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Abstract. During the Holocene, the Greenland Ice Sheet (GrIS) experienced substantial thinning, with some regions losing

up to 600 meters of ice. Ice sheet reconstructions, paleoclimatic records, and geological evidence indicate that during the Last

Glacial Maximum, the GrIS extended far beyond its current boundaries and was connected with the Innuitian Ice Sheet (IIS)

in the northwest. We investigate these long-term geometry changes and explore several possible factors driving those changes

by using the Parallel Ice Sheet Model (PISM) to simulate the GrIS thinning throughout the Holocene period, from 11.7 ka ago5

to the present. We perform an ensemble study of 841 model simulations in which key model parameters are systematically

varied to determine the parameter values that, with quantified uncertainties, best reproduce the 11.7 ka of surface elevation

records derived from ice cores, providing confidence in the modeled GrIS historical evolution. We find that since the Holocene

onset, 11.7 ka ago, the GrIS mass loss has contributed 5.3±0.3 m to the mean global sea level rise, which is consistent with

the ice-core-derived thinning curves spanning the time when the GrIS and the Innuitian Ice Sheet were bridged. Our results10

suggest that the ice bridge collapsed 4.9±0.5 ka ago and that the GrIS is still responding to these past changes today, having

raised sea level by 23±26 mm SLE ka−1 in the last 500 years. Our results have implications for future mass-loss projections,

which should account for this long-term, transient trend.

1 Introduction

During the Last Glacial Maximum (LGM), approximately 20 ka ago, Earth was covered by large ice sheets, including the15

Laurentide, the Fenno-Scandian, the Innuitian, and the Greenlandic ice sheets, and the global mean sea level was 125–134 m

lower than it is today (Gulev et al., 2021). Geological evidence suggests that the Greenland Ice Sheet (GrIS) extended to the

continental shelf and was connected to the Innuitian Ice Sheet (IIS) at the Nares Strait (England et al., 2006).

Towards the end of the last glacial period, the Bølling-Allerød interstadial brought an abrupt warming to the Northern

Hemisphere 14.7 ka ago, followed by the cooling of the Younger Dryas stadial 12.9 ka ago (Rasmussen et al., 2006). The20

Holocene warm interglacial began 11.7 ka ago, bringing temperatures that were locally up to 15◦C warmer in Greenland

(Andersen et al., 2004). However, temperature reconstructions vary by several degrees, which can significantly affect the

1

https://doi.org/10.5194/egusphere-2024-2223
Preprint. Discussion started: 24 July 2024
c© Author(s) 2024. CC BY 4.0 License.



modeled GrIS history (Nielsen et al., 2018). Following the Holocene Thermal Maximum, 8-5 ka ago, Greenland temperatures

have shown a long-term decreasing trend (Vinther et al., 2009), but anthropogenic forcing has since reversed the course of

natural temperature change, resulting in a global increase in temperatures since pre-industrial times (Eyring et al., 2021).25

Accurately modeling the historical evolution of the GrIS is essential for evaluating and calibrating ice sheet models. Ice

sheet models respond to climate change over a range of different timescales and are rarely in the steady state (e.g. Lauritzen

et al., 2023). However, several ice sheet model studies have overlooked a calibration of their temporal evolution and only

focused on the evolution of ice temperature, neglecting other delayed responses, such as bedrock dynamics. For example, the

ISMIP6 protocol does not require any calibration (Nowicki et al., 2020), and it has been shown that the majority of the ISMIP630

ensemble simulations underestimate the observed IMBIE consensus mass loss from the Greenland Ice Sheet (The IMBIE Team,

2020; Aschwanden et al., 2021). Recent advances have made up for this by calibrating an ice sheet model to satellite-based

gravimetry-derived mass loss data of the GrIS (Aschwanden and Brinkerhoff, 2022), but the satellite-based calibration data

period only covers 22 years at the time of writing, and there is no guarantee that it gives a sensible long term response.

Calibrating the model to align with present-day observations of ice thickness and velocities risks capturing only the present-35

day state while being on a wrong state trajectory; that is, neglecting the long-term memory of the ice sheet and the response of

the bedrock to past changes in ice load. These differences in past trajectories affect the projected future mass loss in this century

as demonstrated by (Ad̄algeirsdóttir et al., 2014). Beyond the satellite era and back to the early Holocene, no direct observations

are available to inform on the ice sheet history, and ice sheet modeling must rely on proxy data from paleo-climatic records for

constraining and validating the long-term transient response of the ice sheet (state trajectory) over these considerably longer40

timescales. Surface elevation histories, derived from deep ice cores at Camp Century (CC), NGRIP, GRIP, and Dye 3 (See Fig.

1), provide such constraints for modeling the GrIS through the Holocene (Vinther et al., 2009). These archives offer valuable

insights into the ice sheet’s dynamics through the past climate and significantly enhance the robustness of model predictions.

Previous attempts to model the ice-core-derived elevation history have not been entirely successful, most likely because the

studies did not include the dynamic effect from the IIS on the GrIS in the early Holocene. (Lecavalier et al., 2013, 2017).45

In this study, we use the Parallel Ice Sheet Model (PISM) to model the GrIS and the collapse of the IIS bridge during the

Holocene. By varying 20 key model parameters in an 841 ensemble-member study, we show that it is possible to model the

ice-core-derived elevation histories if the grounding line is allowed to advance to the continental shelf and the modeled GrIS

can form a connection to the IIS. We use this setup to constrain the model parameters for the ensemble and to estimate the GrIS

temporal evolution with quantified uncertainties. Using the calibrated model, we investigate the ice sheet mass loss throughout50

the Holocene and determine the current long-term response of the modeled GrIS and bedrock dynamics.

2 Paleoclimatic evidence

When water evaporates over the oceans and precipitates over the GrIS, a fractionation process changes the ratio between the

oxygen isotopes in the water. This process is temperature dependent, which was first used by Dansgaard et al. (1969) to infer

past temperatures from measurements of oxygen isotopes at CC. The temperatures over the GrIS change locally both because55
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of regional temperature changes and due to surface elevation changes. Vinther et al. (2009) were able to derive a GrIS-wide

temperature signal by assuming that the Renland and Aggasiz ice core sites are located within restricted ice domes such that

the ice thickness does not change. This GrIS-wide temperature signal was then subtracted from the oxygen isotope signals at

CC, NGRIP, GRIP, and Dye 3 to derive local surface elevation histories, having adjusted from upstream effects.

We use five different ice-core-based temperature anomaly reconstructions described by Nielsen et al. (2018) to account for60

the uncertainty in the past temperatures. The temperature reconstructions are shown in Fig. A1. Reconstruction number 1 and

2 are based on the GRIP ice core using a linear transfer function from Huybrechts (2002) and quadratic transfer function

from Johnsen et al. (1995), reconstruction number 3 is based on the NGRIP ice core again using the transfer function from

Huybrechts (2002), reconstruction number 4 is the GrIS-wide reconstruction from Vinther et al. (2009). Reconstruction number

5 is based on the NGRIP core using an inversion scheme for the isotope diffusion (Gkinis et al., 2014). Reconstruction number65

1 is the reconstruction used by the SeaRISE project (Bindschadler et al., 2013). The Holocene climate in Greenland is relatively

stable and started with an abrupt warming of approximately 15◦C at the glacial-interglacial transition 11.7 ka ago, followed by

the Holocene Thermal Maximum ∼8-5 ka ago with temperatures 2-3◦C higher than the 20th century mean, and then a general

cooling trend until the late 20th century. The Holocene Thermal Maximum is only captured by reconstructions numbers 3, 4,

and 5, while reconstructions 1 and 2 suggest a constant Holocene climate.70

3 Model setup

To model the Holocene evolution of the GrIS, we use the open-source Parallel Ice Sheet Model (PISM) version 2.1 (Bueler and

Brown, 2009; Winkelmann et al., 2011). PISM is a three-dimensional thermomechanically-coupled ice sheet model that solves

both the Shallow Ice Approximation (SIA) and the Shallow Shelf Approximation (SSA) in a hybrid scheme to capture both

non-sliding, shearing flow in the slow-moving interior of the GrIS and fast membrane-stress-type flow, sliding over the base75

in the fast flowing ice streams and outlet glaciers. At the ice-ocean boundary, PISM incorporates sub-grid parameterizations

to robustly model grounding line advance and retreat (Gladstone et al., 2010). Model parameters that are introduced in this

section will be varied in our ensemble of simulations using the ranges listed in Table 1 unless otherwise specified.

3.1 Model domain

The model domain is shown in Fig. 1 and extends from the continental shelf in the east to the Canadian Arctic Archipelago in80

the west, covering an area of 6.7 ×106 km2. A north polar stereographic projection is used with a standard parallel latitude of

70◦ N and a central longitude of -45◦ W corresponding to ESPG 3413. The area is distorted by a maximum of +5% in the north

and -11% in the southwest compared to the central longitude and latitude. PISM uses a flat earth approximation and volume is

thus not conserved when transforming thickness between projections. All estimated volumes and mass loss rates are given by

accounting for the actual grid area.85

To allow for a meaningful partitioning of mass between Greenland and Canada, we introduce an Extended Continental Shelf

(ECS) mask, which is equal to the Exclusive Economic Zone of Greenland (Flanders Marine Institute (VLIZ), Belgium, 2023).
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Figure 1. Model domain showing the present-day bedrock topography elevation from Morlighem (2022), Jakobsson et al. (2020), and

GEBCO Bathymetric Compilation Group (2023) and the present-day ice cover from Morlighem (2022) and RGI Consortium (2023) shown

in white. The ice core sites discussed in the text (CC, NGRIP, GRIP, Dye 3, Renland, and Agassiz) are shown on top together with the glacier

catchment basins (NW, CW, SW, SE, CE, NE, NO) from Mouginot and Rignot (2019) and extended out to the Exclusive Economic Zone of

Greenland (Flanders Marine Institute (VLIZ), Belgium, 2023) and constitute our extended continental shelf (ECS) domain, see text.

This divides Greenland and Canada at the Nares Strait and Baffin Bay while extending to the continental shelf in the north,

east, and south. To also partition the mass loss within the GrIS when the grounding line advances beyond present-day positions,

we extend the basins from Mouginot and Rignot (2019) to the ECS by nearest neighbor extrapolation.90

The present-day bedrock topography over Greenland is from BedMachine v5 (Morlighem, 2022), and extended with IBCAO

v4.2 (Jakobsson et al., 2020) and GEBCO Bathymetric Compilation Group (2023) to cover the larger domain, in that order of

preference to get the best bedrock available.

At the lateral boundary, a Dirichlet boundary condition of zero ice thickness is used, and the influence of the majority of the

Laurentide Ice Sheet is thereby neglected. The north and south are bounded by the open ocean, while Iceland and Svalbard are95

just visible towards the east. At the base of a 2 km deep bedrock thermal layer, the thermal heat flux from Shapiro (2004) is

applied constantly in time.
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3.2 Surface mass balance

Determining the surface mass balance (SMB) of the GrIS is challenging, and regional climate models (RCMs), such as

RACMO, not only simulate the atmospheric conditions over the GrIS but also incorporate a detailed snowpack model to100

simulate precipitation, melt, percolation, refreezing, and sublimation processes (Noël et al., 2019).

Given the complexity of including all these processes, it is not feasible to run the RCM over thousands of years, as needed in

our study, and we instead apply a Positive Degree Day (PDD) scheme to calculate the surface melting. This approach bases the

SMB solely on temperature, T , and precipitation, P . In the PDD scheme, surface melt is proportional to the extent to which

the temperature exceeds the freezing point (e.g. Braithwaite, 1985). We use two constants of proportionality: one for snow, ψs,105

and another for ice, ψi.

To force the PDD model, we use a 12-month reference climatology based on the multi-year monthly averages of temperature

and precipitation for the period 1960–1989 from the RACMO RCM. Since our model domain is not covered by a single

RACMO simulation, we combine different simulations (see Fig. A3). We looked at three areas for rainfall data: Greenland,

the Northern Canadian Arctic Archipelago, and the Southern Canadian Arctic Archipelago (Noël et al., 2018), treating areas110

outside these regions as having no rainfall. For temperature, we used RACMO2.3p2 at 5.5 km for Greenland (Noël et al., 2019)

and combined it with a broader 11 km simulation (Noël et al., 2015) for the rest of the area. The mean precipitation and summer

temperatures from the resulting climatology are shown in Fig. A2.

We account for historical temperature changes using the same domain-wide anomalies as in Nielsen et al. (2018), i.e., by

adding a domain-wide, spatially uniform temperature anomaly, ∆T , that varies in time, and a lapse rate adjustment, Γ, of115

the surface temperature relative to the RCM surface topography. Since the vapor pressure approximately scales exponentially

with temperature in the Clausius-Clapeyron relation, we account for historical precipitation changes by scaling the reference

precipitation field with a time-dependent scaling factor exp(ω(ϕ)∆T (t)). Here, ω has the latitude dependence

ω(ϕ(x,y)) =





ω↓ ϕ≤ ϕ↓

ω↓+
ϕ−ϕ↓
ϕ↑−ϕ↓

(ω↑−ω↓) ϕ↓ ≤ ϕ≤ ϕ↑

ω↑ ϕ↑ ≤ ϕ

, (1)

where ϕ is the latitude and ϕ↓ = 60◦N and ϕ↑ = 75◦N . In this way, we allow for different precipitation histories in Northern120

and Southern Greenland, unlike the uniform scaling used by many previous modeling attempts (e.g. Nielsen et al., 2018).

3.3 Ocean forcing

Following Aschwanden et al. (2019) we take the sub-shelf ocean melt to be separable in space and time

ṁ(x,y, t) = ṁx(ϕ(x,y))ṁt(t), (2)
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with the spatial dependence controlling the present-day melt rate given by125

ṁx(ϕ(x,y)) =





ṁ↓ ϕ≤ ϕ↓

ṁ↓+
ϕ−ϕ↓
ϕ↑−ϕ↓

(ṁ↑− ṁ↓) ϕ↓ ≤ ϕ≤ ϕ↑

ṁ↑ ϕ↑ ≤ ϕ

, (3)

where ϕ↓ = 71◦N and ϕ↑ = 80◦N while ṁ↓ and ṁ↑ are the upper and lower melt values which we will vary. To allow the

formation of an ice bridge to Canada, the sub-shelf melt rate is scaled by

ṁt(t) =





0 t≤ τ

t− τ
∆τ

τ ≤ t≤ τ + ∆τ

1 τ + ∆τ ≤ t

, (4)

such that there will be no ocean melt for times earlier than τ , while it increases to present-day values in the time ∆τ inspired130

by the rapid change in ocean temperatures found by Clark et al. (2020). In addition to sub-surface melt, ice is calved off at the

oceanfront at a rate that is proportional to the tensile von Mises stress and inversely proportional to a characteristic parameter,

σmax (Morlighem et al., 2016). Additionally, all ice thinner than Hcr is calved off, and a eustatic sea level forcing from Imbrie

and McIntyre (2006) is applied, changing the ocean level by 130 m in the last 19 ka.

3.4 Ice dynamics135

The constitutive relation that relates the strain rate, ϵ̇ij , to the stress, τij , in the ice sheet is

ϵ̇ij = EAτn−1
e τij , (5)

where E is the enhancement factor, τe is the effective deviatoric stress, n is the creep exponent, and A is the ice softness which

depends on temperature, pressure, and water content of the ice. The enhancement factor and the creep exponents are taken to

be different for the SIA and the SSA, and we useESSA = 1.3,nSIA = 3 while we varyESIA and nSSA. The basal sliding velocity140

ub in the SSA is related to the basal shear stress τb through the pseudo-plastic power law:

τb =−tan(ϕ)Ntill
ub

uq
th|ub|1−q

, (6)

where q is the sliding exponent, uth = 100 m a−1 is a characteristic speed. The till friction angle, ϕ, is parameterized as a

continuous function of bedrock topography that increases linearly from ϕmin to ϕmax between zmin and zmax. The effective

pressure on the till Ntill depends on the water level in the till, Wtill, and the overburden pressure of the ice, P0:145

Ntill = min

{
P0, Ñ0

(
δP0

Ñ0

)Wtill/W max
till
}
, (7)

where Wmax
till = 2 m is the maximal water level in the till and Ñ0 = 5.6× 108 Pa is a reference pressure simplified from the

original formulation of Bueler and van Pelt (2015) to include the dependence of the till compressibility and the till void ratio.

δ controls the lower bound of the effective pressure, which we will vary in our simulations.
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-100 ka -20 ka
PD

Spin-up

Bedrock adjustment

Ensemble run

Figure 2. Schematic of the model ensemble experiment. The ice sheet is initialized at -100 ka using present-day geometry and run through

the last glacial at 20 km resolution. The bedrock is then iteratively updated at -20 ka to reduce the modeled present-day bedrock topography

deviation. After finding a suitable bedrock topography, the ice sheet model is branched off at -20 ka, and an ensemble of simulations is run

at 10 km resolution.

3.5 Earth deformation and initialization150

The bedrock responds to changes in ice load by the visco-elastic bed deformation model by Lingle and Clark (1985) and Bueler

et al. (2007) with flexural rigidity D = 5× 1024 N m and upper mantle viscosity η = 1× 1021 Pa s.

We initialize the GrIS by running the model from -100 ka to -20 ka (all times are relative to 2 ka CE) at 20 km grid resolution

with initial bedrock topography taken to be the same as the present day (Morlighem, 2022; Jakobsson et al., 2020; GEBCO

Bathymetric Compilation Group, 2023). To get a modeled bedrock topography at the end of the simulations as close to the155

observed present-day bedrock topography as possible we iteratively adjust the bedrock at -20 ka as depicted in Fig. 2. A

simulation in 20 km resolution is run from -20 ka to present day, after which the modeled bedrock deviation from the observed

is used to update the bedrock at -20 ka according to

b0i+1 = b0i +K(bobs− b1i ), (8)

where bobs is the observed present-day topography (Morlighem, 2022; Jakobsson et al., 2020; GEBCO Bathymetric Compila-160

tion Group, 2023), b0i is the modeled bedrock topography at -20 ka and b1i is the modeled bedrock topography at present day.

The relaxation parameterK = 0.7 is used to prevent overcompensation that leads to unwanted deglaciation. Using this method,

the RMSE of the bedrock went from 77.4 m to 3.3 m after 20 iterations, as shown in Fig. 3.

At -20 ka, the run is branched using the best b0 from the bedrock adjustment, and an ensemble of simulations is run at 10

km grid resolution until the present day, varying the 20 key parameters listed in Table 1.165

4 Bayesian inference

To account for model uncertainty and determine the importance of the model parameters, we run an ensemble of simulations

from -20 ka to present day, varying the 20 parameters listed in Table 1. The 20 parameters share the same dynamical parameters

as those varied by Aschwanden and Brinkerhoff (2022), while the oceanic and atmospheric parameters chosen reflect the

7
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Figure 3. Iterative bedrock adjustment. (a) The modeled present-day bedrock elevation deviation compared to (Morlighem, 2022; Jakobsson

et al., 2020; GEBCO Bathymetric Compilation Group, 2023). (b–e) shows the zeroth to the third iteration of the modeled present-day bedrock

elevation deviation from observed.

change in our model setup. To effectively sample the parameter space, 841 parameters are drawn using the second-order170

orthogonal Latin Hypercube Sampling (LHS) design (Tang, 1993). This ensures that all pairs of parameters are sampled

uniformly and reduces the risk of clustering. The parameters are sampled uniformly over the ranges specified in Table 1 which

are based on the calibration by Aschwanden and Brinkerhoff (2022) and our previous model attempts.

For each of the four ice core sites, we calculate the likelihood, which is the probability of observing the ice-core-derived

elevation history given the modeled elevation change with model parameters m175

ρ(hobs
i |m)∝

∏

j

exp

(
−

(hi,j

(
m)−hobs

i,j

)2

2σ2
i β

)
, (9)

where i denotes the ice core site and j is the time step of the ice core samples to which the modeled elevations are interpolated.

σi are the uncertainties given by Vinther et al. (2009) which are constant in time. In this way, present-day and past surface

elevations are given equal weight, and the likelihoods are thus not biased toward present-day configuration. Following As-

chwanden and Brinkerhoff (2022), the parameter β = 100 is introduced to account for the autocorrelation of the uncertainties180

such that estimated surface elevation has a standard deviation that is similar to the observed uncertainties σi. This effectively

reduces the number of degrees of freedom by a factor of 100 such that the decorrelation time becomes 2000 years.

Additionally, we calculate the combined likelihood of the ice-core-derived elevation changes to agree with the modeled

elevation change for all sites. This likelihood is taken to be proportional to the product of the four individual likelihoods,

neglecting any spatial correlation between the drill sites:185

ρ(hobs|m)∝
4∏

i=1

ρ(hobs
i |m). (10)

The posterior joint probability density functions are then given by Bayes’s theorem

ρ(m|hobs
i ) =

ρ(hobs
i |m)

ρ(hobs
i )

ρ(m), (11)

8

https://doi.org/10.5194/egusphere-2024-2223
Preprint. Discussion started: 24 July 2024
c© Author(s) 2024. CC BY 4.0 License.



Parameter Description Range Estimates

Combined CC NGRIP GRIP Dye 3

Atmosphere

∆T Temperature reconstruction 1—5 1 1 4 2 3

ψs PDD parameter for snow (mm K−1 d−1) 5.7—8.9 6.5±0.7 7.1±0.8 7±1 7.5±0.7 7.8±1.0

ψi PDD parameter for ice (mm K−1 d−1) 7—10 7.7±0.6 8.5±0.8 8.6±0.8 8.7±0.9 8.4±0.7

Γ Atmospheric lapse rate (K km−1) 4—9 5.4±0.7 7±1 6±1 6±1 6±1

ω↓ Precipitation scaling south of 60◦N (% K−1) 0—4.5 2±1 2±1 2±1 2±1 2±1

ω↑ Precipitation scaling north of 75◦N (% K−1) 0—9 2±1 3±2 2±1 4±2 3±2

Ocean

Hcr Threshold for thickness calving (m) 50—150 96±17 87±25 97±30 112±30 106±30

σmax Characteristic stress (MPa) 0.8—1.2 0.92±0.09 1.03±0.10 1.0±0.1 1.0±0.1 1.0±0.1

ṁ↓ Melt rate south of 71◦N (m a−1) 300—500 394±29 409±65 400±56 391±56 391±50

ṁ↑ Melt rate north of 80◦N (m a−1) 10—30 20±6 19±6 21±6 19±6 19±5

τ Ocean melt onset (ka) 4—8 5.6±0.6 5.5±0.7 6±1 6±1 6±1

∆τ Ocean melt set in time (ka) 0—2 1.1±0.5 1.1±0.6 0.9±0.6 1.0±0.6 0.7±0.6

Dynamics

nSSA Creep exponent for the SSA (1) 3.2—3.4 3.28±0.04 3.35±0.04 3.33±0.04 3.25±0.04 3.23±0.03

ESIA Enhancement factor for the SIA (1) 2.5—3.3 3.0±0.2 2.7±0.2 2.9±0.2 3.1±0.2 3.1±0.2

q Basal sliding power coefficient (1) 0.7—0.9 0.82±0.05 0.79±0.05 0.81±0.06 0.80±0.06 0.83±0.06

δ Effective pressure parameter (%) 1.5—2.5 2.1±0.2 2.0±0.2 2.0±0.3 2.0±0.3 2.1±0.3

ϕmin Minimal till friction angle (◦) 5—10 8±1 8±1 7±1 7±1 8±1

ϕmax Maximal till friction angle (◦) 40—45 43±1 43±2 42±1 43±1 43±1

zmin Till friction cutoff elevation (m) -600—-300 -421±60 -481±80 -443±84 -433±80 -447±77

zmax Till friction cutoff elevation (m) 0—500 271±172 238±118 231±134 252±154 271±146
Table 1. List of the 20 parameters that are varied in our ensemble of simulations. The temperature reconstruction is sampled discretely.

The estimated parameter values are given as the mean plus minus the standard deviation of the posterior PDFs except for the temperature

reconstruction, which is the mode of the posterior PDFs.

where the prior distribution ρ(m) is taken to be uniform within the intervals listed in Table 1. From the five posteriors, we get

five probability density functions of ice sheet evolution through the Holocene from which we estimate relevant observables190

listed in Table 2. Unless otherwise specified, all model results are given using the estimates from the combined posterior

probability density function.

To evaluate the effectiveness of the sampling, we compute the effective sampling size (ESS) for each of our five posteriors:

ESS =

(∑
k ρ(h

obs
i |mk)

)2
∑

k ρ(h
obs
i |mk)2

, (12)
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Figure 4. Observed and modeled surface elevation over the last 11.7 ka for the ice core sites, CC, NGRIP, GRIP, and Dye 3. The blue lines

are the ice-core-derived surface elevations from Vinther et al. (2009), and the blue envelopes denote one standard deviation. The orange

solid lines represent the combined estimate for all sites, while the green solid lines are the individual estimates for each ice core site. The

shaded orange and green envelopes denote the estimated 16-84 quantile ranges. The dashed lines are the ensemble members with the highest

likelihood for each site (green) and the highest combined likelihood (orange). The orange dotted and dash-dotted lines are simulations with

the same parameters as the best ensemble member but restricted to ECS (dash-dotted) and the present-day land margin of the GrIS (dotted).

where k denotes the sample member.195

5 Results

5.1 Surface elevation evolution

Figure 4 shows the modeled and the ice-core-derived surface elevations during the Holocene for the four ice-core sites. The

individual estimates (green) for each site match the observed (blue) and reproduce the large thinning observed at CC and Dye 3

as well as the more moderate thinning in the interior at GRIP and NGRIP with RMSEs between 12 and 53.6 m. The combined200

estimated elevation (orange) is lower at CC and Dye 3 at the Holocene onset, while it is too high at GRIP compared to the

individual estimates. Two simulations were restricted from advancing beyond the present-day GrIS coast, and the ECS mask
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Figure 5. Kernel density estimates of the inferred marginal probability densities for the 20 model parameters that we varied. The units on

the y-axes are the inverse of that of the x-axes.

was run with the same parameters as the ensemble member with the highest combined likelihood. The simulation restricted

to the present-day GrIS coast could not reproduce the observed thinning at CC, NGRIP, and Dye 3, showing the importance

of a dynamic grounding line. The simulation restricted to not advancing beyond the ECS performed better but also failed to205

reproduce the thinning at CC, showing the effect of including the IIS when modeling the GrIS Holocene history. The RMSEs

to the four ice-core-derived elevation histories are listed in Table 2 for the five estimates.

11

https://doi.org/10.5194/egusphere-2024-2223
Preprint. Discussion started: 24 July 2024
c© Author(s) 2024. CC BY 4.0 License.



5.2 Inferred parameters

The ice-core-derived surface elevation histories constrain the model parameters, and the marginal distributions for each of the

five posteriors are shown in Fig. 5, and the estimated parameters are listed in Table 1. The inferred parameters are not equally210

well constrained and are constrained differently for each ice core site.

Notably, the estimated enhancement factor of the SIA, ESIA, differs substantially between the sites. At CC, it is estimated to

be 2.7±0.2, while at GRIP, it is estimated to be 3.1±0.2. The estimated creep exponent for the SSA, nSSA also varies between

the sites and has a higher estimate for CC and NGRIP than for GRIP and Dye 3.

Of the five different temperature reconstructions, the first temperature reconstruction from GRIP is the coldest through the215

Holocene and does not have a clear signal of the Holocene Thermal Maximum. It has the highest combined likelihood at 61%

and the highest likelihood for CC at 40%, where the largest thinning is happening. The second temperature reconstruction from

GRIP is more than a degree warmer in the early Holocene and does not perform as well as the first one. The fourth and fifth

temperature reconstructions are the warmest trough the Holocene and have near zero likelihood at CC, while the fourth is the

most likely for NGRIP and Dye 3.220

The northern accumulation parameter, ω↑, is more constrained by the northern sites CC and NGRIP, where it has the most

influence. Likewise, the southern accumulation parameter, ω↓, is most constrained by Dye 3. Both parameters are estimated to

be 2±1% K−1 which is substantially lower than the default of 7.3% K−1 introduced by Huybrechts (2002) resulting in less

accumulation in the warm periods of the Holocene and more accumulation in the cold glacial where the ice sheet builds up.

The onset of sub-shelf ocean melt seems very well constrained by the CC surface elevation history and is estimated to happen225

at 5.6±0.6 ka before present. In the sections below, we will refer to the combined estimate (Fig. 5).

5.3 Modeled Holocene evolution

From the branch-off point at -20 ka until the onset of the Holocene (11.7 ka ago), the modeled ice sheet bridges the gap between

Canada and Greenland over the Baffin Bay and the Nares Strait. Figure 6 shows the ice sheet configuration at -12 ka, -9 ka, and

at present day, and Fig. 7 shows the volume and area evolution from the branch-off point until present day. At -12 ka, the ice230

sheet reaches its glacial maximum extent and is grounded to the continental shelf and through the Nares Strait. We will take

this time step to represent the GrIS at the LGM in the following.

At the LGM, the GrIS has a modeled grounded area of 2.96±0.03 km2, within the ECS, which is 49% or 0.98±0.05× 106

km2 larger than the present-day modeled area and 13.2% larger than the LGM extent from Leger et al. (2024). Compared to

the modeled present-day GrIS, the modeled grounded volume is 6.6±0.4 m SLE larger during the LGM. Additionally, the235

grounded volume above flotation is 5.3±0.3 m SLE larger, which contributed to the global mean sea level rise.

Outside the ECS the IIS and Laurentide Ice Sheet are cut off at the domain boundary with a Dirichlet boundary condition

of zero thickness. This moves the ice divide at Baffin Island further to the east than if it had been connected to a complete

Laurentide Ice Sheet. Together they have a grounded area of 1.20±0.03×106 km2 and a grounded volume of 5.0±0.2 m SLE.
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During the Holocene collapse of the IIS, the ice divide at the GrIS moves towards the west and the ice streams reorganize in240

northern Greenland as shown in Fig. 6.

Figure 8 shows the rate of change of grounded ice for the ensemble member with the highest combined likelihood for the

seven basins of the GrIS. The GrIS rate of change becomes negative at -10.7 ka and peaks at -7.8 ka with a mass loss rate

of 548 Gt a−1 and after the onset of the sub-shelf melting at 4.95 ka with a mass loss rate of 511 Gt a−1. It continues to be

negative for the rest of the Holocene except for a few times during the last 2 ka, where the average mass loss rate is 23.7 Gt245

a−1. The mass loss rates are averaged over 50 years.

5.4 Present-day configuration

The modeled present-day extent of grounded ice deviates from the observed as shown in Fig. 9a. Most notably, it is larger at

the Canadian Archipelago, while it fails to cover 0.08±0.01 km2 and falsely covers 0.19±0.01 km2 compared to the observed

GrIS extent, including peripheral glaciers and neglecting ice thinner than 10 meters which is taken to be seasonal.250

The modeled GrIS at present day has a grounded volume of 9.1±0.1 m SLE, which is 1.5 m SLE larger than the observed

grounded volume, including peripheral glaciers (Morlighem, 2022). This can be explained by the ice thickness deviation at the

margin of the GrIS shown in Fig. 9b.

Figure 10 shows the modeled surface speeds and the deviation compared to Solgaard and Kusk (2023). In the northwest, the

modeled ice sheet is thinner than observed at the Humboldt Glacier, where the modeled surface speed is larger than observed.255

In the northeast, the model fails to capture the flow of the Northeast Greenland Ice Stream but has a faster-flowing ice stream

north of it.

The modeled present-day uplift rates are shown in Fig. 11a together with GPS-derived GIA uplift rates from Schumacher

et al. (2018). Figure 11b shows the difference between the modeled present-day bedrock topography and the observed. At

present, the bedrock topography has a maximal deviation of 93 m in the area covered by the IIS and an RMSE of 27 m. Figure260

11c shows the modeled bedrock topography uplift from the LGM at -12 ka to present day, which has a maximum of 509 m

over the area covered by the IIS. At Agassiz, the bed uplift is 345±9 m while at Renland, it is 168±9 m, which is a little larger

than the bed uplifts of 275 and 110 m respectively used by Vinther et al. (2009) for deriving the surface elevation histories.

6 Discussion

6.1 Innuitian ice bridge and the present-day response265

To accurately model the ice-core-derived elevation history of the GrIS, we included the Canadian Arctic Archipelago in our

domain. This inclusion supports the ice bridge connecting the GrIS and the IIS during the last glacial period. In our model, the

IIS meets the GrIS at Nares Strait during the LGM. The ice then diverges into two streams: one flowing southwestward, similar

to the Smith Ice Stream as suggested by England et al. (2006), and another flowing northeastward. The Smith Ice Stream
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Figure 6. Time slices showing modeled surface speed, streamlines, bed topography, and ice shelf extent for the ensemble member with the

highest combined likelihood at -12 ka (a), -9 ka (b), and present day (c).
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Figure 7. Modeled evolution of the GrIS grounded area (a) and volume (b). The shaded area denotes the estimated standard deviation.
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Figure 8. Rate of change of grounded ice by basin for the ensemble member with the highest likelihood. The mass change is smoothed using

a running mean of 500 years, then divided into gain and loss, and then accumulated by basin. The 1992-2020 estimated mass loss rate from

The IMBIE Team (2020) is shown for comparison.

Figure 9. (a) Modeled present-day grounded extent deviation (modeled-obs) where one corresponds to grounded and zero corresponds to

not grounded. (b) Modeled present-day thickness deviation from observed. (c) Isochrones showing the modeled time of the last glaciation

together with the LGM extent from Leger et al. (2024).
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Figure 10. (a) Observed surface speeds over the GrIS from Solgaard et al. (2021). (b) Modeled present-day surface speeds. (c) Present-day

surface speed deviation (mod-obs).

Figure 11. (a) Modeled present-day bedrock topography uplift rates and GPS-derived uplift rates from Schumacher et al. (2018). (b) Modeled

present-day bedrock topography deviation from observed. (c) Modeled bed uplift between -12 ka and present-day.
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Observable Estimates Restricted

Combined CC NGRIP GRIP Dye 3 Prior Grl ECS

Elevation history RMSE

CC (m) 88.1 53.6 116.8 154.3 170.7 119 223.4 165.9

NGRIP (m) 26.8 44.9 12 69.8 69.4 34.9 67.8 49.9

GRIP (m) 58.6 123 86 27.2 29.5 62 64.5 59.5

Dye 3 (m) 99.1 153.4 116.4 87.2 55.4 106.1 123.5 88.5

Present-day configuration

Grounded ice volume (m SLE) 9.0±0.1 9.5±0.3 9.1±0.3 8.7±0.3 8.7±0.2 9.0±0.4 8.55 9.08

Grounded area (106 km2) 1.99±0.02 2.00±0.03 1.94±0.05 1.95±0.05 1.93±0.04 1.95±0.06 1.82 1.98

Falsely grounded (106 km2) 0.19±0.01 0.21±0.02 0.17±0.03 0.18±0.03 0.17±0.03 0.18±0.04 0.07 0.19

Missing grounded (106 km2) 0.08±0.01 0.08±0.01 0.11±0.02 0.11±0.02 0.12±0.02 0.10±0.02 0.13 0.08

Ice thickness RMSE† (m) 420.8 495.2 435.9 396.4 394.9 428 313.4 418.7

Bed topography RMSE (m) 27 42.2 19 18.5 17.5 20.2 58.3 58.3

Surface speed RMSE† (ma−1) 84.4 80.7 79.5 82.7 82 79.1 95.3 96.3

LGM configuration

Grounded ice volume (m SLE) 15.7±0.3 16.0±0.7 15.8±0.5 15.1±0.6 15.8±0.7 15.3±0.9 9.03 14.31

Grounded area (106 km2) 2.96±0.03 2.93±0.03 2.93±0.04 2.96±0.05 3.01±0.05 2.93±0.05 2.08 2.87

dvdt last 500 a (mm SLE ka−1) -23±26 -31±27 -74±133 -52±106 -75±143 -60±112 -18.19 -70.81

Time of collapse (ka b2k) 4.9±0.5 4.9±0.7 6±1 6±1 5±1 6±1

ESS 9.28 41.36 151.87 99.67 28.56 841.00
Table 2. Estimates of key observables for the past and present of the GrIS, as well as observables for the simulations restricted to the

present-day Greenland mask (Grl) and the ECS. All observables are calculated within the ECS mask and do not include Canada. † RMSEs

are calculated within the present-day observed grounded mask.

discharges into the Baffin Bay, which, as proposed by Couette et al. (2022), is covered by an extensive ice sheet that provides270

buttressing for the western GrIS.

Figure 9c illustrates the modeled isochrones of areas last covered by grounded ice. The modeled collapse of the ice bridge

in Nares Strait occurs at 4.9±0.5 ka before present, 0.7 ka after the onset of sub-shelf melting, and about 3 ka later than the

findings by England et al. (2006). The ensemble members with earlier onsets of sub-shelf ocean melting become too thin at

Camp Century (CC) in the middle of the Holocene, while those with later onsets remain too thick at present. Although not the275

focus of this study, it may be possible to align the ice sheet evolution with both the elevation histories and the timing of the

collapse by increasing the Holocene precipitation beyond present-day levels.

However, the importance of calibrating the GrIS evolution with paleo constraints is underscored when examining the mass

change rates of the GrIS over the last 500 years. These rates range from a decrease of 487 mm ka−1 to an increase of 105

mm ka−1 across the ensemble of simulations. Excluding the simulations that utilize the temperature reconstruction from280
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Gkinis et al. (2014), where the temperature anomaly peaks at 4.5 K during this period, we find that the remaining mass loss

rates primarily depend on the timing of the onset of ocean forcing, τ . This relationship exhibits a strong Pearson correlation

coefficient of 0.8. Consequently, the estimated mass loss rate shifts from a prior of -12±40 mm ka−1 to a posterior of -23±26

mm ka−1. This adjustment highlights the critical role of historical calibration in accurately modeling ice sheet dynamics.

6.2 Bedrock uplift285

The present-day bedrock RMSE of the ensemble members varies between 11.9 and 70.9 m. This is less than the initial RMSE

of 77.4 m before applying any bedrock adjustment but more than the RMSE of 1.47 m that was found for the 12th iteration of

the bedrock adjustment scheme. This could partly be because the bedrock adjustment was done at a resolution of 20 km instead

of the 10 km resolution of our ensemble, but the spread of the bedrock RMSE indicates that the modeled bedrock topography

is very sensitive to the history of the ice load. One way to get a better agreement between the modeled present-day bedrock290

and the observed could be to make a few bedrock adjustment iterations for each ensemble member, although this would be

computationally much more demanding. However, the reported error of Morlighem (2022) is up to 1000 m at the interior,

where the data coverage is sparse, and the RMSE is 145 m over land, so getting a better agreement is of limited value due to

the uncertainties in the bedrock topography.

The modeled uplift rates are larger than the GPS-derived GIA uplift rates from Schumacher et al. (2018) in most places.295

This could be explained by the modeled collapse happening too late and thus not providing enough time for the bed to relax or

by the assumed viscosity of the upper mantle being too low. A higher viscosity would, in turn, make the past elevation change

smaller, resulting in an earlier collapse.

The viscosity of the upper mantle was not varied in our ensemble, but the default of 1021 Pa s from Lingle and Clark (1985)

was used. Estimates of the viscosity range several orders of magnitude (Bagherbandi et al., 2022) and Albrecht et al. (2020)300

identifies a plausible range of viscosities to be 1020−1022 Pa s for Antarctica. Varying the viscosity would change the bedrock

topography history of the ensemble members even further, giving additional reason for adjusting the bedrock for each member

individually.

6.3 Validity of elevation histories

The analysis made by Vinther et al. (2009) simplifies the relationships between the O-18 content of ice, temperature, and305

elevation changes. In particular, it does not account for the effect of an ice shelf over Baffin Bay or the influence of the IIS on

the fractionation process along the moisture trajectory from the ocean to the ice core. Lecavalier et al. (2013) presented revised

estimates of elevation histories, arguing that the bedrock history along the eastern coastline of Ellesmere Island should be used

rather than at the Agassiz location itself while arguing that the IIS complicated the elevation correction before -8 ka.

Using the assumption that the elevation correction to the O-18 signal at the Agassiz ice cores should be taken from the310

shores, Lecavalier et al. (2017) presented revised temperature anomalies for the Agassiz ice core that, in turn, increased the

ice-core-derived surface elevation at CC by 400 m at the Holocene onset.
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The elevation histories presented by Vinther et al. (2009) have already been corrected for upstream effects due to ice flow.

Ideally, the ice sheet model should be coupled to an atmosphere model that tracks the moisture from evaporation at the ocean

to precipitation over the ice sheet and the fractionation of O-18. The modeled O-18 should then be compared directly to that of315

the observed at the time-dependent ice core site location.

The assumption that the thickness of the Renland ice cap does not change during the Holocene is not consistent with our

model results, and we find that the Renland ice cap thins by 399 ± 56 m from the Holocene onset to present day. We believe

that this can be explained by the low resolution of the model resolution since the Renland ice cap is only 1200 km2 (Johnsen

et al., 1992) and the model cannot capture the topography-sensitive steep descents that limit its lateral extent.320

6.4 Sampling technique

We used the second-order orthogonal LHS technique to effectively explore the 20 unknown model parameters critical to

modeling the ice-core-derived surface elevation histories. This sampling strategy was chosen for its efficiency in covering

a high-dimensional parameter space more uniformly compared to simple random sampling, thereby reducing errors in the

estimation process. The effective sample size of the combined estimate is only 9.28, suggesting a significant concentration of325

weight among the samples, and the two most likely members contribute 42% to the estimates. One way to improve upon this

could be to implement an adaptive sampling technique that concentrates the sampling density in the parts of the parameter

space that have the highest contribution to the estimates, which we only did in an ad-hoc way, arriving at the sample ranges

given in Table 1.

6.5 Inferred parameters330

Our analysis revealed that the estimated model parameters differed based on the ice core location used for their constraint. In

particular, the enhancement factor for the SIA, the creep exponent for the SSA, the sliding exponent, q, and the climate history

were constrained differently by the four ice core sites. The estimated parameters constrained by Camp Century (CC) in the

northwest stand out with a lower enhancement factor for the SIA and a lower sliding exponent than elsewhere. The estimated

parameters constrained by Dye 3 in the southwest stand out by a less sensitive southern precipitation scaling in the past and a335

smaller creep exponent for the SSA than elsewhere. The choice of temperature anomaly history also substantially impacted the

modeled surface elevation histories. The temperature reconstructions without a Holocene Thermal Maximum were found to

agree better with the ice-core-derived elevation history at CC, while the temperature reconstructions that did include a Holocene

Thermal Maximum were found to agree well with the elevation histories at Dye 3 in the southeast. The ice sheet evolution in

the Holocene is a complex result of many dynamical processes and climate forcings. While we have found a plausible range340

of ice sheet simulations constrained by the ice-core-derived surface elevation histories at four ice core sites, the difference in

the individual estimates of model parameters suggests spatial differences that our analysis did not account for, e.g., in the basal

geology and sliding, the lithosphere viscosity, or the accumulation rate in the early Holocene (e.g. Nielsen et al., 2018). The

differences in the estimated ice flow parameters might also be explained by the poorly resolved outlet glaciers, which result

in a lower ice flux. This is often compensated by increasing the enhancement factors. Notably, the Kangerlussuaq Gletscher345
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in eastern Greenland and Sermeq Kujalleq in western Greenland require a resolution of less than 3.6 km, as suggested by

Aschwanden et al. (2016), to be properly resolved, which is not feasible for this study. Additionally, it is possible that the

ice-core-derived surface elevation records do not provide sufficient constraints for all model parameters.

6.6 Climatic forcing

The atmospheric conditions and spatial patterns of temperature and precipitation during the glacial and the early Holocene350

were possibly quite different from that of present day. The Laurentide Ice Sheet is thought to have both shielded Ellesmere

Island from precipitation and, at the same time, deflected the jet stream such that more moisture was transported north of the

Laurentide Ice Sheet from the North Pacific Ocean to the Polar regions, making the amount of precipitation over Greenland

uncertain (England et al., 2006). Furthermore, the ice shelf at Baffin Bay has likely affected the temperature and precipitation

nonuniformly. A full coupling of ice sheets to the atmosphere and ocean would be needed to understand and investigate this355

effect in detail. However, the probability distributions for the five ice-core-derived temperature reconstructions do provide some

insights into this. As mentioned above, the southern surface elevation history at Dye 3 was best fitted with a warm Holocene

Thermal Maximum, while the northern CC site was best fitted with a constant Holocene climate. However, due to the bedrock

elevation being depressed by up to 500 m in northern Greenland (Fig. 11c), the impact on temperature would be in the order of

3-5◦C (using the best fit atmospheric lapse rate for CC, see Fig. 5), similar to the impact proposed by other studies (e.g. Axford360

et al., 2021).

Lecavalier et al. (2017) also modeled the Holocene surface elevation change at CC. They used revised temperature anomalies

from Agassiz that were 7 K warmer in the early Holocene than the present day, questioning the idea that a Greenland-wide tem-

perature signal could accurately model the ice-core-derived elevation changes. They did, however, not include the buttressing

effect of the IIS, which we find to be necessary. We also tried to use the temperature anomalies from Lecavalier et al. (2017) but365

found that although it did give an elevation change that was similar to the ice-core-derived, the modeled present-day elevation

was far too low with the ice sheet retreating far inland in the northwest. However, our assumption of a uniform temperature

change over the GrIS is a simplification, but further investigations are beyond the scope of this work.

6.7 Holocene evolution and ice mass loss

Overall, our simulations show that the deglaciation in Greenland occurred between around 10 ka and 3.5 ka, where the total370

area and volume of the GrIS dramatically decreased from its glacial maximum values to approximately the present-day volume

and extent (Fig. 7). The minimum ice-covered area occurred approximately at -2 ka and slightly increased towards the present,

while the ice volume has remained relatively constant over the last millennia. Our simulation shows no clear evidence of a

minimum ice volume during the Holocene Thermal Maximum. It ends at the present day with a simulated area and volume

that exceed the observed values by 5.9% and 20.5%, respectively (Fig. 7).375

A previous study by Nielsen et al. (2018) showed that the evolution of the GrIS depends on the assumed climate history

through the Holocene. Nielsen et al. (2018) found that the GrIS retreated to a smaller than present-day volume at around 8 ka

ago when forced by temperature anomalies that contain the Holocene Thermal Maximum, but their simulations did not include
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Canada in the domain, and thus initiated their simulation with a GrIS of similar size as at present day. In our simulations, we

used the same climate forcing histories as in the study by Nielsen et al. (2018), but we do not find a similar minimum in our380

simulations for the ensemble members that include the Holocene Thermal Maximum, most likely because the GrIS is too far

from equilibrium during the Holocene Thermal Maximum due to the large initial ice sheet. In fact, the simulations that best

fit all surface elevation histories are those forced with the climate reconstruction history number 1 (see Fig. 5), which did not

show any Holocene Thermal Maximum. For this climate reconstruction, our simulated Holocene ice volume follows a similar

pattern as found in Nielsen et al. (2018).385

The spatial pattern of mass loss rates from the GrIS has shifted significantly during the Holocene (Fig. 8). In the earliest part

of the Holocene, the rate of mass change was slightly positive in all basins due to an increase in snow accumulation over the

GrIS. During the first deglaciation phase between 10 and 5.5 ka ago, the mass loss rate was large in all basins, with the largest

mass loss rate in the northwest basin, being about the same rate as all other basins combined. The central west basin also had

significant mass loss rates, followed by the north and southwest basins. Towards 5.5 ka, the mass loss rates decreased towards390

zero, which is also seen in the volume record as a temporary stabilization. Between 5.5 ka and 3.5 ka, after the onset of the

sub-shelf melt, a second phase in the deglaciation occurred, with a total higher mass loss rate than the first phase, and now

dominated by high mass loss rates from the northeast basin and to a lesser extent from the north and central west basins. These

two deglaciation phases are also seen in the total volume (Fig. 7b), with a kink around 5.5 ka ago separating the two phases.

Our simulated Holocene mass loss rates exceed the mass loss rates estimated in a previous study (Briner et al., 2020). Briner395

et al. (2020) simulated the Holocene evolution of the CW and SW basins and assumed that regions are representative of the

entire GrIS. They found the maximal values of mass loss during the Holocene to be 60 Gt a−1 and that it would most likely be

exceeded within this century with rates of mass loss of 8.8 to 359 Gt a−1 depending on the climate scenario which is less than

our maximal Holocene rate of mass loss at 548 Gt a−1 for the ensemble member with the highest likelihood. Our results show

that the spatial pattern of retreat has shifted geographically during the Holocene, and the mass loss rates from the GrIS basins400

have peaked thousands of years earlier in the northwest and west than in the northeast. We conclude that one basin cannot be

representative of the entire GrIS, and thus, our results are not directly comparable to the results by Briner et al. (2020).

7 Conclusions

We considered an ensemble of ice sheet model simulations covering both Greenland and the Canadian Arctic Archipelago

through the Holocene. In these simulations, we varied 20 key parameters to constrain the ice sheet evolution to ice-core-405

derived surface elevation histories at four ice-core sites in Greenland. We showed that the inclusion of Canada in the model

domain and the ability of the ice sheet to advance beyond the present-day land margin are necessary for accurately modeling

the ice-core-derived elevation history.

We found that during LGM, the Greenland ice sheet was connected to the IIS with an ice bridge over Nares Strait. Within

the Extended Continental Shelf (ECS), the GrIS had an extent that was 49% larger than the present-day modeled area during410
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the LGM, and it was found to have contributed 5.3±0.3 m SLE to the global mean sea level from LGM to present day. The

collapse of the ice bridge at Nares Strait was found to have occurred at 4.9±0.5 ka before the present.

We show that the present mass loss rate is a combined short-term response to the recent climate forcing and long-term dynam-

ical response on millennia timescales due to the deglaciation history. Ignoring outliers with excessive temperature anomalies

over the past half-millennium, we find that the mass loss rates over the last 500 years primarily depend on the timing of the415

onset of ocean forcing during the deglaciation. Bayesian inference modifies our understanding of the previous 500 years’ mass

loss from a prior estimation of 12±40 mm ka−1 to a posterior of 23±26 mm ka−1, which is about 5% of the 1992-2020

estimated mass loss rate (The IMBIE Team, 2020) and 7% of the estimated 21st-century committed mass loss rate (Nias et al.,

2023). This adjustment underscores the significance of historical calibration in accurately modeling ice sheet behavior and

including its long-term response to past climatic changes.420

While our study was able to model the ice-core derived surface elevation histories, the most probable ice sheet simulations

did not match the timing of the collapse of the ice bridge found by England et al. (2006) or the timing of the retreat found

by Leger et al. (2024). We propose that these geologically derived datings could be added as further constraints to the GrIS

Holocene evolution in future simulations. This would help reveal limitations in the model and assess the sensitivity of model

parameters. We also found that our modeled present-day uplift rates deviated from the GPS-derived uplift rates in northwest425

Greenland, which is further in line with the timing of our model collapse happening too late. In future studies, these deviations

should be used to constrain the mantle viscosity in tandem with accurately determining the timing of the retreat. Overall, our

results show that the present-day Greenland ice sheet still responds to the history of deglaciation. This long-term dynamical

response is significant and should be included in studies of the present and future mass loss from the Greenland ice sheet.

Code and data availability. PISM is an open source software that can be downloaded from https://github.com/pism/pism (Bueler and Brown,430

2009; Winkelmann et al., 2011). Surface elevation data from the four ice core locations are available upon request. The presented RACMO

data are available upon request and without conditions from B. Noël (bnoel@uliege.be). Temperature reconstructions can be downloaded

from www.iceandclimate.nbi.ku.dk/data/.

Video supplement. A video showing the GrIS evolution trough the Holocene for the most likely ensemble member can be found here

Appendix A435
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Figure A1. Paleoclimatic temperature anomalies derived from O-18 measurements at GRIP and NGRIP using linear transfer function (Huy-

brechts, 2002) and quadratic transfer function from Johnsen et al. (1995) and O-18 measurements at Renland and Agassiz (Vinther et al.,

2009) and O-18 measurements at NGRIP using an inversion scheme (Gkinis et al., 2014).
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Figure A2. (a) Annual mean precipitation and (b) summer (June, July, and August) mean 2 m temperatures for our 30-year reference

climatology.
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Figure A3. Overview of different domain boundaries used to patch together the 30-year reference climatology (ZGRN11, FGRN055, SCAA,

NCAA) and the bedrock topography (BedMachine, IBCAO, GEBCO).
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