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Abstract. Mass loss from the Greenland ice sheet is presently-a-significant-factor-for-a major contributor to global sea-level
rise and is expected to inerease-under-continved-intensify with ongoing Arctic warming. As-Given the threat of sea-level rise

oastal-communitiesworldwidereducing-uncertainties-in-projections-of-future-sea-level-contribution-to coastal
communities, accurately projecting future contributions from the Greenland ice sheet is of-high-impertance—In-this-study-we
determine-crucial. This study evaluates the expected sea-level contribution that-ean-be-expeeted-from the ice sheet until 2100
by performing-conducting an ensemble of stand-alone-standalone ice sheet simulations with-using the Community Ice Sheet
Model (CISM). The-ice-sheetis-initialized-to-resemble-the-presently-We initialize the ice sheet to match observed geometry by
calibrating basal friction parameters —We-tise-and using surface mass balance (SMB) forcing from various Earth System Models
(ESMs) s-as-wel-asfrom-and ERAS reanalysis for-initialization-and-to investigate how this affects the simulated historical mass
loss and the projected sea-level contribution until 2100. The observed historical mass loss is generally well reproduced by the
ensemble-with-a-. A particularly close match with observations is achieved when using output from ERAS5 reanalysis to force
the initialization as well as the historical run, which allows us to produce historically consistent projections. We examine a
range of uncertainties, associated with stand-alone ice sheet modeling by prescribing forcing from various ESMs for three
different emission scenarios. Atmospheric forcing is downscaled with the regional climate model MAR and applied in form

of anomalies or absolute values. Retreat of marine-terminating outlet-glaciers in response to ocean forcing and runoff from

the ice sheet is represented by a retreat parameterization and its uncertainty is sampled by considering different sensitivities.

By 2100, the projections yield projections under
the SSP1-2.6 scenario suggest a sea-level contribution of 32 to 69 mmunder-the-SSP+-2:6-seenario—, under SSP2-4.5 scenario
44 to 119 mmunder-the-SSP2-4, and under SSP5-8.5 scenario and-74 to 228 mmunder-the-SSP5-8-5-seenario—With-, Climate
forcing is the dominant source of uncertainty, contributing a spread of 154 mmunder-the-SSP5-8-5-scenario-climateforeing

aeeount-for-, while retreat forcing adds a spread of 25 mm. We-find-differencesinprojected-sea-level-contribution-due-te-Our
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setup shows variations in the initial state of the ice sheet and grid resolution te-be-minerhave only minimal impact on projected

sea-level contributions.

1 Introduction

Increased mass loss from the Greenland ice sheet is expected to be a major eentributer-contributor to future global sea-level

ahi isston-seenario-Accurately projecting Greenland’s response to future climate is challenging due

to various reasons, including uncertainties arising from poorly constrained boundary conditions, model formulations and the
inability to adequately resolve or represent all relevant physical processes. With the goal of improving projections of sea-level
contribution from ice sheets, several studies have investigated various aspects that contribute to these uncertainties. ?, for ex-
ample, have evaluated the effects of physical model formulations, such as handling of SMB forcing, outlet-glacier dynamics
and basal lubrication, as well as model resolution on projected contributions of the Greenland ice sheet to global sea-level
rise. Spatial representation in terms of grid spacing and resolution of bedrock topography, as well as the interaction with outlet
glacier forcing were also focus of a study by ?, while the effect of elevation feedback parameterization on modeling results

was invested-by-2investigated by ?. Sea-level projections have been found to be highly sensitive to climate forcing and ice

sheet model uncertainty, which includes uncertainties stemming from structural differences between ice sheet models, as well

as uncertainties related to specific modeling choices, such as experiment setup, etc. (??). The Ice Sheet Model Intercomparison
Project for CMIP6 (ISMIP6), for example, assessed uncertainties related to climate forcing and quantified ice sheet model

uncertainty, by comparing projections with different ice sheet models using various climate foreing-forcings from the CMIP5
archive (?). In accordance with previous studies, ISMIP6 identified the initial representation of the modeled ice sheet as a major
source of uncertainty for ice sheet projections. Many simulations showed a large models drift, resulting from the initialization
to present day, and insufficient representation of historical mass loss.

The initialization of ice sheet models to represent present-day conditions is a critical aspect of projecting future ice sheet
behavior. Past studies have compared various initialization methods and investigated their impacts on projections (??2?7?).
Initialization of ice sheet models can be done using various approaches, each with distinct advantages and limitations. One
possible method involves simulating full glacial cycles that have preceded the present day climate while allowing for the ice
sheet geometry to freely evolve, ensuring consistency in surface mass balance (SMB), ice thickness, velocity field, and ice
temperature (e.g. ??). This approach produces a-sel-consistent-an ice sheet that is in balance with its past forcing and provides

the ice sheet state with a long-term memory of past conditions. However, so-called paleo spin-ups often result in substantial
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deviations from observed ice sheet geometries, potentially introducing biases in future projections. As an alternative, data
assimilation techniques prioritize matching present-day observations, yielding ice sheet configurations that-eloselyresemble
reality-in close agreement with observed conditions. (???2??). Matching the observed state of the ice sheet is possible using
inverse methods or calibration, where poorly constrained parameters are adjusted to achieve a close match with observed sur-
face velocities (e.g. ???) or ice sheet surface elevation (e.g. ?). However, this method may induce unwanted model drift due
to mismatching boundary conditions, model physics or assimilation targets and lack of past climate memory. Inverting for less
constrained variables such as bed friction and-may thus lead to compensation effects (?). Furthermore, issues arise regarding
the choice of SMB representation during initialization, as different choices of reference SMB may lead to divergent projections
of future mass loss. Several past-studies (???) have emphasized the need to further improve on initialization methods for ice
sheet modeling and advocated to further explore combined approaches, which, for example, allow for a relaxation after data
assimilation.

Projections of future ice sheet mass loss are often performed using climate forcing in terms of SMB anomalies with respect
to a reference SMB (222)(22?). Forcing with absolute SMB output from a-climate-medel-climate models is generally difficult
due to the bias that many climate models exhibit (???). The anomaly approach ensures the removal of biases and allows the
combination of SMB forcing from different sources. This is often necessary when simulating a time span that includes the
historical period as well as a future projection, or when performing an ensemble of projections that start from the same initial
state but use future forcing from various climate models.

In the-present-this study we address the question of initialization by investigating how the-use-of-different initial SMB prod-
ucts feraninverse-initialization-of the-tee-sheetimpa he-projected-massloss—Additionally-weimpact the projected ice sheet
mass loss using an inverse method. We present historically consistent projections of future sea-level contribution and evalu-
ate the impact of forcing projections with absolute SMB values versus prescribing SMB anomalies;-thereby-complementing-,
We thereby complement existing estimates of sea-level contribution from the Greenland ice sheet on a decadal to centennial
timescale—We-sample-, while sampling uncertainties related to climate forcing and modeling choices. Moreover;-we-perform

pecHve—con BN OR—O NMB—an

In the following section (Sect. 2) we describe the ice sheet model and the experimental set-up, before we present the results
in Sect.3. We examine the initial state in Sect. 3.1, the historical period in Sect. 3.2 and the projections in Sect. 3.3. Jnr-Seet:22

>We conclude with a

2 Model description and experimental set-up

2.1 The Community Ice Sheet Model

We project contributions to global mean sea-level from the Greenland ice sheet until the year 2100 by performing an ensemble

of standalone simulations with the Community Ice Sheet Model (CISM) (?), which is a 3-D thermomechanically coupled
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higher order model. Given the 2D surface-elevation-and-bed elevation and ice thickness fields, the 3D temperature field, and
relevant boundary conditions, the model calculates the ice velocity by solving a depth-integrated-viscosity approximation
of the Stokes equations (?) on a structured rectangular grid. The 3D temperature enters into the viscosity equation via a
temperature-dependent rate factor before an effective viscosity is calculated by integration over all vertical layers (see Eq. (2),

Eq.(5) and Eq.(24) in ?). Simulations in this study are run using 11 vertieal-Hayers-irregularly spaced vertical layers which
refine towards the base, and a horizontal grid resolution of 4 km, 8 km and 16 km. We apply a powertaw-Weertman-style

ower-law accounting for effective pressure to describe basal sliding. At-the-start-of-the-simulation-the-tee-sheet-issetto

heatflux-aceording to-datafrom-2-at-the lower-beundary-The thermal evolution of the ice sheet is determined by a prognostic
temperature solution. Basal melt water is removed immediately. Climate forcing at the upper ice boundary is applied via

providing SMB and surface temperature (ST) fields. All floating ice is assumed to calve immediately. We justify the neglect of

floating ice based on the rare occurrence of floating ice in Greenland. While floating ice does exist in Greenland in form of ice
tongues located at the termini of outlet glaciers, these ice tongues are limited in number and extent (?). Mass loss processes of
the Greenland ice sheet are therefore primarily determined by surface processes and outlet glacier dynamics, while sub-shelf
melting can be neglected (?).

2.2 Climate forcing

Climate forcing for the simulations comes from ten different Earth System Models (ESMs) (nine CMIP6 models and one

CMIPS5 model), as well as from ERAS5 reanalysis (?). All ESM simulations have been dynamically downscaled over Greenland

with the Model Atmospheric Regional (MAR) in version v3.12 (?). Atmespherie foreing-isrepresented-by-preseribing-either
absolute-Since MAR produces SMB and ST eranemaliesforcing on a fixed ice sheet geometry the SMB-elevation feedback
is not accounted for in the forcing. The SMB-elevation feedback —which-arises—due-to-a-is a positive feedback mechanism
between the changing ice sheet geometry;is-parameterized-surface and the atmosphere (?2). As the ice sheet looses mass, its
parameterizing it based on local vertical gradients of runoff, according to a correction method used by ?. The locally applied
SMB in each grid cell is therefore corrected depending on elevation change and local changes in runoff in the surrounding.

fixed ice sheet geometr d 28U 4

the runoff gradient calculated from several surrounding cells. We use this-variable-gradients in runoff rather than gradients in
SMB, because itis-not-SMB is affected by precipitation, which does not have a consistent gradient with elevation. Temperature

boundary condition (ST) for the thermal evolution of the ice sheet is corrected in a similar manner. For a detailed description
of the method see Sect. 6.1 in ? and Fig.S11 in the supplements to ?. Atmospheric forcing is represented by prescribing either

, dh is the elevation change relative to the reference elevation (of the initial ice sheet state) an S
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absolute SMB and ST or anomalies with respect to a reference period. We follow ?? and use the ISMIP6 parameterization (?) to
represent interaction of the ice sheet with the ocean. Retreat of marine-terminating outlet glaciers is prescribed as maximum ice

front position (via a retreat mask) applying a semi-empirical parameterization(??)-which-tuses-mean-summer-, which linearl
relates retreat of terminus position AL to changes in submarine melt at the glacier front:

where () denotes subglacial discharge, parameterized as mean summer surface runoff from the ice sheet as provided by
MARand-, T'F' denotes thermal forcing, which is taken into account by depth averaged (200 m — 500 m) far-field ocean tem-

perature change-from the ESMs aggregated over seven drainage basins around Greenland—Uneertainty-, and & is a calibrated

sensitivity parameter, which accounts for the uncertainty in the sensitivity of the-outletglacierretreatto-itsforeingissampled
outlet glacier response to climate forcing (see Sect. 3.2 in ?). We sample this uncertainty using three different values for

runoff—We-use-medivm;tow-and-high-sensitivities covering the median, 25 % percentlle and 75 % percentile of values from
a distribution of calibrated values using observations of retreat for nearly 200 tidewater glaciers over the period of 1960-
. The parameterization calculates

2018 —(?). These different sensitivities are referred to as medium, high and low sensitivit

retreat as a weighted average over several drainage basins, rather than for single glaciers, which allows the application of the

arameterization without explicitly resolving individual outlet glaciers.
We use fereingfor—climate forcing from the low emission scenario SSP1-2.6, the intermediate emission scenario SSP2-

4.5 and the high emission scenario SSP5-8.5 to sample a wide range of possible socioeconomic pathways. Eurthermore;-we

2.3 Experimental set-up

The setup of the simulations is similar to the ISMIP6 protocol (?), except for a dedicated historical experiment. Simulations
consist of three parts; the spin-up which results in an initial ice sheet assigned to 1960, a historical run from 1960 to 2014 and

a projection from 2015 to 2100.

2.3.1 Spin-up

The goal of the spin-up is to to produce an ice sheet that is in balance with its forcing and closely resembles present-day-recently
observed conditions. During a period of 5000 years we apply an annual mean SMB and ST of a reference period, which we

choose to be 1960-1989, a period during which the ice sheet is assumed to have been in relative balance with its forcing (?).

At the start of the spin-up the ice sheet is set to recently observed bedrock topography and ice surface elevation as mapped b
BedMachine v3 (?). For reasons of numerical stability and in order to ensure a stable interpolation from high resolution to a
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coarser CISM erid, the topography data is first smoothed with a Gaussian filter, before it is interpolated onto the model grid
using a nearest-neighbor approach. The ice temperature is initialized with an advective-diffusive balance between the surface
temperature at the upper boundary and the geothermal heat flux according to data from ? at the lower boundary. During spin

up, the basal friction parameters are calibrated to nudge the ice surface elevation towards present-day observations following ?,
which implies that basal temperature has no effect on the sliding. The obtained basal friction parameters are then held constant
for the rest of the simulation, which we assume to be justified for a centennial timescale. It should be noted that this approach

leads to the compensation of other modeling inaceuracies-or-uncertainties, such as, for example, uncertainty in basal heat flux
as well as inaccuracies in forcing through the bed roughness (?). To minimize the already small residual model drift and to

ensure the long-term stability of the initial ice sheet, we let all initialized ice sheets-sheet configurations relax for an additional
1000 years, for the 4 km grid resolution, and for 500 years for the coarser resolutions on their respective bed friction field

before assigning the resulting ice sheet geometry to that of 1960.

We divide our ensemble of projection into two subsets, depending on the use of SMB during spin-up:

1. For the first ensemble we produce one single initialization by applying SMB from ERAS reanalysis downscaled with
MAR, which matches well with observations over the reference period (?). We call the ensemble using this initialization the

ERAS5-init ensemble and refer to the downscaled SMB as ERAS-SMB.

2. For the second ensemble we perform multiple spin-ups using the reference SMB from each ESM downscaled with MAR.
We thereby obtain multiple initial ice sheetssheet configurations, each with a different friction field and small variations in ice

surface elevation. The ensemble using this initialization approach will henceforth be called ESM-init ensemble -and the SMB

roducts from the different ESMs, which are again downscaled using MAR, will in summary be referred to as ESM-SMB.

2.3.2 Historical period

We define the historical period to extend from 1960 to 2014.

All runs in the ERAS5-init ensemble branch off from the one single ERAS5-initialization, which also implies that the friction
field is the same for all members of this ensemble. Fhe-This historical run is forced with SMB and ST from ERAS reanalysis
(downscaled with MAR), neglecting the SMB-height feedback, which well reproduces observations (?). Following ? (Sect.
222
?)

perature used for the retreat parameterization comes from the Hadley Centre EN4.2.1 dataset (?). We perform three different

surface runoff data for calculating retreat in this historical run is estimated using the regional climate model RACMO

which has been forced at its boundaries by ERA-40 and ERA-interim (see Sect. 2.2.2 in ?). Observations of ocean tem-



historical runs, each using a different sensitivity to-the-(x in Eq.1) to outlet glacier retreat forcing.
The historical runs in ensemble ESM-init branch off of each ESM-initialization and are forced with absolute values of SMB

and ST from the respective ESM eutput(dynamically downscaled with MAR). Note that ESMs generally do not reproduce the

observed interannual and interdecadal variability-in-SMB-climate variability over the historical period —Again;-each-historieat
respective ESM-MAR simulation, while ocean thermal forcing comes directly from the respective ESM. For each ESM, we
produce three different historical runs using different sensitivities to the outlet-glacier retreat forcing-which-is-produced-using
ocean-temperature-from-each-ESM-.

200 2.3.3 Future projections

Following the historical run, future projection start at 2015 and go out to the year 2100. In both ensembles all three sensitivities
to outlet glacier retreat forcing are taken into account.
In the ERAS5-init ensemble, projections are forced by anomalies with respect to the annual mean SMB and ST of the reference
period (1960-1989) from the same ESM that is used for the projection-—Fhis-appreach-, such that: SM B(t) = SMB_ref ERA5 + SMB
205 where SM B_anomanly(t) = SMB_ESM(t) — SMB_ESM _ref(annual mean 1960 — 1989) (note that ESM-SMB always
refers to dynamically downscaled SMB). This commonly used approach (e.g. ?) ensures the use of high quality forcing during
spin up and allows for a correction of biases in the ESM forcing. Furthermore, it has the advantage of being computationally
efficient, as only one initialization is needed for the entire ensemble of projections. It comes, however, at the cost of introducing
a possible inconsistency in the forcing, when transitioning from the ERAS forced historical simulation to the projection.

210 For the ESM-init ensemble, projections are forced by prescribing absolute values of SMB and ST, following the approach

used for the historical period, such that: SM B(t) = SM B_E S M (t). Forcing with absolute SMB from the same model ensures
a consistent forcing stream of the simulation from initialization throughout the historical period and the projections. Note that

values of absolute SMB and surface temperature in ensemble ESM-init can technically be divided into a reference part (annual
mean of the ESM over the period of 1960-1989) and an anomaly part, such that: SM B _ESM(t) = SMB _ref ESM + SMB_anomal
215 This means that forcing, in terms of anomalies, is identical in both ensembles, because, in both cases, the anomalies are calcu-

lated with respect to the ESM annual mean of the reference period.Fereing-with-abselute-SMB-from-the-same-souree-ensures

Bedrock elevation is kept constant throughout the simulation, as we assume isostatic adjustment to be small on a centen-

nial timescale and therefore negligible for the projections (??). Sea-level contributions are calculated relative to the year 2015

220 based on ice volume above flotation and include a density correction that accounts for density differences between ocean wa-
ter and fresh meltwater (?). For conversion of ice volume change to sea-level equivalent we assume a constant ocean area of

3.625x 10 m?2 (?).

2)-We run projections with forcing
from 10 different ESMs, sampling three SSPs, three sensitivities to outlet-glacier retreat forcing ;-three-grid-sizes-and-and the
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two different initialization approaches. All projections using the ESM-init are run at 4 km grid resolution, while all ERAS5-init
experiments are run at three different grid sizes (4km, 8 km and 16 km). In total, our simulation data set consists of 192

rojections.

3 Results
3.1 Initial state

By the end of the initialization, ice thickness, temperature and velocity fields of all modeled ice sheets-sheet configurations
are close to steady-state. With a mass change range-of-ranging from -41 Gt to -55-110 Gt over 100 years, the residual drift is
very limited for all medels;execeptfor-theA F S-inttialization, which-exhibits-a-drilt o G-over1+00-yearsinitialized

Simulated ice mass ranges from 2.71x10% Gt to 2.74x 10% Gt at the end of the initialization. In comparison, observations
of the Greenland ice sheet suggest an ice mass of 2.73 & 0.02 x10° Gt (assuming the same ice density of 917.0kg m—3 as
used for the simulations, instead of an ice density of 916.7 kg m~2) (?). Therefore, the simulations closely align with obser-

vational data. The slight variations in the experiment’s initial mass can be attributed to the limited ability of the initialization

methed-inversion in the initialization approach to compensate for biases in the initial SMB. Comparing the initial ice thickness
across all configurations to the target ice sheet geometry, 90% of the simulated values in the GCM-init ensemble show
absolute differences of less than 33 m. In the ERAS5-init configuration, 90% of the differences are below 16 m (Fig. S1 in

the supplementary materials).
Figure 1 shows the ice sheet state after the initialization using forcing from ERAS-reanalysis. The-A comparison of this

initialization to all members of the ESM-init ensemble (see-Fig—S1+-S3-can be found in the supplements }shows-(Fig. S2-54).

in surface elevation, e.g. regions of higher SMB correlate with regions of higher surface elevation. Differences in bed friction
field mirror the differences in SMB, so that areas of increased SMB result in areas of lowered friction.

To illustrate the effect of different reference SMB forcing with a concrete example, we continue with a more in-depth anal-
ysis on the comparison of the ERAS-initialization-ERAS-init to the initialization produced with SMB from NorESM2-MM¢,

which is our in-heuse-model)+n-in-house model (Fig. 2). Differences in SMB are most pronounced around the margins of the
ice sheet, where NorESM2-MM generally exhibits higher SMB values than ERAS. This leads to differences in the resulting
bed friction fields, which compensate for the difference in SMB during inversion for the same target geometry by increasing
the slipperiness in areas where high SMB values produce too thick ice and vice versa. This way, ice is being evacuated more
effectively from areas with a surplus, while it is retained in areas where modeled ice thickness is lower than targeted. The
inferred bed roughness of the NorESM2-MM initialization is lower, especially in areas of higher SMB, except for parts of

the North-West and center region of the ice sheet. While the target geometry is the same for both initializations, the ice sheet



thicknesses-thickness at the end of the initialization procedure still differ-differs slightly around parts of the margins. This is a
residual due to the inability of the inversion process to fully compensate for discrepancies between forcing and target geometry,

260 which, in this case, leads to thicker margins of the initial ice sheet for the NorESM2-MM initialization.
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Figure 2. Differences between the initialization with NorESM2-MM and the initialization with ERAS5afterrelaxation: SMB (a), friction

parameter (b) and ice surface elevation (c).

To farther-explore-the-calibration—process—and-to-demonstrates how a mismatch between SMB and friction field would

265 propagate into a biased ice sheet geometry in the absence of further calibration we perform a supplementary experiment

where we examine the ice sheet’s response to sudden changes in SMB and-frictionfield-during—thespin-up—we-perform

Hp—as—a—sta PO e e on—feld
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the-second-simulation-we-during the initialization. We take the ERAS spin-up and change the SMB forcing to that of the- ESM
NorESM2-MM after the end of the spin-up period éﬁg%b}—Agamﬂrv&and let the ice sheet relax in this configuration for
another 1000 years. In other words + i He
ease-the ice sheet is spun up using the %M%MW&HWMIS then relaxed on
#fﬂ%@ﬂd&ﬂﬁ&@ﬂgﬂﬁﬁﬁm&ﬁ%&pmﬂm@w@mm& while applymg the-an ESM-SMB-—The

not match the friction field. The resulting ice sheet geometry —ttisrather-significantly deviates from the ERA5-init (Fig. 3). It
is the mismatch between SMB and friction field that leads to a deviation from the ERAS-initialization—The-mismatch-between

SMB-and-friction-field-ERAS-init. This mismatch results in a build up of the ice sheet where higher friction prevents efficient
evacuation of excess ice, while it leads to a thinning of the ice sheet in areas where low friction inhibits ice sheet growth.
Differences are prominent in the same regions where differences in ice surface elevation between the NerESM2-MM-and-the
ERAS-initialization-are-pronounced; NorESM2-MM-init and the ERA5-init occur (e. g. at the South-West margins of the ice
sheet, as well as in distinct areas of the North margin (Fig-3-¢)-TFhis-demonstrates-how-a-mismatehsee Fig. 2 ¢)), but are more
pronounced in this simulation. This experiment illustrates how a discrepancy between SMB and frietion-field-would propagate
into-the friction field can result in a biased ice sheet geometry in-the-absenee-of further-ealibration-if no further calibration is

applied.
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Figure 3. Difference in ice surface elevation compared to the ERAS5-init for an ice sheet configuration that was spun up with ERA5-SMB
and relaxed using NorESM2-MM-SMB. For detailed explanation see main text.
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Figure 4. Absolute mass loss over the historical period. All simulations are shown for medium sensitivity to outlet-glacier retreat forcing.
correlation and dark grey shading indicating uncorrelated errors. The IMBIE treatment of errors involves two approaches: maximal error
correlation assumes that errors across different datasets are fully correlated, leading to a wider uncertainty range (light grey shading). In
contrast, uncorrelated errors assume no correlation between errors in different datasets, resulting in a narrower uncertainty range (dark grey.
shading).

3.2 Historical period

In-all-simulations-the-ice-sheetJoses-mass-Mass loss of different ice sheet configurations over the historical period s-although
%é%fm%e%lgmmlw%wmmmww terms of sea-level contribution relative to the
i (Fig. 22b)—The-inereased-masstoss
3). This approach, by design, causes all simulations to converge to zero at 2015 In all simulations, the ice sheet’s contribution

to_sea-level rise increases over the historical period, although at varying rates. All model members capture the increased
sea-level contribution of the ice sheet starting in the 1990sis-eaptured-by-alt-members—However, but the onset and slope differ
between-simulations;-which-ean-be-attributed-of this trend differ among simulations. These differences are due to the fact that
the ice sheet configurations exhibit different initial ice masses and that the ESM forcing does not accurately reproduce the
observed interannual and interdecadal variability—Runs-climate variability. Over the observed period from 1992 to 2015, most
ESM-initialized simulations fall within the range of observed sea-level contribution, assuming a maximal error correlation.
However, in some cases, the ESM-initialized simulations either exceed or fall short of the observed values for parts of the

than observed, while the CESM2-Leo-init simulation exceeds observed sea-level contribution between 1992 and 2005.

Simulations initialized and forced with ERAS-reanalysis-data—eclosely-agree-.ERAS reanalysis data show good agreement
with observations, which we attribute to the realistie-accurate replication of interannual and interdecadal variability in the

year 2015

11
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Figure 5. Sea-level-Historical sea-level contribution ever-the-historicat-period-relative to 2015. Grey-The grey shadings shew-envelopes

represent the range of observed mass loss 2)-for-which-either-a-data from ?, with light grey shading indicating the assumption of maximal
error correlation ¢tght-and dark grey shading )-erindicating uncorrelated errorstdark-grey-shading)-are-assumed. Note-that-in-this-easeFor

consistency with the IMBIE observations, we-ealeutate-the sea-level contribution emitting-correction—for-is calculated without applying a
density to-use-the-same-units-of IMBIE-observationscorrection. The ESM-initialized simulations (colored lines) are enty-shown only for

medium sensitivity to outlet-glacier retreat forcing, while we-display-all sensitivities-sensitivity levels are displayed for the ERAS5-forced
simulations (black lines). For further explanation of the IMBIE treatment of errors, see caption Fig. 4.

forcing JPhﬁ—apphes—m—pafﬁetﬂaﬁefuﬁs—Maefedata . This is particularly true for the simulation with medium sensitivity to

- which remains within

the range of observed sea-level contribution assuming uncorrelated errors (see dark grey shading in Fig. 5). The ERAS run-with

iee-simulations

with both low and high sensitivity to retreat forcing also lie well within the range of observed sea-level contribution assumin

outlet-glacier retreat forcingi

3.3 Prejeetions

After performing historical simulations, we catry out unfereed-control experiments, for which the SMB and ST anomalies are

reference period. The control experiments yield a sea-level contribution ranging from 2.3 to 7.3 mm by the year 2100. This
minor-contribution-ean-mainly-be-attributed-projected contribution is primarily due to drift induced by the historical forcing,
while-a-miner-partis-due-with only a small portion attributable to residual drift eriginating-in-the-initialization—Throughout-the
WmGeasmgly negatlve SMB forcmg, 1nclud1ng mteﬁaﬂﬂuakvaﬂ&brhfy—Gwaﬁhe—s&eﬂg—agfeememﬂhehtﬁeﬂea}
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Figure 6. Mass loss (in Gt) of different ice sheet configurations over the historical period and subsequent control projections with forcin

set to the annual mean of the reference period 1960—1989.

notable-interannual variability, leading to continued mass loss beyond 2015. To account for this delayed response of the ice

sheet to past forcing, it is essential to include the effect of historical forcing in future projections. Therefore, we have chosen

not to subtract the control experiments from our projections, enhancing the historical consistency of our results. This approach
represents a significant improvement over previous experiments;-e-g-studies, such as those perfermed-in ISMIP6 (?)-—, where
substantial drifts persisting after the ice sheet initialization were subtracted from the projections.

3.3 Projections

Considering the good match with observations of the historical simulations with medium sensitivity to outlet glacier retreat
forcing, we focus our subsequent presentation of results for future projections on this parameter choice. Sea-level contribution

increases under all scenarios (Fig. 7), indicating progressive mass loss of the ice sheet. While for the low and intermediate
emission scenarios (SSP1-2.6 and SSP2-4.5) the increase in sea-level contribution is almost linear over the entire century,
mass loss accelerates significantly under the high emission scenario (SSP5-8.5) towards the end of the century. Average rates
of change under SSP1-2.6 are 0.7 mm yr~" for the period 2040-2050 and 0.6 mm yr~*! for the period 2090-2100, which is
similar to present day observations. (??). For the SSP2-4.5 scenario rates of change amount to 0.8 mm yr—! over the period
2040-2050 and 1.1 mm yr~—! over the period 2090-2100, respectively. In contrast, SSP5-8.5 forced projections exhibit a rate of

change of 0.9 mm yr~! over the period 2040-2050, which increases to 3.7 mm yr~! over the period 2090-2100. This means,

that under the SSP5-8.5 scenario, the sea-level contribution from the ice sheet in the second half of the century is more than
four times faster than in the first half. This information is vital for coastal planning strategies to effectively design protection

and adaptation measures.
Taking the year 2015 as reference, the total sea-level contribution by 2100 is projected to be between 32 and 69 mm for

the low emission scenario and between 44 and 119 mm (74 and 228 mm) for the intermediate (high) emission scenario, re-
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Figure 7. Projected sea-level contributions relative to 2015. Solid lines are projections starting from the ERAS-inittatizationERAS-init,
dashed lines are projections-that-were-initialized-with-the ESM-own-SMBrespective ESM-init projections. All simulations were run with

medium sensitivity to outlet-glacier retreat forcing. Vertical bars denote the range of projected sea-level contribution per scenario: SSP5-8.5

(red), SSP2-4.5 (green), SSP1-2.6 (blue).

spectively. The ensemble shows a notable overlap of the intermediate scenario with the low and the high emission scenario,
demonstrating high uncertainty in the projections stemming from the climate forcing. This uncertainty is most pronounced for
the SSP5-8.5 scenario, where the range of projected sea-level contribution amounts to 154 mm. The highest contribution of
the entire ensemble comes from the UKESM 1-0-LL-SSP5-8.5 forced projection, while the lowest contribution in the SSP5-8.5
group (forced with MPI-ESM1-2-HR) is almost as low as the highest contribution in the SSP1-2.6 group (forced with CESM2).

Detailed results for all projections are given in Table A1l.

Differences in sea-level contribution originating from different initializations (ESM-init vs. ERAS5-init) are rather small com-
pared to the ensemble spread due to climate forcing. At the end of 2100 projections initialized with ESM forcing deviate from
their respective ER A-initialized projections by -3.2 mm to +7.1 mm (Fig. 8), which is equivalent to -4.1% to 6.6% relative to the
total contribution. There is no clear trend as to whether the ESM-initialized projections over- or underestimate sea-level con-
tributions relative to their ERAS5-initialized counter parts. The mean absolute difference is only 2.7 mm (equivalent to 2.9%),
implying a relatively low impact of the forcing used for initialization and the resulting friction field on the projections for the
used modeling strategy.

To further asses the impact of the initial ice sheet state on the resulting sea-level contribution in the year 2100, we ana-
lyze how various state parameters of the initial ice sheet (SMB, bed friction and ice sheet thickness) relate to differences in
sea-level contribution in the year 2100 (Fig. 9a-c). All parameters are spatially integrated around the margins of the ice sheet
where differences in ice sheet thickness to the ERAS-inittalized-ERAS-init ice sheet and changes during projection are most
pronounced. This is done by selecting grid cells where the horizontal ice velocities at the surface of the ERAS-initialized
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Figure 8. Differences in sea-level contribution until 2100 for projections starting from an ESM-initial state vs starting from an ERA5-initial

states.

ERAS5-init ice sheet exceed 50 rnyf1 (Fig. 9d). We fit the relative differences in SMB, friction parameter and iee-thickness
1initial ice thickness (ESM-init - ERAS-initializatiohRERAS-init) to the relative
differences in projected sea-level contribution of the corresponding projections (ESM-initialized-ESM-init - eerresponding
ERAS-initiatizedERAS-init) using a linear regression. While bedrock friction (Fig. 9b) shows only weak linear relationship to

projected sea-level contribution, initial SMB (Fig. 9a) and ice thickness (Fig. 9c) exhibit strong linear relationship to projected
sea-level contribution. Projections that initially start with relatively thicker ice sheet margins tend to yield higher sea-level
contributions. This is a result from higher SMB at the margins provided by the "biased" ESMs during the spin-up period.
As the inversion is unable to completely counteract the build up of thick margins, a residual remains after the initialization
is complete. Therefore, those initial ice sheets-sheet configurations have more mass at their margins available for removal by
run-off and retreat of outlet glaciers when the same anomalous forcing is applied, which leads to higher mass loss. This effect
is further promoted by lower friction around the margins, which is a result of the inversion process, as the model is trying to

compensate for too thick ice.

To sample-uneertainty-in-capture the uncertainty in tidewater glacier response to climate forcing and to quantify the range of

ossible future sea-level contributions, we apply low, medium, and high scenarios for the outlet-glacier retreat parameterization
i 2to all projections, following ?. We

compare sea-level contributions for all three emission scenarios (Fig. 10). The mean spread in sea-level contribution due to

outlet-glacier retreat forcing for the projections forced with the low emission scenario is 5 mm. For projections forced with the
intermediate emission scenario the mean spread amounts to 11 mm, while the mean spread increases to 25 mm for projections

forced with the high emission scenario.
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thickness of each ESM-initialization are integrated and compared against the ERAS-initiatizatiorRERA5-init. Note that the analysis has been

proven robust to variations in the filter velocity, as similar results have been found with different velocity filters (30 myr~* —80m yr 1), as

long as the filtered area represents the margin of the ice sheet. For detailed description see main text.
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and-dynamie-thinning-driven-by-at 2100 of each simulation to their 4 km counterpart (Fig. 11). For the SSP1-2.6 scenario the

mean absolute difference of simulations at 16 km resolution to simulations at 4 km resolution is 4.85 mm with slight variations

depending on the sensitivity to outlet glacier retreat -
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of simulations run on 8 km (16 km) resolution to simulations run on 4 km resolution. Whiskers show the full range of values, orange lines

forcing. The maximal deviation is 8.74 mm. Mean absolute deviations for the SMB-enly-projectionsfor-the-SSP2-4.5 (SSP5-

Figure 11. Difference in projected sea-level contribution at 2100 between simulations using different grid sizes. Shown is the difference

oenly-31+5) scenario are similar, with a mean absolute of 3.79

denote the median.
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bw%%%%%%é%&medm&%%&ngh%%w%mm While the maximal deviation
for the SSP2-4.5

7.5 mm, the largest difference for the SSP5-8.5 scenario afeﬂlmesfeqmva}eﬂﬁe{hefu}}yfefeedre*pemﬂeﬂ%dufmgfheﬁﬁt
halﬁeﬂheeeﬂfufy%g—ﬂ%—ﬂwdiﬁefemeﬁﬁeaseﬁeéﬂw %Jey%LGG—Nefab}y—dtffefeﬂf%eﬂsmwﬁeﬁe

well below 10% of the projected sea-level contribution.

4 Discussion and conclusions

In this study, we present ensemble projections of sea-level contribution from the Greenland ice sheet over the 21st century un-

der three emission scenarios, using regionally downscaled forcing from various ESMs of-in the CMIP6 and CMIP5 archive. We

tﬂvesﬁgafefhefmpaekeffefemgﬂseéfeﬁﬂﬁmh%aﬁeﬁeﬂ—fheexamme the influence of the initialization forcing on prOJected

sea-level
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feedback-on-theprojections—Our—simulations—yield—contributions. Our projections, which include the drift due to historic
climate forcing, suggest a sea-level contribution of 30 to 70 -mm under the SSP1-2.6 scenario, 40 to 120 mm under the SSP2-

4.5 scenario, and 70 to 230 -mm under the SSP5-8.5 scenario. These numbers-exceedsea-level-projectionsreported-by—2-in

rojections exceed those based on CMIPS forcing, such as the ISMIP6 WWWSA%&
contributions of 32 += 17 mm for RCP2.6 and 90 +=+ 50 mm for RCP8.5 i

nt-, derived from multiple ice sheet models

¢ Mm
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Uncertainty analysis of our ensemble shows that climate forcing eonstitutes-is the largest source of uncertainty for-in the

projected sea-level contribution. With-a-spread-of The spread of uncertainty due to climate forcing is 154 mm (corresponding to
a 20 range of 99 mm) for the SSP5-8.5 scenario, 75 mm fer-the-(corresponding to a 20 range of 58 mm) for SSP2-4.5seenario

,and 37 mm MWM&MmmL@\SSPI -2.6scenarioand-a-, with significant overlap across
scenarios inties. This
range of-uneertainty-is-notably-is larger than the uncertainty due to ice sheet model s-as-formulations evaluated in the ISMIP6
study. 2-Goelzer et al. (2020b) reported a spread of about 80 mm inprejections—for-the-high-emission—seenario-stemming

from-the-different-(20 range) in projections forced with MIROCS under the RCP8.5 scenario assuming medium sensitivity to
retreat forcing, which is attributed due to differences between ice sheet models. This spfems—smaﬂeffhanﬂ%ﬁﬂeeffatﬂ{y—we

highlights the greater importance of climate forcing over specific model formulations and the-characteristics-of-the-set-up;-as
well-asspeeific-modeling-cheteessetup.

While many past studies have focused their attention on the two extreme ends of emission scenarios (the SSP1-2.6 and the
SSP3-8.5), we succeed to close this gap in scenario uncertainty, by including multiple projections for the intermediate SSP2-4.5.
scenario. In light of current socioeconomic conditions, the SSP2-4.5 might be a particularly realistic future pathway and it is
therefore important to increasingly sample projections for this or other intermediate scenarios.

The uncertainty in SMB can largely be attributed to climate forcing uncertainty, as shown by previous studies (?). How-
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ever, another significant uncertainty in projected sea-level contribution stems from the uncertainty in the parameterization for
outlet-glacier retreat, which-ameunts-to-a-spread-of-contributing up to 25 mm in-the-projeetionsto the overall spread. While we
find the initial state of the ice sheet (SMB, friction field and ice sheet thickness) to have an impact on the projected mass loss,

with an uncertainty of-less-than-well below 10 mm in the SSP5-8.5 projections, this impact remains small. The-mean-spread-of

Similarly, the impact of erid resolution is minimal, with a mean absolute difference in sea-level contributionuntit2100-due-to
grichspaeing-is-2-8contribution of below 5 rindicating-a-simitarly low-dependeney-of results-on-grid-sizemm across scenarios.

This can be attributed to the near grid-size independent formulation of the outlet-glacier retreat parameterization as-weh-as-and
the conservative interpolation of SMB forcing.

? identified imprevements-on-the improvement of initialization techniques to minimize reduce inaccuracies in the initial state
of the ice sheet as a key-critical priority for the ice sheet modeling community. In the ISMIP6 studya-geod-mateh-of-, a close

match between the initial ice sheet geometry (or surface velocity) with-observations-oftencoineided-with-atarge-modet-drift
after-the-and observational data often resulted in significant model drift following initialization. In the-present-this study, we
pfegfess—eﬁfha{—ma%ww by presentmg an mﬁmh%dﬁeﬁ—d}eﬁg &W@g@wnh a
historical run, that m
stepforward-when-it comes-to-closely matches observations while minimizing model drift. This approach allows us to use the
projections directly, without subtracting control runs, thereby incorporating short-term historical forcing effects and producing.
historically consistent projections. We view this as a significant advancement in the development of modeling frameworks for

future ice sheet intercomparison projects. A-drawback-However, a limitation of the inversion method used in this study is that

it-teads-to-a-the nonphysical transfer of uncertainties, such as SMB-and-medetparameter-uneertaintythose related to surface

mass balance (SMB), geothermal heat flux and model parameters, into the bed friction field. In lack-of-available-observational
data-ofaceurate bedrock conditions-underneath-the absence of accurate observational data on bedrock conditions beneath the

drawback remains acceptable

ice, this is
iven its limited impact on centennial timescales.

Fherestdual- Furthermore, we aim to provide a deeper discussion on the interpretation of the model drift observed in the
control experiments following the historical runeeuld-typieally-. This drift might initially be interpreted as the committed sea-

level contribution by 2015. However, beeatise-SMB-and-ST-anemalies-are-reset-to-0-due to the resetting of SMB and surface
ST anomalies to zero after 2015, the control forcing does not refleet-the-recent-foreing-accurately represent the recent climatic
conditions experienced by the ice sheet. Instead, the-foreingisreturned-to-it returns to the 1960—-1989 mean, a 1960-1989-mean;
which-is-a-period-of-assumed-steady-state-of-period presumed to be a steady state for the ice sheet. This means ;-that-the control
experiments only-offer-insight-into-hew-primarily reveal the ice sheetreaets—’s response to short-term perturbations-deviations
from this assumed steady-stateequilibrium, rather than providing-conelusive-information-about-itsfuture-its response to his-

torical forcing —To-aceurately-estimate-and its implications for future behavior. To provide a more accurate estimate of the
committed sea-level contribution by 2015, it would be necessary to foree-maintain the control projections with-censtant-values

fromrat the constant forcing levels observed in that year. However, the eenstderable-high interannual variability makes it diffieutt
to-adequately-challenging to accurately represent the recent observed mass loss of the ice sheet when-ecentinuously-by applying
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v—year. A more robust approach might
involve using an average over a span of recent years to better capture the observed negative mass trend. This method would
improve the accuracy of projections of the ice sheet’s future contributions to sea-level rise by incorporating a more realistic

representation of recent climatic conditions.
The ISMIPG6 forcing approach made-use-of-SMB-anomaliess-used SMB anomalies to remove ESM and RCM biases-and-to

provide bias, creating an experimental setup suitable for ensemble projections. However, ISMIP6 identified-also highlighted the
need to explore a more consistent forcing approach s-with-that uses full SMB fields. In this study, we assess-address this issue
by comparing projections utilizing-that use both SMB anomalies and absolute SMB. We employ two simulation strategies: one
initializing-initializes the ice sheet with ESM-based SMB and fereing-then forces subsequent projections with absolute SMB
from the ESM; the other eombining-combines the baseline SMB used for initialization with ESM-SMB-anomaties-to-its-own
baseline-SMB—In-beth-cases-SMB anomalies derived from the ESM. Since the anomalies are the same ;-which-makes-the
projeetions-in both cases, the projections are directly comparable. Our results shew-that-there-is-indicate little to no difference
in the projected sea-level contribution when-comparing-between the two approaches—This-suggests-, suggesting that the choice
between-of using an SMB product from reanalysis er-versus SMB from an ESM for initialization does not significantly impaet
the-uncertainties-affect the uncertainty in the projections. Furthermore;—our—result-confirm-that-a-modelingsetup-that-uses
This supports the suitability of a modeling framework that employs a common initialization and ferees-the-projections-with
anomalies-is-suitable-for-anomaly forcing for generating large ensembles of ice sheet projections—Fhis-is-espeetatly-relevant
. which is particularly valuable for community efforts that-rely-on-a-common-modelingsetup;such-as-like future intercom-
parison projects. Moreover, performing multiple spin-ups is computationally expensive, and most ESMs struggle to accurately.
reproduce the observed mean SMB over the reference period, even when downscaled, due to inherent biases (?). This can result
in lower-quality initializations, highlighting the advantages of an anomaly-based approach for maintaining consistency across
ensemble projections.

While we-useforeingfrom-a-number-of-our study uses forcing from multiple ESMs, we consider-onty-ene REM-MAR)only
consider one RCM, MAR, thereby neglecting to-sample-RCM uncertainty. Censidering-the-increasing-importance-of-SMB
fer-Given the significant role of SMB in future mass loss processes of-the-tce—sheet-and-theretatively large-diserepaneies
in-modeled-SMB-and discrepancies between different RCMs (Glaude-et-al—in—preparation);—it-is—desirable-to-inelude-the
this uncertainty. Additionally, since only one ice sheet model is used—Henee;—uneertainties—stemmingfrom—, uncertainties

due to model formulation, parameter y-as-well-as-mode s-choieesarenotre

inereasinghy-sample-projectionsfor-this-seenartochoices, and modeling decisions are not fully represented.
The-strength-of -the-parameterization—used—in—this—study—te-To_represent retreat of marine terminating outlet-glaciers in
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ic-, we use a retreat parameterization
which is based on empirical data and is by design largely independent from model resolution. As demonstrated in this study, a

coarser grid resolution (e.g. 16 km) proves to be sufficient, which is crucial when it comes to the efficient use of computational
555 resources. This becomes relevant when running large ensembles of projections, for example, when sampling a wide range of cli-
mate forcing or when exploring parameter uncertainty. The-parameterization-s-However, the drawback of the parameterization
is its inability to resolve individual outlet glaciers and, in particular, fjord bathymetryis; -a-stgnt i
. This inhibits the representation of small scale processes in fjords and at the glacier front which are important drivers for the

retreat of outlet-glaciers. Future efforts are needed to improve on the representation of processes at the ocean-ice interface, es-

560 pecially with the prospect of accurate sea-level projections beyond 2+00-—Further-progression-on-the-improvement-of-aceurate

relationships may no longer apply.
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Table Al. Sea-level contributions for projections run on 4 km grid resolution. Listed are projections initialized with ERAS5 (ESM) SMB.

Low, med and high denote the sensitivity to outlet-glacier retreat forcing.

ESM-SSP projection Sea-level contrib. until 2050 [mm] Sea-level contrib. until 2100 [mm)]
low med high low med high

ACCESS1.3-ssp585 21 (20) 22 (21) 25 (24) 77 (76) 86 (83) 98 (94)
CNRM-CM6-ssp585 25(23) 26 (25) 30(28) | 127 (127) 137 (137) 151 (150)
UKESM1-0-LL-Robin-ssp585 35(395) 38 (38) 41 (42) | 198 (200) 211 (214) 238 (240)
CESM2-Leo-ssp585 34 (34) 36 (36) 39(39) | 170 (171) 181 (181) 196 (198)
CNRM-ESM2-ssp585 24 (23) 26 (24) 30(28) | 119 (118) 129 (127) 144 (140)
MPI-ESM1-2-HR-ssp126 12 (12) 14 (13) 16 (15) 29 (30) 32(32) 36 (36)
MPI-ESM1-2-HR-ssp245 16 (15) 18 (16) 21 (18) 41 (41) 45 (44) 52 (49)
MPI-ESM1-2-HR-ssp585 13 (12) 14 (13) 17 (15) 69 (68) 76 (74) 87 (85)
IPSL-CM6A-LR-ssp585 22 (23) 22 (24) 24 (27) | 130(132) 137 (140) 155 (158)
NorESM2-ssp245 17 (19) 18 (19) 21 (21) 44 (48) 48 (50) 55 (56)
NorESM2-ssp585 20 (21) 22 (23) 26 (25) 82 (89) 90 (96) 102 (106)
CESM2-CMIP6-ssp126 23 (27) 27 (28) 24 (30) 61 (66) 65 (69) 62 (72)
CESM2-CMIP6-ssp245 25 (26) 25 (26) 26 (28) 72 (75) 74 (78) 78 (83)
CESM2-CMIP6-ssp585 29 (30) 3031 32(33) | 151(158) 159 (166) 173 (180)
UKESM1-0-LL-CMIP6-ssp245 | 29 (29) 31 (32) 35(36) | 108 (110) 115 (119) 127 (130)
UKESM1-0-LL-CMIP6-ssp585 | 42 (42) 44 (45) 49 (49) | 211 (215) 225 (228) 250 (253)
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