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The Greenland Ice Sheet (GIS) is losing mass at a high rate1. Given the short-term nature
of the observational record, it is difficult to assess the historical importance of this
mass-loss trend. Unlike records of greenhouse gas concentrations and global
temperature, in which observations have been merged with palaeoclimate datasets,
there are no comparably long records for rates of GIS mass change. Here we reveal
unprecedented mass loss from the GIS this century, by placing contemporary and future
rates of GIS mass loss within the context of the natural variability over the past 12,000
years. We force a high-resolution ice-sheet model with an ensemble of climate histories
constrained by ice-core data2. Our simulation domain covers southwestern Greenland,
the mass change of which is dominated by surface mass balance. The results agree
favourably with an independent chronology of the history of the GIS margin3,4. The
largest pre-industrial rates of mass loss (up to 6,000 billion tonnes per century) occurred
in the early Holocene, and were similar to the contemporary (ad 2000–2018) rate
of around 6,100 billion tonnes per century5. Simulations of future mass loss from
southwestern GIS, based on Representative Concentration Pathway (RCP) scenarios
corresponding to low (RCP2.6) and high (RCP8.5) greenhouse gas concentration
trajectories6, predict mass loss of between 8,800 and 35,900 billion tonnes over the
twenty-first century. These rates of GIS mass loss exceed the maximum rates over the past
12,000 years. Because rates of mass loss from the southwestern GIS scale linearly5 with
the GIS as a whole, our results indicate, with high confidence, that the rate of mass loss
from the GIS will exceed Holocene rates this century.

The GIS lies within the rapidly warming Arctic, and its contribution to
sea-level rise has recently accelerated1. The increased rate of GIS mass
loss since the 1990s is substantial, but the lack of data on long-term GIS
mass change makes it difficult to evaluate this short-term phenomenon within the context of natural variability5,7. Efforts to quantify
rates of ice-mass loss through time have relied on historical climate
data and image analysis, contemporary airborne and satellite observations, and numerical ice-sheet simulations5,8,9. Combined, these
approaches reveal that the GIS was roughly in neutral mass balance
during the nineteenth century, experienced variable mass loss in
the twentieth century, and has undergone a substantial increase in
mass loss in the past 20 years1,5,10. The future of GIS mass change is
uncertain, but projected warming combined with feedbacks in the
coupled ice-sheet–climate system will lead to continued losses9,11,12.
Given plausible future climate scenarios, the GIS may be entirely gone
in as few as 1,000 years13.

The GIS’s past
Continuous time series of GIS mass change spanning centuries or longer are
required to place the contemporary increase in mass loss in a longer-term
context and to improve knowledge of the overall response of the GIS to
climate change. Assembling such time series is challenging, owing to the
reliance on numerical ice-sheet simulations that require climate boundary
conditions from before the instrumental era. Ice-sheet reconstructions
during warmer-than-present periods (for example, the early Holocene) are
particularly relevant for modelling future ice-sheet changes.
Geological observations of GIS change are most abundant during the
Holocene14. For this reason, the Holocene has been targeted as a timeframe for simulating GIS history15–20. Model simulations so far have been
used to assess spatiotemporal patterns of GIS retreat and to constrain its
minimum size. Simulated changes in ice volume are largely the product of
climatic forcing; palaeo-mass balance is typically modelled using one of
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Fig. 1 | Domain for the ice-sheet model and moraine record of past GIS
change in SW Greenland. a, Map of the present-day GIS, showing commonly
used domains (as labelled) and our model domain (outlined in red). NO, north;
NE, northeast; NW, northwest; CW, central–west; SE, southeast; SW, southwest.
b, WSW Greenland (boxed in a), showing widely traceable moraine sequences3.

JI, Jakobshavn Isbræ; KNS, Kangiata Nunaata Sermia. c, Cosmogenic–nuclide
exposure-age chronologies of all moraines between the ocean and the GIS 4
(boxed in b); 1σ age uncertainties are listed; moraine lines are dashed where
uncertain. Base-map topography from BedMachine37.

the ice-core δ18O time series from central Greenland, which is converted
to temperature and precipitation, and scaled across the ice sheet15. Some
approaches improve model performance with geological constraints,
but climate forcing is still scaled from limited ice-core data, sometimes
using prescribed Holocene temperature histories to improve model–data
fit16,17. One recent study19 used data averaged from three ice-core sites to
adjust palaeotemperatures from a transient climate model, and scaled
precipitation from one ice-core accumulation record. All these estimates
of mass-loss rates during the Holocene provide important context for
projected GIS mass loss, but they have not been extended into the future,
making quantitative comparisons uncertain.

the west–southwest, WSW), with the domain extending outward to the
present-day coastline (Fig. 1). Despite including the dynamically complex
Jakobshavn Isbræ basin, our domain is dominated by Greenland’s largest
tract of land-based ice and thus has relatively little direct marine coupling.
Glacier variations in WSW Greenland are dominated by surface mass balance, simplifying the model requirements. Most other sectors of the GIS
are more strongly influenced by marine-terminus ice dynamics, which are
difficult to simulate accurately23,26,27. Nevertheless, observations since 1972
reveal a tight agreement between the rate of mass change in our model
domain and the entire GIS5. Hence, our region can be considered representative of the GIS as a whole. Furthermore, the Holocene glacier history
in this region is well constrained3,4, providing independent validation of
our model results.

GIS modelling
We place today’s rates of ice loss into the context of the Holocene and
the future using a consistent framework, by simulating rates of GIS mass
change from 12,000 years ago to ad 2100. We use the high-resolution Ice
Sheet and Sea-level system Model (ISSM), which resolves topography as
finely as 2 km (refs. 21–23). Our simulations are forced with a palaeoclimate
reanalysis product for Greenland temperature and precipitation over the
past 20,000 years2. This reanalysis was derived using data assimilation of
Arctic ice-core records (oxygen isotopes of ice, and snow accumulation)
with a transient climate model (Methods). We account for uncertainty
in the temperature and precipitation reconstructions by creating an
ensemble of nine individual ISSM simulations that have varying temperature and precipitation forcings2 (Methods). Sensitivity tests using a
simplified model in the same domain24 suggest that the range in plausible
palaeoclimate forcing, which we use, has a larger influence on simulated
rates of ice-mass change than do model parameters such as basal drag,
surface-mass-balance parameters and initial state. We compare our simulated GIS extent against mapped and dated changes in the position of
the GIS margin3,4.
Much of the GIS perimeter is dominated by marine-terminating glaciers
with calving dynamics that are challenging to simulate, particularly on long
timescales25. We focus on a regional model domain covering the southwest
and central–west drainage basins of the GIS26 (collectively referred to as

12,000 years of natural variability
Our simulations are divided into three experiments (Methods): Holocene (12,000 years ago to ad 1850), historic (ad 1850–2012) and future
(ad 2015–2100). Our Holocene simulations show eastward ice retreat
throughout our domain between approximately 12,000 and 7,000 years
ago, after which the ice sheet shows relatively small ice-margin changes
(Fig. 2, Methods). Our simulated pattern of WSW GIS size through the
Holocene is consistent with three lines of evidence from glacial–geologic reconstructions3,28. First, widely traceable moraine systems in WSW
Greenland delimit GIS recession between 12,000 and 7,000 years ago3,4,29.
Our simulated ice-margin locations closely resemble the independent evidence of ice-margin history. In the portion of our domain with the richest
moraine record, the simulated ice area is −20% to +4% the size of the ice
area constrained by observations (that is, moraines; Fig. 2, Methods). In
some sectors, particularly at Jakobshavn Isbræ and near Kangia Nunata
Sermia (Fig. 1), simulated ice-margin recession occurs later than observations suggest (Methods). In addition, the simulated present ice margin is
more extensive than the present ice extent along the southern portion of
our model domain (local precipitation anomalies could help to explain
some of the offset24), but there is agreement with the present ice margin throughout most of our domain (Methods). Second, the prominent
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Fig. 2 | Increased and variable GIS mass loss during the Holocene.
a, Simulated cumulative change in WSW GIS ice mass from 12,000 years ago to
ad 1850, for nine model simulations (Methods). b, Simulated position of the
WSW GIS margin in the Holocene, for the transect shown in Fig. 1c. Black circles
represent independent observations of ice-margin position based on mapped
and dated moraines (with one-standard-deviation age uncertainty); the red
circle is the present-day GIS margin. c, Bar plot showing the mean rate of
ice-mass loss from 12,500 to 7,000 years ago; vertical lines and shading show
moraine age and one-standard-deviation uncertainty for every moraine
between Baffin Bay and the present-day ice margin4; asterisks mark the five
centuries with the highest rates of mass loss.
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moraine belts in our domain represent widespread still-stands (that is,
minimal rate of ice-mass change) and/or re-advances (that is, ice-mass
gain) during the early and middle Holocene4, providing an additional
means of comparison with our simulation. Our simulated GIS mass change
approaches neutral or becomes positive at 11,400, 10,400, 9,200, 8,600,
8,200 and 7,300 years ago (Fig. 2); each of these periods corresponds to a
time of moraine deposition, which requires neutral or positive GIS mass
change4. Similarly, there are no moraines dating to the multi-centennial
intervals during which our simulations show increased mass loss, such
as from 10,400 to 9,200 years ago (Fig. 2). Third, sedimentary evidence
reveals greatly reduced ice-margin recession beginning around 7,000
years ago, slightly smaller-than-present ice extent around 6,000 to 4,000
years ago, and a late Holocene ice-margin position close to the present-day
one3. These patterns of relatively minor ice-sheet changes after 7,000
years ago are also consistent with our simulated WSW GIS history (Supplement Videos 1 and 2). The overall agreement between the simulated
and reconstructed history of the WSW GIS margin lends confidence to
our simulated rates of early-Holocene ice-mass change.
Mass loss between 10,000 and 7,000 years ago exceeded rates of
loss during any other time in the Holocene (Fig. 3), ranging from positive (during brief cold-climate events) to multi-century intervals with
rates of ice-mass loss of up to 6,000 Gt per century (ensemble-mean
value). The five centuries with the highest mass-loss values average 4,900 ± 1,400 Gt per century (Fig. 2; ensemble-mean values and
two-standard-deviation uncertainty). The timing and duration of
higher-than-average early-Holocene mass loss is consistent with most
palaeoclimate and glacial geologic records from the Arctic, which
reveal a well-documented thermal maximum in the early Holocene
that was 3 ± 1 °C warmer than the pre-industrial period18,30–32. Increased
Fig. 3 | Exceptional rates of ice-mass
loss in the twenty-first century,
relative to the Holocene. The mean
rate of ice-mass change each century,
from 12,500 years ago to ad 2100, is
shown by the black line. The light grey
bars indicate the ice-mass change in
each of the nine simulations. For the
1900s, simulated rates are shown in
dark grey. For the 2000s, rates of
ice-mass change for various RCP2.6
and RCP8.5 simulations are shown as
blue and red circles (see legend in
inset). The histogram on the right
incorporates all (n = 1,125) Holocene
rates of ice-mass change. The inset
shows simulated rates of ice-mass
change in annual timesteps from
ad 1850 to ad 2100.
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Fig. 4 | Substantial change in surface elevation of the GIS over the twenty-first
century. a–c, Simulated change in surface elevation of WSW GIS (metres per
century; colour scale) for the centuries in the Holocene with the highest
mass-loss rate (a, c) and during the cold event 8,200 years ago (b), from model
experiment 9. d–f, Simulated change in surface elevation (metres per century;
colour scale) over the twenty-first century under the MIROC RCP2.6 (e) and

RCP8.5 (f) scenarios, compared to the twentieth century (d). g, Comparison of
the mass-loss rate for WSW GIS (right axis, red) and for the entire GIS (left axis,
black), from ad 1972 to ad 2018, based on observations 5 (r2 = 0.82, where r is the
correlation coefficient). h, Comparison of the mass-loss rate for WSW GIS
(right axis, red) and for the entire GIS (left axis, black), from ad 2015 to ad 2100,
from our simulation using the MIROC RCP8.5 climate forcing (r2 = 0.97).

ice-mass loss in the early Holocene is also consistent with surface ocean
records around southern Greenland, indicating greatly reduced salinity, owing to meltwater discharge until about 7,000 years ago33,34.
In addition, our simulated rates of mass loss from WSW GIS in the
early Holocene are comparable to findings from other recent model
experiments19,20, providing further confidence that our simulations
capture the range of ice-mass loss under natural variability during
the Holocene. The maximum rates of ice-mass loss in the Holocene
exceed our simulated rates of ice-mass loss in the historic interval
(ad 1900–2000) of around 1,600 Gt per century (Methods), which

is similar to an independent ad 1900–2000 estimate of 1,700 Gt per
century for WSW GIS8.

Historic and future ice-mass change
The substantial increase in rates of GIS mass loss in the past two decades is exceptional in the context of estimates of mass loss in the historic
interval5,8,9,35. If the rates of mass loss observed over the past two decades
were to remain constant for the rest of the twenty-first century, the total
rate of mass loss over the twenty-first-century would be around 6,100 Gt
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per century for WSW Greenland5. This value is within the low end of our
simulated range of mass-loss rates during the early Holocene. However,
6,100 Gt per century may vastly underestimate the rate of mass loss for the
twenty-first century, because climate is projected to become increasingly
unfavourable for maintaining even the current levels of GIS mass balance6.
Our simulations of twenty-first-century WSW GIS mass loss, using an
identical model and model set-up, address the limitation of extrapolating observed rates of mass loss and yield century-average mass-loss
rates of 8,800–10,600 Gt per century for RCP2.6 scenarios and 14,000–
35,900 Gt per century for RCP8.5 scenarios (Methods, Fig. 3). Rates of
GIS mass loss become less negative by ad 2100 in the simulations using
RCP2.6 scenarios, consistent with recent results that show that the GIS
remains sizeable into the future under low-carbon-emission scenarios13.
By contrast, the marked and increasing GIS mass loss in the simulations
using RCP8.5 scenarios is consistent with recent findings that Greenland
could become ice-sheet-free in as few as 1,000 years13. Because the rate of
ice-mass change in WSW Greenland mirrors that of the entire GIS (Fig. 4,
Methods), our findings probably represent the pattern of ice-mass loss
for the entire GIS. In addition, simulations of future GIS evolution show
an increasing influence of surface mass balance13,36, further supporting
the representativeness of our model domain.
Our simulated rates of mass loss from WSW GIS for this century
(8,800–35,900 Gt per century, or 2.4–9.9 cm sea-level equivalent) exceed
our simulated Holocene mass-loss rates (Fig. 3). Among all available
twenty-first-century simulations, only one of the two RCP2.6 runs (MIROC,
−8,800 Gt per century) falls within the range of our Holocene simulations
at the 99th percentile; all others lie outside the 99th percentile. The recent
observed trend in GIS mass loss is following the RCP8.5 trajectory1, which
suggests that ongoing mass loss this century is likely to be represented
among our simulated RCP8.5 rates. If so, the amount of ice loss in WSW
Greenland this century would reverse the previous 4,000 years of cumulative ice growth and exceed maximum Holocene mass-loss rates by a factor
of about four. Comparison with a recent GIS model intercomparison effort
to assess ice-mass loss up to ad 2100 shows that our simulations are at the
low end of the model spread36. Thus, our simulated future rates of change
in billions of tonnes per century are relatively conservative. These findings
could change when using fully coupled ice-sheet–climate models; however,
feedbacks that become apparent in coupled simulations9 should affect
the past and future similarly. Therefore, we do not expect the pattern of
rate of ice-mass loss over time to differ substantially. Our results suggest
that the rate of mass loss from the GIS this century will be unprecedented
in the context of natural GIS variability over the past 12,000 years, unless a
low-carbon-emission scenario is followed. This provides further evidence
that low carbon emissions are critical to mitigate contributions of the GIS
to sea-level rise.
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Methods
Ice-sheet model
To simulate WSW GIS history, we use ISSM v4.13, a finite-element, thermomechanical ice-sheet model21. The ice model simulations follow a similar
approach to one described previously22. For all ice model simulations, we
use a higher-order approximation38,39 to solve the momentum-balance
equations. The model domain for this study is similar to a previous
regional ice model23, but is extended to cover the central–west and
southwest drainage basins (WSW GIS, Fig. 1). The domain extends from
the present-day coastline, where geologic observations show that ice
resided at the end of the Younger Dryas3, eastward to the GIS divide. The
northern and southern boundaries of the model domain are located
along zones of minimal north-to-south across-boundary flow, on the
basis of present-day ice surface velocities26. The model uses anisotropic
mesh adaptation to produce a non-uniform mesh that varies on the basis
of variations in bedrock topography. The bedrock topography is from
BedMachine v337. When modelling the WSW GIS during the Holocene,
high mesh resolution is necessary23 in areas of complex bed topography,
to prevent artificial ice-margin variability resulting from interaction with
bedrock artefacts that occur at coarser resolution. As a result, we construct a mesh that varies from 20-km resolution in areas where gradients
in the bedrock topography are smooth, to 2-km resolution in areas where
bedrock relief is high.
We use an enthalpy formulation40 to simulate the thermal evolution of
the ice, and geothermal flux41. To reduce the computational load associated with using a high number of vertical layers, the model contains only
five vertical layers, with the vertical spacing between layers decreasing towards the base. Following ref. 23, we use quadratic finite elements
(P1 × P2) along the z axis for the vertical interpolation, which allows the
ice-sheet model to capture sharp thermal gradients near the bed, while
reducing computational costs associated with running a linear vertical
interpolation with increased vertical layers22.
A spatially varying friction coefficient (k) is derived using inverse methods21,42, and provides the best match between modelled and interferometric synthetic aperture radar (InSAR) surface velocities26: τb = −k2Nvb, where
τb represents the basal stress, N represents the effective pressure and vb
is the magnitude of the basal velocity. Using this method, we are able to
compute the friction coefficient only under the present-day ice sheet.
Across contemporary ice-free areas, a spatially varying drag coefficient
is constructed to be proportional to the bedrock elevation43: k = 100 ×
min[max(0, zb + 800), zb]/max(zb), where zb is the height of the bedrock.
In this case, the friction coefficient remains lower in fjord regions and
higher over areas of high topographic relief. We tested the sensitivity of
the simulated Holocene ice-mass changes to the choice of the friction
coefficient in the contemporary ice-free areas (Methods section ‘Sensitivity experiments’). The basal drag coefficient derived using the inverse
techniques and scalings described above are allowed to vary through time,
following ref. 23. Here, the basal friction coefficient varies through time
on the basis of changes in the simulated basal temperature, ultimately
allowing for a time-varying basal friction coefficient. As simulated basal
temperatures warm with respect to the present day, the basal friction
coefficient decreases (for example, more sliding); as the simulated basal
temperatures cool with respect to the present day, the basal friction coefficient increases (for example, less sliding). The ice rheology parameter
B is temperature-dependent and follows rate factors shown in ref. 44.
Following refs. 22,23, we initialize B by solving for a present-day thermal
steady state, and allow this to evolve during the transient simulations.
Although we include a subelement grounding-line migration scheme45
in these simulations, we do not include calving parameterization, owing
to the prohibitive costs associated with running such a scheme in a
higher-order ice model run over palaeoclimate timescales. In addition,
owing to poor constraints on past oceanic temperatures throughout
the Holocene, particularly at depth, we do not include any submarine
melting of floating ice.

Holocene climate forcing
We force our Holocene ice-sheet simulations with spatially and temporally complete palaeoclimate reanalyses2, which were created using a
palaeoclimate data assimilation approach—a method that combines
proxy data and climate-model simulations. Specifically2, oxygen-isotope
records from eight ice cores are used for the temperature reanalyses,
accumulation records (derived from layer thickness) from five ice cores
are used for the precipitation reanalyses, and TraCE21ka (the transient
climate evolution experiment46,47) is used for both the temperature and
precipitation reanalyses. The climate model provides information on
the statistical relationships between climate and ice-core variables; all
temporal information comes only from the ice-core data. The main reanalysis in ref. 2, which is derived from a priori expectations for the optimal
parameters, evaluates well against independent proxy records and is in
good agreement with previously published palaeoclimate reconstructions. This reanalysis method2 obtains mean annual values only. To the
temperature reanalyses, we add the temporally varying magnitude of
the seasonal cycle, as simulated in TraCE21ka, smoothed by a sixth-order
low-pass Butterworth filter with a 4,000 yr−1 cutoff frequency. We do not
add the seasonal cycle to precipitation, as mean-annual values provide
sufficient resolution.
To assess the uncertainty in the main reanalysis2, both the relationship between oxygen isotopes of ice and temperature and the ice-flow
parameters used to derive accumulation from annual layer thickness
were varied. For this study, we use the main reanalysis from ref. 2 for our
‘moderate’ temperature and ‘moderate’ precipitation (Extended Data
Table 1). We use their ‘high’ and ‘low’ precipitation reanalyses for our
corresponding ‘high’ and ‘low’ precipitation scenarios (Extended Data
Table 1, Extended Data Fig. 1), and their ‘S3’ and ‘S4’ temperature reanalyses
for our corresponding ‘high’ and ‘low’ temperature scenarios (Extended
Data Fig. 2). We choose only these S3 and S4 temperature reanalyses (out
of four options) to match the number of precipitation reanalyses, and
because these have late-glacial temperature anomalies that are colder,
which produces the most realistic results for the ice-margin position at
the beginning of our ice-sheet model simulations.
Model experiments
Our ice-sheet model simulations are divided into three experiments:
Holocene (12,500 years ago to ad 1850), historic (ad 1850–2012) and future
(ad 2015–2100). The surface mass balance over the Holocene and historic
periods is computed using a positive degree day (PDD) method48. Details
regarding the climate forcings used in the PDD algorithm to construct the
accumulation and ablation history are provided in the subsections below.
We use degree-day factors of 4.3 mm °C−1 d−1 and 8.3 mm °C−1 d−1 for snow
and ice, respectively, with allocation for the formation of superimposed
ice49. A lapse rate of 6 °C km−1 is used to adjust the temperature of the
climate forcings to the ice-surface elevation. Further details regarding
the PDD algorithm can be found in ref. 50
Holocene simulations. Our simulations for the Holocene begin 12,500
years ago, when the ice margin across WSW Greenland was at or near
the present-day coastline. As input into the PDD algorithm to create the
necessary ablation and accumulation history, we rely on the previous
reanalysis of temperature and precipitation anomalies2 (Extended Data
Figs. 1, 2), as described above, at 50-year temporal resolution. We use
three temperature and precipitation reconstructions, with the timing
and amplitude of changes during the Holocene varying between the reconstructions (Extended Data Table 1). The reanalysis anomalies are from
the ad 1850–2000 mean, with the precipitation anomaly being expressed
as a fraction of the mean ad 1850–2000 precipitation. Temperature and
precipitation spanning the Holocene are given as Tt = T(1850–2000) + ΔTt and
Pt = P(1850–2000)ΔPt, where T(1850–2000) and P(1850–2000) represent the monthly
mean temperature and precipitation for the period ad 1850–2000 from
ref. 35, and ΔTt and ΔPt represent the monthly anomalies. Our choice of
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applying anomalies to a higher-resolution climatology follows traditional
methodology for forcing ice-sheet models back through time. We account
for uncertainty in the response of the ice-sheet model to temperature and
precipitation reconstructions by creating an ensemble of nine individual
ISSM simulations that have varying temperature and precipitation forcings (Figs. 2, 3, Extended Data Table 1), which is possible owing to the
independence of the temperature and precipitation reconstructions2.
Holocene simulation boundary conditions. At the southern, northern
and ice-divide boundaries we impose Dirichlet boundary conditions. Flux
at the ice front is unconstrained. The boundary conditions come from a
GIS spin-up performed over one glacial cycle (beginning 125,000 years
ago). For the climate forcing, we use a method whereby the ad 1850–
2000-mean surface air temperature and precipitation35 is scaled back
through time on the basis of isotopic variations in the Greenland Ice Core
Project (GRIP) δ18O record51. From this, we create the transient boundary
conditions of ice thickness, ice temperature and ice velocities. The use of
these simplified climate boundary conditions for the full ice-sheet spin-up
is justified because the ice divides in the continental GIS simulation do
not undergo major shifts during the Holocene, and so there are minimal
changes in the across-boundary fluxes. Furthermore, running the nine
separate continental-scale GIS simulations over the Holocene would be
computationally prohibitive. Each of the regional simulations therefore
use the same boundary conditions, and differences between each simulation are the result of the different climate forcings used.
We initialize the regional ice-sheet model using present-day ice-surface
elevation from a Greenland Ice Mapping Project digital elevation model52,
and let the model relax for 20,000 years to the applied 12,500-years-ago
climate until ice volume and basal temperatures equilibrate. This time
is chosen as the starting point of our simulations, as the ice margin over
WSW Greenland was near or at the present-day coastline and the margin
was relatively stable during this interval53. The model is forced transiently
through time from 12,500 years ago to ad 1850 using the climatologies
discussed in Methods subsection ‘Holocene simulations’. We use an adaptive timestep, which varies between 0.02 and 0.1 years, depending on the
Courant–Friedrichs–Lewy criterion54, with linear interpolation between
timesteps. A time-dependent forcing55 that accounts for relative sea-level
changes is applied, which affects the area available for glaciation and the
presence of floating ice.
Historic simulations. To simulate the ice history up to the year ad 2012, we
construct the surface mass balance using existing monthly temperature
and precipitation fields35. We initialize the historic simulations with each
individual Holocene model (nine simulations). Although the individual
Holocene simulations differ with respect to the ice geometry and volume
at ad 1850, the simulated rates of mass change from ad 1850 to ad 2012
remain similar (Fig. 3), and capture trends and features associated with
reconstructions of ice mass change from ref. 35.
Future simulations. To calculate the future mass-rate changes across
WSW Greenland (Fig. 3), we performed continental GIS-scale simulations, which are part of the Ice Sheet Model Intercomparison Project for
CMIP6 (ISMIP6)56. Our future comparisons for the mass change of WSW
Greenland come directly from these continental-scale GIS simulations.
We extract ice-mass changes for our WSW domain from these continental
simulations to compare with the ice-mass loss simulated by our regional
model over the Holocene and historic periods.
The continental model is initialized in a similar manner to the regional
model (see Methods section ‘Ice-sheet model’). The model uses a
higher-order ice-flow approximation3,4, is extruded to five layers, and uses
higher-order vertical finite elements10 to compute the thermal evolution
of the ice sheet. The horizontal mesh resolution varies from 3 km where
there is high relief in the bedrock topography to 20 km in the ice-sheet
interior. The initial friction coefficient is modified through time on the
basis of variations in the simulated basal temperature2. The model is

spun up over one glacial cycle (beginning 125,000 years ago) using a
method whereby the ad 1850–2000-mean surface air temperature and
precipitation20 is scaled back through time on the basis of isotopic variations in the GRIP δ18O record. We use a PDD model15 to derive the surface
mass balance through time (degree-day factors: snow, 4.3 mm °C−1 d−1;
ice, 8.3 mm °C−1 d−1).
During the glacial–interglacial spin-up, the ice front is located at
the present-day bedrock–ocean margin. From ad 1840 to ad 1979, the
model spin-up continues, but uses the surface mass balance from ref. 35.
In ad 1970, the ice front is imposed to be at the present-day ice margin (any
area where the simulated ice margin at ad 1970 is outside the present-day
ice margin is set to present-day). Between ad 1979 and ad 2014, the
RACMO2.357 surface mass balance anomalies from the ad 1979–1989
mean is applied to the climatology from ref. 35 (ad 1979–1989 mean minus
the ad 1850–1900 mean).
ISSM has a free-flux condition at all ice margins. Beginning in ad 2015,
these simulations are forced up to ad 2100 following the ISMIP6 protocol56,58. The ISMIP6 forcings consist of yearly surface mass balance and
oceanic retreat derived from CMIP5 and CMIP6 climate output28, for
selected future climate scenarios (CMIP5 RCP2.6 and RCP8.5, CMIP6
SSP126 and SSP585). For these simulations, we chose to use only the surface mass balance forcings (atmosphere only), to be consistent with our
Holocene simulations, which did not include any calving parameterization. Our simulations correspond to tier-1 and tier-2 ISMIP6 Greenland
simulations28. To make comparisons among a range of ice-sheet models,
all using different initialization and spin-up procedures, the control run is
removed in other representations of our future simulations, particularly
for the purpose of ISMIP636. However, we chose to not remove the control
run from our simulated future ice-mass changes (Figs. 3, 4). Because our
palaeoclimate ice-sheet simulations do not have a control run and our
simulated future changes probably include dynamic memory of past ice
changes reflected in our palaeoclimate spin-up, the comparison between
our simulated past, present and future ice-mass changes are consistent.
Sensitivity experiments. We run two experiments to test the sensitivity of
the simulated Holocene ice-mass changes to model parameters: sensitivity to the choice of the friction coefficient in contemporary ice-free areas,
and sensitivity to our reference climatology. Our first method to calculate
the friction coefficient is described above (Methods section ‘Ice-sheet
model’). The second method uses a natural neighbour interpolation to
extrapolate the friction coefficient calculated from the inversion under
the present-day ice extent to beyond the present-day ice extent. Extended
Data Fig. 3 shows the difference in the friction coefficient between the
model using a friction coefficient derived as a function of bedrock topography and a model using a friction coefficient derived by extrapolation.
The difference is zero over present-day ice-covered areas, as both methods
use a friction coefficient derived from an inversion.
In Extended Data Fig. 4, the simulated ice-mass changes over the Holocene are shown for a simulation using the basal friction coefficients
determined by extrapolation and the basal friction coefficient derived as
proportional to the bedrock topography. Both of these simulations use
the climate forcings of simulation 1 (Extended Data Table 1). Although
the friction coefficient derived on the basis of the bedrock topography
is larger in most regions outside the present-day ice margin, this has little
effect on the simulated mass changes.
We also simulated ice-mass change across our domain for two runs
using temperature and precipitation forcings of simulation 7 (Extended
Data Table 1). We use two different mean time periods (the reference time
from ref. 2, ad 1850–1950 mean, and ad 1850–2000 mean) as the reference
climatology35 to which the temperature and precipitation anomalies from
ref. 2 are applied. This test was performed because the ice-core proxies
that were used in the data assimilation framework contain little information past around ad 1970. The experiment shows minimal impact on
trends in Holocene ice-mass change between the two reference periods
(Extended Data Fig. 5).

Data–model comparison
To assess the performance of the model simulations against geologic data,
we compared the simulated ice margins from each model run (n = 9) with
reconstructed GIS margins3 The reconstructed ice margins represent five
discrete time intervals during which the GIS halted its overall pattern of
retreat to deposit extensive moraine systems throughout the domain,
although the most detailed portion of the moraine record exists in the
northern part of our model domain3. When considering the entire domain,
our simulations exhibit good agreement with independent observations (Extended Data Fig. 6). We quantify the comparison in the northern
domain, where the palaeo-ice margins are well mapped3 (Fig. 1, Extended
Data Fig. 7), the moraine chronology is most secure4 (Fig. 2), and the ice
marginal setting is dominated by large tracts of land-based ice with few
fjords23, reducing the influence of ice dynamics on ice-margin change and
enhancing the influence on surface mass balance control of ice-margin
change. To conduct this data–model comparison in the northern domain,
we calculated areas for the reconstructed and simulated ice sheets 11,600,
10,400, 9,100, 8,100 and 7,300 years ago, with an eastern boundary at the
ice divide, and northern and southern boundaries shown in Extended
Data Fig. 7. We then calculated the percentage difference in ice-sheet area
between the reconstruction and each model simulation. We found that
simulated ice areas are −19% to +4% the size of ice areas constrained by
observations (moraines), suggesting generally good agreement between
the model and observations (Extended Data Table 2).
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Extended Data Fig. 1 | Precipitation forcing for the Holocene ice-sheet simulation. The area-averaged (over model domain) mean annual precipitation is
shown for three different reconstructions2.

Extended Data Fig. 2 | Temperature forcing for the Holocene ice-sheet simulation. The area-averaged (over model domain) mean annual temperature is shown
for three different reconstructions2.
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Extended Data Fig. 3 | Basal-friction sensitivity experiment. The map shows
the difference in the friction coefficient between the model using a friction
coefficient proportional to the bedrock topography and a model using a

friction coefficient derived by extrapolation. Red shows where the friction
coefficient proportional to the bedrock topography is higher than the friction
coefficient derived from extrapolation.

Extended Data Fig. 4 | Sensitivity experiment showing the influence of
basal friction on simulated GIS mass change. The simulated ice-mass change
(Gt per century) in the Holocene is shown using climatologies from model run 1

(Extended Data Table 1), with reference friction coefficients outside the
present-day ice margin derived as a function of the bed topography (red) or as
an extrapolation of friction coefficients (blue).
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Extended Data Fig. 5 | Climatology sensitivity experiment. The simulated
ice-mass change (Gt per century) in the Holocene is shown using two different
reference climatologies (monthly mean) of temperature and precipitation
from ref. 35, to which the temperature and precipitation anomalies from ref. 2
are applied. Blue, simulated ice-mass change using the ad 1850–2000-mean

reference climatology (the same reference period as in ref. 2); red, simulated
ice-mass change using the ad 1850–1950-mean reference climatology. The
climate anomalies2 applied to the reference climatologies are the same as for
model run 7 (Extended Data Table 1).

Extended Data Fig. 6 | Data–model comparison of ice-margin change.
a, Maps showing the simulated (blue) and observed (black; from geologic
reconstruction) ice margin for model simulation 7. b, Maps showing the

simulated (green) and observed (black; from geologic reconstruction) ice
margin for model simulation 1. See Extended Data Table 1 for a description of
the model simulations. ka, thousand years ago.
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Extended Data Fig. 7 | Goodness-of-fit exercise in the area with detailed
moraine records. a–g, Comparison of modelled and reconstructed ice
margins in the northern domain (a) at six different time slices (b–g).
Field-reconstructed ice margins3 are represented by the black lines. Simulated

ice margins not shown in b are at the domain boundary or coastline; some
margins in d lie beneath other margins, making them invisible; dashed lines
demarcate the comparison domain.

Extended Data Table 1 | Holocene ice-sheet model simulations and the corresponding temperature and precipitation
combinations
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Extended Data Table 2 | Data–model fit in the northern domain

For each time slice, we calculated the percentage difference between the area enclosed by the reconstructed ice margin and the area enclosed by the modelled ice margin. Positive values
indicate areas where the modelled area is larger than the reconstructed area; negative values indicate that the modelled area is smaller than the reconstructed area.

