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Key Points:
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¢ Greenland’s committed sea level response by 2100 is comparable to that due to
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projections
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Abstract

Mass loss from the Greenland Ice Sheet can be partitioned between surface mass bal-
ance and discharge due to ice dynamics through its marine-terminating outlet glaciers.

A perturbation to a glacier terminus (e.g., a calving event) results in both an instanta-
neous response in velocity and mass loss and a diffusive response due to the evolution

of ice thickness over time. This diffusive response means the total impact of a retreat
event can take decades to be fully realised. Here we model the committed response of
the Greenland Ice Sheet by applying perturbations to the marine-terminating glacier ter-
mini that represent recent observed changes, and simulating the response over the 21st
Century, while holding the climate forcing constant. The sensitivity of the ice sheet re-
sponse to model parameter uncertainty is explored within an ensemble framework, and
GRACE data is used to constrain the results using a Bayesian calibration approach. We
find that the Greenland Ice Sheet’s committed contribution to 21st century sea level rise
is at least 33.5 [17.5 52.4] mm (25th and 75th percentiles in brackets), with at least 6
mm being attributable directly to terminus retreat that occurred between 2007 and 2015.
The spread in our projections is driven by uncertainty in the basal friction coefficient.
Our results complement the ISMIP6 Greenland projections, which report the ice sheet
response to future forcing, excluding the background response. In this way, we can ob-
tain estimates of Greenland’s total contribution to sea level rise in 2100.

Plain Language Summary

At the edges of the Greenland Ice Sheet are fast-flowing glaciers that flow into the
ocean. When the ice front of these glaciers retreat, through iceberg calving and subma-
rine melt, the ice sheet responds both on quick timescales, due to the instantaneous speed
up of the ice near the edge, and on longer timescales as the ice dynamics slowly read-
just to the initial changes. The slow readjustment of the ice sheet thickness and veloc-
ity spreads upstream over time. Therefore, even if climate change (e.g., atmospheric and
oceanic warming) was to cease, the ice sheet will continue to respond to changes we have
already observed, and will contribute to sea level rise. This contribution is known as “com-
mitted sea level rise”, which we quantify in this study using a numerical ice sheet model
of the Greenland Ice Sheet. We find that glacier retreat between 2007 and 2015 has a
lasting impact on ice sheet dynamics by the end of the century and that this should be
accounted for in projections of sea level rise.

1 Introduction

In recent years there has been a concerted effort within the ice sheet modelling com-
munity to produce century-scale projections of sea-level rise from ice sheets under fu-
ture climate change conditions. The latest international effort comes from the Ice Sheet
Model Intercomparison Project for CMIP6 (ISMIP6) (7, ?), which presents multi-model
ensembles for the Greenland (7, ?) and Antarctic (?, ?) ice sheets forced by various cli-
mate model simulations. The Greenland ISMIP6 results project 90£50 mm of sea level
rise by 2100 under greenhouse gas concentration scenario RCP8.5, and 324+17 mm for
RCP2.6 (7, 7). These values represent the projected ice sheet contribution due to the
future climate forcing anomaly, relative to the projection start date of 2015, because val-
ues obtained from a control simulation, where climate is held constant, were subtracted
from those obtained from the forced simulations. The motivation for this decision was
to control for model drift that arises from the initialization process (7, 7, 7); however,
subtracting the control simulation also removes any background trend due to changes
prior to the projection start date of 2015 (7, 7, 7). The component of sea level rise that
is due to these background trends is referred to as the “committed sea level contribution”
(?, 7). In other words, regardless of future scenario or climate projection, there is a por-
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tion of future sea-level change that is already “locked in” due to the ongoing dynamic re-
sponse of the ice sheet to past perturbations in marine-glacier termini and the long-term
pattern of accumulation and ablation across the ice sheet (surface mass balance, SMB).
Modelling the committed sea level contribution of the Greenland Ice Sheet over the 21st
century is the focus of this study.

The dynamic component of the committed sea level contribution can be attributed
to the varying time scales over which the ice sheet responds to frontal ablation pertur-
bations to marine-terminating glaciers. A retreat event results in an instantaneous ad-
justment of stresses, causing an increase in the spreading rate of the ice upstream of the
terminus or grounding line and the inland extent of the increase in spreading rate is de-
pendent on the geometry (e.g., glacier width) and basal conditions (?, ?, 7). There is also
a longer term diffusive response, where thinning propagates upstream due to feedbacks
between local geometry, driving stress and velocity (7, 7, 7). This diffusive response is
the primary mechanism driving the committed dynamic response because, even if ter-
minus perturbations are halted, the ice sheet will continue to react. Previous work has
shown that more than 75% of the total mass loss due to perturbations at the termini of
outlet glaciers is due to this long-term diffusive thinning, rather than the instantaneous
response to the perturbation (7, 7).

Decreases in SMB since the late 1990s, driven by increases in surface melt, have
resulted in SMB becoming the dominant component of the total mass loss, over dynamic
discharge through marine terminating glaciers (?, ?, 7). The impact that increased sur-
face melt in the past has on the “committed” contribution to sea level rise in the future
is complicated due to various feedback mechanisms. SMB alters the geometry of the ice
sheet and enhanced melt can lead to an SMB-elevation feedback where the ice sheet sur-
face lowers as it melts leading to further melt due to the lower altitude (?, 7). Precon-
ditioning of the firn layer, for example through the formation of ice lenses and the as-
sociated reduction in percolation and increase in run off, can alter the refreezing capac-
ity of the firn year-on-year (7, 7). However, this process may be more important when
considering sea level contributions due to future climate change, as the firn layer loses
its ability to buffer high melt rates of the future, rather than the committed response,
which is the focus of this paper.

There are several sources of uncertainty to consider in ice sheet projections, includ-
ing uncertainty in model structure, model parameters, and boundary conditions. It is
becoming increasingly common within the ice sheet modelling community to run ensem-
bles of model simulations (7, 7, ?, 7, ?, 7, 7, ?7), with the recognition that accounting for
uncertainty in a probabilistic way increases the usefulness of projections, despite the in-
tensive computing resources required to produce them. Previous studies have demon-
strated that calibration using observations of ice sheet behaviour can help to constrain
uncertainty in sea-level rise projections (?, 7,7, 7,7, 7).

In this paper, we aim to model the 21st-Century committed response of the Green-
land Ice Sheet to observed changes in terminus position of the marine-terminating glaciers,
while keeping SMB constant over time. We are motivated by the need for an up-to-date,
ice-sheet-wide estimate of committed sea-level rise to aid interpretation of the ISMIP6
projections and guide follow-on efforts. This builds upon the work of ? (?), who mod-
elled the committed response of three of the largest marine-terminating glaciers and then
used a simple conceptual model to scale the results up to estimate a Greenland wide value.
We use a probabilistic framework to account for model parameter uncertainty and un-
certainty in the representation of the present-day SMB by running an ensemble of for-
ward simulations, which we then calibrate using observations of ice sheet mass change
from NASA’s Gravity Recovery and Climate Experiment (GRACE) mission.



117 2 Methods

118 2.1 Ice Sheet Model
110 The Ice-sheet and Sea-level System Model (ISSM) is a finite-element ice flow model,
120 which combines conservation laws with constitutive laws and boundary conditions to model
121 ice sheet evolution. The details of how this is implemented can be found in ? (?) — here
122 we will describe the equations relevant to this study.
123 In this study, we use the shallow-shelf approximation (SSA, 7, 7), also referred to
124 as the shelfy-stream approximation in the ISSM documentation, to model the entire con-
125 tiguous Greenland Ice Sheet. SSA was chosen because it allowed us to run more simu-
126 lations at a higher spatial resolution than if we had chosen higher-order physics, and re-
127 cent literature (?, ?) has shown that sliding dominates even in slow flowing margin re-
128 gions of the Greenland Ice sheet. Ice is modeled as an incompressible viscous fluid with
120 Glen’s flow law (7, 7) used to describe the relationship between the nonlinear depth-averaged
130 effective viscosity and effective strain rate as follows:
n= ?—1 ) (1)
2€é.™

131 where p is the depth-averaged effective viscosity, €. is the effective strain rate, B is the
132 depth-averaged ice hardness factor, and Glen’s law coefficient n = 3. B is found using
133 the temperature-dependent relationship provided by ? (7). In this study we do not solve
134 the thermal model and so the ice temperature, and hence B, is kept constant over time.
135 The depth-averaged temperature is taken as the mean temperature at the ice surface from
136 RACMO2.3p2 for 1960-1989 (?, 7). Because the high rate of accumulation and, there-
137 fore, the strong downward advection of surface temperature, the upper ~ 2/3 of the ice
138 column is at a temperature that is close to the surface temperature. This upper portion
130 of cold ice supports more stress than the lower, warmer portion of the ice column, mak-
140 ing our use of the surface temperature as the depth-averaged ice temperature a reason-
141 able assumption. While holding ice temperature constant and estimated from present
142 climate conditions is a simplification, over the timescale of a century this has been shown
143 to have limited impact on ice dynamics, compared to changes basal sliding (?, 7). We
144 also account for uncertainty in the temperature field as part of the ensemble design (see
145 next section).
146 The basal shear stress is prescribed using a Budd friction law (7, ?):

b = a’Nuy, , (2)
147 where « is the basal friction coefficient, uy, is the velocity tangential to the local bed,
148 and the effective pressure N is approximated as N = g(p; H + pw2p), where p; and p,,
149 is the density of ice and ocean water respectively, and z;, is bed elevation, where z, =
150 0 at sea level and negative below it. Hence, N evolves with geometry and assumes per-
151 fect connection between the ocean and any region of the bed below sea level. In reality

152 N is likely to be influenced by subglacial hydrology, but including this factor requires
153 a hydrological model.

154 The SSA formulation is used to balance the stresses by neglecting vertical shear
155 stresses and bridging effects. The mass transport equation then allows us to update the
156 geometry given mass conservation:

OH . .

EZ—V'(Hﬁ)+Ms—Mb7 (3)
157 where 1 is the depth average horizontal velocity vector, M, is the surface mass balance
158 (m yr~—!, positive for net accumulation, negative for net ablation) and M, is the basal
150 melting (m yr—!, positive for melting). M, is only applied under floating ice tongues.



Hydrostatic pressure is imposed at the front of marine terminating glaciers and no
frontal melt or calving law is applied — instead migration of terminus positions is pre-
scribed using a level-set-based method (see experimental design) (7, 7, 7). The ground-
ing line is allowed to migrate using a sub-element scheme (7, ?7) and its position is cal-
culated according to hydrostatic equilibrium. We impose a minimum ice thickness of 1 m
such that, for any model element that is prescribed to be ice-filled, that element cannot
be less than 1 m thick.

The model is initialized to mid-2000s conditions following the method used for the
Goddard Space Flight Center (GSFC-ISSM) contribution to ISMIP6 (7, 7). BedMachine
v3 geometry (7, 7) and observed surface velocities (7, 7, 7) are used to invert for the basal
friction coefficient, following ? (7). A 30-year relaxation is performed using a 1960-1989
mean SMB from RACMO2.3p2 (7, 7). This is to reduce spurious thickness change sig-
nals at the start of the forward experiments, rather than to reach a steady state, and there-
fore dynamic imbalances represented in the initial geometry and velocity derived from
the observations are not eliminated.

The model equations are calculated on an unstructured mesh which varies from 25 km
resolution in the slow-flowing ice sheet interior, to 500 m resolution in the fastest-flowing
outlet glaciers. We impose an additional constraint in which areas that have observed
terminus retreat have a resolution of 500 m. This results in a total of about 457,000 mesh
elements.

2.2 Experimental Design

Forward model simulations start at the beginning of 2007 and run to the end of
2100. We model the impact of recent perturbations to outlet glacier terminus positions
by imposing retreat based on observed terminus positions between 2007 and 2015 (7, 7,
?) using a level set method (7, 7). The terminus position dataset provides calving front
positions measured during the winter for up to approximately 240 marine terminating
glaciers. We assume that the position given by the dataset is stationary between Octo-
ber and May, with retreat occurring linearly over the summer months. Not all years be-
tween 2007 and 2015 are represented in the observational terminus position dataset, and
therefore we determine missing winter positions by linearly interpolating between two
known winter positions. The termini are held at their January 2015 position for the re-
mainder of the century.

Rather than rely on a single model set-up obtained from the initialization process
to run our projection, we create an ensemble of simulations with the aim of assessing and
accounting for the impact of uncertainty in various model parameters obtained from the
inversion (basal friction coefficient) or derived from other models (parameters related to
ice viscosity and surface mass balance). The basal friction coeflicient field («) is varied
uniformly between +50% of the values obtained by the inversion, because, while the in-
version aims to minimize the mismatch between modelled and present-day observed ve-
locities, it is less certain how basal friction changes over time due to processes that can
affect sliding, such as hydrology, that we are not accounting for in the model processes.
The change is applied as a spatially uniform percentage change, and thus all features de-
scribed in « obtained from the inversion, for example low friction areas in the narrow
outlet glacier channels, are preserved.

The viscosity of the ice is varied through changes in the ice temperature (7, 7), which
is applied as an anomaly, with bounds of +10K of the temperature used in the initial-
ization, which equals the surface temperatures from RACMO2.3p2 for 1960-1989 (?, 7).
We ensure that the temperature does not exceed the melting point anywhere. The depth-
averaged ice hardness factor (B) is then updated using the temperature-dependent re-
lationship of ? (?7), with higher temperatures resulting in softer ice with a lower viscos-
ity. The £10K temperature perturbation (with melting point constraint) results in the



ice sheet wide mean B varying between -33% and +50% of the unperturbed values used
in the initialization.

Surface mass balance is varied in two ways. Firstly, an anomaly is added to the to-
tal SMB integrated over the ice sheet, representing the climate variability seen during
the 1960-1989 reference period. The standard deviation during this period is 127.5 Gt,
which is approximately 30% of the mean SMB over the period. The +30% of the 1960-
89 mean provides the bounds of the anomaly that we apply in the ensemble, which is
added uniformly in space to the SMB used in the control run (2001-2015 mean). Sec-
ondly, the seasonal amplitude of SMB is varied. The mean seasonal cycle is found for
the 1960-1989 period, by finding the mean SMB for each month and then subtracting
the annual mean from the monthly means. This is then varied between a factor of 0 (i.e.,
no seasonal cycle) and 2 (a doubling in the amplitude of the seasonal cycle), and added
to the annual mean of the SMB found during the first stage of the SMB perturbation.

The four parameters are sampled using a Latin hypercube design (N=128), and ad-
ditional simulations are performed using the central member from the initialization and
8 end members where each parameter is varied in turn to its minimum and maximum
range, giving an ensemble with 137 members in total (?, 7). Table S1 provides the sam-
pled values for the four parameters for each simulation in the ensemble. The parame-
ter perturbations are applied after the initialization and relaxation procedure, at the start
of the 95-year forward simulations. We ran each ensemble member twice: once with ob-
served terminus positions imposed (perturbed simulation) and once with the ice sheet
boundary fixed at the initial (i.e., 2007) position (control simulation). Subtracting the
mass change simulated by the control simulation from that of the perturbed simulation
removes the SMB component of committed sea level rise, as well as ongoing dynamic ad-
justments from the initial state, both real (because the ice sheet was out of balance in
2007) and artificial (i.e. erroneous model drift). In this study, we use “total committed
sea level rise” to mean the total sea level contribution from the perturbed simulation and
“dynamic committed sea level rise” to mean the contribution after the control simula-
tion is removed and therefore is in direct response to the imposed retreat. To calculate
the total GrIS contribution to future sea level rise, total committed sea level rise must
be added to the ISMIP6 anomaly projections. The dynamic committed sea level rise, on
the other hand, is useful for understanding the direct impact that recent retreat of ma-
rine terminating glaciers has on ice flow dynamics over the coming decades.

2.3 Bayesian Calibration

The parameter sampling described in the previous section was intentionally con-
servative, thus producing a broad distribution of committed sea level rise (red curve, Fig.
?7?). To reduce the spread, we perform a Bayesian calibration that weights each ensem-
ble member based on its ability to reproduce observed mass change. To do this we use
a regularized mascon solution derived from the Gravity Recovery and Climate Exper-
iment (GRACE) Level 1B data described by 7 (?), which provides total mass change be-
tween 1 January 2007 and 1 January 2015 in each mascon area, with a spatial resolu-
tion of 1-arc degree (=115 km) (Fig. ?7a). Because of signal leakage between the mas-
cons, the regularized solution may be biased and the resulting leakage errors are deter-
mined by a resolution operator, R, which can be used to relate the unknown truth state,
x to the estimated state, X, via X = Rx (?, 7, 7). Therefore, in order to compare like-
for-like between the GRACE mascon observations and the model output, we first aggre-
gate the modelled mass loss over the same period into the same spatial bins as the mas-
cons and then apply the resolution operator. In a sense, this is like we are assuming the
model is the truth (x), and multiplying by the resolution operator given the “GRACE-
view” estimate (X).
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Figure 1. Mass change between January 2007 and January 2015 from GRACE mascons

observations (a) and from low (b) and high (¢) weighted ensemble members converted into

“GRACE-view” mascon estimates (X).

Similarly to (?, 7), we calculate a likelihood score s; for each ensemble member j
based on the discrepancies between modeled and observed mass loss:

1 I 20)2
$j = exp l_Q Z (fl(al);)] ; (4)

where f is the modelled and z is the observed mass loss, and ¢ is an index of the basin.
We aggregate the mass loss on a basin scale using the basins outlines described by 7 (7)
— this helps ensure the model-observation discrepancies are spatially uncorrelated. Semi-
variograms of the model-observation discrepancies show that there is some correlation
between discrepancies that are closer than 200-300 km, therefore calculating discrepan-
cies on the individual mascon scale is inappropriate (7, 7).

Observational and model structural error (o2 and ¢2,) are accounted for in the dis-
crepancy variance, o2, such that 02 = 02 + 02, (?, 7). This provides some leniency to
the score calculation — ensemble members are not overly penalised for a mismatch be-
tween the modelled and observed mass loss, given that these quantities have errors as-
sociated with them that are not sampled by the ensemble. GRACE measurement un-
certainties are determined by examining the statistics of the differences between the high-
resolution mascon trend solution (7, ?) and the GOCO-06 spherical harmonic model (?,
7). There are many sources of error related to the structure of the model (e.g., numer-
ical representation of processes, missed processes, grid and time-step resolution), which
are difficult to quantify. Therefore here we test a range of values estimated by multiply-
ing the observational error by a factor of 2, 4 and 8, and, in doing so, we are stating that
our confidence in our ability to model reality is lower than our ability to measure it (7,
?, 7, 7). The resulting scores are normalised to created weights (w; = s;/ > j(s;)) that
are then used to produce the posterior probability density functions.

3 Results

Table 7?7 shows the quantile and modal estimates of sea level contribution by 2100
relative to the start date. The ensemble of model simulations results in a prior estimate
of 21.6 [-13.1 83.7] mm total sea level rise, expressed as sea level equivalent (SLE, me-
dian [25th 75th percentile]; estimated from the empirical cumulative density functions
using bootstrapping, with a sample of N=10000 (?, 7)) by 2100 (red prior curve, Fig.
??). The calibration procedure shifts the median of the distribution to higher values of



Table 1. Quantiles and mode from prior and posterior distributions of sea level contribution
(mm SLE) by the end of 2100 relative to the beginning of 2007 and 2015 (i.e., the ISMIP6 pro-

jection period).

5%  25% 50% 75% 95% Mode

Total committed Prior -44.8 -13.1 21.6 83.7 2064 -7.9
sea level rise ¢ Posterior, o,, =40, 16.0 29.6 38.6 51.6 59.8 39.5
20072100 Posterior, 0,, =80, -12.0 17.5 33.5 524 76.2 34.8
Dynamic committed Prior 3.9 4.6 6.2 8.3 12.1 4.9
sea level rise ? Posterior, o, = 40, 5.4 62 6.4 7.0 8.2 6.6
20072100 Posterior, 0,, = 80, 4.5 5.7 6.3 7.0 8.3 6.4
Total committed Prior 421 -13.6 191 77.0 191.0 -6.9
sea level rise @ Posterior, 0,, =40, 126 254 35.1 46.0 53.7 35.0
2015-2100 Posterior, 0,,, =80, -11.9 158 31.4 48.9 70.2 31.5

%Perturbed simulations.
bPerturbed - control simulations.

sea level contribution and narrows the interquartile range; for example, in the case where
we estimate structural error to be a factor of 8 greater than the observational error (o, =
80,), the posterior distribution results in 33.5 [17.5 52.4] mm SLE by 2100. The poste-
rior distribution is sensitive to the magnitude of the structural error estimate, with a higher
structural error (and therefore discrepancy variance) resulting in a shorter and broader
peak (grey posterior curves, Fig. ??). In the case where the structural error is assumed
to be double the GRACE measurement error, the scores are heavily weighted to a small
number of ensemble members, producing a sharp peak and estimating the percentiles
using a empirical cumulative density function becomes less reliable. When more leniency
is allowed in the model-observation discrepancy (i.e., when the discrepancy variance is
higher), the weights are more evenly distributed and, thus, a broader posterior distri-
bution is obtained. Table S1 provides the calibration weights for each simulation in the
ensemble at various discrepancy variances that we tested.

By subtracting the control simulations from perturbed simulations, we find that
the perturbations in terminus positions between 2007 and 2015 result in 6.3 [5.7 7.0] mm
SLE of dynamic committed sea level rise by 2100 (when o,, = 80,). The rate is high-
est towards the beginning of the simulations after the period of most sustained retreat
between 2010 and 2013 (Fig. ??). After 2015, the rate decreases but remains positive
for the duration of the simulations, indicating that ice sheet flow will continue to adjust
to the terminus perturbations of the recent past, even beyond 2100. Subtracting the con-
trol simulations gives us the dynamic portion of the committed response that is directly
attributed to the perturbations at the ice front, which allows us to compare with the re-
sults of 7 (7).

In the ensemble, the pattern of sea level response is primarily driven by the vari-
ation in basal friction coefficient and the central values, closest to the coefficient obtained
by the data assimilation process, are weighted highly compared to the extremes of its
distribution (Fig. ??). This indicates that the data assimilation process, in which we seek
to minimize the misfit between observed and modelled velocity by tuning the basal fric-
tion coefficient, yields simulations with modeled mass changes that are in better agree-
ment with independent observations from GRACE. Secondary to the variation in basal
sliding, the simulations with higher ice temperature, and therefore less viscous ice, are
more likely to have a higher weight in the calibrated ensemble than those with colder,
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Figure 2. Prior (red curve) and posterior (grey curves) probability density functions of the
total committed sea level rise by 2100. The control has not been removed and so this signal in-
cludes mass change due to the dynamics and the SMB trend. Different values for the structural

error have been tested by multiplying the measurement error by 2, 4 or 8.

more viscous ice. The ensemble members with higher ice temperature result in higher

sea level response, although there are still ensemble members with high sea level response
and low ice temperatures, due a lower basal friction coefficient. There is a slight tendency
for ensemble members with a more negative SMB anomaly to have a higher sea level con-
tribution, but variability in the strength of the seasonal cycle in SMB has no discernible
impact on the calibration or the committed sea level contribution. Ensemble members
with both high and low sea level response can be found at all values of both SMB anomaly
and SMB seasonality and the high-weighted ensemble members are spread throughout
the full range of values for these parameters.

4 Discussion

Retreat events in the early 2000s continue to affect ice dynamics at the end of the
century and, although the impact diminishes the more distant the retreat event is in the
past (Fig. ??), the rate of ice mass loss in the perturbed simulations remains elevated
above the control simulations throughout the 21st century. A similar result is reported
by ? (7), who argue that the sea level response in the three years following a perturba-
tion can be attributed to the perturbation itself, after which the sea level contribution
is instead due to the long-term, diffusive thinning of the ice sheet. They find that the
long-term diffusive behaviour is responsible for >75% for the total sea level contribution
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Figure 3. Dynamic committed sea level rise from model ensemble (N=137). Blue colours in-
dicate the highest weighted ensemble members when calibrated with GRACE observation (where

om = 80,).

after 100 years. Using the same metric here, approximately 80% of the total sea level
contribution in 2100 is due to the diffusive response to the initial perturbations. Our es-
timate of the dynamic committed sea level contribution between 2007 and 2100 (6.3 [5.7
7.0] mm SLE) is also very similar to that of ? (?), who estimated 6.0£2.0 mm SLE be-
tween 2000 and 2100, despite the differences in modelling approaches.

The short lived period of retreat results in an initial increase in flow speed near the
terminus and in the main channel of tidewater glaciers, increasing the flux across the ter-
minus. The acceleration in flow speeds and resulting longitudinal stretching causes the
ice surface to lower, which then propagates upstream, giving rise to dynamic thinning.
The velocity of the perturbed simulations remain elevated above that of the control sim-
ulations (Fig. ?77), although the acceleration slows over the course of the experiment. The
thinning signal diffuses upstream and dissipates, as the ice sheet geometry approaches
a new state of balance, with an increased velocity required to maintain the same flux (as-
suming no change in SMB) due to the reduction in thickness (Fig. ?7). We note that
while we ended our experiments in 2100, in line with the ISMIP6 projections, the ice sheet
does not reach equilibrium in this time, and we expect it to continue to respond to the
changes in the following centuries.

The dynamic committed response of the ice sheet, and the uncertainty associated
with the estimates, has regional differences. Figure ?? shows the 2100 dynamic sea level
contribution for each of the major Greenland basins that is directly caused by the im-
posed retreat (7, ?, 7). The Southwest (SW) is dominated by land terminating glaciers,
rather than tidewater glaciers, and therefore has experienced limited terminus retreat,
leading to a limited sea level response. However, it does not necessarily follow that the
basins that experienced the most terminus retreat by area go on to contribute the most
to sea level due to that retreat. For example, the Northern (NO) region experienced the
second highest amount of retreat between 2007 and 2015 (approximately 520 km?, ? (?)),
but has the lowest median dynamic committed response. This region is home to Peter-
mann Glacier, which has the largest remaining floating tongue in Greenland. During the
2007-2015 perturbation period, the floating tongue experienced large calving events that
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tions.

made up two thirds of the total retreat area experienced by the region. However, it ap-
pears that these calving events have minimal impact on the glacier thinning rates (Fig.
?7), indicating that the region that calved from the floating tongue did not provide sig-
nificant buttressing to the upstream ice — i.e., it is a passive ice shelf (?, 7). Similar re-
sults have been demonstrated by ? (7), who found that the floating tongue only provides
buttressing within 12 km of the grounding line, where thick ice is close enough to the
grounding line such that, if floating ice is removed, the stresses at the grounding line are
affected. Another major glacier in the NO region, Humboldt Glacier retreated by 89.5 km?
during the perturbation period. However, it is a slow moving glacier (7, ?) and there-
fore in absolute terms the impact of any acceleration it experienced on the dynamic re-
sponse is also limited.

The Northwest (NW) and Central West (CW) have the highest medians and up-
per bounds of dynamic sea level contributions as a result of the retreat they experienced
between 2007-2015 (Fig. ??). The NW experienced the third highest total area of re-
treat between 2007 and 2015 (365 km?) across many (~70) marine terminating glacier
fronts, whereas the CW has experienced only 81 km? of retreat, 40% of which is attributed
to Jakobshavn Isbree. Over the course of the simulation, the acceleration of Jakobshavn
Isbrze relative to the control spreads 100s km upstream, sustaining an elevated rate of
sea level contribution over the century.

The Northeast region (NE) experienced the most retreat during the perturbation
period (930 km?), with approximately 90% due to retreat of the ice shelf of Zacharizels-
strgm — one of the outlet glaciers fed by the Northeast Greenland Ice Stream (NEGIS).
Compared to the NO glaciers, the retreat of the floating ice in the NE has a greater im-
pact on the sea level response. Compared to the other regions, a higher proportion of
the response by 2100 is due to the long-term diffusive behaviour, with 91% of the sea
level response occurring more than three years after the end of the retreat perturbation.
In part, this is because the initial removal of ice does not directly contribute to sea level
as it is already floating, however it also has a lasting impact on the upstream velocity
of NEGIS (Fig. ??) and the elevated rate of negative surface elevation change persists
for longer than other glaciers (Fig. ?7).
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Retreat of marine terminating glaciers in the Southeast (SE) results in a high con-
tribution to sea level, but the range across the ensemble is low compared to the other
high contributing regions, such as the NW and CW (Fig ??). This suggests that the glaciers
in the SE, which tend to reside on steep mountainous terrain, are less sensitive to the
model parameters perturbed in the ensemble, compared to glaciers on gentler bedrock
gradients in the NW and CW. This has implications for projections as the regions of gen-
tle sloping topography have the potential to cause high amounts of sea level rise because
diffusive thinning is able to spread to the interior of the the ice sheet (7, ?, 7), but the
certainty in their behaviour is poorly constrained. An example of a difference in the sen-
sitivity between glaciers in the SE and NW are shown in Figure 7?7, where the spread
of ensemble members is greater for Kakivfaat Sermiat in the NW, compared to Helheim
Glacier in the SE. The spread in responses is driven by uncertainty in the basal condi-
tions (i.e. sliding). The steep topography in the SE helps restrict the upstream influence
of retreat events to the lower reaches of the glaciers (?, ?), and we find that the propor-
tion of the response that is due to the long-term diffusive behaviour is lower for the SE
( 71%) compared to other regions (e.g., 91% in the NW). This difference in uncertainty
of response is also demonstrated by longer term projections of the Greenland Ice Sheet,
where the likely range in the projected retreat is larger in the North and West compared
to the SE (7, 7).

Our estimate of the total committed contribution to sea level rise between 2015 and
2100 (Table ??) can be added to the ISMIP6 projections of GrIS response to future cli-
mate anomalies to obtain the total estimated sea level rise from the GrIS over the 21st
century. ISMIP6 projects 90450 mm of sea level rise from GrIS by 2100, relative to 2015,
under RCP8.5, and 32+17 mm SLE for RCP2.6 (7, 7). These projections use atmospheric
and oceanic anomalies acquired from selected CMIP5 models to force the ice sheet mod-
els under RCP scenarios — when the ice sheet models are forced with a selection of CMIP6
models, the sea level contribution tend to be higher by up to a factor of two for the equiv-
alent SSP (7, 7): for SSP5-8.5, the contribution by 2100 is projected to be 80-250 mm
SLE relative to 2015, and for SSP1-2.6, 20-60 mm SLE (7, 7). As expected, the ISMIP6
projections under the high emissions scenarios (RCP8.5/SSP5-8.5) are considerably higher
than our estimates of total committed sea level contribution because the changes in cli-
mate we expect over the 21st century according to the CMIP models result in a greater
ice sheet anomaly than the current signal (i.e., surface mass balance will become con-
siderably more negative than present). However, under the lower emissions scenario (RCP2.6),
GrlS’s sea level contribution by 2100 due to forcing anomalies is approximately equal
to its estimated total committed sea level contribution. We note that in the latest As-

sessment Report from the Intergovernmental Panel on Climate Change (IPCC AR6), 20£10 mm SLE

was added to the 2100 sea level contribution (relative to 2015) reported by ISMIP6 to
account for the removal of the control simulations in ISMIP6 (?, ?), which is similar to
our estimates for the ISMIP6 projection period, for example 31.5 [15.8 48.9] mm SLE
when o, = 87, (Table 77).

Between 15 and 20% of the total committed sea level response can be attributed
to the retreat of marine terminating glaciers, and the rest is due to the prescribed SMB
and the transient dynamic response to this, as well as ongoing stress balance adjustments,
some of which may be artificial (i.e., model drift). Distinguishing between these various
contributors to the overall trend is difficult and, while our results demonstrate that the
committed response should be accounted for in projections of sea level rise, producing
an accurate representation of this, which avoids the issues of model drift, is not straight-
forward. For example, the committed sea level results are likely to be sensitive to the
choice of SMB field that is held constant for the duration of the simulations. Here we
purposely used a temporally averaged field (2001-2015) in order to smooth out extreme
years, but choosing a different SMB product or time period would likely result in a dif-
ferent result. A recent SMB model intercomparison project found that estimates of past
SMB have a wide spread (7, 7), with a standard deviation of the 1981-2012 mean SMB
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across all models of approximately 27% of the mean, which we note is similar to the range
that we varied SMB over in our ensemble (up to +30% of the 2001-2015 mean). How-
ever, the spread between SMB models is particularly wide at the margins (?, ?7), but we
did not test for differences in the spatial pattern of accumulation and ablation.

Ideally, the need to subtract a control to remove biases due to model drift would
be eliminated in future ISMIP-style community efforts through improvements in the con-
sistency of input data and initialization methods, so that we are better able to capture
the initial state and trends of the recent past (?, 7). Nevertheless, uncertainties will re-
main and certain aspects of the uncertainty can be explored using perturbed-parameter
ensemble approaches. This method, however, is time consuming and computationally
expensive, and therefore a large community-led activity such as ISMIP would benefit from
a more targeted approach where only the most sensitive and poorly constrained param-
eters are varied within the ensemble, thereby reducing the necessary number of ensem-
ble members. A related approach that future ISMIP-style efforts would benefit from is
to perform a Bayesian calibration of the perturbed-parameter ensemble using observa-
tions of past change, similar to the approach taken here (?, 7). Bayesian calibration should
reduce the problem of model drift because the simulations that best match the histor-
ical period are more highly weighted, and therefore simulations that exhibit real tran-
sient signals in the ice sheet system are preferentially represented over simulations where
the trends are dominated by artificial model drift.

An inherent limitation of calibration using observations is that it is limited by the
length of the observational period — in this case we calibrate with just eight years, which
is very short compared to the response times of ice sheets. Ensemble members that per-
form similarly well during the calibration period (2007-2015) can diverge from one an-
other during the projection period (2015-2100), which limits the constraint that the cal-
ibration can have on the 2100 posterior distribution, although we note that Figure 77
demonstrates that the relationship between different ensemble members is mostly con-
sistent over time. In addition to the parameter uncertainty explored here, there may also
be biases due to the choice of model physics. We use SSA in this ensemble to reduce com-
putational costs of running an ensemble at a high spatial resolution and because slid-
ing dominates for outlet glaciers, to which we applied retreat perturbations. We repeated
the initialization process followed by a small number of ensemble members using higher-
order physics and they produce a lower dynamic response to the retreat perturbations
than SSA (Text S1, Supplementary Information). SSA does not allow for ice flow due
to internal deformation, and this is therefore compensated for by the basal friction co-
efficient derived during the inversion. This means that the SSA simulations more effi-
ciently transfer stresses to the slower flowing interior regions in response to perturba-
tions at the outlet glacier termini. This leads to higher mass loss for simulations run with
SSA physics than those run with higher-order physics, with all other model parameters
and forcings the same. While the calibration approach can ensure that the posterior is
consistent during the calibration period, the impact of any biases and uncertainties are
likely to grow over time.

In addition to the SSA momentum-balance approximation, our simulations of the
GrIS use the assumption that depth-averaged ice temperature is equal to the average sur-
face temperature between 1960 and 1989. This ice temperature is used to obtain ice vis-
cosity, which is held fixed through time for each simulation and we sample uncertainty
in ice viscosity as part of our ensemble. However, future work could build on our results
by performing additional simulations to test other approximations of depth-averaged ice
temperatures and quantify the impact of these various assumptions. For example, an an-
alytical solution for the vertical profile of ice temperature can be obtained and averaged
over the depth to obtain a spatially varying estimate of depth-averaged ice temperature
(7, 7). Alternatively, a vertically integrated temperature that is consistent with the SSA
approximation can be used to obtain depth-averaged ice temperature (?, 7). New sim-
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ulations using these approximations of depth-averaged ice temperature could be performed
to quantify the impact of ice viscosity on the projections.

There is no formal definition of committed sea level rise from ice sheets, and we
acknowledge that by focusing on terminus retreat only it is likely that the definition used
here is a lower bound. For example, there are various feedbacks related to SMB, such
as with ice sheet surface elevation and albedo, which could exacerbate mass loss over the
century without any additional climate forcing, which we do not account for. SMB has
been changing for several decades prior to the start of our experiments (?, 7). However,
this change is represented in our model in the geometry product used in the initializa-
tion, i.e. accumulation and ablation changes prior to the 2007 initial state contributes
to the form of the surface slope, which impacts ice dynamics through the driving stress.
Additionally, we hypothesize that initializing the model further back in time and
performing the calibration over a longer historical period would likely do a better
job at capturing the ice sheet state and tendencies in 2015. However, by forcing the
model with terminus position changes during the 2007-2015 calibration period ensures
that we are capturing the ice sheet’s committed mass loss in direct response to the
prescribed retreat. HeweverNevertheless, some antecedent conditions that are not in-
cluded in our model could enhance mass loss through SMB and ice sheet dynamics, for
example refreezing of melt water in the firn layer resulting in excess surface runoff (7,

7). The ongoing development of coupled ice-sheet-climate models is critical for incorpo-
rating missing processes and feedbacks into sea level rise projections (7, 7).

5 Conclusion

We performed an ensemble of 137 Greenland Ice Sheet simulations, where we var-
ied parameters related to basal friction, ice temperature and surface mass balance, and
imposed terminus positions based on changes observed between 2007 and 2015. The en-
semble members were then run until the end of the 21st century. We found that, after
performing Bayesian calibration using GRACE observations, the Greenland Ice Sheet’s
committed sea level contribution by 2100 is at least 33.5 [17.5 52.4] mm SLE (median
[25th 75th percentile]), with at least 6.3 [5.7 7.0] mm SLE due to the dynamic response
to the retreat of marine terminating glaciers at the beginning of the simulations. The
spread of responses in the ensemble is driven by the basal friction coefficient, which ex-
erts the greatest control on modelled mass loss. As a result, the GRACE calibration has
the greatest impact on constraining the parameter range of the basal friction coefficient,
compared to other parameters, with the central members, close to or slightly lower (i.e.,
more slippery) than the basal friction coefficient field produced by the inversion, being
the most highly weighted. Ice temperature has a limited impact on the spread of ice sheet
response, although we find that warmer ice (and hence less viscous ice) produces a bet-
ter match with GRACE observation, for similar reasons that more slippery beds better
match with observations: our initial state, which serves at the central member of our en-
semble, underestimates mass loss. The spread in the SMB perturbations is not well con-
strained by GRACE observations, although this is likely due to the way the anomaly was
implemented uniformly across the ice sheet.

There is variation in how regions respond to retreat of their marine terminating
glaciers. Retreat in the NW, NE, CW and SE result produce the highest response, rel-
ative to the control, although the SE has a narrower spread in response across the en-
semble, indicating that some regions are less sensitive to basal sliding than other regions.
The dominant geometric configuration of outlet glaciers in the different regions is likely
to be an important factor in their response to terminus retreat, as indicated by the find-
ings of ? (?) — for example the gentle sloping topography in the NW, CW and NE al-
lows the thinning signal to spread far inland.
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According to the results of our calibrated ensemble, the total committed sea level
contribution by the end of the century is comparable in magnitude to the contribution
due to future climate anomalies under the RCP2.6 scenario. Under the higher emission
scenario of RCP8.5, the contribution due to future forcing is approximately a factor of
three higher than the committed response. Our results highlight the importance in work-
ing towards multi-model ensembles where the need to remove a control run can be avoided.
One potential solution is to use a Bayesian calibration process, as was done here, to im-
prove our confidence in the model’s ability to reproduce a historical period, while min-
imising the impact of model drift.
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