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Abstract

The Greenland Ice Sheet (GrIS) is a major contributor to sea-level rise, yet its long-term
response to sustained warmth remains uncertain'>®. The Holocene represents the most recent
interval during which the GrIS experienced centuries of temperatures above preindustrial levels,
providing a natural benchmark for assessing its sensitivity to prolonged warming*>. However,
reproducing the geologically constrained evolution of the GrIS throughout the Holocene has
remained a persistent challenge for ice-sheet models®’. Here we present GrlIS simulations forced
by paleoclimate reconstructions and evaluated against extensive geological constraints to
reconstruct its evolution from the Holocene to 2300 CE. By simultaneously capturing multiple
independent records of past ice-sheet change, our ensemble provides a robust foundation for
future projections. Under current warming trajectories, the GrIS shrinks below its Holocene
minimum extent and volume by 2300 CE, while mass loss rates exceed Holocene maxima and
contribute 26—-86 cm of sea-level equivalent. Continued warming drives a nonlinear expansion of
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the ablation zone beyond its Holocene range, whereas substantial emissions reductions limit the
sea-level contribution to approximately 10 cm. These results indicate that future warming may
push the Greenland Ice Sheet beyond the range of states experienced during the Holocene.

Main Text

Quantifying the centennial-scale commitment of the Greenland Ice Sheet (GrIS) to sea-level rise
remains a fundamental challenge in climate science. While satellite observations capture a
quarter-century of accelerating mass imbalance, understanding long-term trajectories requires
evaluating model simulations against geological evidence from periods of sustained warmth long
before the historical era!?. Accelerated warming in the Arctic®®, and evidence that the GrIS may
exhibit threshold-like behavior with +1.5°C of global mean warming®!®!!, have led to the
hypothesis that the ice sheet already is committed to long-term mass loss'?, potentially
contributing up to 7.4 m to global sea level'® within the next 1000 years'*!>. Constraining future
trajectories of ice mass loss requires numerical ice-sheet simulations that translate a range of
future climate trajectories into ice mass change'®. Reconstructions of past ice-sheet history, when
paired with ice-sheet modeling, provide context for present-day ice mass imbalance, and present
an opportunity to validate model physics outside the range of ice-sheet behavior observed within
the relatively short 50-year historical (satellite-era) record. Here, we leverage Holocene
observations and ice-sheet model simulations to provide a rigorous data-model informed
understanding of GrlS evolution from the Holocene to the future.

The Holocene represents the most recent geologic interval during which the GrIS experienced
regional summer temperatures substantially (~2—5 °C) above pre-industrial levels and maintained
over many centuries*. Geological reconstructions of ice-margin retreat, relative sea-level
change, and ice-sheet thinning indicate that the GrIS underwent substantial mass loss in response
to prolonged warm conditions ~11,000 to 6000 years ago, with cumulative contributions to
global mean sea level estimated at 1-3 m!”!'8, While observational and modeling studies
demonstrate that the GrIS can respond rapidly to interannual and decadal climate variability via
changes in surface mass balance and outlet-glacier dynamics'!®, ice-sheet models and theoretical
analyses also show that the GrIS exhibits dynamic inertia, leading to continued ice loss even
after atmospheric warming stabilizes or declines’?*2!?223_ Recognition of these long response
times has increasingly shifted the focus of the field toward quantifying centennial- to millennial-
scale ice-sheet commitment®*, a perspective now reflected in community sea-level assessments
coordinated through the Ice Sheet Model Intercomparison Project [ISMIP7;https://www.ismip.
org/research/ismip7-protocol], which will extend simulations to 2300 CE. The Holocene
provides a well-constrained record of GrIS evolution during prolonged warmth that is directly
relevant for evaluating centennial- to millennial-scale ice-sheet commitment under future climate
forcing.

Decades of research have improved our understanding of the GrIS extent during the Holocene
(Fig. 1). While early models relied on indirect data such as relative sea-level records and ice-core
thinning histories'’?>?6?7 newer datasets (e.g., PaleoGrIS®) provide direct constraints on ice-
margin changes from 13—7 ka. Comparisons between these data and recent simulations®’ show
that models substantially underestimate the magnitude and persistence of Holocene ice loss,
suggesting missing processes or biases in climate forcing. A regional modeling study of
southwest Greenland'® driven by proxy-constrained climate reconstructions demonstrated that
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peak Holocene ice-loss rates were comparable to modern observations and could be exceeded
under future warming scenarios. However, that analysis was limited to a single sector of the ice
sheet, did not include ice—ocean interactions, and only examined future evolution through 2100
CE. Consequently, whether the Greenland Ice Sheet as a whole can reproduce geologically
constrained Holocene change and how its future evolution compares with the full range of
Holocene variability remain unresolved.

Data-constrained ice-sheet simulations

Here, we build on the regional modeling framework!® by extending ice-sheet simulations to the
entire GrlIS, using the Ice-sheet and Sea-level System Model?® (ISSM) initialized from the
reconstructed early Holocene ice extent at 12.5 ka®. Our simulations span the Holocene through
the contemporary period and are further extended using centennial-scale future climate
projections based on a range of Shared Socioeconomic Pathways (SSPs), enabling continuous
assessment of GrIS evolution through 2300 CE. In contrast to earlier work'®, we explicitly
represent ice—ocean interactions using physically based parameterizations of submarine melting
beneath floating ice and calving at marine termini (Methods). We incorporate an expanded range
of available Holocene climate forcings®®3!132this study and  provide proxy-constrained
reconstructions of spatially heterogeneous Holocene climate variability via an ensemble of 20
simulated GrIS Holocene histories (Methods; Extended Data Table 1).

Our multidisciplinary approach includes an expanded model-data comparison that integrates
multiple independent constraints on GrIS evolution derived from geological field evidence and
paleoclimate proxies, allowing for a robust evaluation of model skill and uncertainty across the
ensemble (Methods). Our 20 simulations bracket the evolution of ice area through the Holocene
(Fig. 1B). While some of our individual simulations depict changes in GrIS area that closely
match available geological observations, others do not. Furthermore, while some simulations
depict a time period with smaller-than-present ice area, consistent with field studies, others do
not. We therefore use a broad suite of available geological observations of ice and climate
history to evaluate the skill of our simulations. We apply seven criteria to assess simulation
accuracy compared to observational benchmarks (Methods, Extended Data Table 2,
Supplementary Information) that include geological reconstructions of ice-margin change,
paleoclimate proxy constraints, and key features of Holocene ice evolution, including minimum
extent, re-expansion, and present-day ice geometry. Our data-model assessment yields six
simulations that stand out as being most consistent with observations (Extended Data Table 1),
the ensemble median of which we consider to be a best estimate representation of GrIS evolution
through the Holocene (Fig. 1B).

Centennial-scale change during the Holocene

Using our validated ensemble members, we examine simulated rates of ice mass change through
the Holocene to quantify the magnitude and persistence of GrIS response to sustained warmth
(Fig. 2A). Increases in summertime temperature from 12.5 to 11.5 ka initiated widespread ice
retreat and mass loss. Elevated mass loss began around 11.6 ka at ~3 x 10* Gt century', with
some ensemble members simulating loss up to 4 x 10* Gt century'. This early Holocene period
of mass loss persisted through ~8 ka, interrupted only briefly by a two-century period of modest
mass gain associated with the 8.2 ka climate-change event®®. After ~8 ka, rates of ice mass
change again became negative before they eventually oscillated between centuries of minor mass
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gain and loss from ~6 ka to the preindustrial period. Our simulations reveal a pronounced spatial
shift in GrIS mass loss, with northern basins accounting for ~75-85% of total loss during the
earliest Holocene, followed by greater mass loss in more southern basins between 10 and 7 ka
(Fig. 3). After ~6.5 ka, mass-loss variability became increasingly concentrated in western
Greenland basins, which together accounted for ~60-75% of late-Holocene variability, while
northern basin contributions diminished substantially. Furthermore, our simulations provide the
best-informed depiction of the Holocene minimum extent yet available, a smaller-than-present
configuration (showing a retracted northern margin by 10s of km) that is difficult to produce
using glacial-geologic methods (Fig. 3B; Methods).

Historical and future ice-sheet change

We next relate Holocene GrIS change to contemporary and future ice mass loss. For 1850-2300
CE, the ice-sheet model is forced with output from the CMIP6 NCAR CESM2-WACCM
model***, which provides a continuous forcing through 2300 CE. While CESM2-WACCM
exhibits high equilibrium climate sensitivity®, it simulates significant spatial heterogeneity over
Greenland; pronounced polar amplification in the north is partially offset by a strong AMOC
response and subpolar North Atlantic cooling in the south®’%, These outputs range from the
high-mitigation SSP1-2.6 pathway, where atmospheric CO2 peaks near 450 ppm and declines to
~400 ppm by 2300 CE, to the fossil-fuel-intensive SSP5-8.5 scenario, where CO> exceeds 2000
ppm. These scenarios yield distinct future warming trajectories: GrIS-mean annual warming by
2300 CE ranges from ~0—1 °C under SSP1-2.6 to ~16 °C under SSP5-8.5 (Methods, Extended
Data Fig. 1, Supplementary Information). Over the 20th century (1900-2000 CE), the simulated
ice mass loss is 0.4 x 10* Gt century ' (Fig. 2B). Simulated future mass loss increases strongly
with the radiative forcing and associated warming of four possible future pathways (Fig. 2).
Under the most optimistic pathway (SSP1-2.6), mass loss is highest this century and declines
thereafter, approaching simulated 20th-century levels by 2300 CE, with mass loss rates
remaining within the range of natural Holocene climate variability. On the other hand, for the
high end-member SSP5-8.5 pathway, mass loss approaches 3.8 x 10* Gt century™' by 2100 CE
and accelerates to 24.7 x 10* Gt century' by 2300 CE, exceeding by tenfold the maximum ice-
loss rates during the Holocene. Within these end members lie two intermediate pathways that
approximate humanity’s current trajectory®® (SSP2-4.5 and SSP3-7.0). For these intermediate
trajectories, we simulate mass loss during 2000-2100 CE of 2.1-3.1 x 10* Gt century ' followed
by pronounced centennial-scale acceleration thereafter, increasing to 4.6-18.7 x 10* Gt century !
between 2200 and 2300 CE (Fig. 2B).

In the 20th century (1900-2000 CE), simulated mass loss is dominated (~30%) by the SE sector
of Greenland, with substantial secondary contributions from the NW, SW, and NE sectors (~15—
20% each), and comparatively minor input from the northernmost basin (NO) (Extended Data
Fig. 2). This partitioning is broadly consistent with geodetic reconstructions indicating
pronounced marginal thinning in southeast and northwest Greenland since the Little Ice Age*’. In
the future, mass loss remains multi-basin but shifts inland and toward western dominance over
time (Fig. 3B). For example, during 2000-2100 CE, losses are broadly distributed (NE ~27%;
other major basins ~15-20%) and concentrated along coastal margins, whereas by 2200-2300
CE the SW basin becomes dominant (~30%) as rising equilibrium line altitude (ELA) drives
inland expansion of the ablation zone (Extended Data Fig. 2).



175

180

185

190

195

200

205

210

Our findings suggest the GrIS is approaching a fundamental state change. Despite experiencing
multiple centuries of warmth during the early Holocene, the GrIS remained within a stable
envelope of ELA and mass balance, as the ablation zone was largely confined to low-elevation,
marginal regions (Fig. 3B; Fig. 4). Under current warming trajectories, however, the GrIS will
depart from this historical regime and enter a state characterized by enhanced sensitivity of mass
loss to rising ELA. This shift is most clearly expressed as an increase in the fraction of the ice
sheet exposed to ablation as ELA rises. In future simulations, the relationship between the
fraction of GrIS area below the ELA and ELA becomes increasingly nonlinear, especially under
high emissions scenarios (Fig. 4). This non-linear relationship reflects the ice sheet hypsometry,
where higher elevations encompass progressively larger areas, and is amplified by surface-mass-
balance—elevation feedbacks as thinning lowers the ice surface into warmer conditions. In the
current emissions trajectory, the fraction of the ice sheet subject to ablation reaches levels
unprecedented relative to the Holocene as early as 2050 CE, as melt and thinning extend to
higher elevations. The current emissions trajectory is therefore characterized by ice mass loss
rates that are not only greater than any experienced in the Holocene, but also increase non-
linearly in coming centuries (Fig. 4).

These results suggest that on our current trajectory, the GrIS will become smaller by 2300 CE
than it was during its minimum Holocene phase (Fig. 5; Extended Data Fig. 3), and likely also
the smallest it has been since the last interglacial optimum (Marine Isotope Stage Se around
125,000 years ago). The Holocene pattern of mass loss was associated primarily with ice
thinning in marginal areas of northern Greenland, whereas future projections indicate elevated
ice thinning penetrating farther inland and across higher elevations (Fig. 3B; Fig. 4). In addition
to the non-linear increases in mass loss discussed above, this transition has immediate physical
consequences: the abandoned and now-buried Camp Century*!, which currently resides in the
accumulation zone at 1900 m asl, is projected to be in the ablation zone by 2200 CE and will be
melting towards the GrIS surface under both intermediate climate trajectories (Fig. 3B).

Holocene perspective on future sea-level rise

Our data-validated simulations spanning 12,500 years provide the most robust estimates of
Holocene GrIS evolution currently available, resolving the mismatch between models and
geological constraints?’?®. Future Greenland ice loss exceeds the Holocene envelope for all
future scenarios except SSP1-2.6. Our simulated ice loss by 2300 CE yields 26—86 cm of sea
level equivalent (SLE) for intermediate scenarios, at a rate of contribution far surpassing that of
the early Holocene, when a comparable amount of sea level rise took 1000 years (Fig. 5A).
Importantly, limiting warming to SSP1-2.6 restricts SLE to ~10 cm at 2300 CE (1% of current
GrIS volume; Fig. 5B), whereas high emissions (SSP5-8.5) produce up to ~1.4 m of SLE (19%
of volume). These results demonstrate that the GrIS may enter a state of sustained and potentially
self-amplifying mass loss within the range of plausible future climate scenarios.
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Fig. 1. Domain for Greenland Ice Sheet simulations and benchmark observations. A.
Greenland model domain (13 ka polygon) and ice-sheet outlines guided by geological
reconstructions®®; after 6.5 ka, ice margins were within the present ice-sheet footprint. B.
Results of simulation ensemble displaying evolution of ice-sheet area through the Holocene.
Black horizontal bars are observations*® of GrIS margin extent from panel A. The six best
runs (evaluating fit against seven criteria from independent observations) are shown as blue
lines with the median in red; 0 ka is 1850 CE.
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Holocene envelope (12.5 ka to 1850 CE), during which the ablation zone was largely
confined to marginal regions. The large, colored points represent century-scale averages for
the 1900-1999, 2000-2099, 2100-2199, and 2200-2299 periods, respectively, with colors
corresponding to the terminal year of each century. (Bottom Row) Percent area of the ice
sheet subject to ablation (% area below ELA) versus ELA (m). Annual points are colored by
year according to the shared colorbar. Grey background points indicate the Holocene
constraint, where the area-below-ELA remained below ~20%. Future experiments reveal a
non-linear, hypsometry-controlled increase in ablation area as the rising ELA moves inland
and upward across higher ice tiers.
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Methods
Ice-sheet Model Description
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To simulate the evolution of the GrIS across the Holocene and into the future, we use the
finite element, thermomechanical Ice Sheet and Sea-level System Model (ISSM) v4.42%°. The
model domain follows the approximate geologically reconstructed 13—12 ka ice sheet boundary
from PaleoGrlIS version 1.0%%, which is extended to include the Nares Strait and a portion of
Ellesmere Island that extends to the topographic divide (Extended Data Fig. 4). The initial
bedrock topography is initialized from the BedMachine v3 product'’. From this, we use
anisotropic mesh adaptation to construct a non-uniform mesh that varies from 20 km in areas
where gradients in bedrock topography are low to 1.5 km in areas where gradients in bedrock
topography are high. Following from prior work!®#>#44 e prescribe glacial isostatic
adjustment by using a reconstruction of relative sea level from a global GIA model of the last
glacial cycle®. While GIA is not simulated transiently, we prescribe bedrock vertical motion,
eustatic sea-level, and geoid change during the Holocene to account for GIA. For historical and
future simulations (1850-2300 CE), bedrock topography remains fixed at present day conditions.

To solve the momentum-balance equations, we use a depth-integrated formulation of the
high-order approximation®. In order to capture the time-evolving thermal state of the GrIS, we
extrude our model to four layers and use an enthalpy formulation*’*® that simulates both
temperate and cold-based ice. The ice rheology follows Glen's flow law (n=3), with the ice
viscosity being dependent on the simulated ice temperature following rate factors in*’, while the
spatio-temporally varying surface temperature and the spatially variable (time constant)
geothermal heat flux*® are imposed as boundary conditions in the thermal model.

To compute the transient surface mass balance, we use a positive degree day method>’.
We use two combinations for the degree-day factors for snow and ice. Degree-day factors are 4
mm °C ! d! and 8 mm °C ! d™! for snow and ice respectively, and 3 mm °C' d! and 6 mm
°C'd™! for snow and ice respectively. The formation of superimposed ice is accounted for
following™. A lapse rate of 6 °C km™! is used to adjust the temperature of the climate forcings
onto the ice-surface elevation. These setups have been successfully applied in previous
simulations of paleo GrIS change!®**%*, Basal sliding is parameterized using a linear viscous
friction law following®, fr, = —k2Nvp, in which the basal drag ([r},) is proportional to basal
velocity (@) and effective pressure (W). For these simulations, Wevolves as the ice sheet
thickness changes and is computed as ice overburden minus basal water pressure,
IV = pigH — pwg (=Z},,0), where |g is gravity, [His ice thickness, |p;is the density of ice, |p,,is
the density of water, and lZ?is bedrock elevation relative to sea level, following*. Below sea

level, basal water pressure is assumed hydrostatic; above sea level, basal water pressure is zero.
The spatially varying friction coefficient [k is derived using two methods that have been applied
to paleo applications across Greenland before'®%*. Using inverse methods**~®, we derive the
friction coefficient as the best match between modeled and derived modern surface velocities®’.
Since a large portion of our model domain extends outside of the present-day ice sheet extent, we
derive the basal friction coefficient in these regions as a function of bedrock geometry

following™® where,
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This parameterization allows for higher basal friction coefficients across higher topographic
relief and lower values across areas such as valleys and fjords. Throughout the simulations, the
basal friction coefficient is adjusted following*?. Where the basal temperature warms during the
transient simulations relative to present day, the basal friction coefficient decreases, leading to
increased sliding. Where the basal temperature cools during the simulation, the basal friction
coefficient increases, leading to a reduction in sliding.

We track the migration of the ice-front using the levelset method*,

ve=v—(c+M)n,

which tracks the ice front velocity (V) as a function of the ice velocity vector at the ice front (v),

the calving rate (c), the melting rate at the calving front (M), and where n is the unit normal
vector pointing horizontally outward from the calving front. For these simulations the melting
rate is assumed to be negligible compared to the calving rate, so ‘M is set to 0. The calving rate
dc) is calculated based on the Von Mises stress calving approach®, which relates the calving rate
to the tensile stresses simulated within the ice as,

o
c= vl

Here, B is the von Mises tensile strength, m is the magnitude of the horizontal ice velocity, and
Omax 15 the maximum stress threshold which has separate values for grounded and floating ice.
The ice front will retreat if von Mises tensile strength exceeds a user defined stress threshold,
which we set to 200 kPa for floating ice and 1 MPa for tidewater ice. In these simulations,
submarine frontal melt is not explicitly represented and is instead implicitly captured through a
reduced calving threshold>. While this approach is appropriate for long-timescale paleo
simulations, it does not account for potential changes in melt-driven undercutting and plume-
enhanced melting under warmer climates, which may amplify outlet glacier retreat.

To compute sub-ice-shelf melt rates, we used the PICOP parameterization®' within the
ISSM framework. PICOP employs a box-model representation of sub-ice-shelf overturning
circulation (PICO) coupled with a plume parameterization. This allows melt to be distributed
locally as a function of thermal forcing, ice-shelf draft, and cavity slope. Ocean properties were
prescribed to individual basins using six Greenland sectors delineated by the IMBIE-3°" drainage
basins (SE and CE were combined). Ambient temperature and salinity were extracted from the
ECCO Version 4 Release 4% (V4r4) monthly reanalysis (1992-2010 mean) and sampled at a
representative shelf depth of 450 m. This depth was chosen to approximate the influence of
Atlantic Water (AW) at Greenland’s marine-terminating margins. A key methodological choice
was the decision not to impose time-evolving Holocene ocean temperature anomalies. While Sea
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Surface Temperature (SST) reconstructions are available for the Holocene, they primarily reflect
surface-layer polar water and sea-ice variability, which are often decoupled from the subsurface
AW that drives grounding-line melt. Following consultation with palaeoceanographic experts
(co-author A. de Vernal), it was determined that there are currently no well-constrained,
centennial-to-millennial reconstructions of subsurface shelf-depth properties Greenland wide.
By holding ocean thermodynamic properties constant across Holocene and Future, we avoid
introducing structural uncertainty from poorly constrained paleo-anomalies. Consequently,
temporal variability in our modeled melt rates arises solely from evolving ice geometry.

Model Experiments
Our ice sheet model experiments are run over 3 different time periods: Holocene (12,400
years ago to 1850 CE), historical (1850 — 2014 CE), and future (2015 — 2300 CE).

Initial State (12.5 ka):

We initialize our models with present-day ice-surface elevation from the Greenland Ice
Mapping Project digital elevation model®, and corresponding bedrock adjusted for GIA for the
given time period®. For our simulations, we assume that the GrIS was in equilibrium with

climate at 12.5 ka, with minor retreat during this interval?®. To achieve this our relaxation

184453 First, we take our 3D model

procedure uses two steps following established procedures
and perform a thermomechanical steady-state calculation, imposing surface temperature (see
Holocene climate boundary conditions) as Dirichlet boundary to get an initial ice temperature
and rheology in equilibrium with surface climate (i.e., convergence) following*®. Second, we
allow the ice sheet model to relax by imposing constant climate conditions at 12.5 ka, allowing

the ice geometry and temperature to adjust and reach equilibrium.

Holocene climate reconstructions

We use spatially and temporally evolving surface temperature and snow accumulation
estimates through the Holocene from previously published reconstructions®®*!*2 along with a
new reconstruction developed as part of this work (Extended Data Fig. 5-7). One
reconstruction®! is based on temperature estimates from measurements of 3!°N of N in ice-core
air bubbles from central and northwest Greenland (GISP2, GRIP, and NEEM), derived using an
inverse firn-densification modeling technique, bias corrected with the TraCE-21k transient
climate-model simulations®. The second reconstruction®® used a data-assimilation method,
following®, with TraCE-21k as the prior ensemble, and oxygen-isotope and snow-accumulation
records from seven Greenland ice cores and the Agassiz Ice Cap core from the eastern Canadian
Arctic, as the observational constraints. The third reconstruction®? used a similar data-
assimilation approach but assimilated global sea-surface temperature estimates from marine
geochemical proxies. The prior ensemble used in the reconstruction®? comprises time-slice
simulations from the Community Earth System Model version 1.

Our new reconstruction is an update to the prior reconstruction®®, using a similar data-
assimilation framework, with additional ice-core data and other modifications. We use the
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iCESM model time slices*?, and assimilate both the §'®0 and accumulation data*’, and the §'°N-
based temperature data®' as well as three new 8'°N-based temperature reconstructions®’. We
directly assimilate §'30 following published methods®®, rather than first converting isotope-ratios
to temperature with linear scaling®®. Unlike prior work®*%, in which the prior is taken as a
random draw from the climate-model simulations over all time periods, here, the prior ensemble
changes through time to reflect known evolving orbital and greenhouse-gas forcing. We apply
time-varying truncation bounds that prevent climatically implausible states from contributing to
the prior at any given time step (e.g., model output from the Younger Dryas is not used as a prior
for the Holocene). Additionally, we incorporate iCESM water-hosing experiments as an
additional time-slice bin representing Younger Dryas boundary conditions, allowing the
covariance structure to reflect the abrupt AMOC-driven cooling of that interval.

The four temperature reconstructions differ slightly in their treatment of seasonality.
Three of the reconstruction methods provide annual-mean temperatures only. Seasonality is
estimated by adding the orbitally-forced changes in seasonal amplitude through the Holocene
from GCM simulations. Refs.’>3! and our new reconstruction all use TraCE-21ka to provide the
seasonality and spatial pattern. For our new reconstruction we lowpass-filter the TraCE-21ka

1830 " whereas ref’! retained the unsmoothed model seasonal cycle. Ref.

seasonal cycle
reconstructs seasonal change from the iCESM time-slice prior, which is built from discrete time
intervals (e.g., 9ka, 6 ka) but samples continuously from the probability distribution of those
slices, such that seasonality evolves through time. In all cases, the monthly temperature fields are
interpolated onto the model mesh to construct the climate boundary conditions used in the ice-
sheet simulations (see Holocene climate boundary conditions section). See Supplementary
Information for methods used to correct and account for topography in paleoclimate
reconstructions (Supplementary Note 1).

Together, available paleoclimate reconstructions provide an envelope of Greenland
surface-temperature histories scenarios that effectively capture the range of uncertainties in the
thermal climate forcing. We use the single temperature reconstructions from refs.’!*2, and our
new reconstruction. We also use the Low and Moderate temperature scenarios from ref.>’, which
reflect different assumptions about the magnitude of the linear §'30-temperature relationship; in
ref.!® these provided better agreement between the geologic data and model simulations of
Holocene ice retreat in SW Greenland than the High temperature scenario™.

For precipitation, reconstructions are more limited than for temperature, and subject to
uncertainties in dynamic thinning of the ice, necessary for converting measured ice-core layer
thickness to net accumulation. Ref.® provides three different net precipitation scenarios,
accounting for a range of plausible thinning histories. We adopt the Moderate and High scenarios
(Extended Data Fig. 8), which differ primarily in the early- to mid-Holocene (in particular, the
High scenario exhibits precipitation rates exceeding the 1850-2000 mean during the mid-
Holocene).

Holocene climate boundary conditions (12.5 ka to 1850 CE; n = 20)
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The simulations begin at the start of the Holocene and extend to the year 1850 CE. The
precipitation (n = 2; High and Moderate scenario from ref.>’) and temperature anomalies (n = 5;
High and Moderate scenario from refs.>%3!32 and this study) from the climate reconstructions are
applied at 100-year temporal resolution, with the timing and amplitude changes during the
Holocene varying between the reconstructions. The monthly mean output of temperature and
precipitation from the reconstructions are expressed as anomalies from the 1850-2000 CE mean,
with precipitation being expressed as a fraction of the mean 1850-2000 CE precipitation.

185354 \ve apply these anomalies onto a higher-resolution basemap of monthly mean

Following
temperature and precipitation for the period 1850-2000 CE from®. Temperature and

precipitation spanning the Holocene are given as:

Tt = T(1850-2000) + ATt and,
Py = P(1850-2000)A P,

where 7(1850-2000) and P(1850-2000) represent the monthly mean temperature and precipitation for the
period AD 1850-2000 from (70) and AT7iand AP represent the monthly anomalies. For the
Holocene experiments, we run an ensemble of 20 simulations summarized in Extended Data
Table S1. These simulations use a combination of Holocene temperature forcings from the four
paleoclimate reconstructions, two precipitation reconstructions from one of the paleoclimate
reconstructions (see Holocene climate reconstructions), and are run with two different
combinations of degree-day factors for snow and ice melt (see Ice-sheet Model Description).
Our model domain shares a boundary with Ellesmere Island (Fig. S3) along the topographic
divide. Here we impose transient Dirichlet boundary conditions of ice thickness across the
Holocene at 500-year resolution from Ice-7G’. The ensemble members vary in simulated ice
extent and volume at the start of the Holocene depending on the climate boundary conditions
used. As the simulations continue across the Holocene, the climate boundary conditions vary
along with the prescribed GIA. A summary of the simulations (n=20) and the accompanying
boundary conditions are listed in Extended Data Table 1.

The Holocene simulations end at 1850 CE. From the ensemble of simulations (n = 20),
we perform a multifactor model-data comparison (see Data-model comparison (DMC(C)), to
determine the best performing ensemble members.  After this exercise, we are left with 6
simulations, from which we continue the historical and future simulations.

Historic simulations (1850 — 2014 CE; n = 6):

Our historical and future simulations rely on model output from the Community Earth
System Model Version 2 (CESM2) Whole Atmosphere Community Climate Model (WACCM),
herein referred to CESM2-WACCM?>> 7!, which participated in ScenarioMIP**. We use monthly
mean surface air temperature (fas) and precipitation flux (pr) and compute anomalies relative to
the 1850-2000 CE mean. These anomalies are added onto our base 1850-2000 CE mean
monthly climatology of® to maintain consistency with our Holocene and future projection
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framework. The 6 simulations (see Extended Data Table 1; Run# 2, 4, 6, 8, 18, 20) are then run
from 1850 forward to 2014 CE.

Future simulations (2015 — 2300 CE CE; n = 6):

To simulate the evolution of the GrIS from 2015 to 2300 CE, we rely on climate model
output from CESM2-WACCM?™. This was chosen for its range of simulations which span
multiple shared socioeconomic pathways (SSPs) and for consistency with the recommended
climate model forcing for the latest Ice Sheet Model Intercomparison Project (ISMIP 7) protocol
(https://www.ismip.org/research/ismip7-protocol). Similar to the historical simulations, we use
monthly mean surface air temperature (fas: 2-meter reference height temperature) and
precipitation flux (pr) and compute anomalies relative to the 18502000 CE mean. These
anomalies are then added onto our base 1850-2000 CE mean monthly climatology of®.

CESM2-WACCM output for SSP2-4.5 and SSP3-7.0 extends only to 2100 CE. To force
the ice-sheet model through 2300 CE, we extended monthly temperature and precipitation
anomalies beyond 2100 following a pattern-scaling approach’? in which the late-century CESM
spatial climate patterns are preserved while their amplitude evolves according to an extended
global-mean trajectory. Because the magnitude and persistence of Arctic amplification after 2100
remain uncertain, we did not impose additional polar amplification or modify the simulated
regional warming pattern. Instead, the extension was constrained by the evolution of global-
mean temperature and precipitation anomalies, while preserving the internally consistent spatial
structure of CESM2 in the late 21st century (Extended Data Figs. 1 and 9). See Supplementary
Information for the full description of our method to extend temperature and precipitation
forcings to 2300 CE (Supplementary note 2).

Data-model comparison (DMC)

We identified seven observation-based criteria for use in evaluating each of our 20
simulations. Some of our DMC criteria are more involved than others, and we outline our
methodology for each in this section and the Supplementary Information (Supplementary note
3). We derived a scheme for each of the seven criteria that resulted in a score of 1 or a 0; we
found that six individual simulations earned a 1 for at least six of the seven criteria (Extended
Data Table 2). We leverage PaleoGRIS?® both at the domain level regarding the spatio-temporal
pattern of deglaciation (Supplementary Information Note 3 DMC-1), and on the total ice area
trends (Supplementary Information Note 3 DMC-2). Other criteria weigh the agreement between
the four climate reconstructions we use to drive our simulations with available climate proxy
data (e.g. from lake sediments) that were not used in the reconstructions (Supplementary
Information Note 3 DMC-3). We retain simulations that come closer to agreeing with the
present-day ice area (Supplementary Information Note 3 DMC-4), and that exhibit a clear
minimum ice extent followed by re-expansion (Supplementary Information Note 3 DMC-5) to be
consistent with a large body of observational evidence from around the GrIS’>. Additionally, we
scrutinize the millennial-scale pattern of Gt/century oscillations in the SW GrIS domain for
agreement with the well-dated moraine records in that region’>’* following ref.'® (Supplementary

Information Note 3 DMC-6). Finally, we evaluate each simulation’s history in northwest
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Greenland against the recent discovery of the complete deglaciation and regrowth of Prudhoe
Dome during the Holocene (Supplementary Information Note 3 DMC-7), a one-of-a-kind

datapoint to constrain Holocene minimum ice extent’”. See Supplementary Information for the

full details of our seven DMC criteria, analysis, and results.

Data and materials availability:

Model outputs, paleoclimate reconstruction, spreadsheets of ice and mass change, and example
code to load and extract data are deposited in the Dryad Digital Repository at
http://datadryad.org/share/LINK_ NOT FOR PUBLICATION/BbK3gM984qp4txbq3mR4vXi51
QVVce7lgtboPNd4gxI. These data are currently private for peer review and will be publicly
released immediately upon publication.

Code availability: Scripts to process model output are available at
http://datadryad.org/share/LINK NOT FOR PUBLICATION/BbK3gM984qp4txbq3mR4vXi51
QVVce7lgtboPNd4gxI. The ISSM model used in this work is open-source and publicly
available at https://issm.jpl.nasa.gov.
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Extended Data Fig. 1: GrIS mean annual temperature anomaly for all 4 SSP scenarios
Future mean annual temperature expressed as an anomaly from the mean 1850-2000 CE
period, for each SSP scenario.
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Extended Data Fig. 2: GrIS basin average contribution to Holocene and Future change
Contribution to GrIS change by each basin (in percent; y axis left) for high Holocene mass
loss periods (11.6 and 8.0 ka), the historical period of 1900-2000, and the future following the
SSP3-7.0 scenario. On the top of the figure is the corresponding century scale mass change
in GT/century (y axis right).
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Extended Data Fig. 3: Simulated spatial ice extent of GrIS for Holocene and future
scenarios

Simulated ice extent (for Run #6; see Extended Data Table 1) shown in blue at 2300 CE for four
future climate trajectories. The red outline denotes the Holocene minimum ice extent for Run #6
(see Extended Data Table 1). The black outline corresponds to the present day ice extent'?.
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Extended Data Fig. 4: GrIS Model Domain
Ice-sheet model domain. The ice-sheet model domain is shown as the black contour and
follows the approximate location of the 12.5 ka GrIS extent boundary from ref .
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Extended Data Fig. 5: Reconstructed Holocene mean annual temperature
Reconstructed mean annual Holocene temperature for each reconstruction from
refs.>%3132 and this study, expressed as an anomaly from the 1850-2000 mean from regt‘éi)
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Extended Data Fig. 6: Reconstructed Holocene mean summer (JJA) temperature
Reconstructed mean Holocene summer (JJA) temperature for each reconstruction forom
refs.>%3132 and this study, expressed as an anomaly from the 1850-2000 mean from ref.®.
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Extended Data Fig. 7: JJA temperature comparison between paleoclimate reconstructions
Spatial maps showing the summer temperature (JJA) as deviation for each reconstruction from
the ensemble mean (n = 4; refs.>*3!32 and this study). Note, for ref.’°, this corresponds to the
moderate temperature reconstruction.
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Extended Data Fig. 8: Reconstructed Holocene mean annual precipitation ratio
Reconstructed Holocene mean annual precipitation for ref3? expressed as fraction of
precipitation from the 1850-2000 mean from ref.*’.
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Extended Data Fig. 9: GrIS mean annual precipitation ratio for all 4 SSP scenarios
Future mean annual precipitation expressed as an anomaly ratio from the mean 1850-2000
CE period, shown as the yearly component (thin line) and 10-point running mean (thick
bold line) for each SSP scenario.
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Extended Data Fig. 10: DMC-1 comparison maps

Summary maps of Holocene GrIS deglaciation results from each of the ensemble members
against the observational product from ref.?8. The number for each simulation corresponds to the
summary Extended Data Table 2. Note the bright green pixels in each simulation result that
demonstrate where there are missing deglacial pixels from the simulation compared to the
observational product from ref . Because the simulations use the 12.5 ka isochron from ref.® as
the starting position, missing pixels indicate either the persistence of the ice sheet in those
locations after 6.5 ka or excessive re-growth of the ice sheet during the Little Ice Age.
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Extended Data Fig. 11: DMC-1 comparison, summary histograms
Bar plots demonstrating the proportion of the ice sheet deglaciated at each time step. The y-axis

for each plot is in % deglaciated. Red bars represent the proportion of deglaciated pixels at each
time step in the observational product from ref. 2%, and dark blue bars represent the proportion of
deglaciated pixels at each time step in each of the ensemble simulations. Numbers in each plot
header correspond to the ensemble simulation number in Extended Data Table 1. We report the
summary RMSE value and the percentage of pixels missing from each ensemble simulation
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relative to the observational product®® (e.g., the percentage of all pixels in each simulation
represented by the bright green color in Extended Data Fig. 10).
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Extended Data Fig. 12: DMC-2 paleoclimate reconstruction comparison
Pairwise Procrustes distances for (A) temporal factor scores, Zi and Z, as well as (B)
temporal loadings, Wi and W2, for each temperature reconstruction relative to the full proxy-
network reference solution (circles). An inset (C) of panel B is included to distinguish
overlapping spatial solutions of four reconstructions. Shaded regions denote the null
distributions of Z and W distances determined by Monte Carlo resampling of the proxy
network, with light, medium, and dark shading illustrating the 99", 68" and 34" percentiles,
respectively.
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Extended Data Fig. 13: DMC-4 comparison of Prudhoe Dome absence

Simulated ice thickness evolution at the center of Prudhoe Dome, NW Greenland. The blue-
salmon-blue color pattern denotes when observational data suggest Prudhoe Dome existed
(blue) versus absent (salmon) during the Holocene. Runs denoted by a colored line are those
that have a simulated ice-thickness history that is compatible with the observational data’,
thereby passing this criterion.
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Extended Data Fig. 14: DMC-5 SW Greenland moraine pulsebeats

Gt/Century trends for the SW+CW domains in which refs.>7* dated six widely-traced
moraines that record pulsebeat behavior of GrIS evolution superimposed on net ice-recession
during the early and middle Holocene. Colored lines are those runs that exhibit consistent

behavior with these six moraine formations, thereby passing this criterion.
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Climate Forcing: Climate Forcing: Degree Day model comparison
Run # P Oceanic Forcing Forcing (DMC) Temperature Scenarios
z Bocgeklow dgeley moderate | ECCO Climatology (1962-2015) "Medium Not Selected Badgeley ot al. (ref. 29)
2 Badgeley low Badgeleymoderate | ECCO Climatology {1992-2015) High Pass Buizert et al. (ref. 31)
Osman et al. {ref. 32)
[ s ow | /high | ECCOClimatology(1992.2015) | Medum | NotSelected | | [7his study
| 4 1 Badgaleylow | | y high | ECCO Climatology {1992-2015) | High | Pass I
Precipitation Scenarios
5 [ [Badgsley et al. (ref. 29) ]
o Other Boundary Conditions
7 GIA Prescribed from ref. 44
- s“hM";:'"e PICOP (ref. 60)
Moving
Front Calving stress thresholds from ref. 52

. Constant temperature and salinity
Oceanic forcing (ECCO climatology, 1392-2015),
Temp. and |gpeit depth (400-450 m), ref. 61

Salini
I 13 T Osman | Badgeleymoderate | ECCO Climatology (1992-2015) | Medium |  Not Selected | 'tv
| 14 | Osman | Badgeleymoderate | ECCO Climatology (1992-2015) | High | NotSelected | Friction Transient adjustment of Fric. Coeff.
following ref. 41
5 I Osman [ Badgeleyhigh | ECCOClimatology(1992-2015) |  Medium |  Not Selected
| 16 1 Osman | Badgeleyhigh | ECCO Climatology (1992-2015) | High | Not Selected Degree Day Scenario (mm/day °C)
Medium | Medium (snow =3, ice=6mmd=" °C"")
7 This st n ECCO Climatology (1992-2015) v N |__High | High(snow=43,ice=83mmdi'Cl) |

[. 18 I This study |
20 I This study I

Extended Data Table 1: Summary of ice sheet model simulations
List of Holocene simulations. The summary of model simulations performed in this study is
listed with the respective boundary conditions and parameterizations used.

runnumber 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

PaleoGrIS matching 1{1}{1]j1)11J]1{1|{1jojojofof1]o)J1j0ojojo]jo]o
Climate forcing 11 (1111111 {1(1j1j1{1f{1fojojojojf1{1]111]1
Present day target o(1jof1jojt1foj{1|j1j{1j1|j1jojofojojojf1j0]1
Ice free Prudhoe Dome o|(1jo0f1jo|1fOoj1|1]|1]1]1]0]JO0OfOj]O|O[1]0]"1
Pulsebeat moraine record matching 111 (1{1]1f{1j1j1}{1jof1f{fojofojojojoj1]1f1
Mid Holocene area minimum 1 1 1 1 1 1 1 1 1 1 1 1 0]0]0|0 |1 1 1 1
Ice Area 13-7 ka compared to PaleoGrIS 1110111 ]1]1]0o]jJo|jofojJoOofOojJOojO|1]1]1]1
total 5 |7 4 7 5|7 5 7 5 4 5 4 1 0 1 0 3 6 4 6

Extended Data Table 2: Summary of Data-model comparison results

Results of our DMC. Table showing the results of how each of our 20 model simulations
evaluated against the seven data-model comparison (DMC) criteria. Highlighted in green are
the simulations which passed our DMC.
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Supplementary Information

Supplementary Note 1: Elevation Corrections for Paleoclimate Reconstructions

During the deglaciation the GrIS was substantially larger and thicker than today, and the
temperature reconstructions we use represent conditions over the ice sheet as it existed at
different points in time. As the margins retreated — particularly in low-elevation coastal regions
— the areal extent and surface elevation of the ice sheet changed considerably, and these
evolving geometric differences impact our climate forcings. The model prior in all the
reconstructions uses the ice-sheet history from Ice6G!, but this is treated in different ways. For
ref2, the prior is static, drawing from an ensemble of TraCE-21ka 20-0 ka simulations, and
therefore represents temperatures over an average paleo-elevation of the GrIS. In ref.®, the prior
evolves through time following Ice6G (as in ref.*), and no correction for elevation is applied;
note that ref.® assimilates no ice-core data. In ref.#, and in our new reconstruction, elevations are
lapse-rate corrected from Ice6G so that they are referenced relative to the modern GrIS (ref*
uses 5°C/km; in our reconstruction we use 6°C/km for consistency with our ice sheet modeling).
In our reconstruction, we additionally include uncertainty in elevation as part of the observation
error covariance term, R, in the assimilation framework following ref.>. For interior sites with
relatively stable topography over the Holocene, we assign an additional temperature uncertainty
of 1.2 °C (on top of other sources of error), corresponding to 200 m of elevation uncertainty. For
coastal sites, which experienced greater paleo-elevation change®, and are therefore less likely to
be as well represented by the prior, we use a greater uncertainty of 2.4 °C.

Supplementary Note 2: Future temperature and precipitation extensions to 2300 CE

Temperature extensions to 2300 CE

Annual global-mean surface air temperature anomalies (relative to 1850-2000 CE) were
computed from CESM2-WACCM output and smoothed using a 5-year running mean to reduce
high-frequency variability. A least-squares linear fit to the smoothed 2070-2099 CE global-mean
temperature anomalies were used to estimate the late-century warming rate. This trend was
extrapolated beyond 2100 CE and smoothly transitioned toward a bounded 2300 CE target.
Because SSP2-4.5 and SSP3-7.0 simulations terminate at 2100 CE, the terminal global-mean
anomaly was constrained to fall within the envelope defined by the extended low- and high-
forcing pathways (SSP1-2.6 and SSP5-8.5). Specifically, the late-century (upper decile) mean
anomalies from these scenarios were used to define lower and upper bounds, and the 2300 CE
target was set to an intermediate value between them. A smooth logistic transition was applied
between the extrapolated late-century trend and the 2300 target to avoid artificial inflection
points or discontinuities. The extended global-mean temperature anomaly time series was then
normalized by the late-century warming amplitude to produce a dimensionless climate index 1(t),
which was used to scale the spatial warming pattern in the pattern-scaling framework described
below.
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To reconstruct spatial temperature fields beyond 2100 CE, we adopted a pattern-scaling
approach’ in which the spatial structure of late-century CESM2-WACCM warming is preserved
while its amplitude evolves according to the extended global-mean temperature trajectory. The
spatial warming pattern lZTum-t (x)was computed from the CESM simulation as the difference
between mean temperature anomaly fields averaged over the final decade of the simulation
(2091-2099 CE) and a broader late-century climatology (2069-2099 CE). This difference
represents the spatial pattern of incremental late-century warming.

Future monthly temperature anomaly fields were then generated as:

TT(x, t) = Thase(x) + 1(t) ATynit(x)

where [Tpgse (x) is the late-century baseline anomaly field (20692099 CE), AT, nic(x)is the
spatial pattern of incremental late-century warming derived from the CESM simulation, and

II(T)iS a normalized global climate index derived from the extended global-mean temperature
anomaly time series. This formulation preserves the CESM-simulated spatial structure of
warming while scaling its magnitude according to the extended global trajectory.

Because the climate index II(T) is derived from the global annual-mean temperature
anomaly, the seasonal structure of the CESM temperature and precipitation fields is assumed to
remain constant beyond 2100. Monthly anomalies therefore evolve through amplitude scaling of
the diagnosed late-century spatial patterns while retaining the seasonal cycle simulated by
CESM2-WACCM.

Interannual variability beyond 2100 was generated using a spatially heterogeneous AR(1)
process where le: is the stochastic anomaly

ke = decs +T—G2a(0) e

and where p = 0.4, [o(x) is the standard deviation from the final 30 years of CESM output, and
lﬂis Gaussian white noise. A partially coherent domain-wide component was superimposed to

represent large-scale variability shared across the ice sheet and the seasonal cycle from late-
century CESM output was retained.

In total, by extending the SSP2-4.5 and SSP3-7.0 temperature trajectories to 2300 CE, the
resulting set of forcings represents a range of plausible warming pathways that the GrIS may
experience. The extended scenarios, together with the CESM2-WACCM simulations that already
extend to 2300 CE (SSP1-2.6 and SSP5-8.5), span a broad range of future temperature
anomalies. When averaged over the GrIS (Extended Data Fig. 1), annual mean temperature
anomalies relative to the 1850—-2000 CE mean reach approximately ~16 °C for SSP5-8.5, ~10 °C
for SSP3-7.0, ~5.5 °C for SSP2-4.5, and ~0.5 °C for SSP1-2.6 by 2300 CE. For the SSP5-8.5,
SSP3-7.0, and SSP2-4.5 scenarios, peak warming occurs toward the end of the 22nd century,
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after which temperatures stabilize. In contrast, SSP1-2.6 peaks around 2050 CE before gradually
cooling and stabilizing.

Precipitation extensions to 2300 CE

Precipitation anomalies were treated as ratio anomalies relative to the 1850-2000 CE
mean (i.e., P divided by the 1850-2000 mean). Annual global-mean precipitation ratios were
smoothed using a 5-year running mean. Because long-term precipitation projections under SSP2-
4.5 and SSP3-7.0 are not available beyond 2100 CE, we imposed a physically bounded
exponential relaxation from the 2099 value toward a prescribed long-term target increase, with
targets of 25% for SSP2-4.5 and 50% for SSP3-7.0 by 2300 CE, consistent with their relative
warming. This range is consistent with 21st-century projections and thermodynamic scaling of
precipitation with warming (~2-3% per °C globally; ref.?), as well as higher Greenland-specific
sensitivities (~5% per °C; ref.’), which together imply substantial cumulative increases under
sustained warming. The extended annual trajectory was constructed as:

P(t) =P 2099 + (P_target — P 2099) x (1 — exp(—(t — 2100)/1))

where P_2099 is the precipitation ratio at 2099, P_target is the prescribed long-term precipitation
ratio corresponding to scenario specific increases of 25% (SSP2-4.5) and 50% (SSP3-7.0)
relative to the 1850-2000 baseline, t is time in years, and T = 180 years is the e-folding timescale
controlling the rate of adjustment. This formulation ensures a smooth, monotonic transition
beginning at 2100 CE and asymptotically approaching the prescribed target, without introducing
artificial acceleration or discontinuities (Extended Data Fig. 9).

Beyond 2100 CE, regional precipitation anomalies were obtained by scaling the late-
century CESM spatial pattern with the evolving global-mean precipitation anomaly, analogous to
the temperature pattern-scaling approach, while retaining the seasonal cycle from the model.
Interannual variability was represented using a spatially heterogeneous AR(1) process (¢ = 0.3)
with reduced variance relative to temperature anomalies.

Supplementary Note 3: Data-model comparison (DMC) descriptions

DMC-1: Timing and patterns of ice margin retreat simulated versus observed

We take advantage of the recently published PaleoGRIS product of spatiotemporal
Holocene GrIS margin retreat'® to compare with each of our ISSM simulated Holocene GrIS
histories (Fig. 1). We use raster representations of simulated (ISSM) versus observed GrIS
Holocene retreat histories'® at 1.5 km scale resolution. Each raster pixel in both the observational
layer and the ISSM simulated layers contains a numeric value that represents the timing of
deglaciation of that pixel. For the observational product from ref.!°, all pixels that are at or within
a mapped limit get assigned that limit’s deglaciation age. For example, the areas between two
delineated ice margins get assigned a deglaciation age of the outermost limit, treating mapped ice
margins essentially as maximum constraints. For the ISSM simulations, each pixel contains a
deglaciation age as determined by the simulation, although as described below, through the
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comparison workflow, simulated deglaciation ages get binned at a 500-yr temporal resolution to
be consistent with the temporal resolution of the observational layer.

To make each comparison between the observational layer and each simulated ice-margin
history in the ensemble, we take a holistic approach rather than evaluating model results against
observations at each individual pixel. The aim is to compare if model simulations capture the
general trend of ice margin retreat as opposed to matching observations exactly. The workflow
for comparing each simulated ISSM output is as follows.

First, we sum up the total number of pixels for each 500 yr time step in the observational
layer and divide that by the total number of pixels representing deglaciation over the entire
deglacial interval. In the case of this comparison, that total interval spans 12.5 ka to 6.5 ka. See
maps in Extended Data Fig. 10 and histograms in Extended Data Fig. 11 for examples.

Next, we calculate a summary root-mean-square error (RMSE) value that represents the
average percent difference between the proportion of deglaciated pixels in the observational
layer and a simulated result at each time interval. To incur an additional penalty for our
comparison, we take into account the absence of a proportion of pixels that should be represented
with a deglaciation value in each ISSM simulated result - according to the observational layer -
but which are not represented. These pixels that should have deglaciation values but are
essentially missing and not represented in a given simulated result are highlighted in bright green
on Extended Data Fig. 10. We calculate the proportion of absent pixels in each simulated result
and scale each RMSE by that ‘missing’ proportion. Thus, if a simulated result appears to follow
the same general spatiotemporal trend of the observed deglaciation and has a good RMSE value,
but a high proportion of the observational layer is missing in the comparison due to poor spatial
overlap between the two products, that mismatch is better-represented and the simulation is more
heavily penalized, significantly increasing the “corrected” RMSE we use for our comparison
metric.

Finally, we use a cut-off “corrected” RMSE value of 0.10 as our binary metric for pass
versus failure in this portion of the data model comparison. The results are displayed in Fig. S11,
and demonstrate that the ISSM simulations that use climate forcing from ref.* and this study
most frequently pass this DMC criteria, although two of the simulations that use climate forcing
from ref.® pass this DMC criteria as well. As a complete example, ISSM simulation Run 1 (Map
results in Extended Data Fig. 10 denoted with a 1 and histogram results in Extended Data Fig. 11
denoted with the 1 in the plot title of the top row, leftmost chart), indicates that 17% of the pixels
from the observational product!® were not represented in Run 1 (note the green pixels in the map
plot mostly concentrated in the S-SW portion of the ice sheet), but the resulting RMSE (with the
17% penalty incurred) is 0.0617. Thus, Run 1 passes the first data-model comparison criterion
(see Extended Data Table 2) since the summary RMSE is below our 0.10 binary metric.

DMC-2: Comparisons of proxy and climate reconstructions

We compiled 27 independent and previously published quantitative summer temperature
time series (refs.!!%). We restricted time-series selection to include only proxies that are
sensitive to summer temperatures, and which were not used in the development of our climate-
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forcing reconstructions. To improve spatial coverage in northern Greenland, we supplemented
the quantitative records with 11 previously reported time series of qualitative summer
temperature (refs.>>*). To incorporate the qualitative time series into this analysis, we
categorized the original author’s climatic interpretations into categories: coldest, cold, warm, and
warmest, where the extremes are incorporated if identified in the original work. These categories
were then converted to numerical values, -1.5, -0.5, 0.5, and 1.5, respectively, assuming equal
spacing between qualitative categories. We assign an uncertainty of 1.0 to these semi-
quantitative time series, assuming uncertainty equivalent to one category. For all 38 time series,
we applied a cascading time-binning strategy in which observations were first aggregated into
50-year time bins and then into 200 year bins, to avoid potentially biasing binned observations
by high-density clusters of observations in the original time series.

We assess the agreement between the five climate reconstructions and proxy observations

through a two-stage process. The first stage uses a probabilistically resolved Factor Analysis
(FA) to individually decompose the proxy time series and reconstructions, identifying dominant
climate modes within the records. We configure the FA similarly to a probabilistic principal
component analysis (pPCA; ref.*®). Our implementation of the FA differs from the pPCA
through our defined error term. Where the pPCA assumes isotropic error, assuming an equal and
shared error for each vector in the analysis (ref.*¢), we define an anisotropic error term, realized
using uncertainties from the proxy-temperature transfer functions used to quantitatively interpret
the time series. Ultimately, this error configuration incorporates proxy confidence by inversely
weighting the influence of a given proxy time series based on proxy-specific uncertainties,
resolving known issues of variance weighting in similar signal decomposition approaches (e.g.,
refs.*’#%). Finally, a varimax rotation was applied*’ to improve interpretability. The FA solutions
yield information on temporal and spatial trends within the data.
For each reconstruction (refs.>** and this study) we computed mean summer
temperatures (June, July, and August) for each grid cell. We then applied the same time-binning
approach as we did to the proxy network. To achieve an equitable spatial comparison between
the reconstructions and the proxy-network, we isolated reconstruction grid cells that overlapped
with proxy time series. For the temporal comparison, we only consider time bins that overlap
with observations in the binned proxy time series for overlapping proxy and reconstruction grid
cells. Where more than one time series overlaps with a grid cell, we use the combined proxy time
series observations to temporally subset the paired grid cell.

The temporally and spatially aligned proxy time series and reconstructions were z-scored
to normalize variance through time. Normalization is commonly used in dimension-reduction
analyses to dampen the influence of high variance within the dataset that can skew the extracted
signal. Moreover, normalization is critical to this work as it enables the incorporation of different
proxy measurements. Although most records are reported in degrees Celsius, we also include a
chlorophyll record*’, and 11 qualitative time series in northern Greenland.

The second stage of the comparison uses Procrustes least-squares analysis® to quantify
the similarity of decomposed temporal and spatial climate patterns between the proxy networks
and the reconstructions. Transformations were restricted to preserve valid temporal and spatial
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comparisons. Temporal scores and spatial loadings (Z and W, respectively) could be sign-
inverted, reflecting the arbitrary sign convention of factor-analysis solutions; however, the sign
inversion of W was coupled to sign inversion of the corresponding Z score. Scaling of Z and W
solutions had a lower bound of 0.3 to avoid potentially muting solutions to improve comparisons.
Factor solutions were only compared within corresponding components (i.e., component 1 of the
proxy could only be compared to component 1 of the reconstruction), and we did not allow
scaling or inversion of the time axis. Similarity was quantified using Procrustes sum-of-squared
residuals after alignment.

To assess whether agreement between the proxy network and reconstructions exceeds
variability expected from proxy-network composition, we constructed a proxy bootstrap null
distribution using Monte Carlo resampling. We generated 100 realizations of the proxy network
by randomly retaining 65% of proxy records and repeating the FA for each subset. For each
bootstrap realization, the temporal scores and spatial loadings (Z1, Z>, W1, and W») were aligned
to the full proxy-network solution using the same constrained Procrustes procedure described
above. This distribution provides a baseline against which agreement between the proxy network
and reconstruction can be evaluated. We then calculated the mean Procrustes distances of Z1, Z,
Wi, and W» between each reconstruction and the full proxy-network solution and compared
these values to the bootstrap distribution (Extended Data Fig. 12). Distances for refs.>* and this
study reconstructions fall within the 99'" percentile of the proxy bootstrap distributions of both Z
and W solutions, indicating agreement with the proxy-derived climate modes®. In contrast,
reconstruction of ref.? exceeds the 99™ percentile threshold of both spatial loadings, W1 and W,
suggesting weaker consistency with the proxy network.

DMC-3: Total GrlS area simulated versus observed

We also leverage PaleoGRIS! to capture the agreement between simulated and observed
whole-GrIS area change (Fig 1B.). While we acknowledge uncertainty in the age control and
position of PaleoGRIS boundaries, it provides an overall state-of-the-art constraint on area
changes of the GrIS in 11 500-year time increments from 12 ka to 7 ka. For each of our 20
simulations, we calculated the area in each time increment to compare with PaleoGRIS. For this
criterion, we deem a good data-model fit when agreement is within 10% and score simulations
with a one if nine or more of the 11 time slices have a mismatch of 10% or lower. If the
mismatch is 10% or greater in more than two of the 11 time slices, then the simulation earns a
Zero.

DMC-4: Prudhoe Dome absence in middle Holocene

Ref®! recently demonstrated that Prudhoe Dome, a 500-m-thick spur of the GrIS in
Northwest Greenland, was absent sometime between ~9 and 7.1+1.1 ka. This is a one-of-a-kind
dataset where Holocene absence/presence is detected far inland and through relatively thick ice,
which provides a tighter constraint on Holocene minimum size that more typical methods able to
assess re-advances very near the GrIS margins (see DMC-6). We use this finding to evaluate
simulated ice-thickness history through the Holocene at the center of Prudhoe Dome and score
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individual simulations if they become ice-free (simulated thickness of 10 m or less) during this
window (Extended Data Fig. 13). If they become ice free before this time window, or remain ice
free after this time window, they are scored a zero. If on the other hand they become ice-free and
then re-grow during this time window, then they are scored a one.

DMC-5: SW Greenland moraine pulsebeats

Following ref.’?, we use the well-dated moraine record in SW Greenland® to evaluate
simulated mass balance (Gt/century) trends in the SW domain of our model space (Extended
Data Fig. 14). The wide area of unglaciated terrain in SW Greenland contains six well-dated
moraines at roughly millennial pacing that would have required reversals or plateaus in mass
balance superimposed on overall negative mass balance. We assess the simulated Gt/century
trends of each individual simulation against the timing of widespread moraine formation. We
assign a value of one to any simulation that displays a characteristic mass balance reversal (or
pause followed by a significant decrease in mass balance) for 3 or more of the 6 time intervals.

DMC-6: Whole-GrlS Holocene minimum extent

Abundant evidence from around the entire perimeter of the GrIS reveals a Holocene
minimum extent followed by expansion toward the historical maximum ice margin®}. We note
however that some individual simulations do not show a minimum extent in GrIS area whereas
others do. For this criterion, we simply give simulations a one if they exhibit a minimum phase
followed by re-expansion and a zero if they do not (Fig. 1B).

DMC-7: Present-day GrlS area simulated versus observed

For this criterion we compare the ending simulation in 1850 CE with the modern-day
observed GrlS area (initialized in ISSM at 1.75 million km?). We acknowledge that in reality the
GrIS to some degree covered more area at 1850 CE, during the Little Ice Age (or what on
Greenland is referred to as its historical extent), than today. One recent estimate is that the GrIS
covered 1% more area®®. In any case, we score our simulations with one if they agree within 10%
of the modern GrIS area.
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