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Abstract. The Last Interglacial (LIG), or MIS 5e (ca. 130–115 ka), is characterized by high Northern Hemisphere summer

insolation and a sea-level highstand about 6–9 m higher than today. The melting of the two polar ice sheets contributed

substantially to this sea-level rise but quantifying the contribution from each is difficult. The configuration of the Greenland

Ice Sheet (GrIS) during the LIG and its exact contribution to sea level is not well established. Utilizing a fully coupled, fast

Earth system model, we ran a 108-member ensemble of coupled climate–GrIS simulations, with a particular focus on the GrIS.5

We perturbed various ice sheet and geophysical model parameters to create the ensemble, with paleoproxy evidence providing

constraints to validate the simulations. The constraints included elevation lowering at the NGRIP, GRIP, GISP2, and NEEM

ice core sites from present day to the LIG, the simulated present-day elevation at the GRIP site, and the coverage by ice over all

deep Greenland ice core locations throughout the LIG. Only two simulations passed all three primary constraint tests. Relaxing

the ice-coverage constraint at Camp Century and Dye-3 results in 13 additional simulations that satisfy the constraints. These10

simulations result in LIG ice loss of 2.43–3.16 m sea level equivalent, accounting for over a quarter of the LIG sea-level

highstand. The remainder of the highstand is unaccounted for by GrIS melt and likely comes from the Antarctic Ice Sheet.

Our results demonstrate that the GrIS underwent significant but incomplete retreat during a warm period of elevated insolation,

highlighting its potential vulnerability under sustained future anthropogenic greenhouse warming.

1 Introduction15

The Greenland Ice Sheet (GrIS, known locally as Sermersuaq in the territory of Kalaallit Nunaat) contains enough ice to raise

global sea level by about 7.4 m if completely melted (Morlighem et al., 2017, 2025). Greenland has mostly or completely

deglaciated at least once during the Quaternary (Alley et al., 2010) and Schaefer et al. (2016) show that central Greenland

deglaciated at least once in the last 1.1 million years (Myr). These periods of reduced ice volume occurred during interglacial

periods, times of relative warmth as revealed by the δ18O in benthic foraminifera (Lisiecki and Raymo, 2005), an indicator of20

global ice sheet volume and deep ocean temperature.
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Marine Isotope Stage (MIS) 5e (130–115 thousand years ago (ka)), also known as the Last Interglacial (LIG) or the Eemian,

is the most recent warmer-than-present interglacial with sea level higher than present and serves as a partial analog for future

sea-level rise (Dutton et al., 2015). The LIG is one of the warmest interglacial periods of the past 800 thousand years (kyr)

(Otto-Bliesner et al., 2021), characterized by high maximum summer insolation at 65◦ N. Snyder (2016) estimates global25

mean surface temperatures approximately 2 ◦C above pre-industrial levels during the LIG, whereas other proxy reconstructions

suggest a warming of about 1 ◦C (Otto-Bliesner et al., 2013), which is comparable to current-day warmth. These estimates are

uncertain due to spatial and temporal sampling uncertainties and potential biases in the proxy data. Models, by contrast with

these estimates, show only slight or no warming relative to pre-industrial temperatures (Otto-Bliesner et al., 2021).

Regional high-latitude warmth was nonetheless likely considerably greater than today. Evidence suggests Greenland tem-30

peratures peaked between 5 to 8 ◦C above pre-industrial levels (CAPE-Last Interglacial Project Members, 2006; NEEM com-

munity members, 2013). Sea level was likely 6–9 m higher than present (Kopp et al., 2009). Thermal expansion of the ocean

only contributed 0.4 ± 0.3 m at most during the LIG (McKay et al., 2011). Such a rise in sea level thus requires partial to

complete deglaciation of the GrIS as well as potentially partial deglaciation of the Antarctic Ice Sheet (AIS). While ice core

data suggest that the GrIS survived during the LIG at each ice core location, these data, along with marine records, also suggest35

a smaller GrIS than present (Holschuh et al., 2026).

The contribution from the GrIS to sea level during the LIG remains uncertain. Various attempts to quantify the contribution

of the GrIS to the LIG sea-level highstand have been made using various different models (Cuffey and Marshall, 2000; Tarasov

and Peltier, 2003; Calov et al., 2005; Robinson et al., 2011; Helsen et al., 2013; Dendy et al., 2017). These past studies yield a

wide range of contributions to LIG sea level from the GrIS, from nearly 0 m to over 5.5 m sea level equivalent (SLE). One of40

the primary limitations to simulating the GrIS during the LIG is the uncertainty in the initial boundary conditions, including its

geometry and climatic history prior to the onset of the interglacial. Continuous proxy reconstructions spanning the preceding

glacial period through the LIG would provide stronger constraints on the evolving climate and initial state of the GrIS, allowing

for more faithful initialization of the model simulations, and better quantification of the response of the LIG to evolving climatic

conditions. One Greenland ice core (NEEM) has continuous temperature and precipitation records throughout the entire LIG;45

utilizing the proxy estimates from one single ice core in model initialization, however, would already partly prescribe the

ice sheet evolution due to the effect of the elevation changes on the inferred surface air temperature. To avoid such biases and

complications, coupled climate–ice-sheet model simulations are run to simulate the climate over Greenland using the boundary

conditions available (greenhouse gas concentrations and orbital configuration).

A single coupled General Circulation Model (GCM) run through the entire glacial cycle can provide the boundary conditions50

needed to force an ice sheet model, but doing so requires a considerable amount of computational power. Earth system models

of intermediate complexity (EMICs) are computationally efficient enough to run through glacial cycles (Bonelli et al., 2009;

Ganopolski et al., 2010; Ganopolski and Brovkin, 2017), even in the context of a large ensemble. EMICs are therefore useful

tools to study the co-evolution of climate and ice sheets on millennial to orbital times scales.

The aim of this study is to use a broad but physically plausible range of parameter values important to ice sheet mass55

loss along with paleo and present-day data to constrain GrIS contribution to the LIG sea-level highstand. We do this uti-
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lizing a newer, state-of-the-art EMIC, CLIMBER-X (Willeit et al., 2022, 2024). CLIMBER-X is a fast EMIC, designed to

simulate evolution of the Earth system on time scales from decades to millennia. CLIMBER-X is the successor to the EMIC

CLIMBER-2, which has been used to simulate transient glacial-interglacial cycles of the past 3 Myr (Willeit et al., 2019).

The primary advantage of this model is that it provides a balance between computational efficiency and process representation60

while remaining computationally feasible for large ensembles of multi-millennial simulations. Unlike ice sheet models forced

by prescribed climate fields, CLIMBER-X simulates two-way interactions between the climate system and the GrIS, allowing

the atmosphere, ocean, and ice sheet to evolve interactively.

We performed an ensemble of transient coupled climate-GrIS simulations through the LIG. Only the GrIS was modeled while

all other Northern Hemisphere (NH) ice sheets were prescribed; Antarctica was not treated as dynamic in our simulations. We65

also varied the fraction of meltwater that enters the ocean from the ice sheets to cover the range of possible Atlantic Meridional

Overturning Circulation (AMOC) behaviors. Finally, we ran the same ensemble for 30 kyr at constant pre-industrial (1850

CE) boundary conditions (insolation at 65◦ N = 481 W m−2, CO2 = 286 ppm, CH4 = 795 ppb, N2O = 270 ppb) to obtain

the pre-industrial configuration of each simulation (hereafter referred to as the present-day equilibrium simulations), for use

against present-day constraints to assist with validating possible GrIS extents.70

The framework of this study closely follows that of Robinson et al. (2011), where the authors coupled a simple regional

energy balance model to an ice sheet model to identify parameter combinations consistent with LIG observations. We build

on this approach by using a fully coupled climate–ice-sheet model and a 108-member ensemble to systematically explore four

uncertain model parameters. While retaining the constraints on present-day elevation and LIG elevation lowering at GRIP, we

extend the latter to multiple Greenland ice core locations and incorporate additional constraints on ice core coverage. This75

allows us to identify plausible LIG GrIS configurations and quantify their contributions to sea-level rise.

2 Model description

In this study, we use the fast CLIMBER-X Earth system model (v1.4.0; Willeit et al., 2022). The climate component includes

the Semi-Empirical dynamical-Statistical Atmosphere Model SESAM (Willeit et al., 2022), the 3-D frictional-geostrophic

ocean model GOLDSTEIN (Edwards et al., 1998; Edwards and Marsh, 2005), the dynamic-thermodynamic sea ice model80

SISIM (Willeit et al., 2022), and the land surface and dynamic vegetation model PALADYN (Willeit and Ganopolski, 2016),

all with a horizontal resolution of 5◦x 5◦.

SICOPOLIS (Greve, 1997) is used as the ice sheet model for the GrIS at a resolution of 16 km. SICOPOLIS has been used

in many NH glaciation studies, especially with the predecessor to CLIMBER-X, CLIMBER-2 (Calov et al., 2005; Ganopolski

et al., 2010; Willeit et al., 2019; Carrillo et al., 2024). We use SICOPOLIS v5.3 (SICOPOLIS Authors, 2022), which employs85

a combination of the hybrid shallow-ice-shelfy-stream dynamics (Bernales et al., 2017), the shallow-ice approximation for

grounded non-streaming ice, and the shallow-shelf approximation for floating ice, as well as the enthalpy method for the

thermodynamics solver (Greve and Blatter, 2016). SICOPOLIS is run with a Glen’s flow law stress exponent of n= 3 and a

flow enhancement factor of 3.0 for all grounded non-streaming ice. SICOPOLIS is coupled throughout CLIMBER-X via the
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Figure 1. Maximum summer insolation at 65◦ N (Laskar et al., 2011) and CO2 (Köhler et al., 2017; Lüthi et al., 2008), CH4 (Köhler et al.,

2017; Loulergue et al., 2008), and N2O (Köhler et al., 2017; Schilt et al., 2010) from ice cores, used as forcings for the simulations. The Last

Interglacial is shaded as 130–115 ka.

physically based surface energy and mass balance interface SEMIX (Willeit et al., 2024; Calov et al., 2005), and the solid90

Earth model VILMA (Klemann et al., 2008; Martinec et al., 2018) for isostatic uplift and sea level. VILMA in this study is

run with a 3D viscosity structure from Bagge et al. (2021). The GrIS is initialized with a uniform ice temperature of −10 ◦C,

following Willeit et al. (2024). Although this initial temperature distribution is not in equilibrium with the climate, the long

spin-up period prior to the LIG allows the ice temperature to adjust, minimizing its influence on the simulated LIG evolution.

We also include the summer temperature bias correction over North America as seen in Willeit et al. (2024), which has no95

effect over Greenland. No other bias corrections are applied in this study. More information about the coupling of ice sheets to

other CLIMBER-X model components, as well as SICOPOLIS within CLIMBER-X, can be found in Willeit et al. (2024).
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3 Experimental setup

3.1 Transient simulations through the LIG

LIG simulations were run from 200 ka BP, before the preceding glacial period (MIS 6, ca. 190–130 ka), through the LIG, until100

at least 105 ka BP. Running through the previous glacial period (70 kyr before onset of the LIG in this case) is essential as the

ice sheet model runs through an entire glacial period and begins the LIG with a realized ice sheet configuration.

Our focus is on melt of the GrIS during the LIG, so all other NH ice sheets were prescribed in our simulations. All NH

ice sheets outside the GrIS were prescribed using the ice sheets from Willeit et al. (2019), modeled using CLIMBER-2 (and

SICOPOLIS as the ice sheet model). This previous model did not account for changes in the AIS, and in the study by Willeit105

et al. (2019), 10 % of the glacial-interglacial sea-level variations were attributed to these changes. The prescribed ice sheet

thickness from Willeit et al. (2019) was linearly scaled by a factor of 1.35 to better match the global sea level from Spratt

and Lisiecki (2016) during the LIG. A reduction in the prescribed ice thickness over time results in the consequent meltwater

being added to the ocean through the steepest surface elevation gradient routing to the ocean. The simulations were forced by

changes in orbital configuration (Laskar et al., 2011) and atmospheric greenhouse gas concentrations (CO2, N2O, CH4) from110

ice cores (Köhler et al., 2017; Lüthi et al., 2008; Schilt et al., 2010; Loulergue et al., 2008) (Fig. 1).

3.2 Parameter ensemble

We perturbed four parameters in our simulations: timescale for ice-discharge parameterization (tau_dmb), geothermal heat flux

(q_geo_ice_const), sliding law coefficient (c_slide), and meltwater flux into the ocean (scale_dhdt_ice) (Table 1).

These same parameters were used for the present-day equilibrium simulations. In total, each ensemble comprises 108 pa-115

rameter combinations that span the prescribed parameter space (two ensembles).

3.2.1 Ice-discharge timescale

Albeit a relatively high ice sheet model resolution used in this study, small-scale ice discharge and ice streams cannot be

resolved and must therefore be parameterized. Ice sheet dynamical processes may have contributed to LIG ice loss; recent

studies of current and future sea-level rise attribute at least some ice sheet mass loss to accelerated dynamical responses (Plach120

et al., 2019). These processes also depend on the time scales of interest; a higher-resolution ice sheet model makes a greater

difference in simulating ice sheet changes on centennial time scales, but not quite as much on longer time scales, such as

presented in this study (Aschwanden et al., 2019). It is worth noting that even with a higher ice sheet model resolution, the

resolution of the other coupled models (e.g. the ocean model) would also need to increase in order to resolve the dynamics

that influence these processes (e.g. fjord circulation for marine-terminating glaciers). SICOPOLIS includes the ice-discharge125

parameterization for this reason.

The timescale for parameterization of sub-grid ice discharge (tau_dmb) in SICOPOLIS is the time in which the ice sheet

model parameterizes fast ice discharge through marine outlet glaciers on grids too coarse to resolve individual streams. An
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uncertain and tunable parameter, increasing the timescale for this process allows the ice sheet to grow, where sediment may

dominate the bed of the ice sheet (and therefore where outlet glaciers accelerate faster than other regions of the ice sheet).130

We found the values 20, 30, and 40 years to provide the best match to the current state of the GrIS and therefore the most

appropriate for current GrIS dynamics.

3.2.2 Geothermal heat flux

Geothermal heat flux plays an important role in sliding at the base of an ice sheet; if the ice sheet is not frozen to the bed,

sliding occurs at the base. The geothermal heat flux below the GrIS is highly uncertain (Zhang et al., 2024) and therefore we135

set it to a constant value underneath the entire GrIS. The ensemble mean of several modeling studies discussed in Zhang et al.

(2024) shows that current understanding of geothermal heat flux at the base of the GrIS is between 50 and 60 mW m−2 over

most of the island. Lower values can be found in localized spots around 40 to 50 mW m−2 in the southwest region of the GrIS

and higher values (60 to 70 mW m−2) can be found in the eastern side of the island. Values near the summit of the GrIS are

the highest (60 to 80 mW m−2). We tested spatially uniform geothermal heat flux (q_geo_ice_const) values of 50, 60, and 70140

mW m−2 in our simulations.

3.2.3 Sliding law coefficient

The sliding law coefficient represents a poorly constrained parameter governing the sensitivity of ice flow to basal conditions

and therefore introduces substantial uncertainty in simulated ice sheet dynamics. Basal sliding is difficult to constrain observa-

tionally and is therefore commonly treated as a tunable parameter in ice sheet models, with some approaches using spatially145

varying sliding coefficients calibrated against observed ice sheet geometry and velocity (e.g., Larour et al., 2012). We include

the basal sliding coefficient in our ensemble to assess its influence on simulated ice sheet evolution.

In this study, we use a Weertman-type sliding law:

τb =
1

c
1/p
s

Nq/pu
1/p
b , (1)

where p= 3 and q = 2, τb is the basal drag, ub is the basal velocity, N is the reduced basal pressure if the ice sheet is below150

sea level, and cs is the sliding parameter. The sliding parameter depends on the sediment fraction in each grid cell:

cs = (1− fsed)c
rock
s + fsedc

sed
s . (2)

The sediment fraction is a linear function of sediment thickness between 10 and 500 m (Fig. S1 in the Supplement). The

sediment thickness is based on data from Laske et al. (2013). The default value in the model for the sliding coefficient over

bedrock is crocks = 25 m yr−1 Pa−1 (from tuning to the present-day GrIS in Calov et al. (2018)). The value for the sliding155

coefficient over sediment is 10 times this value, cseds = 250 m yr−1 Pa−1. Sliding over sediment is more crucial at the margins

of the GrIS where there is more regolith and therefore more ice discharge, particularly in areas of outlet glaciers. Sliding over

bedrock dominates the interior of the GrIS as much of the regolith has been eroded away (Clark and Pollard, 1998) or the Ice

Sheet is frozen to the bed (MacGregor et al., 2016) (Fig. S2).
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Parameter Description Units Values

tau_dmb (t) Timescale for ice-discharge parameterization yr 20, 30, 40

q_geo_ice_const (q) Geothermal heat flux for ice sheets mW m−2 50, 60, 70

c_slide (c) Basal sliding coefficient over rock m yr−1 Pa−1 10, 50, 100, 150

scale_dhdt_ice (s) Fraction of melt runoff into ocean – 0, 0.5, 1

Table 1. Model parameters and corresponding values varied across the simulation ensemble.

In preliminary Last Glacial Maximum (LGM, ca. 20 ka) simulations (with the GrIS at a resolution of 16 km), there was160

essentially no change in mass loss or gain when increasing the basal sliding coefficient for bedrock (crocks ) above 150 m yr−1

Pa−1 (and coincidentally the basal sliding coefficient for sediment (cseds ) above 1500 m yr−1 Pa−1) (Fig. A1). We therefore

use values 10, 50, 100, and 150 m yr−1 Pa−1 for crocks for this study. The basal sliding coefficient over bedrock (c_slide) is

listed in Table 1 whereas the basal sliding coefficient over sediment is not explicitly listed (it is included in these simulations

and taken as 10 times these values, i.e. 100, 500, 1000, and 1500 m yr−1 Pa−1).165

3.2.4 Meltwater flux into ocean

As ice sheets melt and fresh meltwater enters the ocean, the diluted salinity can result in a weakened deep-water formation

and consequently a weaker overturning circulation (Bakker et al., 2016). Complete or partial shutdown of AMOC has been

theorized during other past deglacial periods, like Heinrich event 1 (H1, about 17.5 ka), when large-scale melt of NH ice sheets

introduced ample freshwater into the northern Atlantic (McManus et al., 2004). Changes in AMOC strongly affect climate in170

the northern North Atlantic region (Zhang et al., 2019; Ma et al., 2024) and therefore also the surface mass balance of the GrIS.

In an attempt to explore the impact of the uncertain relation between AMOC and the GrIS, we varied the fraction of melt runoff

from the ice sheets (both the interactive GrIS and the other prescribed NH ice sheets) reaching the ocean, using values of 1,

0.5, and 0 (1 meaning all melt runoff enters the ocean and 0 meaning none of the runoff enters the ocean). These values are not

intended to represent physically realistic estimates of actual runoff but rather an idealized sensitivity experiment spanning the175

uncertainty in freshwater–AMOC coupling.

3.3 Present-day equilibrium simulations

The present-day GrIS for each simulation was modeled by running each simulation with the same parameters (i.e. tau_dmb,

q_geo_ice_const, c_slide, and scale_dhdt_ice) as the LIG simulations and constant pre-industrial (1850 CE) orbital parameters

and atmospheric greenhouse gas concentrations for 30 kyr. The AIS is static at its present day state in these simulations while180

the GrIS evolves dynamically from its present-day configuration. Present day was taken as the final timestep (end) of the

simulation, long after reaching steady-state (Fig. S3).
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4 Constraints

Despite evidence for substantial retreat, the extent and geometry of the GrIS at its minimum during the LIG remain poorly

constrained. To identify plausible GrIS configurations during the LIG, we will need to abide by a few constraints backed by185

proxy evidence, with information gathered from Greenland ice cores. The three constraints used in this study are described

below.

4.1 LIG elevation lowering from present day

The elevation minimum during the LIG used in this study is the minimum elevation between 130 and 115 ka. Present-day

model values in this case were taken as the elevation of each ice core location at the final timestep of the present-day equi-190

librium simulations. LIG elevation lowering from present day for the Camp Century, Dye-3, and NGRIP locations are not

well-constrained. According to NEEM community members (2013), the NEEM ice core is the only Greenland ice core that

covers the entire LIG period (and it extends into the preceding glacial period, MIS 6). The authors estimated an elevation

decrease of 130 ± 300 m using insolation-corrected air content. We therefore apply the constraint that the NEEM ice core

location minimum LIG elevation was at most 430 m below the simulated present day. Following Robinson et al. (2011), we195

apply a similar elevation lowering constraint to the summit of the GrIS. The total gas content in the GRIP ice core during

the LIG is similar to Holocene levels, with some measurements only slightly higher (Raynaud et al., 1997). The minimum

elevation of the GRIP ice core location during the LIG was likely around 300 m below present day, but there is approximately

350 m of uncertainty in this measurement (Cuffey and Marshall, 2000). We therefore apply the constraint that the minimum

LIG elevation at the GRIP location is no more than 600 m below the simulated present day. The same constraint was applied200

to the GISP2 location, due to its proximity to GRIP, as well as the NGRIP location, where elevation lowering is expected to be

similar, if not less (North Greenland Ice Core Project members, 2004).

4.2 Simulated present-day GRIP elevation

The elevation at Summit is the most representative of the GrIS as changes in the thickest part of an ice sheet represent the

large-scale changes in the surface mass balance without requiring information like the loss of ice at the margins (Alley et al.,205

2010). Raynaud et al. (1997) found in their model that while the ice margin varied 100–200 km, the elevation change at GRIP

remained below 100 m. We therefore implement the constraint that the simulated GRIP location elevation at present day is

within ±100 m of the BedMachine Greenland v6 GRIP elevation (3232 m) (Morlighem et al., 2017, 2025).

4.3 Ice core location coverage

Even if most Greenland ice cores do not contain a continuous record through the LIG, these cores still contain a wealth of210

knowledge before and after this period. Ice dating to the LIG or beyond has been analyzed in the six deep ice cores drilled

to the base of the GrIS: Camp Century, Dye-3, GRIP, GISP2, NGRIP, and NEEM (Yau et al., 2016b). Ancient DNA in the

silt beneath the Dye-3 ice core predates the LIG (Willerslev et al., 2007), indicating a forested southern Greenland sometime
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Figure 2. Present-day Greenland Ice Sheet ice thickness from BedMachine Greenland v6 (Morlighem et al., 2017, 2025), with the locations

of the six ice cores used to constrain the ensemble indicated by blue circles.

before MIS 11 (ca. 424–374 ka). In addition, a sediment core from the Eirik Drift points toward the retreat of ice from

southern Greenland during MIS 11 (Reyes et al., 2014) and not later (i.e. during the LIG). Low δ18O near the bedrock in215

the NEEM ice core suggests that the ice layers are likely from the glacial period before the LIG. Continuous ice through the

LIG also provides potential evidence that the NEEM ice core location was covered throughout this interglacial period (NEEM

community members, 2013). Silty ice from the GRIP ice core suggests glacial coverage in central Greenland since about 1

million years ago (Ma) (Yau et al., 2016a). The nearby GISP2 ice core has basal ice with δ40Ar/38Ar ages older than 250 ka

(Bender et al., 2010), predating the LIG. The Camp Century ice core in northwestern Greenland contains evidence that the220

location had at least two ice-free events, one during the Early Pleistocene and one after 1 Ma (Christ et al., 2021). The upper

sediment in the Camp Century subglacial core has a luminescence age of 416 ± 38 ka, indicating the last deglaciation at this

location during MIS 11 (Christ et al., 2023). The NGRIP ice core contains a climate record back to 123 ka, and δ18O values

indicate that the GrIS at this location did not melt away during the LIG and was only a few hundred meters lower in elevation

than today (North Greenland Ice Core Project members, 2004). The final constraint is therefore that all ice core locations225

remain covered by ice throughout the LIG in our simulations.
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Constraint Description Value if true

LIG lowering test Reduction in elevation at ice core location

from present day to LIG minimum

< 600 m for NGRIP, GRIP, and GISP2

< 430 m for NEEM

Summit test Present-day surface elevation at GRIP Within ±100 m of BedMachine Greenland

v6 elevation (3232 m)

Ice core location coverage test Continuous ice coverage at all six ice core

locations throughout the LIG

Ice remains present at all six locations

throughout the LIG

Table 2. Constraint tests used to evaluate the validity of simulated Greenland Ice Sheet evolution through the Last Interglacial.

5 Results

Simulations in our ensemble that pass the LIG lowering test, the Summit test, and the ice core location coverage test are consid-

ered valid (Table 2). We then examine additional cases by first relaxing the ice coverage constraint at Dye-3 and subsequently

at Camp Century. GrIS extent during the LIG is uncertain but we expect all ice core sites to remain covered, with melt focused230

on the margin of the GrIS. Modeling studies such as that presented here can help constrain the spatial extent and configuration

of the GrIS during the LIG.

5.1 Constraint tests

The parameters in the ensemble produced 108 individual simulations (Fig. 3). The entire ensemble resulted in a sea-level

contribution between 2.23 and 5.21 m during the LIG from the GrIS, with an average contribution of 3.42 ± 0.73 m SLE235

(Fig. S4).

Of the 108 simulations, 37 passed the LIG lowering test. The simulations that passed the LIG lowering test contributed

between 2.23 and 3.32 m to LIG sea level, with an average of 2.70 ± 0.28 m SLE. This is equivalent to an average minimum

LIG GrIS 35 % smaller than their associated present-day simulations.

A total of 25 simulations passed the Summit test. The simulations that passed the Summit test contributed between 2.43 and240

4.13 m to LIG sea level, with an average of 3.15 ± 0.57 m SLE. This is equivalent to an average minimum LIG GrIS 42 %

smaller than their associated present-day simulations.

The ice core location coverage test was satisfied by four simulations. The simulations that passed the ice core location

coverage test contributed between 2.23 and 2.56 m to LIG sea level, with an average of 2.40 ± 0.13 m SLE. This is equivalent

to an average minimum LIG GrIS 29 % smaller than their associated present-day simulations.245

The margin of the GrIS is the first to melt, likely due to faster ice discharge, enhanced basal melting caused by frictional flow,

or warmer temperatures at lower altitudes (Robinson et al., 2012), or a combination of these. Dye-3 sits on a southern dome,

in a region of relatively thicker ice, but it often became deglaciated in our simulations. The ice core location coverage test
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was the most difficult to pass; continuous ice coverage over every ice core location proved very challenging in our simulations

due to the marginal locations of Camp Century and Dye-3. The runs that passed the ice core location coverage test are runs250

c10_t40_q50_s1 (c_slide = 10 m yr−1 Pa−1, tau_dmb = 40 yr, q_geo_ice_const = 50 mW m−2, and scale_dhdt_ice = 1),

c10_t40_q50_s0.5, c10_t40_q60_s1, and c50_t40_q50_s0.5. Runs c10_t40_q50_s1 and c10_t40_q50_s0.5 are very similar in

that they only differ in meltwater flux.

5.2 "Best" simulations

Only two simulations passed all three tests. These two "best" simulations are c10_t40_q60_s1 and c50_t40_q50_s0.5 (Table255

3). While c10_t40_q50_s1 and c10_t40_q50_s0.5 pass the ice core location coverage test, these simulations fail the Summit

test. Using the present-day GrIS simulated in their corresponding present-day equilibrium simulations, c10_t40_q60_s1 and

c50_t40_q50_s0.5 result in a minimum LIG GrIS 30 % and 32 % smaller, respectively, than present day (Fig. 4). The sea-level

contribution from the GrIS during the LIG for these simulations is 2.43 and 2.56 m, respectively.

CLIMBER-X exhibits some biases in the simulated present-day climate, in particular the regional precipitation over Green-260

land. There is not enough precipitation at present in northwestern Greenland, making the GrIS particularly susceptible to

retreat in that region. The Camp Century location, therefore, might too easily become uncovered by the ice during the LIG.

The model also underestimates precipitation in southeastern Greenland, possibly resulting in the lack of ice coverage at the

Dye-3 location. Additionally, some modeling studies indicate that Dye-3 became ice-free during the LIG (Tarasov and Peltier,

2003; Lhomme et al., 2005; Robinson et al., 2011), an interpretation consistent with the absence of a preserved LIG record in265

the Dye-3 ice core (Willerslev et al., 2007). Consistent with these previous studies, Dye-3 becomes ice-free during the LIG in

an overwhelming majority of our simulations (Fig. 5).

We therefore present two additional cases of "best" simulations: (i) Camp Century covered by ice but not Dye-3 during the

LIG (Dye-3 coverage during the LIG disputed) and (ii) Camp Century and Dye-3 (or either) uncovered by ice during the LIG

(considering the first case and the model biases). In the first case, if we were to relax ice core location coverage at the Dye-3270

location, this would add three more simulations into the "best" category (five total), passing the other two tests. These three

simulations have the same parameter values as the original two "best" simulations, except for the meltwater flux (i.e. c_slide

= 10 or 50 m yr−1 Pa−1, tau_dmb = 40 yr, q_geo_ice_const = 50 or 60 mW m−2, and scale_dhdt_ice = 0, 0.5, or 1). These

additional simulations result in an average 2.52 ± 0.12 m (2.43–2.73 m) contributed to LIG sea level. These result in an average

minimum LIG GrIS 32 % smaller than present day.275

In the second case, if we were to relax the ice core location coverage by ice at both the Camp Century and Dye-3 locations,

this would add 10 more simulations into the "best" category (15 total), as shown in Table 3. These additional simulations result

in an average 2.65 ± 0.22 m (2.43–3.16 m) contributed to LIG sea level. These equate to an average minimum LIG GrIS 33

% smaller than present day. The simulated present-day ice sheet configurations for the 15 accepted simulations across all three

cases are shown in Fig. A2.280
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Figure 3. Simulated evolution of global mean near-surface air temperature, mean summer near-surface air temperature over Greenland,

AMOC, global mean relative sea level, and Greenland Ice Sheet volume (m SLE) from 150 to 100 ka for the full ensemble (gray lines). Dark

blue lines indicate the two simulations satisfying all constraints, medium blue lines indicate the three additional simulations accepted when

the Dye-3 constraint is relaxed, and light blue lines indicate the 10 additional simulations accepted when both the Dye-3 and Camp Century

constraints are relaxed. The black line indicates the global mean relative sea level from Spratt and Lisiecki (2016).
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Case Simulations

All constraints
c10_t40_q60_s1

c50_t40_q50_s0.5

Relaxed Dye-3
c10_t40_q60_s0 c50_t40_q50_s0 c50_t40_q50_s1

c10_t40_q60_s1 c50_t40_q50_s0.5

Relaxed Dye-3 and Camp Century

c10_t30_q50_s0 c10_t30_q60_s1 c10_t40_q60_s1

c10_t30_q50_s0.5 c10_t30_q70_s0.5 c10_t40_q70_s0.5

c10_t30_q50_s1 c10_t30_q70_s1 c50_t40_q50_s0

c10_t30_q60_s0 c10_t40_q60_s0 c50_t40_q50_s0.5

c10_t30_q60_s0.5 c10_t40_q60_s0.5 c50_t40_q50_s1

Table 3. "Best" simulations that satisfy all three constraint tests under each ice core coverage criterion.

Figure 4. Present-day Greenland Ice Sheet overlain by the minimum ice sheet margin during the Last Interglacial (130–115 ka) for (a) the

two "best" simulations that pass all three constraint tests (b) the five simulations that pass all three constraint tests if the Dye-3 constraint is

relaxed and (c) the 15 simulations that pass all three constraint tests if the Dye-3 and Camp Century constraints are relaxed. The color of each

margin relates to the amount of ice volume SLE contributed to sea level relative to the corresponding present-day equilibrium simulation. Ice

core locations are denoted by the black dots.
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Figure 5. Ice thickness at each ice core location from 150–100 ka for the full ensemble (gray lines). Dark blue lines indicate the two

simulations satisfying all constraints, medium blue lines indicate the three additional simulations accepted when the Dye-3 constraint is

relaxed, and light blue lines indicate the 10 additional simulations accepted when both the Dye-3 and Camp Century constraints are relaxed.

An ice thickness of zero indicates complete local deglaciation. Beige shading represents bare ground.

5.3 Ice sheet thinning

Despite substantial variability in simulated ice thickness among ensemble members, the timing of maximum thinning at each

ice core location is consistent across Greenland, occurring between 126 and 121 ka (Fig. 5). Complete loss of the central dome

(GRIP, GISP2, and NGRIP) is uncommon, and GRIP is the only ice core location that does not completely melt away in any

simulation. The Dye-3 location reaches a minimum during the LIG, and then again across many simulations closer to 100285

ka; southern Greenland seems to be particularly susceptible to ice sheet retreat in our simulations. Marginal locations (Camp

Century, NEEM, and Dye-3) lose ice in many simulations, and they show much larger amplitude changes. This is consistent

with an ice sheet whose margins retreat substantially while the central dome remains comparatively resilient. This behavior is

reflected in the three cases of "best" simulations, in which minimum ice sheet extent remains consistently confined to the central

and southern domes of the GrIS despite substantial retreat of the ice margins (Fig. 4). Despite differences in the magnitude of290

ice sheet retreat, all accepted simulations (15 simulations) reach their minimum LIG ice sheet extent between 126 and 124 ka.

Among the accepted simulations, mean maximum thinning relative to the corresponding present-day equilibrium simulations

ranges from about 217 to 260 m at the central ice core locations (NGRIP, GISP2, and GRIP), compared with 382 m at NEEM,

638 m at Camp Century, and 1523 m at Dye-3. Minimum ice thickness generally occurs between 127 and 123 ka, with the

central ice core locations tending to reach their minima earlier than the marginal sites.295
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Figure 6. Relationship between mean AMOC strength at 26◦ N and minimum Greenland Ice Sheet volume during the Last Interglacial

(130–115 ka) for the full ensemble. The dashed line represents the linear regression across all simulations, with the corresponding R2 shown

in the upper-left corner. The colors correspond to the meltwater flux value.

5.4 AMOC

Although it has been posited that AMOC weakened or shut down during the LIG (McManus et al., 2004; Böning et al., 2016),

AMOC never completely shut down during any of our 108 simulations (Fig. 3), reaching minimum strengths of about 10 Sv.

There is, however, a clear AMOC signal during the LIG. In most simulations, AMOC seems to weaken at the climatic optimum

of the LIG (around 128 ka) by about 10 Sv. A relatively abrupt weakening of this same magnitude occurs for all simulations300

around 120 ka, followed by a recovery.

Grouping the ensemble by the meltwater flux reveals three distinct AMOC regimes, despite little relationship between mean

AMOC strength and minimum LIG GrIS volume (Fig. 6). A meltwater flux of 0 results in the highest mean AMOC strength

(around 20.2 Sv) during the LIG. A fraction of 0.5 results in moderate mean AMOC strength, and a fraction of 1 results in the

lowest mean AMOC strength. Despite the strong sensitivity of AMOC strength to meltwater input, ocean overturning alone305

does not explain the spread in minimum LIG GrIS volume. This is largely because AMOC changes have a more pronounced

impact on winter climate over Greenland; GrIS retreat is primarily driven by summer melt, which is less sensitive to AMOC

variability and more strongly influenced by local insolation.
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Figure 7. Surface temperature anomalies at each ice core location from 150–110 ka for the full ensemble (gray lines), relative to the

corresponding simulated present-day temperatures. Dark blue lines indicate the 2 simulations satisfying all constraints, medium blue lines

indicate the 3 additional simulations accepted when the Dye-3 constraint is relaxed, and light blue lines indicate the 10 additional simulations

accepted when both the Dye-3 and Camp Century constraints are relaxed. Anomalies are calculated from the annual grid-cell mean 2-m air

temperature relative to the final annual mean temperature of the corresponding present-day simulation. Black markers indicate reconstructed

Last Interglacial temperature anomalies at NEEM (7.5 ± 1.8 ◦C at 126 ka; NEEM community members, 2013) and NGRIP (5.2 ± 2.3 ◦C at

120 ka; Landais et al., 2016). The black rectangle at GISP2 represents reconstructed warming of 4–8 ◦C between 126 and 122 ka (Yau et al.,

2016b). The NEEM reconstruction represents the upstream deposition location rather than the present-day ice core site. GISP2 and GRIP

occupy the same atmospheric model grid cell.

5.5 Modeled temperature

Global mean temperature during the LIG in our ensemble varies by about 0.2 ◦C (13.06 to 13.28 ◦C), while mean Greenland310

summer (June-July-August) temperature varies by about 4 ◦C (-9.5 to -5.5 ◦C) (Fig. 3). This variability is also evident in

modeled surface temperature anomalies at individual ice core sites (Fig. 7). The ensemble spread in temperature anomaly

increases substantially during 126–120 ka, coincident with peak LIG warming and ice thinning. Dye-3, NEEM, and NGRIP

exhibit particularly large divergence among simulations, while the accepted simulations at Dye-3 show the strongest warming

response, reaching roughly +10 ◦C. Simulated temperatures are more tightly clustered before and after this interval, with315

relatively little ensemble spread at Camp Century throughout the simulation. The accepted simulations generally exhibit a

narrower range of LIG temperature anomalies than the full ensemble, particularly at the central Greenland ice core sites.

Proxy-derived temperature estimates provide additional constraints on the magnitude of this regional warming where avail-

able. At NGRIP, where the ice core record extends to 123 ka, Landais et al. (2016) estimate warming of +5.2 ± 2.3 ◦C relative
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Figure 8. Relationship between (a) mean global temperature anomaly and mean Greenland summer temperature anomaly, (b) mean Green-

land summer temperature anomaly and minimum GrIS volume, and (c) maximum Greenland summer temperature anomaly and minimum

GrIS volume, for the entire ensemble for the Last Interglacial (130–115 ka). Temperature anomalies are calculated relative to the final 1 kyr

mean of the corresponding present-day simulation for each ensemble member. Panels (a) and (b) show mean temperature anomalies over the

Last Interglacial, while (c) shows the maximum Greenland summer temperature anomaly during the Last Interglacial. The colors correspond

to the mean surface elevation change, calculated as the Last Interglacial surface elevation at minimum Last Interglacial ice volume minus

the present-day surface elevation, averaged over the present-day ice-covered area. The dashed line represents the linear regression across all

simulations, with the corresponding R2 shown in the bottom-left corner of the panel.

to pre-industrial at 120 ka. The NGRIP record does not extend through peak LIG warmth, and therefore this estimate may320

underestimate maximum LIG warming. At NEEM, water isotope measurements indicate warming of +7.5 ± 1.8 ◦C relative to

pre-industrial at 126 ka at the inferred upstream deposition location (NEEM community members, 2013). At Summit, GISP2

records indicate temperatures approximately 4–8 ◦C warmer than present day between 126 and 122 ka (Yau et al., 2016b).

These estimates are not directly comparable to modeled annual mean surface temperature anomalies due to differences in

proxy interpretation, seasonality, spatial representation, and age constraints.325

The relationship between mean global temperature change from simulated present day to the LIG, mean Greenland summer

temperature change, maximum Greenland summer temperature change, and minimum LIG GrIS volume is shown in Fig. 8.

Global annual temperature anomaly occupies an extremely narrow range of about -0.8 to -0.5 ◦C and explains little of the

mean Greenland summer spread (R2 = 0.13). The simulations with the warmest Greenland summers tend to have the largest

surface elevation lowering from present day, even when the range of global temperature anomaly is small. Mean Greenland330

summer temperature anomaly spans nearly 3 ◦C, and the anomaly has a strong relationship with minimum GrIS volume (R2

= 0.67), with simulations exhibiting greater ice loss characterized by higher mean surface elevation reduction. Peak Greenland

summer temperature has essentially no relationship with minimum GrIS volume (R2 < 0.01), but the ensemble members remain

strongly organized by surface elevation lowering. Simulations with a lower minimum GrIS volume exhibit more elevation

lowering during the LIG, while simulations with a higher minimum GrIS volume exhibit less elevation lowering, regardless of335

their maximum summer temperature anomaly.

17

https://doi.org/10.5194/egusphere-2026-6398
Preprint. Discussion started: 4 November 2026
c© Author(s) 2026. CC BY 4.0 License.



Parameter ∆ GMT (◦C) ∆ Greenland JJA (◦C) ∆ minimum GrIS (m SLE)

Basal sliding coefficient (c) 0.03 1.39 1.77

Ice-discharge timescale (t) 0.04 1.79 2.19

Geothermal heat flux (q) 0.02 0.90 1.01

Meltwater flux (s) 0.11 0.34 0.32

Table 4. Range in simulated climate and Greenland Ice Sheet response associated with each perturbed parameter during the Last Interglacial

(130–115 ka). Differences are calculated between the highest and lowest parameter values, with the largest ranges shown in bold.

Table 4 shows the range in simulated climate and minimum GrIS volume during the LIG for each parameter. The meltwater

flux has the largest effect on global mean temperature. The ice-discharge timescale has the largest effect on Greenland summer

temperature and minimum GrIS volume. Mean global temperature varies little across parameter values, wheres Greenland

summer temperatures and minimum GrIS volume exhibit substantially greater sensitivity (Table S1).340

6 Discussion

Earlier modeling studies generally produced relatively large GrIS contributions to LIG sea level, ranging from approximately

2.7 to 5.5 m (Cuffey and Marshall, 2000; Huybrechts, 2002; Tarasov and Peltier, 2003; Lhomme et al., 2005). These simulations

showed extensive retreat in southeastern Greenland, including loss of ice near Dye-3. Later studies driven by GCM-derived

climate anomalies generally retained more ice in southeastern Greenland and produced a broader but lower range of approxi-345

mately 0.4–4.4 m contributed to LIG sea level (Robinson et al., 2011; Quiquet et al., 2013; Stone et al., 2013).

Coupled climate–ice-sheet simulations have generally produced intermediate estimates, although the results remain strongly

dependent on the complexity of the coupling and the represented feedbacks. Helsen et al. (2013) yielded a LIG GrIS contribu-

tion of 1.2–3.5 m using a regional atmosphere–ice-sheet coupling. Using the fully coupled EMIC LOVECLIM, Goelzer et al.

(2016) simulated a peak GrIS contribution of approximately 1.4 m. Sommers et al. (2021) used the GCM CESM2 coupled350

with the ice sheet model CISM2 and produced a GrIS contribution of about 3.0 m. A fully coupled simulation of the penul-

timate termination by Quiquet and Roche (2024) using the EMIC iLOVECLIM produced a GrIS contribution of about 2 m

during the LIG. A study by Plach et al. (2019) obtained contributions ranging from approximately 0.5 to 3.0 m using the same

regional climate forcing over Greenland but different surface mass balance formulations. Collectively, these studies highlight

the substantial model dependence of LIG GrIS sea-level estimates, even when interactions between the climate and ice sheets355

are represented. Our constraint-based ensemble further narrows this range by identifying GrIS configurations consistent with

both LIG paleo-constraints and the simulated present-day state.
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Despite relaxing the ice core constraints, the simulated geometry of minimum LIG GrIS extent changes relatively little,

suggesting that the broad spatial pattern of retreat is a robust feature of the ensemble. All 15 accepted simulations retain

substantial ice at NGRIP, GISP2, and GRIP, despite considerably greater ice sheet thinning and frequent local deglaciation at360

the Camp Century and Dye-3 locations. Similarly, the timing of maximum thinning and minimum ice sheet extent is remarkably

consistent across the accepted simulations despite substantial differences in the magnitude of ice loss. This suggests that the

timing of transient GrIS evolution is relatively insensitive to the model parameters varied here and more closely follows the

common large-scale LIG climate forcing, whereas these parameters exert a stronger influence on the magnitude of ice sheet

retreat.365

Reconstructions of LIG ice thickness are sparse. At NEEM, ice sheet thinning of approximately 400 ± 250 m between 128

and 122 ka has been reconstructed (NEEM community members, 2013). This estimate provides a distinct comparison from

the surface elevation constraint used to select the accepted simulations, which is based on minimum LIG elevation relative to

the simulated present day. Over the same interval, all accepted simulations produce a mean thinning at NEEM of 113 ± 98 m

(-24 to 257 m). Although six of the 15 accepted simulations fall within the uncertainty range of the reconstruction (150 to 650370

m), the accepted ensemble generally produces substantially less thinning than the central estimate of 400 m. More broadly,

the persistence of substantial ice thickness at Summit in the accepted simulations is consistent with the survival of a central

Greenland ice dome during the LIG. At the more marginal sites, frequent local deglaciation highlights the substantially greater

sensitivity of the northern and southern ice sheet margins.

The response of the GrIS to freshwater forcing also provides insight into the role of ocean–ice-sheet feedbacks. Luo et al.375

(2018) used an Earth system model to show AMOC strength is only slightly reduced during the LIG (from around 125 to 115

ka). This is reinforced by the benthic δ13C from the North Atlantic, which decreased quickly during 127 to 125 ka and then

slowly increased at 115 ka (Galaasen et al., 2014). These suggest that AMOC was strong and persistent throughout the LIG.

The maximum AMOC strength change in the ensemble mean during the LIG (127 ka) in Jiang et al. (2023) never exceeds 1.5

Sv. Individual simulations in Luo et al. (2018) remain below 2.5 Sv throughout the LIG. In comparison, most of our simulations380

exhibit AMOC weakening of 10 Sv.

Depending on how quickly Greenland loses mass and therefore the amount and rate of freshwater flux into the North Atlantic,

AMOC weakens to varying degrees (this is reflected by the three regimes in Fig. 6). The reduced northward ocean heat transport

cools the North Atlantic, which can partially offset Greenland warming. If AMOC weakens substantially, southeast Greenland

may cool, snowfall can increase in some regions, and the duration of peak melt may shorten (Wunderling et al., 2024). Across385

the 108-member ensemble, mean AMOC strength during the LIG explains essentially none of the variance in minimum GrIS

volume (R2 < 0.01), suggesting that differences in mean AMOC strength are not a primary control on simulated GrIS retreat.

Different mean AMOC states, however, produce very similar ranges of GrIS retreat. This suggests that the AMOC response

is dominated by the melting of the other NH ice sheets rather than the GrIS. Further investigation of the ocean model and its

parameterizations would be required to better characterize the role of AMOC during the LIG but such is beyond the scope of390

this study.
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Some simulations within the full ensemble produce local surface temperature anomalies comparable to published LIG tem-

perature reconstructions; however, the accepted simulations generally exhibit less warming than indicated by the reconstruc-

tions. This difference cannot be explained solely by differences in the timing of peak warming: across the 130–115 ka interval,

the mean maximum annual surface temperature anomaly attained in all 15 accepted simulations is 2.62 ± 0.46 ◦C at NEEM,395

1.31 ± 0.24 ◦C at NGRIP, and 1.38 ± 0.41 ◦C at GISP2. By comparison, substantially greater warming occurs at Dye-3 (6.83

± 1.16 ◦C), indicating pronounced spatial heterogeneity in the simulated Greenland temperature response. Since the ensemble

is being constrained using ice sheet elevation and coverage rather than temperature, the narrower temperature range of the

accepted simulations highlights the coupling between simulated ice sheet evolution and the regional surface climate. Direct

comparison with the ice core estimates should nevertheless be interpreted cautiously as the proxy-derived temperatures and400

modeled annual mean grid-cell temperatures differ in their spatial and seasonal representation and sensitivity to changes in ice

sheet elevation.

The magnitude of GrIS retreat is much more closely related to Greenland summer climate than global mean temperature,

as reflected in the substantially greater spread in Greenland summer temperature across the ensemble (Fig. 8). GrIS melt

is also more strongly associated with sustained summer conditions over the LIG than with the magnitude of peak summer405

warmth, regardless of whether peak warmth is represented by a single maximum or a 1 kyr mean. A similar importance of

sustained interglacial warmth has been demonstrated for MIS 11, when the extended duration of warm conditions contributed

to substantial GrIS melt (Robinson et al., 2017).

Warmer mean Greenland summers covary with smaller GrIS volumes and greater surface elevation lowering across the en-

semble. The relationship between mean Greenland summer temperature and minimum GrIS volume (R2 = 0.67) is substantially410

stronger than that between maximum summer temperature and minimum GrIS volume, which shows little relationship (R2 <

0.01). Together, the covariance between Greenland summer temperature, GrIS volume, and surface elevation is consistent with

a surface-elevation–temperature feedback: as the ice sheet surface lowers through melting, it is exposed to warmer tempera-

tures, which can enhance melt and further lower the surface. This feedback may also contribute to the much larger ensemble

spread in mean Greenland summer temperature anomaly (about 3 ◦C) compared with global mean temperature anomaly (about415

0.2 ◦C).

7 Conclusions

We constrained a transient ensemble of coupled climate–GrIS simulations using paleoproxy evidence to identify plausible LIG

ice sheet configurations. Of the 108 simulations, two satisfy all observational constraints: LIG elevation lowering, Summit

elevation within ±100 m of present day, and ice core location coverage throughout. This number increases to five when the420

Dye-3 constraint is relaxed and to 15 when both the Dye-3 and Camp Century constraints are relaxed. Taken together, these

constraint-consistent simulations indicate a GrIS contribution to LIG sea level of 2.43–3.16 m. Across these simulations,

substantial retreat occurs primarily along the ice sheet margins while a central Greenland ice dome persists. A LIG sea-level
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highstand of about 6–9 m above present suggests that at least 2.8 m is unaccounted for from GrIS melt, with the majority of

the remaining contribution likely coming from the AIS.425

The LIG provides an important test of ice sheet sensitivity during a warm period, particularly over millennial timescales

that cannot be evaluated using the instrumental record alone. The LIG should not be viewed as a direct analog for the future

GrIS because its warming was driven largely by orbital forcing and therefore differed both spatially and seasonally from

anthropogenic greenhouse-gas-driven warming. Nevertheless, the LIG provides important evidence detailing how sustained

regional summer warmth can produce multi-meter reductions in GrIS volume, informing more generally our understanding of430

how the GrIS can respond to radiative forcing changes.

As coupled climate–ice-sheet models continue to improve, paleoclimate constraints from the LIG will remain an essential

benchmark for reducing uncertainty in projections of GrIS melt. Continued refinements of model parameterizations and the

representation of climate–ice-sheet feedbacks, evaluated against paleoclimatic evidence from the LIG, can help constrain model

behavior and increase confidence in projections of the long-term GrIS contribution to future sea-level rise.435
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Appendix A: Parameter sensitivity analysis

We performed a global sensitivity analysis across all 108 LIG simulations using a four-factor full-factorial design. Parameter

importance was quantified by decomposing the ensemble variance into main effects and interactions.

Single-parameter sensitivity of minimum GrIS volume between 150-100 ka (Fig. A3) shows a decreasing trend in minimum

GrIS volume with an increasing basal sliding coefficient, which is expected as sliding becomes faster and the GrIS loses mass.440

The mean response of minimum GrIS volume ranges by about 1.86 m SLE between crocks = 10 m yr−1 and crocks = 150 m yr−1.

Geothermal heat flux shares a similar trend with minimum GrIS volume decreasing as the value increases from 50 mW m−2 to

70 mW m−2, and a mean change of about 0.95 m SLE. This is also expected, as a higher geothermal heat flux enables more of

the basal ice to be at pressure melting point and allow sliding. The ice-discharge timescale produces the only increasing trend,

with increasing timescales increasing the minimum GrIS volume. This trend is also the strongest, with mean values increasing445

about 2.13 m SLE as the timescale increases from 20 years to 40 years. Increasing the timescale increases the amount of time

between parameterization of ice discharge from the GrIS, thereby allowing more time for accumulation and increasing the

amount of ice present at the margins. The meltwater flux has the least effect on minimum GrIS volume, showing almost no

trend (with a mean change of around 0.38 m SLE as the fraction increases). Viewing all of these trends through time for each

parameter, there is no significant change in the timing of minimum LIG GrIS volume (Fig. S5).450

Variance decomposition of each tested parameter (Fig. S6) reveals that the ice-discharge timescale has the dominant effect on

the spread of minimum LIG GrIS volume across the 108-member ensemble during 150–100 ka. The ice-discharge timescale

explains over half (51 %) of the variability in GrIS ice mass loss between 150–100 ka; basal sliding explains about 33 %,

geothermal heat flux explains about 10 %, and the meltwater flux explains about 2 %.

Each of the four parameters together explain 94.9 % of the total variation among the 108 simulations. All interaction effects455

explain 5.1 %: two-way interactions explain 2.9 %, three-way interactions 1.4 %, and the four-way interaction 0.8 %. The

strongest two-way interaction is between basal sliding and ice-discharge timescale, explaining 1.01 % of the total variation

(Fig. A4).
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Figure A1. Greenland Ice Sheet volume during the Last Glacial Maximum when varying basal sliding coefficient over bedrock (c_slide).

Values 2.5 to 150 m yr−1 Pa−1 result in independent ice volume evolution over the Last Glacial Maximum. Values above 150 m yr−1 Pa−1

collapse into the same curve. The mean square error values between c_slide = 150 m yr−1 Pa−1 and all c_slide values above it range

between 4.40× 10−3 and 1.25× 10−2 m.
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Figure A2. Greenland Ice Sheet thickness for the present-day equilibrium simulations corresponding to each simulation that satisfied the con-

straints. Colored contours indicate the simulated present-day ice sheet margins: satisfies all constraints (dark blue), relaxed Dye-3 (medium

blue), and relaxed Dye-3 and Camp Century (light blue). Red contours indicate the reference present-day ice sheet margin. Black dots indi-

cate the six ice core locations.
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Figure A3. Single-parameter sensitivity analysis for each tested parameter and its effect on minimum Greenland Ice Sheet volume between

150–100 ka. Gray points represent individual simulations, while blue points indicuate the mean minimum ice volume for each parameter

value. Error bars represent ±1 standard deviation. The number of simulations for each parameter is indicated by n and ∆ mean represents

the difference between the maximum and minimum parameter-level means, expressed in meters of sea level equivalent (m SLE).
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Figure A4. Contributions of two-way parameter interactions to the total variance in minimum Greenland Ice Sheet volume during 150–110

ka across the 108-member ensemble. Percentages indicate the proportion of total ensemble variance explained by each interaction. Darker

shading represents greater contributions. Two-way interactions account for 2.9 % of the total variation.
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