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We assess the effect of enhanced basal sliding on the flow and
mass budget of the Greenland ice sheet, using a newly developed
parameterization of the relation between meltwater runoff and
ice flow. Awide range of observations suggest that water generated
by melt at the surface of the ice sheet reaches its bed by both
fracture and drainage through moulins. Once at the bed, this
water is likely to affect lubrication, although current observations
are insufficient to determine whether changes in subglacial hy-
draulics will limit the potential for the speedup of flow. An un-
certainty analysis based on our best-fit parameterization admits
both possibilities: continuously increasing or bounded lubrication.
We apply the parameterization to four higher-order ice-sheet
models in a series of experiments forced by changes in both
lubrication and surface mass budget and determine the additional
mass loss brought about by lubrication in comparison with experi-
ments forced only by changes in surface mass balance. We use
forcing from a regional climate model, itself forced by output from
the European Centre Hamburg Model (ECHAM5) global climate
model run under scenario A1B. Although changes in lubrication
generate widespread effects on the flow and form of the ice sheet,
they do not affect substantial net mass loss; increase in the ice
sheet’s contribution to sea-level rise from basal lubrication is pro-
jected by all models to be nomore than 5%of the contribution from
surface mass budget forcing alone.

Studies of alpine glaciers have long demonstrated that sea-
sonally produced surface meltwater drains to the base of

these glaciers and causes enhanced basal sliding (i.e., the relative
motion of the ice mass base to some underlying immobile sub-
strate) (1). The observation of summer increases in ice velocity
near the equilibrium line of the Greenland ice sheet (GrIS) (2)
has prompted concerns that warmer climates may lead to accel-
erated flow and consequent thinning of the ice sheet as both the
intensity of surface melt and the area affected by it increase (3).
Since the initial Zwally et al. (2) observation, new evidence for

a strong link between surface melting and ice-sheet flow has been
collected in Greenland. Field observations of coincident uplift
and ice acceleration (4) suggest that the drainage of supraglacial
lakes to the base of the ice sheet delivers quantities of water to
the bed by water-driven fracture propagation. In addition, radar-
echo surveys show that some moulins provide long-lived, direct
hydraulic connections to the bed (5). The largest accelerations
also take place downstream of large moulins (6). Satellite and
field observations also show pervasive summertime acceleration
of the ablation zone of the ice sheet (6–10), although the
transmission of fluctuations in velocity by longitudinal stresses

complicates the analysis of point observations in relating melt-
water input to accelerated flow (11).
Ground-based measurements of the flow of the western GrIS

over 17 y, on the other hand, indicated that there was a slight
decrease in annual velocity despite higher seasonal melt pro-
duction during these years (6). A detailed comparison of sum-
mertime increases in flow for six outlet glaciers in western
Greenland showed that summers with more melt experience
a reduced speedup (12). These observations can be interpreted
in terms of seasonally evolving basal drainage (8, 13) such as is
typical of valley glaciers. Winter drainage is typified by a cavity-
based system, which responds to the spring influx of meltwater by
developing high basal water pressures and enhanced ice motion
(sliding) via greater ice-bed separation. Increasing quantities of
seasonal meltwater then cause a switch to a channel-based sys-
tem of subglacial drainage characterized by lower water pres-
sures, reduced ice-bed separation, and a reduction in ice motion.
Sundal et al. (12) suggest that years with higher than average
melt trigger this switch earlier in the season and thus have slower
summertime flow relative to years with less melt. On the other
hand, diurnal and weather-related fluctuations in meltwater in-
flux may be sufficient to continually overpressure a channelized
drainage system and maintain the tendency for increased melt to
be associated with increased sliding (10).
Given the available evidence, two interpretations of the effect

of increased melt on basal sliding can be proposed: (a) Increased
meltwater availability will increase basal lubrication and lead to
a generally faster-flowing ice sheet or (b) increases in meltwater
availability will increase the likelihood of channelization or
trigger its onset earlier in the year, leading to generally slower
flow. The observational datasets available are of limited length
and geographical extent. Further, they do not show unequivocal
support for one or the other of these mechanisms, which both may
operate on the ice sheet across different areas or time periods.
Previous flow-line modeling of this process (14) used a pa-

rameterization based on the Zwally et al. (2) observations and
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performed experiments with a degree-day ablation model forced
with regional temperature changes based on ×2, ×4, and ×8
modern CO2 concentrations (15). By 2500, additional ice mass
reductions of 1–7% (for minimal warming) or 4–49% (maximal
warming) are created by the incorporation of their lubrication
parameterization. These mass changes are likely to have been
affected through the altered surface mass balance (SMB) brought
about by feedback between flow, surface elevation, and SMB.
The aim of this paper is to assess the effect of changes in

meltwater production on basal lubrication and the flow and mass
budget of the GrIS. Addressing this overall aim requires three
distinct stages. The first stage is an assessment of future changes
in meltwater runoff (i.e., the flux of meltwater generated by
surface ablation that does not refreeze locally within the snow-
pack) from the ice sheet. For this we use future projections from
a Regional Climate Model (RCM) run over the GrIS at a reso-
lution of 25 km (16–18). The second stage is to develop an as-
sessment of the effect of this runoff on the sliding experienced by
the ice sheet. Physically based models containing the wealth of
processes likely to influence the interaction between basal water
and ice sliding are currently being developed and show exciting
potential (e.g., refs. 13, 19); however, they are not yet sufficiently
well developed to be used interactively with continental-scale
ice-sheet models. We therefore develop an empirical parame-
terization, based on field observations of seasonal changes in
flow. Because the observational data are potentially equivocal,
we take care to capture uncertainties when developing this pa-
rameterization. Finally, our empirical relation is implemented in
a range of ice-sheet models forced by RCM projections for the
period up to 2200, to assess the impact of enhanced lubrication
on the future mass budget of the GrIS.

Climate Forcing
We describe ice-sheet experiments with and without changes in
basal lubrication for the period 2000–2200, which require both
SMB and runoff forcing. In addition, the development of the
lubrication parameterization requires suitable estimates of run-
off during the observation period. In both cases, we use simu-
lations supplied by the RCM Modèle Atmosphérique Régional
(MAR) (16). Each simulation was driven by atmospheric bound-
ary conditions applied to the periphery of the model domain: For
the development of the parameterization, the MAR was driven by
the interim reanalysis of the European Centre for Medium-Range
Weather Forecasts (ERA-Interim) data (20) for 1989–2005; and
for the projection the MAR was driven by output from the Eu-
ropean Centre Hamburg Model (ECHAM5) climate model for
the 20th century (20C3M 1980–1999) and scenario A1B (2000–
2099) experiments. Details of these experiments, as well as vali-
dation of the SMB and ablation results, are provided in Fettweis
et al. (17) and Rae et al. (18). A few additional experiments were
also performed using the same experimental design but with
ECHAM5 run for the E1 scenario (strong mitigation) and the
Hadley Centre climate model (HadCM3) run for A1B.
SMB and runoff were interpolated from the native 25-km

MAR grid to a 1-km grid, using bilinear interpolation, which was
then supplied to the ice-sheet models to coarsen as appropriate.
To overcome a small mismatch in ice cover between the RCM
and ice sheet models, the SMB components were extrapolated
outside of the MAR ice-sheet mask by linear regression based on
elevation, using the closest (at a distance <100 km) MAR ice
sheet points. Annual mean SMB forcing is applied as anomalies
against the mean for the period 1989–2008, whereas runoff
forcing is applied in bias-corrected form where values are cor-
rected using the difference between the 1989–2008 means for
ERA-interim and ECHAM5 20C3M/A1B experiments (any
negative values were set to zero). This procedure was used
(rather than anomalies) because some ice-sheet models did not
have an internally generated runoff against which anomalies

could be applied. Fig. 1 shows the total annual runoff and melt
area for the years 2000–2099. The model predicts a fourfold
increase in the total runoff from 2000 to 2099 (rising from 263 to
1,082 Gt·y−1) and a near doubling of the melt area (rising from
4 × 105 to 7.6 × 105 km2). During these experiments, the MAR
was run using a fixed ice-sheet geometry based on the present
day (21). As such, feedbacks between changing ice geometry (in
particular, surface elevation) and SMB/runoff were ignored.
We make an assessment of the consequences of this omission
later in the paper.

Lubrication Parameterization
We now develop an empirical relation between surface local
runoff and basal sliding. Observations of the latter are based on
field global positioning system (GPS) measurements and are
discussed below. For the former, we use MAR-generated annual
means for the appropriate year and location. We use RCM
output rather than field observations for two reasons: Not all
field sites had reliable measurements of local runoff (as opposed
to ablation, the difference being local refreezing) and eventually
the parameterization is to be used with MAR forcing, which
would simply require a MAR-to-field-observation correction at
a later stage. Theory dictates that a meaningful variable against
which to compare velocity is the flux of water obtained by in-
tegrating runoff up the glacier to the equilibrium line. Initial
attempts using a spatial-routing algorithm (22) encountered
problems related to inadequate knowledge of bedrock topogra-
phy and subglacial flow pathways in the area. We therefore opted
to relate velocity directly to local runoff, which in any event is
highly correlated to water flux because it likely increases mono-
tonically with ice surface elevation over the study area.
The field data were obtained from a land terminating section

of the western GrIS at 66° 39′N, 67° 56′N and are the result of
successive field campaigns by the Universities of Edinburgh and
Aberdeen (e.g., ref. 23) and the University of Utrecht (e.g.,
ref. 6). The University of Edinburgh/Aberdeen data comprise
observations taken from 2009 and 2010 at seven field sites lo-
cated along a transect varying in elevation from 450 to 1,716 m
above sea level and extending from the margin to ∼120 km in-
land. During the winter months the GPS instruments had in-
sufficient power to continue logging data. Mean autumn/winter
velocities were therefore estimated from the displacement of the
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GPS receiver between the end of the summer melt season and
the start of spring. The University of Utrecht data comprise
observations made over the years 2006–2009 at four field sites in
the same region. Velocity was derived from GPS measurements
logged continuously at hourly intervals throughout the entire
year. Fig. 2 shows the locations of the field sites overlaid on the
MAR runoff for the year 2010. The location and elevation of the
field sites are listed in Table 1.
The observed annual pattern of velocity at each site was

characterized using a speedup index (S) comprising the ratio of
mean-annual velocity to the mean velocity of the 3 mo of lowest
velocity (approximating the winter). The form of the index was
chosen to facilitate easy incorporation into ice-sheet models. The
calculation of uncertainty in this determination is discussed in SI
Text. Fig. 3A shows a plot of the speedup index as a function of
MAR runoff. The data are suggestive of increasing speedup at
low runoff values, which peaks at ∼1.4 for runoff of 1.0–1.5 m·y−1,
followed by a less well-defined decrease in speed at high values
of runoff. The form of the relationship is not dissimilar to the
theoretical relation between water discharge and effective water

pressure at the bed (ice overburden minus water pressure) found
by Schoof (13). It suggests that cavity drainage dominates at low
runoff (with a positive relation between runoff and sliding),
whereas channelized drainage dominates at higher values of
runoff (with perhaps a negative relation).
Local regression (LOESS, standing for LOcal regrESSion)

(24) was used to parameterize the relationship between the
speedup and the runoff. This is a form of nonparametric log-
linear regression that fits functions locally between sets of data
points within a moving window. The functions are weighted by the
distance between neighboring points, taking into account un-
certainty in the speedup. To explore the range of possible rela-
tionships between speedup and runoff given the available data
together with its associated uncertainties, 1,025 samples are
drawn for each data point from a normal distribution centered on
the best fit with a SD determined from the residual between the
best fit and observations. During this process, care was taken to
ensure that the relation obeys the physical constraint that zero
runoff is associated with zero speedup.
The best fit and the range of all curves are shown in Fig. 3B,

which represents the range of runoff–speedup relationships that
are consistent with our observational data. The range of curves
captures both interpretations discussed above: continually in-
creasing speedup and limited speedup at high values of runoff (in
the experiments reported below, we used the constraint S ≥ 0).
Maximum runoff rates predicted by the ECHAM5-forced MAR
model under the A1B scenario are ∼5.5 m·y−1, which corresponds
to a parameterized speedup ranging from zero to approximately
a doubling of mean annual velocity. Having identified the range
of relationships consistent with the observations, subsequent
modeling work focused on three particular relationships: the best
fit, the lowest speedup, and the highest speedup. Ice-sheet models
could therefore explore the full range of uncertainty in the runoff–
speedup relationship through a reduced number of experiments.
The advantage of local regression is that no prior assumptions

need to be made about the relationship between the runoff and
speedup. It does not, however, produce a regression function that
is easily represented by a mathematical formula. The parameter-
ization was therefore implemented in the ice-sheet models, using
linear interpolation based on a lookup table for runoff and
speedup binned at 0.1-m·y−1 intervals.

Implementation in Ice-Sheet Models
The observed present-day ice-sheet velocities contain an un-
known component of seasonal meltwater lubrication. We there-
fore determine a reference speedup using the parameterization
with MAR forcing for the data‐acquisition period. Speedup
during future projections is then found relative to the reference
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Table 1. The locations of the field sites where monthly ice velocity was measured

Site Latitude °N Longitude °W Elevation, m a.s.l. Distance from margin, km

S4 67.10 50.19 383 3
1 67.07 50.13 457 8
2 67.09 50.03 616 11
SHR 67.10 49.94 710 14
3 67.10 49.81 793 21
S6 67.08 49.39 1,010 37
4 67.12 49.40 1,061 40
5 67.13 49.01 1,229 57
6 67.15 48.37 1,483 82
7 67.16 47.55 1,716 120
S10 67.00 47.02 1,850 143

Sites with an S preceding their number are from Van de Wal et al. (6), whereas other sites are from Bartho-
lomew et al. (23). Monthly velocities are based on averaging hourly GPS observations over 168 h for the data by
Van de Wal et al. (6). m a.s.l., meters above sea level.
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speedup and implemented as a fractional change in the local
value of a model’s basal sliding coefficient.
The full set of 1,026 parameterizations (1,025 plus the best fit)

was sorted in order of increasing speedup at a runoff of 5.5 m·y−1.
This value was chosen because it is typical of the maximum runoff
predicted by the ECHAM5-forced MAR model at the end of the
century for the A1B scenario.
Nine evenly spaced samples were selected together with the

best fit. Three types of experiment were performed by each
model: a control in which there was no change in SMB or speedup
forcing (CONTROL), a run with only SMB forcing (SMBONLY),
and a variable number of runs with both SMB and speedup
forcing (RUNX, in which X refers to the particular parameter-
ization used). Of particular interest are RUN0001 (the best fit),
RUN0002 (the minimum response), and RUN1026 (the maxi-
mum response). Forcing data were available only up to 2099; the
period 2100–2199 therefore implemented forcing from 2090 to
2099 repeatedly with the justification that by this time radiative
forcing in scenario A1B begins to stabilize.
The parameterization was implemented in four different ice-

sheet models: Vrije Universiteit Brussel Greenland Ice Sheet
Model (VUB-GISM-HO) (25, 26), Elmer/Ice (27), Community
Ice Sheet Model (CISM) 2.0 (28), and Model for Prediction
Across Scales (MPAS)-Land Ice (29), all of which have higher-

order flow physics in which the representation of an ice mass’s
internal stress distribution is complete or almost complete and
no a priori assumption of a local stress balance is made. Details
of the individual models, including initialization strategy and
numerical implementation, are provided in SI Text.

Results
The ice-sheet models VUB-GISM-HO, CISM 2.0, and MPAS-
Land Ice all use synthetic reference SMB fields designed to
minimize drift (SI Text) and all show drift of less than 2.5 mm
sea-level rise (SLR) over the 200-y experiment; Elmer/Ice
employs as its reference SMB field the mean of the MAR forced
under ERA-interim for the period 1989–2008, which results in
a drift of −28.6 mm in 200 y for the control run (i.e., sea-level
fall). SMBONLY experiments result in increasing mass loss of
59.9 mm (VUB-GISM-HO), 58.6 mm (CISM), 57.5 mm (MPAS),
and 47.5 mm (Elmer/Ice, 60.9 mm with control bias removed)
SLR at 2100 (relative to the models’ 2000 state). At 2200, values
are 172.5 mm (VUB-GISM-HO), 162.6 mm (CISM), 170.5 mm
(MPAS), and 173.2 mm (Elmer/Ice with control bias removed).
These differences are primarily attributable to the grid resolution,
inclusion of outlying ice masses, and internal model transients
from the different initialization strategies (ice geometry and in-
ternal temperature field).
Fig. 4 summarizes the effect of introducing enhanced lubri-

cation on ice-sheet mass budget. Only VUB-GISM-HO did the
full 10 runoff experiments, whereas the other models concentrated
on the best fit (RUN0001), minimum response (RUN0002), and
maximum response (RUN1026) from the original 1,026 samples.
Agreement is generally good and all models are consistent in the
relative effects of the different parameterizations. Additional SLR
is greatest for RUN1026 and is 6–8 mm by 2200, whereas RUN0001
generates between 0 and 2 mm, and RUN0002 generates be-
tween −1 and 1 mm. The additional effect of lubrication is always
less than ∼5% of SLR generated by SMB forcing alone.
Elmer/Icewasalso runwithMARforcing,usingECHAM5withE1

andHadCM3withA1B,whichproducedSMBONLYdrift-corrected
SLR at 2200 of 74.2 and 187.7 mm (or 43% and 108%of ECHAM5/
A1B), respectively. The additional SLR at 2200 for HadCM3/A1B
was 1.9, 0.0, and 8.7 mm for RUN0001, RUN0002, and RUN1026,
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respectively (compared with 1.4, −0.6, and 8.0 mm for ECHAM5/
A1B); and for ECHAM5/E1 it was 1.2, 0.5, and 3.5 mm.
The spatial pattern of speedup from runoff forcing and the asso-

ciated pattern of ice thickness change are shown in Fig. 5 for CISM
(selected as being representative of all models) experiments
RUN0002 andRUN1026 as an average over the final decade of the
experiments. For both experiments, there is a distinctive pattern
below the equilibrium line (at 2200, close to the ice divide in the
South) with accumulated thinning of 10–20 m just below the equi-
librium line givingway to thickeningof∼30m (RUN0002) or∼10m
(RUN1026) closer to the ice margin. This happens in all sectors of
the ice sheet but is most noticeable in the west and the north. The
spatial pattern of velocity causing these changes is as would be
expected from Fig. 3: For RUN1026, velocity increases mono-
tonically toward the margin (with the pattern of runoff), reaching
120% of the SMBONLY velocities; whereas, for RUN0002, ve-
locity increase is at a maximum ∼200 km from the ice margin and
declines to 90% of the SMBONLY velocities at the margin. The
latter is a consequence of the form of the minimum parameteri-
zation; increases in runoff larger than ∼1.5 m·y−1 are associated
with reduced ice flow. This effect was also noted by Van de Wal
et al. (6) in their long-term (1990–2006) observational dataset (only
2006 was used in the development of our parameterization).

Discussion
Our model results show the widespread consequences of changes
in meltwater-enhanced lubrication on the flow of the GrIS. Im-
portantly, our results show that these changes have a minor
(∼5%) effect on the overall contribution of the ice sheet to fu-
ture SLR. Changes in the internal flow of an ice sheet alone do
not necessarily affect its overall mass budget; they merely re-
distribute mass from one part of the ice sheet to another. For the
overall ice-sheet mass budget to be affected one or both of the
ice sheet’s two primary mass loss mechanisms, surface meltwater
runoff or iceberg calving, must be altered. The mass-redistribution
effect is clear in Fig. 5, where faster flow in the ice-sheet interior leads

to local thinning and downstream thickening for both minimum and
maximum parameterizations. The effect of the two parameter-
izations, however, differs near the margin: The maximum parame-
terization encourages continued flow to the margin, where ablation
rates and mass loss are large, whereas the minimum parame-
terization retards flow to the margin with a consequent exag-
geration in thickening. These changes in geometry will have
further affected flow because of their influence in reducing ice-
surface slope and therefore gravitational driving stress.
Our experiments specify SMB, so that altered mass loss by melt is

not possible except directly at the ice margin (where annual negative
SMB may be in excess of the marginal ice thickness). Alternatively,
increased ice flow toward the calving fronts of outlet glaciers could
affect mass loss. Our results for the overall effect of meltwater-
enhanced lubrication on SLR show that these effects are small. In
fact, there are several instances (in the first century of several
experiments and in the second century of the minimum experi-
ments) where mass delivery to the margin is reduced, leading to
sea-level fall (relatively to SMB forcing only).
By specifying SMB, we omit one potential mechanism that

could further affect net mass loss: the drawdown of faster-flowing
ice leading to a lower ice surface that may then experience higher
near-surface air temperatures and increased melt (the reverse
process will clearly operate in the downstream areas that receive
this additional mass flux). We tested this concept by repeating
our experiments using the VUB-GISM-HO model with SMB
determined interactively, using a degree-day model (DDM) (26).
Experiments allowed DDM-derived SMB to evolve freely be-
tween 2000 and 2200 or held SMB fixed at its DDM-derived
value for 2000. The difference between incorporating basal lu-
brication (RUN1026) or not (i.e., SMBONLY) was 6.5 mm SLR
by 2200 for the freely evolving SMB run and 5.9 mm for the fixed
SMB run. This suggests that the error introduced in our main
experiment by holding SMB fixed is ∼0.6 mm, which confirms the
relatively small influence of lubrication on the net mass loss from
the GrIS. Alternatively this effect could be assessed by careful
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Fig. 5. (A–D) The pattern of additional thickness change generated by enhanced lubrication by the CISM 2.0 model in (A) RUN0002 and (B) RUN1026 (mean for
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parameterization of the SMB-elevation feedback, as for example
formulated by Helsen et al. (30).
It remains to assess how representative the climate forcing that we

used is of the ensemble of projections for future Greenland climate.
Fettweis et al. (17) show that theECHAM5-forcedMARprojections
of SMB used here mirror the Coupled Model Intercomparison
Project Phase 5 (CMIP5) multimodel mean for IPCC’s Represen-
tative Concentration Pathway 8.5 (RCP8.5) scenario up to 2070 and
then diverge to be ∼25% lower by 2100 (but still well within the
intermodel range). This is also true for runoff projections. The
Elmer/Ice simulations reported here show that HadCM3 forcing for
A1B produced similar results to those discussed above, and E1
forcing has 40–50% of the effect of A1B forcing.
Overall, our results suggest that meltwater-enhanced basal

lubrication can be important for the future contribution of the
GrIS to SLR only if it interacts with mass loss, perhaps most
likely by affecting increased iceberg calving. The modeling of
this process presents numerous theoretical and technical chal-
lenges and has yet to be fully incorporated into the type of
continental-scale ice sheet model used here. In the future, in-
creasing quantities of surface meltwater may affect ice flow in
other ways. For instance, the release of the meltwater’s latent heat

may warm ice and therefore change its rheology (31) either at the
bed or englacially.
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Uncertainty Analysis of Speedup Observations
Uncertainty in the speedup has been calculated from the mea-
surement error in the velocity observations. For the University of
Edinburgh/University of Aberdeen data, the error in the annual
velocity δv is 5.6 m·y−1 (1). This is a conservative error estimate
representing noise in the global positioning system (GPS) signal.
The annual error is a function of the monthly velocity errors

δv=

ffiffiffiffiffiffiffiffiffiffiffiffiffiX12
i= 1

v 2
i

vuut ;

where i refers to month from January to December. If we assume
each month has the same error, then the monthly error δvi is

δvi =
δvffiffiffiffiffi
12

p

or δvi = 1.62 m·y−1. The error in the mean velocity of the lowest
three months δv3 is

δv3 =
ffiffiffiffiffiffiffiffiffi
3δv2i

q

or δv3 = 2.8 m·y−1. The error in the speedup δS is calculated
using the rule for the propagation of errors when doing division,

δS
S

=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
δv
v

�2

+
�
δv3
v3

�2
s

;

where S is the speedup, v is the annual velocity, and v3 is the
mean velocity of the lowest three monthly velocities.
The measurement error in the Utrecht University data is de-

scribed in ref. 2. More specifically, hourly measurements of the
position are averaged without weighting functions over 168 data
points, yielding an uncertainty of 0.27 m in the position of a fixed
point. This results in an uncertainty of 0.81 m·y−1 for monthly
values and, by following equations 3 and 4, in 1.40 m·y−1 for
three-month velocities and 2.75 m·y−1 for annual velocities.

Further Analysis of the Relation Between Runoff and
Speedup
To investigate the trend seen in Fig. 2, a linear regression line was
fitted at each field site individually between the speedup and
runoff. The gradients of the speedup are shown in Fig. S1. A
positive gradient is seen at sites 4, 5, 6, SHR, and S6; a negative
gradient at sites 2 and S4; and no change at sites 1 and 3. It is
unclear whether these latter sites flip from cavity to channelized
drainage as runoff increases or whether they are truly uncoupled
from the hydrological system. Sites 7 and S10 are omitted because
they have no runoff according to the Modèle Atmosphérique
Régional (MAR). Fig. S1 suggests that the gradient of the re-
lation between speedup and runoff falls with increasing runoff
and becomes negative at runoff above 1.2 m·y−1.

Description of Ice Sheet Models
Vrije Universiteit Brussel Greenland Ice Sheet Model (VUB-GISM-HO).
VUB-GISM-HO is a higher-order 3D, thermomechanical ice-flow
model (3, 4) modified and extended for projections on centennial

timescales. The higher-order approximation to the force balance
accounts for horizontal gradients of membrane stresses that al-
low for inland transmission of perturbations at the ice-sheet
margin in a more realistic way (5, 6). The model is implemented
on a horizontal grid of 5-km resolution with 30 nonequidistant
layers in the vertical. Ice temperature is prescribed and does
not evolve over time. Isostatic bedrock adjustment is disabled.
The model is initialized close to the present-day observed ge-
ometry and applies a synthetic mass balance correction to avoid
model drift. A detailed description of the model, the initiali-
zation procedure, and the model sensitivity is given in ref. 7.
The model simulates the internal distribution of temperature
within the ice sheet so that the spatial extent of ice that is frozen
to bedrock is known; in these areas (limited to the central regions
of the ice sheet) ice velocity is assumed not to change in response to
variations in runoff.

Elmer/Ice. Elmer/Ice builds on Elmer, the open-source, parallel,
finite-element code, mainly developed by the CSC-IT Center for
Science in Finland. Elmer/Ice solves for the transient full-Stokes
system, using a 3D, vertically extruded, unstructured mesh in the
horizontal plane. This method allows horizontal grid size smaller
than 1 km for individual outlets. The model is run parallel, using
a 48-partition mesh. In this application, the ocean water pressure
is imposed on the margin of the ice sheet, which is not allowed to
move horizontally. Ice temperature is prescribed from the shal-
low-ice model Simulation Code for Polythermal Ice Sheets
(SICOPOLIS) (8) and does not evolve over time. The initial
state is constructed using a control inverse method (9) to infer
the basal drag from the observed surface velocities (10) and ice-
sheet topography. The upper surface is then allowed to relax
during a 55-y period forced by a constant climate given by the
1989–2008 means for Equipe de Recherche Associée (ERA)-in-
terim–forced MAR. The end of the relaxation period constitutes
the initial state of prognostic experiments.
In the experiments, annual-mean surface mass balance (SMB)

anomalies are added to these ERA-interim–forced MAR 1989–
2008 means. Additional experiments [a run with only SMB forc-
ing (SMBONLY), MAR-European Centre Hamburg Model
(ECHAM5), E1, and A1B] with a synthetic mass balance (to
avoidmodel drift) show an additional 3- to 4-mmsea-level rise (SLR)
compared with experiments with control bias added. Details of the
model and the initialization procedure can be found in ref. 11.

Community Ice Sheet Model 2.0. The Community Ice Sheet Model
(CISM) version 2.0 includes improvements to all components of
the original, shallow-ice approximation Glimmer-CISM model
(12). The momentum balance is based on the 3D, first-order
approximation to the Stokes equations (13). Mass, tempera-
ture, and general “tracer” advection take advantage of in-
cremental remapping (14). All model components are fully
parallel and scale to order ∼1,000 processors (15). Model nu-
merics, including nonlinear (Picard and Newton-based) solu-
tion methods, are discussed in ref. 16. Sliding is generally
treated using a linear-viscous sliding law. A similar, large-scale
application of the model to the Greenland ice sheet (GrIS) is
described in ref. 17.
Model initialization for the current set of experiments involves

a quasi-steady-state thermal spin-up, using surface temperature
and geothermal flux fields taken from the SeaRISE datasets for
Greenland (http://websrv.cs.umt.edu/isis/index.php/Present_Day_
Greenland). As part of the initialization procedure, basal sliding
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is tuned to match balance velocities. The tuned, initial condition
implies a “synthetic” SMB field, which is applied for the control
run and used as the base upon which SMB anomalies are applied
for runs with climate forcing. Additional information on model
initialization and tuning procedures can be found in the sup-
porting information of ref. 17.

Model for Prediction Across Scales–Land Ice. The Model for Pre-
diction Across Scales (MPAS)-Land Ice model is based on the
MPAS climate-modeling framework of ref. 18. MPAS defines
centroidal-Voronoi-tesselation (CVT)–based, variable-resolution
meshes and includes a suite of standard model operators (e.g.,
high-order accurate advection routines), using finite-volume
methods on a computational C-grid. The momentum balance is
based on the 3D first-order approximation to the Stokes equa-
tions (13), implemented using continuous finite-element meth-
ods (FEM) on an unstructured, 3D mesh [obtained by vertically
extruding the 2D, dual mesh to the MPAS CVT (i.e., a Delaunay

triangulation)]. The model and FEM discretization, described in
ref. 19, use the LifeV library (www.lifev.org).
For the current set of experiments, the model uses a fixed,

uniform, ∼5-km resolution hexagonal mesh with 10 layers in the
vertical. A first-order upwinding scheme is used for mass ad-
vection. Internal temperature fields are taken from the CISM
initial condition (described above) and held constant and steady
for the duration of the 200-y simulations. Basal sliding parame-
ters are also taken from the CISM initialization and either held
constant and steady in time (for the control and surface-mass-
balance–forcing-only simulations) or modified according to the
lubrication parameterizations discussed in the main text. MPAS-
Land Ice simulations apply their own synthetic SMB and anomaly
forcing, as described above for CISM simulations.

The Response of All of the Ice Sheet Models
The responses of VUB-GISM-HO, Elmer/Ice, and MPAS-Land
Ice are shown in Figs. S2–S4, respectively.
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Fig. S2. (A–D) The pattern of additional thickness change generated by enhanced lubrication by the VUB-GISM-HO model in (A) RUN0002 and (B) RUN1026
(mean for 2190–2199 differenced against SMBONLY) and pattern of velocity change again for (C) RUN0002 and (D) RUN1026 (expressed as ratio to SMBONLY
velocity).
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Fig. S3. (A–D) The pattern of additional thickness change generated by enhanced lubrication by the Elmer/Ice model in (A) RUN0002 and (B) RUN1026 (mean
for 2190–2199 differenced against SMBONLY) and pattern of velocity change again for (C) RUN0002 and (D) RUN1026 (expressed as ratio to SMBONLY ve-
locity). Note that results have been projected onto a 5-km grid and do not show all of the detail of the original finite-element grid.
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Fig. S4. (A–D) The pattern of additional thickness change generated by enhanced lubrication by the MPAS-Land Ice model in (A) RUN0002 and (B) RUN1026
(mean for 2190–2199 differenced against SMBONLY) and pattern of velocity change again for (C) RUN0002 and (D) RUN1026 (expressed as ratio to SMBONLY
velocity).
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