistributions in the global water budget, we add a uniform GMSL
contribution of 3.68 m on the relative sea-level changes computed by PISM-VILMA, which is composed from upper end
(83th percentile) IPCC estimates for the year 2300 under SSP5-8.5 forcing: the contributions are 1.75 m from the Greenland
Ice Sheet, 0.32 m from glaciers, 0.10m from land-water storage and 1.51 m from thermal expansion (IPCC AR6 WG1 Ch.
9.6.3.5, Fox-Kemper et al., 2021, Table 9.11). By adding a uniform, global mean sea-level offset to relative sea-level changes
computed by PISM-VILMA we make the assumption, that regional variations from the global mean around Antarctica, e.g.
induced by gravitational or rotational effects in response to these contributions (with origin mostly on the northern hemisphere),
are small and not relevant on the scale of our assessment, which uses a vertical resolution of 1 meter to identify critical access

depths from topography.

3 Results

In this section we describe the results of our analysis investigating the impact of relative sea-level change on Antarctic ice-
shelf basal melt rates. First, we describe RSL changes for the LGM15k and icefree scenarios from the coupled ice sheet— GIA
simulations. The derived changes in critical access depths are described thereafter, before we assess the impact on ocean
temperature and salinity conditions which drive the changes in basal melting. Subsequently, we take a look into policy relevant

time scales and present results for the yr2300 scenario.
3.1 Changes in relative sea level

Our LGM 15k simulation shows a maximum grounding line extent close to the continental-shelf break in almost all locations
and increased ice thickness (up to +3000 m larger than today) especially in the marine basins, where today’s largest ice-shelves
are located, the Filchner—Ronne (basin 1) and Ross (basin 12) as well as in large portions of the West Antarctic Ice Sheet (basins
13-16). To a lesser extent this is also the case for the Antarctic Peninsula (basins 17-19) and the edges of East Antarctica (see
Fig. S2). The interior of the East Antarctic Ice Sheet, however, shows a slight decrease of thickness during LGM 15k (up to

-140 m locally) due to less snowfall with colder surface temperature forcing (Nicola et al., 2023a). The additional ice load
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Figure 2. Changes in relative sea level for different scenarios and present-day topography. Changes in relative sea level are shown for
LGM 15k (a), icefree (b) and yr2300 (d) scenarios. The transition between positive and negative relative sea-level changes is indicated by thick
dashed grey contour lines. Horizontally adjusted grounding lines are shown in gold and the present-day continental shelf area (excluding
floating ice) is marked with black contour lines. Present-day reference topography (BedMachine v3) including basin numbers is shown in

panel (c). Yellow and magenta rectangles indicate the Amundsen Sea, see Fig. 4, and Totten region, see Fig. 5, respectively.

in Antarctica contributed with around 15 m to the global mean (baystatic) sea-level fall of 93 m at 15 kyr BP (130 m during
northern hemisphere LGM around 26 kyr BP).

Variations in the RSL pattern can be ascribed to barystatic, rotational, gravitational, or deformational processes. Hereafter,
we will refer to changes in the far-field, encompassing those arising from both barystatic effects and all GIA-induced alter-
ations in the northern hemisphere that impact the southern hemisphere. This includes primarily the rotational component and
alterations in ocean basin volume due to bedrock deformation linked to changes in ice load. In contrast, we categorize near-
field effects as RSL changes resulting from GIA processes specific to the Antarctic Ice Sheet, primarily involving gravitational
and deformational influences.

The change in sea level relative to present-day as inferred from our coupled ice sheet—GIA model is shown in Fig.2 for

different scenarios. In the LGM 15k scenario (Fig. 2a) the GIA response to greater ice extent overcompensates the far-field sea-
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level fall in many parts: most of West-Antarctica, the Filchner—Ronne and Ross basins and parts of the Peninsula show a total
RSL increase, which can mount to +400 m locally. This is also a consequence of the regionally weak Earth structure due to very
low mantle viscosities and a thin lithosphere, which is represented in the 3D Earth structure used as input to VILMA (Bagge
etal., 2021). In contrast, the LGM 15k far-field sea-level fall dominates the RSL pattern in all regions of East Antarctica. Locally
this RSL pattern is dampened through visco-elastic GIA effects, for instance in the Amery (basin 6) or Totten region (basin 8).
The increased ice load leading to bedrock subsidence also causes a displacement of mantle material into the surrounding areas
as part of the forebulge effect, which includes the elastic response of the lithosphere. This combined process further reduces
the relative sea level in those areas.

In the icefree scenario, melting of all ice masses causes a barystatic sea-level rise of +70 m in our simulations and strong
bedrock uplift in all previously glaciated regions in both hemispheres. The solid Earth response causes uplift (RSL decrease)
of up to 800 m in the interior of the AIS (Fig. 2b). As the mantle material is drained from the surroundings, bedrock subsidence
causing an inverse forebulge effect, the RSL increases approx. 20 m more than the far-field sea-level rise in many places of
the present-day continental shelf. Areas where the far-field increase in sea level and the near-field bedrock uplift compensate
each other (zero contour line of RSL change, dashed) are found close to present-day grounding lines. Results for the y»2300

scenario are presented in Sec. 3.4.
3.2 Changes in critical access depth

In order to analyse the impact of relative sea-level changes on the access of open ocean water onto the continental shelf, we
compute basin-wide critical access depths as explained in Section 2.2 and use bedrock topography, which has been updated
with respect to the geoid of the respective scenario presented above (Sec. 3.1).

Present-day critical access depths reveal prominent oceanic gateways (Nicola et al., 2023b, subm.), e.g. in the Filchner—
Ronne basin (1) and the Amery basin (6). This can be inferred from Fig. 3a, where the additional colorbar markers (indicating
30 %, 50 % and 70 % of grounding-line accessibility, respectively) are placed at same depths (orange bars represent present-
day). Here, large parts of the basin are filled with water of the same critical depth level, due to the retrograde slope with
over-deepened bathymetry within the ice-shelf cavity. In the Filchner—Ronne basin more than 75 % of the grounding line is
reached by water masses that overflow the topographic sill in 600 m depth. In Amery basin this threshold is at 530 m depth. We
identify oceanic gateways also for the Ross (basin 12) and the Amundsen Sea basin (no. 14), where at the deepest open-ocean
connection (-570 m and -600 m respectively) 30 % of present-day grounding lines are directly reached.

Figure 3a also shows critical access depths calculated for relative sea-level changes in the above defined scenarios, and how
they differ from present-day depth (panel b). In the LGM15k scenario, barystatic sea level is about 93 m lower than today,
which in first estimate would raise critical access depths in all basins, when only the far-field sea-level change with some
distance to the AIS was to be considered. This is indicated by a dotted horizontal line in Fig. 3b. Deviations from this line are
caused by regional visco-elastic deformations of the lithosphere and mantle and also by the resulting changes in the gravity

potential due to mass redistribution and polar motion, all resulting from changes in ice loading.
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Figure 3. Critical access depths (a) and their changes compared to present-day (b). The colour shade indicates the percentage of
grounding line reached by the specific critical access depth, with additional marks at 30 % (o), 50 % (-) and 70 % (x). Barystatic sea-level
changes are indicated by dashed horizontal lines in panel b) for LGM 15k and icefree scenario. Basins are labelled according to prominent ice

shelves following Nicola et al. (2023b, subm.; with AP = Antarctic Peninsula).

As the concept of critical access depth relates to the potential access of the grounding line, an estimated shift of critical
access depths for given changes in relative sea level is not trivial. It depends on a combination of several factors associated
with the horizontal fingerprint of relative sea-level changes, which affects the local bedrock depth and its slope angle (retro-
or prograde slope), as well as the position and depth of the grounding line. Figure 4 shows this exemplarily for the Amundsen
Sea region (basin 14) in the LGM 15k scenario, where a relatively shallow sill at the front of the continental shelf hinders water
masses to reach deeper regions further inland including the present-day grounding line. Relative sea-level change at the outer
regions of the continental shelf is dominated by the far-field sea-level change, which reduces the sill depth in the LGM 15k
scenario (meaning the sill is getting shallower). In contrast, relative sea level increases by several hundred meters in the interior
of the ice-shelf basin due to increased ice loading and subsidence of the bedrock, counteracting the far-field sea-level fall. These
two opposed signals of relative sea-level change can also be observed in the schematic of the Filchner Trough in Fig. 1 (cyan
line). Despite the clear pattern of RSL changes in the Amundsen Sea region (Fig. 4b), the horizontal fingerprint of access-depth

changes is very heterogeneous (Fig. 4d): it is generally dominated by the sea-level drop at the sill, while bedrock subsidence
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Figure 4. Influence of relative sea-level change on critical access depths in the Amundsen Sea for the LGM15k scenario. Upper row
shows present-day topography (a) and the change in relative sea level in the LGM 15k scenario (b). Lower panels show the derived access
depths for present-day bathymetry (c) and the corresponding change in the LGM 15k scenario (d). Horizontally adjusted grounding line for
present-day ice distribution is shown in orange and the present-day continental shelf area (excluding floating ice) is marked with black

contour lines. The zero contour line of RSL changes is marked as a grey dashed line. Yellow boarders refer to map extent highlighted in
Fig. 2.

has no additional effect in the over-deepened interior. A lowering of the access depth only occurs in regions, where present-day
topography is higher than the overflow sill (compare Fig. 4a, c and d).

In order to determine critical access depths, which are defined as one value per basin, the distribution of the horizontally
varying access depths (see Fig. 4c), in particular at the grounding line, becomes a decisive factor. For comparability we use a
grounding line position corresponding to the present-day ice thickness for all scenarios, which has been horizontally adjusted to
obtain the floatation criterion for applied bedrock changes. In the LGM 15k scenario this means for the Amundsen Sea basin that
the deepest 45 % of the grounding line is accessed by shallower ocean water compared to present (up to +88 m in elevation)
as a result of the far-field decrease in sea level. Shallower parts of the grounding line are instead reached by deeper waters
compared to the reference (up to -78 m) as these regions are subject to bedrock subsidence (see Fig. 4b and 3d). This enhances

the “oceanic gateway feature” drastically in the sense that a bigger share of the grounding line is reached at lowest possible
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overflow depth: in the LGM 15k case, a vast amount of the entire grounding line (65 %) is reached instantly at an overflow depth
of -515 m, whereas the lowest connection at present-day is reaching 30 % of the grounding line (at -603 m, compare blue and
orange bars in Fig. 3a, basin 14).

Generally, basins that exhibit an overall RSL fall and have negligible bedrock subsidence show shallower critical access
depths in the LGM 15k scenario compared to present day. This is the case for the entire East Antarctic Ice Sheet (basins 2—10)
and the Getz basin (no. 13) in West Antarctica (compare Fig.2a and 3b). The maximum increase in critical access depths is
lower than the far-field sea-level fall in most cases, because the near-field sea-level effects reduce that signal locally. In basins
where local bedrock subsidence actually exceed the far-field sea-level signal, critical access depths can be lower and could allow
for deeper water masses reaching the grounding lines. This is the case for Ross basin (no. 12) and Drygalski (no. 11) and most
of the rest of the West Antarctic Ice Sheet including the Western Antarctic Peninsula (basin 14—17). Despite strong bedrock
subsidence being a necessary factor for deeper critical access depths, it is not necessarily a sufficient one. In the Filchner—
Ronne basin (no. 1) the whole grounding line is located in a region where GIA-induced bedrock subsidence overcompensates
LGM15k’s barystatic sea-level lowstand (Fig. 2a). Nevertheless, critical access depths are uniformly shallower in the LGM 15k
scenario (for all grounding line percentages, see Fig. 3b), as the RSL signal at the overflow sill in the outer continental-shelf
region is dominated by the far-field sea-level fall and the visco-elastic forebulge effect.

Also in the icefree scenario, bedrock topography is a decisive factor to determine the effect of RSL change on critical access
depth. Totten Glacier in East Antarctica, for example (basin 8), has deeper access depths compared to present day, despite
its grounding line being located in a region which is subject to bedrock uplift caused by ice unloading (see Fig. 5d). As the
grounding line depth is much deeper than the overflow sill at the continental-shelf margin, the uplift in the grounding line
region has no direct effect on the inferred access depth, and the far-field rise in sea level remains the dominating mechanism.
In other parts of the basin, east and west of Totten Glacier, where the grounding-line depth is at a similar elevation or even
higher than the sill depth at the continental-shelf margin, the uplift raises the access depths at the grounding line. This explains
the strong decrease of critical access depths for the lowest 10 % of the grounding line (-110 m) and an increase for the rest (see
Fig. 3 and Fig. 6a). The influence of bedrock uplift (at the present-day grounding line position) is important for the Ross sector
(basins 11 & 12) and the Bellingshausen Sea (basin 16) and in some basins of East Antarctica (no. 2, 5, 7-10). Many of these
basins show competing effects of far-field sea-level rise and bedrock uplift on the estimate of critical access depth: While the
deepest parts of the grounding line, below the sill depth, are mostly affected by the far-field sea-level rise, the shallower portions
of the grounding line may be influenced by local bedrock uplift and other near-field GIA effects. This explains why in some
cases for an increasing percentage of the grounding line reached, changes of critical access depth switch from a deepening to a
shallowing signal. For some basins the so-called “forebulge collapse” is important, where in the surrounding of bedrock uplift
the drained mantle material causes a reverse signal (increase in RSL), adding to the far-field rise of sea level. This explains

critical access depths reducing even more than the far-field signal (e.g. Filchner—Ronne, Amery or Totten basin, see Fig. 3b).
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Figure 5. Influence of relative sea-level change on critical access depths in the Totten basin for the icefree scenario. Upper row shows
present-day topography (a) and change in relative sea level in the icefree state (b). Lower panels show the derived access depths for present-
day bathymetry (c) and the corresponding change in the icefree scenario (d). Horizontally adjusted grounding line is shown in orange and
the present-day continental shelf area (excluding floating ice) is marked with black contour lines. The zero contour line of RSL changes is

marked as a grey dashed line. Magenta boarders refer to map extent highlighted in Fig. 2.

3.3 Induced changes in ocean properties and sub-shelf melt

In general, the thermocline layer is characterised by steep temperature and salinity gradients with depth. The typical vertical
profile of ocean potential temperatures at the continental-shelf break shows a strong increase from about —1.5 °C at the surface
to about 0.5 °C at 600 m depth (see Fig. S4). Below, it decreases slowly with depth to reach about 0°C at 1800 m. Similarly,
ocean salinities increase from about 34.0 psu at the surface to ca. 34.7 psu at 600 m depth and stay rather constant below (see
Fig. S5). Changes in critical access depth within the thermocline layer can be associated with colder and fresher water when
moving upwards in the water column, and warmer, saltier water downwards. Temperature and salinity gradients can differ
significantly among basins.

In the LGM 15k scenario, the implied potential change of present-day temperatures at the continental-shelf break is mostly

in the range of +0.5°C with extreme values up to +0.7 °C, see Fig.6b. Maximum changes of salinities are in the range
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Figure 6. Overview of derived critical access depths, ocean temperatures, salinities and basal melt rates for present-day conditions
and their changes in the LGM15k and icefree scenarios. Results are shown for all 19 Antarctic basins (see Fig.2c) and grounding line
coverage ranging from 10 % to 90 %. Present-day melt rates are computed as in Reese et al. (2023) based on continental-shelf observations
of ocean temperature and salinity. Displayed ranges for comparing LGM 15k and icefree conditions to present-day are £150 m, £0.8 °C and

40.15 psu with exceeding values marked with purple and bright red colors respectively.

of -0.21 psu to +0.16 psu (Fig. 6¢). In almost all of East Antarctica and also the eastern part of the Antarctic Peninsula,
temperatures and salinities decrease due to the shallower critical access depth (dominated by far-field sea-level fall). This
causes a drastic decrease in basal melt rates, mostly of 50 % or more. In the Filchner—Ronne basin (no. 1) and Baudoin-Lazarev
basin (no. 4) this cooling effect is strong enough to support more refreezing underneath the ice shelves than ice-shelf melting,
such that on average, the integrated basal mass flux, becomes negative. In West Antarctica (basins 14—16), in contrast, basal
melt rates increase significantly, up to a doubling of present-day reference values, which is caused by a deepening of critical
access depths. In the Ross basin (no. 12) the sign of effective basal melt rate depends on the portion of accessed grounding
line. It ranges from a basal melt decrease (max. —35 %) to an increase (max. +20 %) when grounding line coverage of more
than 60 % is considered. This is due to the previously discussed competing effects of far-field sea-level rise and bedrock uplift,
which differs between the different depths of grounding line coverage considered (see Sec. 3.2).

The icefree scenario shows a maximum difference of £0.5°C in continental-shelf break temperatures and a range from
40.08 psu in salinities to the present-day reference, but most values are in the range of +0.3 °C and +0.05 psu. A reduction
in ocean temperatures and salinites occurs where the bedrock uplift is dominant over the far-field sea-level rise, which is most
pronounced in basins 7-9 (East Antarctica). As a result, the melt rates reduce significantly from present-day values of 2.6,

7.2 and 2.9 myr_1 by -81 %, -75 % and -96 % at maximum (for basins 7-9, respectively). In other regions, however, where
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Figure 7. Overview of critical access depth, ocean temperature, salinity and basal melt rate changes in the yr2300 scenario. Results

are shown for all 19 Antarctic basins (see Fig. 2c) and grounding line coverage ranging from 10 % to 90 %.

far-field sea-level rise dominates the RSL signal, a rise in local temperatures and salinities results in strong increase of basal
melt rate. This is especially the case in some East Antarctic basins (no. 3, 4, 6 and 10), as well as along the Antarctic Peninsula
(basins 17-19), where basal melt rates can double or even triple (maximum 3.6-fold increase) compared to present-day values.

The icefree scenario also shows the important influence of critical access depth with respect to the thermocline depth and
vertical gradients: Critical access depth drops by ca. 110 m (at grounding line coverage below 75 %) in the Filchner-Ronne basin
(no. 1), due to the far-field sea-level increase. However, this has basically no effect in temperature and salinity (<0.02 °C and
<0.01 psu) as the present-day critical access depth at approx. -600 m is located below the transition zone, where temperatures
and salinities show much lesser gradients with depth (see Fig. 1 and Fig. S4). In other basins, small changes in critical access
depths can induce rather large changes in temperature and melt, when the thermocline gradient at access depth is strong: in the
Getz basin (no. 13) a decrease of critical access depths by -22 m causes an increase of ocean temperature forcing of 0.23°C

which results in an increase of basal melt rate by 72 % (for 80 % grounding line coverage).
3.4 Impactin yr2300 scenario

In order to assess the impact of relative sea-level changes on sub-shelf melt rates also on centennial time scales, we have
included a scenario in the analysis, which reflects an upper limit climate forcing scenario until the year 2300.

The far-field RSL increase in the Southern Ocean around the Antarctic continent is mostly in the range of 4-5m in the
yr2300 scenario (Fig. 2d). Bedrock uplift caused by grounding line retreat and ice sheet thinning reduces the depth of the water
column, in locally strongly differing magnitudes. In regions of strong uplift like in the West Antarctic basins (no. 13-15), the
Antarctic Peninsula (no. 16—-19), the Filchner—Ronne basin (no. 1) and the Siple Coast in the Ross basin (no. 12), relative sea
level is lowered by up to -19 m, overcompensating the far-field sea-level rise. The far-field signal is dominant in large parts of
East Antarctica, with some exceptions, like in Dronning Maud Land (basins 2—4), the Amery basin (no. 6) or the Totten glacier
(basin 8).

We expect shallower critical access depths compared to the present-day reference mostly in the West-Antarctic basins (no.
14-16), with a maximum depth increase of +11 m in these basins, which correspond to a decrease in temperature up to -0.07 °C

and -0.02 psu in salinity. In East Antarctica, where the increase in far-field sea-level rise dominates, critical access depths
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decrease mostly up to -4 m, which leads to an increase of marginal ocean temperatures and salinities of up to +0.03 °C and
+0.009 psu, respectively. Shallower critical access depths for upper grounding line percentages (>80 %), as found in basins
5-7, are artefacts, which are further explained in the discussion below (Sect.4). While the bedrock uplift in Dronning Maud
Land (basins 2—4) is reflected in a shallowing of critical access depths and an associated decrease of basal melt for higher
grounding line coverage (>40 %), this is not observed in Totten basin (no. 8), which also shows an overall RSL reduction
locally.

Sea-level induced changes on mean melt rates for East Antarctica increase by up to 20 % compared to present, while they
decrease by up to 10 % in most of West Antarctica (except for basin 13, Getz). This is a relevant but much smaller effect than
the changes induced by climate change as expected in the upcoming centuries, e.g. with an average increase of basal mass
balance by +450 % projected until 2300 by Greve et al. (2023), or the 13-fold increase of mean basal melt rate in Mathiot and
Jourdain (2023, in discus.).

4 Discussion

In this section we will critically review the methods we used to derive our results, discuss possible limitations and give context
to the results. Some important points have already been addressed in Nicola et al. (2023b, subm.), as the dependence of the
results on the sub-shelf melt parameterisation (Burgard et al., 2022), the chosen melt parameters for the PICO model or the
influence of basin boundaries. Below, we explain which processes we have considered as static in our analysis such as ice-sheet

geometry, ocean dynamics and geomorphology, and discuss other important aspects like data resolution and model parameters.

To estimate sub-shelf melt changes on paleo time scale scenarios, we use present-day ocean observations as the basis for
our analysis, despite the AIS surrounding ocean conditions will likely change considerably on these time scales. The dynamics
of the Southern Ocean, where warm deep waters rise up to intermediate depths, are strongly influenced by local climatic condi-
tions as wind patterns, precipitation and air temperature forcing (Rintoul, 2018). Also the processes that regulate the transport
of warm offshore waters onto the continental shelf and towards grounding lines are inherently complex and governed by many
factors: e.g. topographic features, strength and location of sea ice formation, freshwater input through basal melting or tides;
see Thompson et al. (2018) for a detailed review. How oceanic heat supply to AIS margins operates at a variety of spatial and
temporal time scales is described in Colleoni et al. (2018). Models that represent these processes in sufficient resolution are
currently actively developed and come at huge computational costs (Pelletier et al., 2022). So including changes of marginal
ocean properties and cross-shelf exchange lies beyond the scope of the study. Instead, we add the RSL induced changes in
ocean properties at the continental-shelf break as anomalies to present-day ocean forcing located inside the ice-shelf cavities. It
is thus possible to differentiate between ocean forcing changes that are due to RSL related geometric shifts and complementary

climatic changes of continental shelf ocean properties.
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For our analysis, we use present-day bed topography data from Bedmachine v3, which we conservatively regridded from
the native resolution (500 m) to 8 km horizontally. Nicola et al. (2023b, subm.), who use the data at original resolution, find
considerable higher critical access depths for present-day, especially towards higher grounding line coverages, which is caused
by substantial higher grounding line depths in the finer dataset. Nevertheless, we do not assume that the resolution effects the

overall results of the study.

In our study, we have not considered any geomorphologic processes so far. We derive critical access depths through
analysing the deepest possible topographic connections between the open ocean and Antarctic grounding line positions. The
bedrock on the continental shelf is in many places strongly characterised by troughs and sills, which often determine the access
to grounding lines. These topographic features have been formed by previous glacial ice streams and can be in the order of
hundreds of meters deep. For example, large gateway-like bed structures were eroded during the last glacials, such as the Filch-
ner Trough or Glomar Challenger Basin in the Ross region, see Nicola et al. (2023b, subm.). For paleo ice-sheet simulations,
the representation of erosion and sediment transport (Damsgaard et al., 2020) can have an additional control on sub-shelf melt
estimates, as we have only considered present-day topography in our analysis. However, the horizontal resolution and precise
location modelled by sedimentary models is key for correctly representing the effect of changing topographic features and the

subsequent impact on ice-shelf basal melt rates.

The RSL changes for the different scenarios were informed by coupled PISM-VILMA simulations, which account for the
three-dimensional structure of the Earth, including laterally varying lithosphere thickness and mantle viscosity (Albrecht
et al., 2023, in prep.). A thinner lithosphere and low mantle viscosities, as likely dominant in West Antarctica (Bagge et al.,
2021), supports a larger ice-sheet extent (sea-level relevant Antarctic ice volume can be a few meters larger) and much stronger
bedrock subsidence (of the order of 100s of meters). In our analysis of critical access depth, the uncertainty in 3D Earth struc-
ture hence mainly affects the grounding line depth, but it can also have a significant influence on the forebulge (order of 10s of

meters) and hence on critical access depths.

In our analysis we consider RSL changes from previously performed coupled ice sheet—GIA model simulations with an
evolving ice sheet and grounding line geometry in Antarctica. We then compute and compare RSL-induced changes in ice-
shelf basal melt rates with respect to present-day melt rates and ocean conditions, while assuming the same present-day
ice sheet configuration for all scenarios. This assumption is helpful, as the size, geometry and position of ice shelves alone
already influences the local patterns and total amount of basal melting, even with fixed oceanic boundary conditions (De Rydt
and Naughten, 2023, in discus.). In case of a major relocation of grounding lines, as for instance at the Last Glacial Maximum,
with grounded ice-sheet extent to the edge of the continental shelf, would induce large changes in critical access depths, even if
the effect of sea level change was not considered. This is a consequence of the heterogeneous topography structure across the

continental shelf, which affects grounding line depths. And apparently, for an icefree scenario, there would be no grounding
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lines or ice shelves left to compute sub-shelf melt rates from. In order to assess the RSL impact on ice-shelf basal melt rates
independently from other processes, we use the same ice-sheet geometry for all sea-level scenarios in our assessment.

The grounding line position is determined by the local ice thickness and the relative sea level. For the present-day ice-
sheet geometry and the different RSL change patterns, we do let the grounding line position adjust to associated changes in
bedrock topography, as a static re-evaluation of the floatation criterion, while we neglect the ice-dynamical adjustment to this
change in boundary conditions. This horizontal grounding line adjustment corrects for inconsistent grounding line elevation
after applying changes in RSL, which would bias the derived critical access depths. A re-computation of the floatation criterion
tends to mitigate the resultant critical access-depth changes by up to +100m for the LGM 15k and icefree scenarios. This is
shown in Fig. S6 by a comparison of critical access depths with and without re-adjusting the horizontal grounding line position.
A repeated analysis with the non-adjusted critical access depths shows the same pattern of basal melt changes, but with slightly
greater magnitude (see Fig. S7).

The adjustment of the grounding line causes other issues, as for instance additional noise in the evaluation of critical
access-depth changes. In some cases the adjustment leads to small horizontal shifts in the grounding line of only a few grid
cells, which changes the total number of grounding line cells in that basin. When the rest of the grounding line remains un-
changed, grounding line coverage of a certain segment can change within a few percent, resulting in jumps of critical access
depth, even when the same access depth map (no RSL changes) is evaluated. This is the cause of artefacts that we especially
observe in the yr2300 scenario, where the RSL signal is much smaller compared to the icefree or LGM 15k realisation; and also
much smaller than the spatial variability in bed elevation within one grid cell distance (see Fig. S6g, basin 3 and 6, where the
unrealistic jumps of -35 m and +22 m occur for example). We expect this noise to be reduced when running the analysis on
a finer horizontal resolution. As the horizontal grounding line adjustment is less relevant for small RSL changes, it might be
ignored for the yr2300 scenario. The result of the repeated analysis can be found in the supplementary Fig. S8, which shows a
much clearer and de-noised pattern of basal melt rate changes between West (decrease) and East Antarctica (increase) in the
range of +20 %.

The analysis is conducted for a range of grounding line coverage reaching from 10 % to 90 %, which indicates the ground-
ing line fraction reached by a specific critical access depth in each basin. As shown in Nicola et al. (2023b, subm.), the deepest
grounding line segments typically correlate with fast flowing ice streams regions. According to the overturning circulation
modeled by PICO, which is supplied by near-ground inflowing water into the ice-shelf cavities, ocean property changes at low
grounding line coverages (e.g. < 30 %) would already have a major influence on the overall basal melt rates. The other ice-shelf
regions, away from the fast-flowing ice streams, generally exhibit shallower grounding lines, which require higher grounding
line coverage values (e.g. > 70 %) to be reached. These lateral margins exert a buttressing force and decelerates flow dynamics
of upstream grounded ice (Reese et al., 2017). Feldmann et al. (2022) show in an idealised setup with prescribed sub-shelf melt
rates that melting at shear margins is more effective than in ice-stream locations. Due to the design of our study, which follows
an indirect approach of translating offshore water mass changes to grounding line inflow, the grounding line coverage remains

as an unconstrained parameter. In general, the inferred range of critical access depths and melt to grounding line coverage in
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one basin is smaller than the range among different basins.

Our analysis shows that the influence of RSL on ocean forcing (-1 °C on paleo time scales) is of comparable magnitude
as the influence of several other relevant processes. First, the blocking or modification of warm water masses before reaching
ice-sheet grounding lines: the observed difference of ocean temperatures at the continental shelf break and inside the ice-shelf
cavities is up to 3 °C for present-day (Nicola et al., 2023b, subm.). Second, projected changes of ice-shelf ocean forcing:
Naughten et al. (2021) show with high-resolution coupled ocean-ice simulations that a switch from a ‘cold’ to a ‘warm’ cavity
could happen within the next century under a strong climate warming scenario, which would increase temperature forcing by
about 2 °C in the Filchner—Ronne basin. And third, the range of offshore ocean thermal forcing on glacial time scales: during
glacial climates, we assume that ocean temperatures, used as input for PICO, were cooled down at the surface and are hence
bounded below by the surface pressure melting point (about -1.9 °C), which is 0.2-3.1 °C below present-day temperature
observations in the different basins (Reese et al., 2018, Fig. 2), marking the lower limit of ocean thermal forcing.

From various ice-sheet simulations we know that already 1 °C of warming can have large impacts on sub-shelf melting and
ice-sheet dynamics, in particular close to tipping thresholds. Thus, the interaction of ocean, sea-level and solid Earth processes,

in some Antarctic basins, may contribute significantly to enhanced sea-level rise with impacts on future societies.

5 Conclusions

In our study we evaluate the potential effects of geometric changes in the water column thickness on ice-shelf basal melt,
governed by changes in relative sea level. We compare our estimates to similar effects induced by shifts in climatic boundary
conditions, associated with altered wind patterns, sea ice and ocean dynamics. Our analysis shows that relative sea-level
changes in the order of 100 meters can induce changes of sub-shelf melting in the range of £100 % as a consequence of warm
Circumpolar Deep Water intrusions onto the continental shelf and into ice-shelf cavities. The relevancy of this process is bound
to the time scales of global sea-level changes and GIA response and fully unfolds over paleo time scales. We recommend to
consider the influence of relative sea level on ocean forcing for millennial scale simulations of the Antarctic Ice Sheet. In fact,
we estimate significant changes in ice-shelf basal melt rates of +20 % already within the next three centuries, which could

have important implications for projections of Antarctic ice losses and associated contributions to global sea-level rise.
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