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Abstract. Relative sea level (local water depth) on the Antarctic eentinentalshelf-continent is changing by the complex inter-
play of processes associated with Glacial Isostatic Adjustment (GIA). This involves near-field visco-elastic bedrock displace-
ment and self-gravitational-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
potentially affecting the access of ocean water masses at different depths to Antarctic grounding lines —Ourstudy-shows;-that
due-and ice-sheet margins. Due to strong vertical gradients in ocean temperature and salinity at the continental shelf margin,
basal melt rates of ice shelves ean—changesignificantty-have the potential to change just by variations in relative sea level
alone. Based on simulated relative sea-level change from coupled ice sheet— GIA model experiments and the analysis of topo-
graphic features such as troughs and sills that regulate the access of open ocean water masses onto the continental shelf(eceanie
gateways), we derive maximum estimates of Antarctic basal melt rate changes, solely driven by relative sea-level variations.

PnderLast-Glactal Masxdmum-Our results suggest that the effect of relative sea-level eonditions;—this—effeet-wonld-lead-to—a

g \ W 5

ofrelative-sea-level-changes-enlychanges on basal melting is limited, especially compared to transient changes in the climate
forcing.

1 Introduction

Global-mean sea level (GMSL) varies on glacial-interglacial time scales in the order of 100 mdepending-on—the-density—of
ecean—water—(sterie—effeets)-and-thetotal-ocean—area—whieh—. The dominant component of GMSL changes since the Last



25

30

35

40

45

50

Glacial Maximum (LGM, ca. 21 kyr BP; Gebbie, 2020) is determined by the mass redistribution between ocean and land
(e.g. by ice sheet changes; Miller et al., 2020; Horwath et al., 2022)4he+a&e%eempene%s—ah&%referred to as
barystatic sea-level change (Gregory et al., 2019) i tnee a i
WWWMMMMWWWMWW@&

time scales, but have a relevant contribution to anthropogenic sea-level rise (Gebbie, 2020; Marcos and Amores, 2014). 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
(Mitrovica et al., 2005). Variations of sea-level height through ocean currents and winds are not eovered-by-included in the
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-fingerprint 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-again-orltessfollowing gains or losses 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.

lithesphere—Thereverse-Due to the flexure of the lithospheric plate and the viscous flow of upper mantle material, an
increase in ice load would therefore produce an uplift at some distance from the centre of the load, yielding a reversed
(negative) signal in RSL;-which-oecurs-in-the-vicinity-with-smaller-magnitude-; this is called a ‘forebulge’. Depending

on the local mantle viscosity and lithosphere thickness, this-these visco-elastic preeess-processes 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
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to the continental-shelf break (CSB) in many locations during the LGM (Bentley et al., 2014) and holding up to 20m 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 eeean-oceanic warming, it is projected that Antarctica loses up to 3-133.1 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
become ice-free at warming greater than 10 °C above pre-industrial levels.

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 cavities at depth (Hellmer et al., 2012;

- For ice-sheet simulations over long time scales, such as glacial cycles, climatic boundary conditions as ocean and atmospheric
temperature have to be parameterized in a robust manner. 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 shallow ocean
area surrounding the Antarctic Ice Sheet, with climatic variations derived from ice-core data. For shorter time scales, ie.

end-of-century projections, stand-alone ice sheet models are typically forced by the output of climate models (Seroussi et al., 2020)

In order to assess the stability and long-term behaviour of ice sheets, interactions with the solid Earth and sea level are rele-
vant as GIA responses can have major feedbacks en-with ice dynamics (Whitehouse et al., 2019). Albrecht-et-ak2023;in-prep-)
Albrecht et al. (2023, accepted), 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; 2048
(Barletta et al., 2018; Bagge et al., 2021). Coupled ice sheet — GIA models exist in different modes of complexity, e.g. with re-
gional 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-Calear-et-al+2023)-and-Albrechtet-al{inprep—2023)

Pritchard et al., 2(

. Sub-shelf melt rates are generally highest close to the grounding line, where grounded ice becomes afloat (Rydt and Gudmundsson, 2016)



90 GIA processes also influence ocean dynamics

in various ways: Rugenstein et al, (2014) demonstrate that the presence of a forebulge, which rises the Southern Ocean floor
by approx. 50m in response to additional ice loading, can significantly alter ocean velocities, frontal structures and zonal
transport. Wilmes et al. (2017) show that tides are affected by changes in RSL patterns. Tinto et al. (2019) argue that sub-shelf
bathymetry controls the oceanic flow beneath the Ross Ice Shelf, which is subject to change due to GIA processes. Motivated
95 by these previous studies, the focus of our analysis is how RSL changes can influence basal melting in ice-shelf cavitiesat depth

100

freezing point of
seawater (ca. —1.9°C), temperatures increase with an average rate of +0.5°C per 100 meters in the ice-sheet-dynamiestn-faet;

WermMm (see Fig.S1 in the
supplementary material). Similarly, ocean salinities increase from about 34.0 psu (practical salinity unit) at the surface to ca.

105 34.7 psu at 600 m depth and stay rather constant below (see Fig. S2). The thermocline layer is characterised by the transition
between cold and fresh surface waters and warmer, saltier Circumpolar Deep Water (CDW). As (positive values of) RSL

indicate the local water column depth, changes of RSL can be interpreted as a negative displacement of bedrock topography

relative to the geoid. From an ice-sheet perspective the local sea level thus remains at the same reference elevation (z = 0)—,

whereas bedrock elevation is modulated according to changes in relative sea level. Th&ehaﬁge—m%edmelepfe\ﬁde&pefeima%
110

115

fmpaet%eﬁ%h&heatav&ﬂab}e%ﬁme}tmg—a%% n a related study, Nicola et al. (2023b, in discus.) show that bathymetry can
lay a crucial role in the interaction between the AIS and the surrounding ocean: topographic features such as troughs and sills

can act as oceanic gateways through providing or blocking access of warm CDW into the ice-shelf base-even-with-no-further
120 .. L . . .

Eurthermore-the-cavities, from where it potentially reaches deep-lyin

rounding lines (Thoma et al., 2008; Nicholls et al., 2009; Hellme

. At the same time the pattern of RSL changes is highly dependent on the local GIA response to ice dynamics. Visco-elastie
On glacial time scales, the near-field visco-elastic vertical displacement of bedrock as a consequence of a-changing ice load
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Figure 1. Schematic of a typical oceanic gateway, where topography shields a deep-lying grounding line from warm-water inflow. A

transect following the deepest topographic connection (along a trough) shows a common temperature distribution for the Antarctic continental

shelf. Variations of the sill depth can occur in response to far-field and near-field variations of relative sea-level, which affects the access

depth from where offshore water masses flow onto the continental shelf. The effect of RSL changes on basal melt rates can be assessed b

evaluating the change in ocean properties resulting from variations in access depths at the continental-shelf break (7¢).

and gravitational attraction can outweigh the barystatic (‘far-field’) sea-level signal and lead to several hundreds of meter

change in RSL;-on-glacial- time-sealesIn-arelated study, Nieolaet-al(2023b;subm-)-shew-that bathymetry-generally plays-a

The typical depth of the continental shelf around Antarctica (approx. 500m) is in the range of the thermocline layer.
Assuming that changes in bathymetry do not influence the horizontal circulation patterns between open ocean water masses
(at the CSB or further offshore) and shallow water masses on the continental shelf, a change in RSL could give water masses
from different depths access to the continental shelf and potentially into the cavities, where it would affect melting underneath
the ice shelves. Within the thermocline layer, water properties at the CSB are getting colder and fresher when RSL decreases,

and warmer and saltier during an increase in RSL (cf. Fig. S1). Figure 1 shows a schematic of this concept and also highlights

the typical spatial pattern of RSL changes.

Tnthi by . . | alinfl

So far the effect of RSL changes on Antarctic basal melt rates has not been assessed. The importance and relevance of this
effect is thus unclear and whether this mechanism should be considered for the ocean forcing in ice-sheet simulations. With this
study we want to provide an approximate estimate on the potential impact of relative sea-level ehanges-en-Antaretie-ice-shelf



145 We first define different RSL configurations. which represent end-member realisations for past and future change in sea
level, as well as an upper-end estimate for possible changes in the year 2300. From these RSL patterns we compute the change
in open-ocean connectivity to grounding lines of the Antarctic Ice Sheet and infer how this changes the ocean properties that
get access onto the continental shelf. By adding the derived changes in continent-shelf break temperature and salinities as
anomalies to an ice-sheet model, we compute changes in basal melt rates based on the RSL signal.

150 The study consists of two different sets of experiments: In a first step, we test the sensitivity of a present-day ice-sheet
configuration to end-member realisations of RSL change patterns to derive upper limit estimates of this effect -based-on-upper

rate changes. Secondly, we apply RSL driven ocean forcing corrections for specific past and future time slices of the Antarctic
155 ice-sheet evolution to assess the effect of RSL-induced basal melt rates changes also in more realistic scenarios.

160

2 Methods

This section describes the methods ;—seenarios-and workflow we use to derive ice-shelf basal melt rate estimates from-by

165 applying different relative sea-level ehangeschange configurations.

In order to assess the relevance and magnitude of relative sea-level on basal melt rates, we define different configurations of

relative sea-level change. For an upper limit estimate of past RSL changes, we choose the maximum ice extent of the AIS
170 during the Last Glacial Maximumswi i han Ao ;

in the following. For an upper limit of expected future changes, we assume a configuration where all present-day solid ice is
melted and the global mean sea-level as well as solid Earth rebound would thus be highest (icefree). For an intermediate and



175 more realistic future setup, we also assess a configuration in the year 2300with-a-high-emission-—seenario(SSP5-8-5)In-the
foHewing-we-will-refer-to-these-seenarios-as EGMISkicefree andyr2300-which-are-deseribed-furtherbelow(See—22, with the

Antarctic Ice Sheet being forced by an upper limit climate projection

iven below (Sect. 2.1.2).

r2300). More information about these configurations is

180 To estimate sub-shelf melt rate changes for the seenaries-mentioned-abevedifferent RSL configurations, we follow these

steps:
1. Compute relative sea-level changes with coupled ice sheet — GIA simulations.

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

ing lines.

185 3. Calculate ocean state changes at the continental-shelf break due-te-on the basis of vertical displacement of eritical-access
depths.

4. Compute diagnostic changes in ice-shelf basal melt rates with an ice-sheet model.

190 Seet—4-In the following, we explain the methodology of each step in more detail.

2.1 Computation of relative sea-level changes

In this section we first present the used models to compute relative sea-level changes, and then provide more information about
the different relative sea-level configurations that we use for our analysis.

2.1.1 Coupled ice-sheet — GIA model framework

195 We simulate RSL changes using the coupled ice sheet — GIA model framework PISM-VILMA as described in Adbrechtet-al(2023+nprep-
Albrecht et al. (2023, accepted). The Parallel Ice Sheet Model (PISM; https://www.pism.io; Bueler and Brown, 2009; Winkel-
mann 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 beundary-foreingsforcing. It is interactively coupled to the VIscoelastic Litho-
sphere and MAntle model (VILMA; Klemann et al., 2008; Martinec et al., 2018), which calculates the solid Earth and sea-level
200 response to changes in ice loading based on a 3D Earth structure (Bagge et al., 2021). VILMA solves self-eonsistently-the
global sea-level equation self-consistently, 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-simulationsuse-a—coupling
interval-of H00-years to-update changes of-ice-load-and bed-topography-between PISM-and- VIEMA- For the-ice Joading While

Antarctic Ice Sheet changes are interactively modeled with PISM, ice evolution in the northern hemisphere is prescribed (see
205 more information about this below in Sect. 2.1.2). PISM uses a regular Cartesian grid, with either 16 km (LGM15k) or 8 km
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r2300) horizontal resolution. VILMA utilizes a Gauss-Legendre grid and our setup uses the n128 resolution (256 x 512
rid points) for viscoelastic deformation, while solving the sea level equation on higher resolution (n512, 1024 x 2048 grid
ints). We use the '3D ref’ Earth rheology from Albrecht et al. (2023, accepted

configuration in Bagge et al. (2021). A visualisation of the vertical and lateral viscosity structure in Antarctica as well as the
lithosphere thickness is provided in Fig. 5 in Albrecht et al. (2023, accepted). VILMA is initialized with the global present-da
coupling framework is provided in Albrecht et al. (2023, accepted).

In order to represent the GIA response in the ice sheet domain, we first calculate the change in relative sea level Ar(c) with

respect to present-day RSL r,;, = r(present-day), where r(¢) denotes the new RSL configuration ¢ computed by PISM-VILMA

which is equivalent to the 'v_0.4 s16’

see Eq. 1). Subsequently, the present-day ice sheet bedrock topography ¢,4 is corrected with the shift of relative sea-level

change to compute the updated bedrock ¢(c), see Eq. 2.

Ar(e)=r(0) -y g
He)= = Ar(e) @

We use the BedMachine Antarctica (v3) dataset (Morlighem, 2022; Morlighem et al., 2020) in original resolution (500 m) for
resent-day topography and regrid RSL changes Ar(c) from the VILMA to BedMachine grid bilinearly.

2.1.2 Relative Sea-Level Configurations

The LGMI5k configuration represents the difference in relative sea level 15 thousand years before present (kyr BP). It is
extracted as a single time slice from a transient coupled ice sheet—GIA simulation over the last 246 kyr BP (representing
the last two glacial cycles) described in Albrecht et al. (2023, accepted). The Antarctic Ice Sheet is modeled interactively with

PISM, while the ice load history of the northern hemlsphere ever—ehe—]ﬂst—glraelal—eye}eweﬂse&e s prescribed by the ICE-6G_C
reconstruction (Stuhne and Peltier, 2015).

ep-The Antarctic climate forcing is

scaled with temperature anomalies from ice-core reconstructions (Albrecht et al., 2020a). The whole simulation period has

been iterated six times to invert for the initial topography, by considering the offset of the present-day modeled topography at

the end of the previous run. The coupling interval between ice and GIA models is 100 years and PISM uses a 16 km horizontal
resolution.

We interpret the-eomputed 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.S3).

This delay agrees well with Clark et al. 2009) suggesting a West Antarctic LGM delay of 4.5-12kyr with respect to the
lobal LGM sea-level




lowstand and the

ICE-6G_C reconstruction. In our simulation, GMSL was approx. 93 m lower than today during that period.
The icefree RSL configuration is derived from the long-term solid Earth response to an instant removal of all present-day
240 ice load. 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. As no dynamic ice-sheet changes are computed, this RSL configuration is computed with
a VILMA standalone configuration. The simulation period spans 86 kyr into the future. The long simulation time has been
chosen such that the full solid Earth response can unfold (before a possible next ice age), also in regions featuring high mantle
viscosities as well as a thick lithosphere and therefore rather long response time scales.
245 The yr2300 RSL configuration is derived from a coupled PISM-VILMA simulation using an upper-limit climate forcing.
The initial state for PISM is derived as in Reese et al. (2023), with a 400kyr thermal spinup (using a 16km horizontal
resolution), followed by a 25 kyr full-physics spinup (8 km resolution). First, the historic period (1850-2015) is computed
with pre-industrial climate forcing as described in Reese et al. (2023). The climate forcing for the subsequent model period
(2015-2300) follows the ISMIP6 2300 extension protocol using a SSP5-8.5 realisation of CESM2 (AE04, The ISMIP6 2300 extension auth
250 . We use the best scoring PISM ensemble member (AIS1) from Reese et al. (2023), which uses the following PISM parameters:
till effective overburden fraction § = 1.75 % and till water content decay rate Cy = 10mma_". The coupling time step between
PISM and VILMA is set to 1 year and PISM uses a 8 km horizontal resolution;—fer-all-seenarios-aceordingly— The historic
period shows plausible RSL change rates (see Fig. S4), which are comparable to GNSS measurements (Buchta et al., 2022; Scheinert et al.,
- 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)
factor up to 4 but is poorly constrained (IPCC AR6 WGI Ch. 9.6.3.5, Fox-Kemper et al., 2021). To also include 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 in a post-processing step (after the coupled simulation has been
finished), which is composed from upper end (83th percentile) IPCC estimates for the year 2300 under SSP5-8.5 forcing: the
260  contributions are 1.75 m from the Greenland Ice Sheet, 0.32 m from glaciers, 0.10 m from land-water storage and 1.51 m from
thermal expansion (IPCC AR6 WG 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
265 resolution of 1 meter to identify access depths from topography.

255 , which can potentially increase Antarctic ice loss by a

2.2 Identifieation-of-eritical-aceess-depths

2.2 Identification of access depths

In order to evaluate how the altered bathymetry

iee-shelfeavitiest(c) modifies the access of offshore water masses to the ice-sheet grounding lines, we make use of the approach
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developed in Nicola-et-al(2023b;subm-)a related study by Nicola et al. (2023b, in discus.). Therein, oceanic gateways are
defined as the deepest possible entry-peint-topographic connection of open ocean water to the grounding lines of the Antarctic
Ice Sheet. First;-we-compute-aceess-depth maps;-which-indicateforeverylocation-on-the-continental-shelf;-the-deepest-possib

topographie_This methodology is based on the assumption that inflowing water masses from beyond the continental-shelf
break always follows these deepest bathymetric pathways onto the continental shelf and eventually into the ice-shelf cavities.

Over-deepend regions on the continental shelf are thereby shielded by shallower topography that inhibits the inflow of water
masses below the deepest connection to the open ocean. Thisis+ i i i i

Then;-we-evaluate-the resulting 2-dimensional-field-We systematically analyse the topographic connectedness by calculating
an access depth map d,,,(c). This map contains for every grid point on the continental shelf the largest possible depth, for
which there is a horizontal oceanic connection to the open ocean (which is defined as ¢ > 3700m depth) that is not obstructed
by bathymetry. We obtain the map of access depths a ingHi it i i i
“eriticat-aecess-depth- sealars-dz{57b79)-whichindi

Ve c) via a ’Connected Component Analysis’ (CCA), using the implementation
by Khrulev (2024). The algorithm iterates the vertical water column from Om to 3700m depth in vertical resolution of 1m
and finds isolated regions that can not be reached from locations classified as open ocean, as they are shielded by shallower
topography. A pseudo-code version of the used algorithm is attached in Appendix A. Due to the efficient implementation, an

access depth map on 500 te-90-varted-in-steps-of-5-m resolution can be computed in less then 10 minutes. We calculate eritieal

A A A h A ho O L - L dofined - A A
with-seme-of-access depth maps d,,,(c) for each topography map ¢(c¢) including the present-day topography ¢,,. Supplement

Figure S5 shows the difference between bathymetry ¢(c) and the basins-being-merged-asinReese-et-al(2048).computed access

depth maps d,,,(c), which visualises the location and magnitude by which deeper parts on the continental shelf are shielded b

further offshore, more shallow, topography. The influence of RSL changes Ar(c¢) on access depth maps can be analysed by the

anomaly to present-day access depth map (Eq. 3).

A (€) = din (<) = dm (present-day) ®

From the inferred 2-dimensional access depth maps, we select only the erid cells coinciding with the grounding line mask for

is defined as all floating ice grid cells, which have a direct neighbouring cell with grounded ice belonging to the main Antarctic

continent, which means that islands and ice rises are not considered here.

10
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We evaluate the sparse access depth map at the grounding line for different basins b and define the deepest access depth
er basin as d b, c). Furthermore, we calculate access depths with the constraint that at least a certain fraction of the
grounding line needs to be reached by this depth: deg(b,¢) is the deepest possible access depth for RSL configuration
¢ such that at least g% of the grounding line cells in basin b have a deeper or similar access depth. Using a range of
rounding line fractions for ¢ € {10,20,...,90}, we thereby obtain values of dg1.10(b,c), d, b.c),....d b. c) for each
basin b and RSL configuration c. We use a classification of the AIS and the surrounding ocean into 19 basins as presented in
and modified by Reese etal. (2018) and adapted by Nicola et al. (in discus. 2023b) to match oceanic gateway pathways for
present-day (basin boundaries shown in Fig. 2¢). Changes in grounding line access depths to the present-day baseline are

Adaro(b;c) = davo(b,€) — davo (b, present-day). @

2.3 Calculation of marginal ocean properties

assumption of our methodology is that changes in the grounding line access depth dg o modifies the vertical entry point
of water masses that flow onto the continental shelf an ingt i
change in ocean properties by evaluating the vertical column of eeean-temperature{Lep)-and-salinity-(Sep)-present-day ocean

observations at the continental-shelf break for different access depths: 7 <an 1S defined as the mean of ocean temperature 1’
at the continental-shelf break theri ttion-where sraph tsobath)—at the depth of the deepest

rounding line access depth d (see Eq. 6).

Tesp, mean(b, €)= mean { T'(2,y, 2)| (x,y) € CSB(b) and z = dgro(b,c)} (©)
We define the mean-continental-shelf fempefa%ufe%gé&bﬁﬁ%%m&eim}%ef&g&e%ybreak mask as all grid cells

WMMM
we calculate the temperature anomaly with respect to the present-day eontrel-conditionsfor-each-seenario-(see-configuration
QEq %WMW%WMWfOI calculating basal melt rate-changes

anomaly method diverges from Nicola et al. (2023b, in discus.; revised manuscript), who calculate ocean anomalies between

11



the continental-shelf break and the calving front location, in order to estimate the present-day basal melt increase due to

extensive inflow of warmer offshore water masses into ice-shelf cavities.

335 ATew(s,0,9) = Tew(s,b,9) — Tesn(s = present-day, b, g)

ATcss mean(b,¢)= Tesn, mean (0:¢) — Tess, mea (b, present-day) @

Salinity aﬁefﬂahes—éé'—gés—éﬂﬁ'values at the continental-shelf break S¢ and their anomalies to present-day AS,

se-to Eq. 6 and 7. Similar to Nicola et al. (2023b, in discus.)
340 we make use of the ISMIP6 climatology dataset (Jourdain et al., 2020), which contains potential temperature and practical salin-

ity data points averaged over the period 1995-261+7;-available-1995-2017 at a 8 kmxx 8 km horizontal and 60 m vertical resolu-

tion. The dataset is a combination of different data sources like the World Ocean Atlas 2018 (Locarnini et al., 2018; Zweng et al., 2019
the Met Office EN4 subsurface ocean profiles (Good et al., 2013) and the Marine Mammals Exploring Oceans from Pole to
Pole (MEOP) dataset (Roquet et al., 2013, 2014; Treasure et al., 2017). Jourdain et al. (2020) merged and extrapolated these

345 data products using a similar method as our CCA approach, which makes their data very suitable for our analysis as missin
data has been filled with appropriate values. To acquire ocean properties between discrete vertical data layers, we utilize linear

are computed accordingly -

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
350 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 atcontinental-shelf-depth-from the floor of the continental shelf area as input, typically averaged

horizontally per basin—, representing the water masses that reach the grounding line. Due to mixing with more buoyant melt

water these water masses rise along the ice-shelf base via the ice-pump mechanism (Lewis and Perkin, 1986).
355 aba : H AFa a i udi : a ine—data

on-Sehmidtkoetal(2014)—The parameters-are-C'We compute basal melt rate changes in a pure diagnostic manner without
any transient ice sheet changes (except for one special case, explained in Sec.=2.5). Thus, the computed melt rates are solely.
dependent on the used PICO parameters, the ocean forcing and the ice-sheet geometry, We compare ’baseline’ basal melt
rates to ones that are obtained by adding RSL derived ocean anomalies (ATcsg meu, ASCsRmen) L0 the baseline ocean forcing.

Depending on the set of experiments, we use different ice-sheet geometries and resolution (further information given below in

PICO features two main (circum-Antarctic

overturning circulation strength C' (in Sv m3 kg =14

360

arameters to adjust the amount of melting in the ice-shelf cavities: the vertical




, and the heat-exchange coefficient v -=7%+6=3(in_1075 m s~ Fhe-tuning-of Reese-etal(2023) optimises—for-the-best
365 fitofpresent-day-observed-meltrates-as-wel-as-). Reese et al. (2023) tune these two parameters in order to represent realistic

melt-rate sensitivities to-for given thermal forcing.

i inrgSimilar to the approach in Jourdain et al. (2020), they correct the input
temperature values during this process, which are originally based on Schmidtko et al. (2014), in order to match present-da
370 melt rate observations from Adusumilli et al. (2020). Which PICO parameters we use is explained in the following section.

2.5 Experiment Design

In order to estimate the impact of relative sea-level changes on basal melt rates, we conduct different sets of experiments. The
375 can be classified into the set of present-day sensitivity experiments and the applied scenario set and are all listed in Table-1.

2.6 Scenarios

In the present-day sensitivity set we calculate the effect of different RSL configurations on basal melt rates using a present-day
ice-sheet configuration. We thereby test the sensitivity of the present-day ice sheet to RSL configurations from different (past
380 and future) time slices which include the maximum range of plausible RSL changes. These experiments have no real-world
application, but are still useful to derive upper-limit estimates of the maximum possible impact of relative sea level on basal
melt rates.
The set encompasses the experiments LGM15k PDsens RSLcorrect, icefree PDsens RSLcorrectand yr2300_PDsens_RSLcorrect
where basal melt rates are compared to_the present-day baseline experiment PD_baseline. We use an updated bedrock
385 topography with the respective RSL configuration (see Eq. 2) to compute access depths d, b, c) using the present-day ice
sheet mask and grounding line position. Similarly, we compute access depths for PD_baseling, where no RSL changes are
applied. We now add the derived changes in ocean forcing (A7 s mesn: ASCSB. wean, S¢€ Eq Hnotstated-otherwise,we-wilt
use-7) to the present-day baseline ocean forcing and compute basal melt rates with a present-day ice-sheet configuration. By
comparing these melt rates to the baseline experiment, we acquire changes in ice-shelf basal melting driven by artificial RSL.
300 configurations for the ferr . . . . . :
Trtheieefree scenario;the-selid-Earthresponse-te-aremoval-ef-all-present-day 1

;
shquid-water-and-added-to-the-ocean-mass;wh

ice-sheet configuration.

To compute basal melt rates with PICO, we use bedrock topography and ice thickness from the BedMachine Antarctica (v3

395 dataset (Morlighem, 2022; Morlighem et al., 2020) regridded to a horizontal resolution of 4 in-eursimulation—The-stmulation
period-spans-86km. We use the "best" parameter combination from Reese et al. (2023), which is {C' = inte-the future-to-aceount
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Table 1. Experiment overview. A list of the experiments conducted for this study. RSL config refers to the used relative sea level
configuration to update the bedrock topography (c in Eq. 1 and 2). Basal melt resolution indicates the horizontal resolution of the ice-sheet
setup used for computing basal melt rates. deglac represents a time series from LGMI5k to present-day with 500 year time slices (more

PD_baseline PD sensitivity ~ PD_ PD. PD. 4-km
icefree_PDsens_RSLcorrect PD sensitivity icefree PD. PD + RSL correct. 4-km

PD = present-day, RSL config. = relative sea-level configuration, RSL correct. = relative sea-level correction

lithosphere-2.0Svm?kg ! v7 =5 x 10" ms ! }. The baseline ocean forcing for this set of experiments corresponds to the
temperature corrected ocean input in Reese et al. (2023).

400

In the second, applied scenario set of experiments, we compute RSL derived basal melt rate changes for ice-sheet configurations
that correspond to the used RSL, configurations. This experiment set is of more realistic nature than the first one, as it considers
the correct ice-sheet geometry and corresponding ocean forcing that matches the used RSL configurations. It can therefore be
regarded as an estimate of the RSL influence on basal melt rates in realistic scenarios.

405  For the LGM15k and yr2300 RSL configuration, we first compute access depths and melt rates for a baseline scenario
*_apply baseline), using the corresponding ice-sheet geometry and ocean forcing. Note that the bedrock topography is not
updated in these baseline experiments, so no modifications to the ocean forcing due to RSL corrections apply. This is instead
done in the subsequent experiments (°_apply_RSLcorrect): computed access depths dg.g differ from the baseline experiments
as the bedrock topography has been altered by the associated changes in RSL. Using Eq.6 and 7, we derive corrections

410 in the ocean forcing. By comparing the computed basal melt rates from the *_apply RSLcorrect to the *_apply_baseline
experiments, we compute the RSL impact on basal melt rates in real-world applications.
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{C =-0.8 GlA-simulationsinyear +850-with

ad h N n e ame heo oM
vea—v—G ast B 51O

Tee-Sheet;032kg L 5 =1x1075 mfre&rg%aeters—@%@gj} are used on a horizontal grid resolution of 16 from-tand-water

storage-and—1-5tkm, similar to Albrecht et al. (2020a). In the yr2300 case the "max" parameter set from Reese et al. (2023)
{ C _ 1 . . . ")

A

resolution of 8 km,
The applied scenario set features an additional experiment named deglac_apply_baseline and deglac_apply_RSLcorrect.
These are similar to the LGM15k_apply_* experiments, but encompass a time series for the whole deglaciation time span from

15 kyrBP to present-day in steps of 500 years. We compute the RSL-induced ocean forcing corrections for every time slice
using the same methodology as for the LGM 15k case. We then repeat the coupled PISM-VILMA we-make-the-assumption;-that

axpansiontIP ARG N WA Co ampere 0 hla Q o

hysimulation for the deglaciation
period and apply the ocean forcing corrections as a time-dependent anomaly. These experiments are the only ones in this study,
where we calculate basal melt rates with RST.-induced ocean corrections in a transient manner (compared to the pure diagnostic

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 LGM 1 5kand-, icefree seenariosfrom-and yr2300 configurations
as modeled by the coupled ice sheet—GIA simulations. The derived changes in eritical-grounding line access depths are
described thereafter, before we assess the impact on ecean-temperature-and-salinity-conditions-continental-shelf break ocean
temperatures, which drive the changes in basal melting. Subsequently;—we-take-atook-into-poliey-relevant-time-scales—and
present resultsfor-the-We present basal melt changes for the yr2300present-day sensitivityseenario, as well as for the applied
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3.1 Changes in relative sea level

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 alterations 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.
Our-The LGM15k si

a well advanced grounding line compared to the present-day location and a thicker ice column in almost all lecations—and
regions (see Fig. S6a). The increased ice thickness (up to +3000 miarger-than-today)-espeeiatty-) is especially prominent 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 extentthis-is-also-the-case-for-the-, thicker

ice sheet features

ice is also present in the Antarctic Peninsula (basins 17-19) and at the edges of East AntarcticatseeFig—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 iee-toad-continental ice mass in
Antarctica contributed with around 15 m to the global mean (baystatiebarystatic) sea-level fall of 93 m at 15kyr BP (130m
during northern hemisphere LGM around 26 kyr BP).

The-change-in-The changes in sea level relative to present-day Ar as inferred from our coupled ice sheet—GIA model

is shown in Fig.2 for different seenariosRSL configurations c. In the LGM 15k seenario-case (Fig.2a) the GIA response to
greater ice extent overcompensates the far-field sea-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 meuntto—+be more than 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-by VILMA (Bagge et al., 2021). In contrast, the LGM15k 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)-, reflected by a reduction of the negative RSL.
signal in these regions (cf. Fig. 2a). 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.
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This combined process further reduces the relative sea level in those areas —and can be observed for example offshore the

Filchner-Ronne region (basin 1 and 19), in the Bellingshausen Sea (basin 15) and in the Ross region (basin 12; cf. Fig 2a).

In the icefree seenario;melting-of-allHee-masses-experiment, the transformation of all present-day ice masses into liquid
water causes a barystatic sea-level rise of ca. +70 min-oursimutations-and-, The VILMA output shows a strong bedrock uplift

in all previously glaciated regions in both hemispheres —(cf. Fig. 2b). The solid Earth response causes uplift (RSL decrease)
of up to 800m in the interior of the AIS{Fig—2b)—As-the-. The mantle material is drained from the surroundings, bedreek
subsidenee-causing an inverse forebulge effect, such that the RSL increases approx. 20 m more than the far-field sea-level
rise in many places of the present-day continental shelf area. Areas where the far-field increase in sea level and the near-field
bedrock uplift compensate each other (zero-contourtine-of RSE-change-dasheddashed gray contour line in Fig. 2b) are found
close to present-day grounding lines. Resultsfor-

The simulated ice sheet in the yr2300 seenario-are-presented-in-See—case shows significant grounding line retreat from
present-day location, especially in the Filchner-Ronne region (basin 1), the Siple Coast, which is part of the Ross Ice Shelf
Fig. 27-56b). The land ice loss from both northern and southern hemisphere causes a far-field RSL increase in the Southern
Ocean around the Antarctic continent mostly in the range of 4-5m (cf. 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
Coast, relative sea level shows a net decrease (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, the Amery basin or the Totten
region.

3.2 Changesin-eritical-aceess-depth

3.2 Changes in access depths

WWM\WM%&MM&MMM
the changes in relative sea level Ar presented above. Based on this, we compute access depth maps dyy, (¢) and retrieve the
W}&h&m@m&m as explamed in SeetionSec. ﬂaﬁdﬂ%ebedfeek%qaegf&phﬂfhfeh—has
between d., and dgy  exemplary for the present-day sensitivity t%m set of experiments uses
the same relative sea-level changes Ar(c), but features different ice masks and thereby grounding line positions. Results from
this set are shown further below (Sec. 3-5-3.4). Results for dg;,q are shown in Sec. 3.3 and 3.4.
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510 Present-day a-yaccess depths d b, present-da

reveal oceanic gateways (Nicola et al., 2023b, in discus.), e.g. in the Filchner-Ronne basin (no. 1) and the Amery basin (no.
6). This can be inferred from Fig. 3a, where the additional colorbar markers (indicating 30-%;50-%and-70-%-qg = 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-these basins are filled with offshore water of the same eritieal-access depth level, due to the retrograde
515 slope with over-deepened bathymetry within the ice-shelf cavity. In the Filchner—-Ronne basin mere-than-75around 80 % of the
grounding line is reached by water masses that overflow the topographic sill in 666595 m depth. In Amery basin this threshold
is at 5306526 m depth—, reaching ca. 65 % of the basin grounding line. We identify oceanic gateways also for example in the
Ross (basin 12) and the Amundsen Sea basin (no. 14), where at the deepest open-ocean connection (576570 m and -666575 m,

respectively) 30 % of present-day grounding lines are directly reached.

520 Figure 3a also shows

rounding line access depths dg . for different RSL configurations of the present-day sensitivity experiments. How they differ
from present-day depth (panel-b)y—Ad is presented in Fig. 3b. In the LGM 15k seenarioconfiguration, barystatic sea level

is about 93 m lower than today, which in first estimate would raise-eritical-aceess-depths-make grounding line access depths
uniformly shallower in all basins, when only the far-field sea-level change with some distance to the AIS was to be considered.

525 This is indicated by a detted-dashed 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.

530

change of access depths at the grounding line Adgr, is governed by the combination of different factors like the bedrock
topography (retro- or prograde slope), as-wekt-as-the position and depth of the grounding line-, and the horizontal fingerprint of
relative sea-level changes. To decipher the response in grounding line access depth changes and understand the deviations to the
barystatic far-field signal, it helps to examine the spatial pattern of access depth map changes: Figure 4 shows this-exemplarily
535 forthe Amundsen-Searegion-the present-day bedrock topography #,4, the relative sea-level change Ar, the present-day access
depth map dy, (present-day) and its associated change (Ady,) for the LGM 15k RSL configuration in the same region, namely

the Amundsen Sea Embayment (basin 14)in-the-LGM1 5k seenarior—where-, There, 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 ehangefall, which reduces
540 the sill depth in-the LGM7 S5k seenario-(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
over-compensating the far-field sea-level fall. These two opposed signals of relative sea-level change ean-alse-be-observed-in

the-schematic-of-the-Filehner Trough-are also represented in the introductory schematic (cyan line in Fig. I{eyantine). Despite
the clear pattern of RSL changes in the Amundsen Sea region (Fig. 4b), the horizontal fingerprint of access-depth changes
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is very heterogeneous (Fig.4d): it is generally dominated by the sea-level drep-fall at the sill, while-meaning that bedrock
subsidence has no additional effect in the over-deepened interior. A lowering-deepening of the access depth only occurs in

regions, where present-day topography is higher than the overflow sill (compare Fig. 4a, ¢ and d).

eroundingline-position-corresponding-to-the-To derive grounding line access depths dgr ., We evaluate the spatial access depth
map d,, at the position of the grounding line. Using a present-day iee-thickness-for-all-seenarios;which-has-been-horizontally

he-ice-sheet geometry and the RSL configuration
, the deepest 40 % of the grounding line in the

Amundsen Sea basin is accessed by shallower ocean water compared to present (up to +8878 min-elevation) as a result of the

far-field decrease in sea level. Note that the grounding line in basin 14 has many small patches with higher elevation than the

sill at the outer continental shelf, which are not clearly recognisable in Fig. 4d. Shallower parts of the grounding line are instead
reached by deeper waters compared to the reference (up to -78204 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 everflow-access depth: in the LGM 15k case, a-vast-amount-of-the-entire-groundingtine-75 % of
the grounding line are reached via the deepest grounding line access depth (65497 yisreached-instantly-atan-overflow-depth-of
-515-m), whereas the lewest-deepest connection at present-day is-reachingreaches 30 % of-the-grounding tine(at—603(575 m;

; compare blue and orange bars in Fig. 3a, basin 14).

islower-As seen in the Amundsen Sea Embayment, the sign and strength in Ad depends on the fraction of grounding line
that is considered. Also in other basins we observe a mixed signal in grounding line access depth change for the LGM 15k RSL
configuration, namely in basins 1,7 and 10—12, with the deepest grounding line access depths getting shallower, while the higher

rounding line parts are getting deeper. In most of the East Antarctic basins (2-6, 8, 9) Ad ets shallower for all values
of ¢g. The maximum shallowing is, however, less than the far-field sea-tevel-fallin-mest-casesbecause-the-near-ficld-sea-tevel

effeets—reduee—that-sea level fall, when bedrock subsidence dampens the RSL signal locally. fn-basins—wheretocal-bedrock

subsidenee-actually-exeeed-the-In the West Antarctic basins 15 and 16, the whole grounding line shows deeper access depths
compared to present-day, as the bedrock subsidence over-compensates the far-field sea-}eveFHgﬂal—eﬂﬁea}aeees&depm&eaﬂ

exist during present-day in these basins (Nicola et al., 2023b, in discus.). The presence of even shallower grounding line access
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depths compared to the far-field sea level fall in basin 12 is explained by the forebulge effect in the respective continental shelf
region (cf, Fig. 2a). Nevertheless;eritical-access-depths-are-uniformly shallower-in-the- LGM15k scenario-(for-all-grounding line

Figure 3bj;-a g
fall-and-3 shows grounding line access depths and their changes also for the viseo-elastie forebulge-effeet—
nf nlative 0q ayvo ..:.i.i...= aeee depth i he 0 ..;:. 5 he 700 Seeﬂafi&UppeHOW

depth—Totten-Glacier-in-East-Antareticafor-exampletbasin-and yr2300 RSL configurations of the present-day sensitivity.
experiment set, In the icefree case Adgyg is in the range of £115m, and thereby in the same order as the far-field barystatic
sea-level rise of +70 m. The maximum deepening of grounding line access depths patly exceeds the far-field signal (basins 1,
6, 8 )-has-deeper-aceess-depths-compared-to-present-day;-despite-its-grounding line-being-located-in-aregion-which-is-subje
to-bedrockupliftcaused by iee-unloading (see Fig-and 12) due to a reverse-forebulge effect, where uplift in the interior of the
Antarctic continent leads to draining of mantle material in the vicinity, which causes an increase of the RSL rise.

As stated above in Section 22 ing tine-depth-is-much-deeper than-the-ove ith-at-the-conti

the-Jowest-+10yr2300 RSL configuration, which is an order of magnitude smaller than the other cases. Due to the scale, most
of the changes to present-day are therefore not clearly recognisable in Fig. of the grounding tine{-+63b, with two exceptions:
Adgyg 18 Up to -T2 )-and-an-inereasefor-the rest-(seeFigan in basin 17 and up to -54 3-and-Figam in basin 3. Deviations
areater than 2022)—Fhe-influen . - T

While-the-deepest-parts-of-the-m are found only for high grounding line fractions (¢ > 70 %) in the latter case. The validit
of basin 17 results is generally questionable, as this basin features only very little grounding line grid cells for the present-da
ice-sheet configuration. Note that grounding line access depths in basin 17 are much shallower compared to the other basins

Fig. 3a), which leads to a high gradient of grounding tine
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620

-5The presented
QM&WMHM&%M&@&MWW
625 on how GIA processes influence the connectivity of open-ocean water to ice-sheet grounding lines. In this Section, we carry out
the next step of our analysis and analyse how the changes in grounding line access depth influence the water properties (ocean
temperature and salinity) that reach the grounding lines, and what changes in basal melting thereby occur. As the functional
principal of the PICO model is based on the ice-pump mechanism (Lewis and Perkin, 1986) and takes ocean temperature and
salinity at the grounding line as input, which rise upwards along the ice shelf draft (see Sec. depth+2.4), we consider only the
630 deepest grounding line access depth dg o and its changes in the following.

Figure 5 shows the changes in deepest grounding line access depth Adgy g, the derived modifications in continental-shelf
break temperatures AT mean_and the resulting changes in basal melt rates for the present-day sensirivity experiment set
(LGM15k _PDsens_RSLcorrect. icefree_PDsens_RSLcorrect and yr2300_PDsens RSLcorrect). The experiments are compared.

635 1o the present-day bascline experiment PD_baseline (see FigSec. S4)-Below: it-decreases slowly-with-depth-to-reach-about
02€-at-18002.5 for details). Note that results for basin 11 are not shown as there is no continental shelf region associated
with this basin. Absolute basal melt rates are shown in Fig —Similarly,—oecean—salinities—inerease from-about 34:0at-the

ig Mwehaﬂge%eﬂﬂeﬂ

640

access depth changes Adgro are up to 125 m shallower due to the applied RSL change (Fig Sa). Only basin 15 (+3m) and 17
+30m) have deeper access depths. The shallower grounding line access leads to negative continental-shelf break is-mostly
645 in-therange-of +0:Stemperatures anomalies in different magnitudes (-0.02°C swith-extreme valuesup-to—=0:7in basin 2
10.-0.33 °C s-see-in basin 3). which is due to the varying thermocline gradients per basin (cf. Fig. *?b-—Maximum-changes
of salinities-are-in-the range-of -0:2Ho-51). Only basin 14 has a positive temperature anomaly (+0-+60.05 (Fig:°C) despite
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a shallower access depth (-78 ﬁ@—hﬁmﬁﬁﬁ%ﬁ%ﬁ%ﬂﬁfﬁ%ﬂﬂ%ﬁ%&%ﬁ%ﬁ%&%ﬁﬁ@mﬂ&

650 a-drastic-decrease-inbasal-meltrates;mosthy-of-56m), because the present-day access depth (575 m) is below the thermocline
layer, so temperatures increase when moving up the water column from there (cf. Fig. S1). The negative temperature anomalies

lead to a reduction in basal melting, which is up to -99 % or-more—In-the Filchner—Ronne basin(no—H-and-Baudoin—Lazarev
655
660
The-Sensitivity of the icefree seenario-shows-a-maximum-difference-of+=0-5RSL configuration to the present-day ice sheet
icefree_ PDsens RSLcorrect; Fig. 5b) is more heterogeneous across the basins, like indicated in previous results (cf. Ad
in continental-shelf-break-temperatures-and-a-range-from—=+0-08Sec. in-salinities-to-the-present-dayreference;-but-most-values
a¥e+n—the+a%age~e%9%3 2). Access depth changes range from +129 and—=4-0-05m (deeper) in basin 6 to -72 —A-—reductionin
665
670

vertical-gradients:-Critical-aceess-depth-drops-by-ea—H0m (at-groundingline-coverage-below—7Sshallower) in basin 16. The
relationship between access depth change and temperature anomaly follows the same direction for all basins except 10-16

where it is inverse. The same reason as in the LGM 15k experiment applies here. The maximum derived temperature change
675 at the continental-shelf break due to the RSL corrections ranges from +0. 24}+ﬁ%he«Fﬂehﬂef-Remie4sasm{ﬂe—H—dﬁ&t&fhe

°C (basin 6) to -0.09°C
and-<0-04(basin 13). The derived basal melt rate changes range from more than doubling (+141 yas-the-%) in basin 6 to -26 %

in basin 5.

Applying the yr2300 RSL configuration to the present-day eritical-aceess-depth-at-approx—600ice sheet (yr2300_PDsens RSLcorrect,

680
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{no-13)-a-decrease-of-eritical-aceess-depths-by—221meauses-an-increase-of-ocean-temperature-foreing-of-0:23) and temperature
anomalies between -0.001 °C which-results-in-an-inerease-of-basal-meltrate-by-72(basin 10) and +0.012 (fer-80°C (basin 6),
which would change present-day melt rates up to 6 % greundingtine-eoverage)—at maximum,

3.4 Applied scenario experiments
3.5 hmpaetinyr2300 seenario

In-orderto-assess—the—impaet-of-Testing the sensitivity of a present-day ice-sheet with end-member RSL configurations is

impact on basal melting, but changes possibly deviate for different ice-sheet configurations. This Section shows the results for
RSL-induced basal melt rate changes using the respective ice-sheet configuration from where the RLS configurations LGM 15k
and yr2300 haye been derived from, The icefree RSL configuration is not included as in this scenario there is no ice sheet to
compute basal melt rate changes for.

seenario-deeper in the LGM15k_apply RSLcorrect experiment compared
to LGM15k_apply baseline (Fig. 2¢)-—Be plift-caused-by-grounding line-retreat-and-ice-sheet-thinning reduces—the
continental-shelf break temperature changes between -0.55 °C and +0.10 °C, Note that Supplement Figures S1 and S2 show the
dependence of temperature and salinity values to their respective grounding line access depths for the baseline and "RSLcorrect’.
experiment. The ocean forcing temperatures in LGM15k_apply baseline are generally cold enough to suppress any relevant
basal melting during the LGM except in the West Antarctic basins (ne—+3—15)-the-including the Western Antarctic Peninsula
(ro—+6—19)-basins 13-17; cf. Fig S7b). Therefore, these are the only basins, where a change in basal mass flux can be observed
when applying the RSL derived temperature correction ATy, mesn 10 the Filehner—Ronne basin-(no—tr-andthe Siple Coastin-the
Reoss basin-{no—12); refative seatevetis towered by up-to—+9baseline forcing. The resulting basal mass flux changes range from

depth—o he—w4 olumn—inteeally onelv—d eriRrs—masnitad

ald-<e Aaya o h Hald an ofFEact-An

which relates to relative changes of -15 % (basin 17) and +41 % (basin 15) compared to the baseline.

We-expeet shallower eritical-access depths-eompared-to-In order to test whether the RSL correction changes the transient
evolution of the Antarctic Ice Sheet during deglaciation, we calculate in the present-day reference mostly i the West-Antaretic
basins(ro—14—16)-with-a-maximum-depth-inerease-of +Hdeglac_apply RSLcorrect experiment the temperature correction
Lesomean Of LGM15_apply_RSLcorrect for every 500 years since 15 in-these-basins;-which—eorrespond-to—a-decrease-in
temperature-tup-to—0:07°C-and—-0-62kyr BP and apply it as temperature correction to the transient ice-sheet forcing in the
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coupled PISM-VILMA simulation. Figure in-satinity—tn-Bast-Antaretica;where-the-inerease-in-far-field-7 shows the transient
sea-level HMmme%%qmmmﬁMWgwmwmm
correction applied. After ca, 2;-whieh
into the deglaciation run, the RSL temperature correction effect leads to a small delay of ice loss compared to the baseline run
@%&mwkyrmwwwmmmwg&mgw&&
The difference at present-day is around 0.4
80m Sea Level Equivalent (m SLEMMMMW
5—7-are-artefacts;-which-arefurther-explained-in-the-discussion-below(Seet:m SLE between LGM and present-day and the
difference of different VILMA rheology parameters (cf. Fig. 7b in Albrecht et al., 2023, accepted). The RSL, correction causes
positive as well as negative temperature anomalies, depending on the basin and model time. Access depths and corresponding
continental-shelf temperatures as well as PICO input temperatures are shown for different basins and the deglaciation time

kyr

(ro-8)-which-also-showsan-overal RSE-reduetiontoealty-S9. In general, the applied RSL correction is substantially smaller
than the climate-induced variation in PICO forcing over time, which explains the little effect of relative sea level on the AIS
evolution throughout the deglaciation simulation.

i OThe applied yr2300 experiment
(yr2300_apply RSLcorrect) provides comparable results to yr2300_PDsens_RSLcorrect: changes in grounding line access
depths are in the range of £5m, which results in a comparable change in continental-shelf break temperature anomalies
(££0.012°C). Absolute changes in basal mass flux that results from this RS adjustment are less then 1.5 compared-to
WMHW&%%MGWM&W@@QM&WMW&A Voin

substantially higher (cf. Fig. S7a and ¢).

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 Nicota-et-al-(2023b;subm-)Nicola et al. (2023Db, in discus.)
, 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. Be
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We here have derived our results using a single set of PICO parameters for the present-day sensitivity experiment set, which

is tuned to represent present-melt rate sensitivities best (see Sec. 2.5; and Reese et al., 2023). In order to test the influence of

750 PICO parameters on our results, we repeat the analysis with an additional set of PICO parameters, representing the maximum
sensitivity to present-day melt rate changes, which is {C'=3.0Svm®kg~!. 9 =7x 10" ms_!} (cf. Reese etal,, 2023).
Additionally, we test the robustness of our results by deriving the ocean anomalies (AT weuw, D Scshmen: £9. 6 and 7) not
only as the mean along the continental-shelf break, but also as maximum values (ATcgmax; AScsbanae). The influence of
PICO parameters in the PD_baseline experiment is . S8). Thereb

785 the influence of the basin reduce method (mean vs. max) is larger than the influence of chosen PICO parameters, in all basins
Not that we have focused on temperature changes at the continental-shelf break throughout this manuscript, as they are

far more important for the melting response than salinity anomalies: according to the melt rate estimate depending on the
mmwmwww Cwmﬁw&&@%muw

760 MHMMM@@L&M isetss ‘ A-and-ode eters

enerally little with exceptions in basins 15—-17 (cf. Fi

765 The relative sea-level configurations used in this study were informed by coupled PISM-VILMA simulations, which account
for the three-dimensional structure of the solid Earth, including laterally varying lithosphere thickness and mantle viscosity.
Again, we have used only a single set of 3D Earth rheology parameters (named 3D ref” in Albrecht et al. (2023, accepted)
and 'v_04 516’ in Bagge et al. (2021)) for our analysis, which is showing the best fit to global relative sea level records

Bagge et al., 2021) and represents spatially varying parameters between West and East Antarctica (cf. Fig, 5, Albrecht et al., 2023, accepte

770 . However, there is still considerable uncertainty in the parameters space (van Calcar et al., 2023), which has the potential

to_change the response in_grounding line access depth. Albrecht et al. (2023, accepted), for example, show that a thinner
lithosphere and low mantle viscosities, as likely dominant in West Antarctica, 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), when considering large and long-term changes in climate forcing. By comparing three additional rheology parameter
775 sets (3D ant’, “3D trans’ and "3D glob’; cf. supplementary material of Albrecht et al., 2023, accepted) we see diverging RSL.
changes of up to 200m during LGM, especially in the Filchner-Ronne basin. It cannot be completely ruled out that the
Yl%émmwwmwmmm %ﬂ%%@%w%mﬂwwﬁfp

foreing(Rintoul, 2048)—Adso-the ’3D ref” parameter set we used for our results already represents the upper end of tested RSL.

780  changes. As systematic testing of the different VILMA parameter sets is out of scope for this study, this remains future work.
The applied scenario experiments rely on ice-sheet simulations with prescribed climate forcing. The corresponding LGM 15k

and deglaciation experiments make use of a climate-index method to scale external forcing temperatures (ocean and atmosphere)
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by ice-core reconstructions (Albrecht et al., 2020a). In the yr2300 experiment, climate anomalies from the global climate
model CESM2 are used according to the ISMIP6 2300 protocol (The ISMIP6 2300 extension authors, 2022). We compute
continental-shelf break ocean anomalies based on the the present-day ISMIP6 dataset by Jourdain et al. (2020) for all experiments
and add these to the respective baseline forcing, despite the discrepancy to present-day climate conditions. The underlying
assumption, that any climatic changes in the ocean are uniform with depth is often inaccurate and warrants further scrutiny.

Qur approach of applying access depth derived ocean anomalies from the continental-shelf region directly to the oceanic
input at the grounding lines has a number of further limitations. First of all, we fully rely on the ISMIP6 dataset to represent
the current ocean state at the continental-shelf break realistically. Despite the fact that this dataset merges different available
data sources (argo floats, ship cruises, satellites and marine mammals), in-situ observations at the Antarctic continent margin
still remain sparse in temporal and spatial resolution. Furthermore, our approach does solely rely on the vertical ocean profile
and does not reflect other mechanisms: for example, if the grounding line access depth is below the thermocline layer, a change
in access depth has little effect on the derived ocean anomaly, However, a thicker layer of intruding CDW, which is likely with
RSL increase, has the potential to modify basal melting substantially.

A _general downside of the anomaly approach is that we do not account for any changes of cross-shelf water transport
including modification of water masses on the continental shelf, 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-iceformation;-sea-ice formation, wind patterns, precipitation, ambient air

temperature, freshwater input through basal melting or tides; see Thompson et al. (2018) for-a-detaled-review—Heow-oceanic

reviews. Moreover, as mentioned in the introduction, there is evidence that GIA processes themselves control ocean circulation
on the continental shelf and offshore (Rugenstein et al., 2014; Wilmes et al., 2017; Tinto et al., 2019
our methodology. According to Thompson et al. (2018), the Antarctic continental shelf can be classified into three distinct
types, namely fresh, dense and warm shelf regions, which differ in terms of ocean dynamics and water mass exchange across
the continental-shelf break. Fresh shelves are characterised by a strong Antarctic Slope Current with little cross-shelf exehange
i ’ W indueced-changes-in-oeeanproperties-at-the-water mass exchange.
Dense shelves feature moderate exchange with efficient pathways for both import of CDW and export of Dense Shelf Water.
Warm shelves typically exhibit a weak frontal structure which allows for high water mass exchange across the continental shelf
break and almost uninhibited access of CDW onto the continental shelf (cf. Thompson et al. (2018)). Our anomaly approach
sent-dt an-forei ated-insi temperatures and the water masses on the continental shelf that enter the ice-

which is not covered b
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and fresh continental-shelf regions, it is still valuable for deriving upper-bound estimates of basal melt changes, as the actual
changes represent an attenuation.

High-resolution ocean modeling can help to study the dependence of ocean processes to RSL changes, that are not captured
by our methodology: a change in isopycnal slopes at the continental-shelf break, changes in thermocline gradients, transport
of open ocean water masses onto the continental shelf or how ocean circulation inside the ice-shelf cavities is affected.
This possibly requires cavity-resolving ocean model domains down to kilometer scale resolution. Additionally, it is required
to represent also different time periods with significantly varied climate conditions and ice-sheet configurations. e.g. the
Last Glacial Maximum or climate projections for the year 2300 Considering the long simulation run times and extensive

computational costs associated with high-resolution ocean modeling (e.g. Pelletier et al., 2022), as well as the challenges

2 = & L ST v 555

of the-study-—conditions, e.g. deriving spinup states or initializing newly created water masses during topographic adaptation,
this remains a substantial exercise. Nonetheless, we encourage the community to verify our findings with a more realistic
representation of ocean dynamics.

In our study, we have also not considered any geemerphologie-proeesses geomorphologic processes so far. We derive

eritieal-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 Filchner Trough or Glomar Challenger Basin in the Ross region, see Nicola-et-al(2023b;-subm-)
Nicola et al. (2023Db, in discus.). For paleo ice-sheet simulations, the representation of erosion and sediment transport (Dams-
gaard et al., 2020) can have an additional control on sub-shelf melt estimates, as we have only considered present-day topogra-

phy in our analysis. However, the horizontal resolution and precise location medeHed-modeled by sedimentary models is key

for correctly representing the effect of changing topographic features and the subsequent impact on ice-shelf basal melt rates.

27



860

865

870

875

880

885

28



890

895

900

905

910

915

Our study presents a simplified methodology to test the impact of relative sea-level changes on Antarctic basal melt rates.
For a set of relative sea-level configurations, we derive maximum estimates of how ocean access to ice-sheet grounding lines

is modified. Based on relative-sea level induced vertical changes in the ocean column, we use ocean anomalies from the
continental-shelf break to compute changes in basal melting inside ice-shelf cavities. The-relevaney-of-thisprecess-is-bound
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920 to-the-time-seales-of-global-We use relative sea-level
recommentd-to-eonsiderthe-influence-of configurations representing the Last Glacial Maximum, the climate in the year 2300
and a hypothetically ice-free planet as another end-member configuration.

Our results indicate that the effect of relative sea-level changes on Antarctic melt rates is of secondary importance, when
compared to corresponding climatic changes. This is confirmed by our transient simulation of deglaciation since the Last

925  Glacial Maximum, where we perform coupled ice sheet - GIA modeling with and without relative-sea level induced temperature
corrections. Although our methodology has some simplifications, it still remains useful for an approximate estimation. Nevertheless,
high-resolution ocean simulations would be valuable to verify our results, in particular to represent the complex continental-shelf
Wmmsea levelmeeaﬁ#efemgfemmeﬂm%sede

930

Code and data availability. The data and relevant code will be made publicly available on a public data repository i.e. PANGAEA or Zenodo.

DOI links to the repositories will be provided upon publication

Appendix A: Algorithm: Connected Components Analysis

Algorithm A1 Connected Component Analysis as implemented in Khrulev (2024)

I: max depth.py:main

2 . .Aead bed topography (bed, mask)

3 . greate depth array: invert bed (x-1) and set all grounded values to 1l
4 . .sall max depth.py:find max depth

5t SESBe max depth field and initialize with -1

6

7

8

9

create mask field and initialize with 0

set mask to 0
10: o~ Einds all isolated regions (connected components) that have greater depth than D
1 B0d can 't be reached from deep ocean (>3700m)
120 o Marks isolated regions with 1, rest with 0 in mask
130 G2 bism label components:update max depth(depth, mask, D, mask depth)
14: e B8EE X depth = max (max_depth, D) in all areas where depthD and reachable from deep
150 o~ OG8an according to mask
16: . .gall max_depth.prepare output
17: ___Jrite max_depth to file
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Figure 2.
configurations and present-day topography. Changes in relative sea level Ar are shown for LGM15k (a), icefree (b) and yr2300 (d)
seenartosRSL configurations. The transition between positive and negative relative sea-level changes is indicated by thick dashed grey
contour lines. Horizontatty-adjusted-The grounding tines-are-line of the present-day ice sheet is shown in getd-orange and the present-day
eontinentat shelf corresponding continental-shelf area (exeluding fleating-confined by continental-shelf break and present-day ice mask) is
marked with black contour lines. Present-day reference topography t,4 (BedMachine v3) including basin numbers is shown in panel (c).
YeHow-and-magentarectangles-indicate-The yellow rectangle indicates the Amundsen Sea ;(see Fig. 4;-and-Fotten—region;see Fig).22;
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Figure 3.

/Grounding line access depths dgre (a)
and their changes compared to present-day Adgurg (b). The colour shade indicates the percentage of grounding line reached by
the specific eritieal-access depth, with additional marks at30-%—for dgr30 (0), 50-%—dgLsq (-) and 76-%—dgL 70 (X). Barystatic sea-
level changes are indicated by dashed horizontal lines in panel b) for LGM15k and icefree seenarioRSL configuration. The plot shows

results for the present-day sensitivity experiment set, which uses a present-day ice mask and grounding line position, but updated
topography. Basins are labelled according to prominent ice shelves following

Nicola et al. (2023Db, in discus.; with AP = Antarctic Peninsula).
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Figure 4.
relative sea-level change on access depths in the Amundsen Sea Embayment for the LGM15k RSL configuration. Upper row shows

present-day topography ¢4 (a) and the change in relative sea level Ar in the LGM15k seenario-configuration (b). Lower panels show the
derived access depths-depth map d,, for present-day bathymetry (c) and the corresponding change in-the-Ad,,, for LGM15k seenario~(d).
Herizontalty-adjusted-Present-day grounding line forpresent-day-icedistribution-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 in

anels b) and d). Yellow boarders refer to map extent highlighted in Fig. 2.
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Figure 5. Changes for grounding line access depth, ocean temperatures and basal melt rates (present-day sensitivity experiments).
The plot shows for each basin (from left to right); change in grounding line access depth (Adgro), change in continental-shelf break
temperature (AT mean) and relative change of basal melt rates (Ari) compared to baseline experiment PD_baseline. Bar colors correspond
to the respective y-axis. Note that the y-axis orientation for Adgyo is reversed compared to Fig. 3 to be aligned with the orientation of AT,

and Arin.

42



a)

0.6
LGM15k_apply_RSLcorrect w
0.4
0.2 0 <
o S
| I-..-_-. 1 o l.llroo?og
-0.2 50<
-0.4
-40
-0.6
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
b)
0.015 15
yr2300_apply_RSLcorrect
. 0.010 1.0
1 0.005 05 %
2 L -~ . 2loo &
d .— L 0000 % foo &
I
-2 -0.005 054
1 -0.010 -1.0
-0.015 -15

Filchner-Ronne
Riiser-Larsen
Fimbul

Baudoin, Lazarev
Prince Harald
Amery

West, Shackleton
Totten

Cook, Mertz
Rennick
Drygalski

Ross

Getz

Amundsen Sea
Abbot, Cosgrove
Western AP
Larsen

Eastern AP

o
57
»
c
@
@
3
]
<
@
o
£
]
o

Figure 6.

are shown for alt 19-/Antaretie basins {see-Changes for grounding line access depth, ocean temperatures and basal melt rates (applied
scenario experiments). Similar to Fig. 2e}-3, but anomalies are computed to LGM15k_apply, baseline and grounding tine-coverage ranging
from—10yr2300_apply baseline experiments, respectively. Other than in Fig. 5, changes in basal melting are displayed as absolute basal
mass flux differences. which is more adequate as basal melting is close to 96zero in many basins of LGM15k_apply_ baseline.
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Figure 7. Influence of RSL correction on the deglaciation of the Antarctic Ice Sheet. m SLE = meter Sea Level Equivalent.
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