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Abstract Damages from sea level rise, as well as strate-
gies to manage the associated risk, hinge critically on the
time scale and eventual magnitude of sea level rise. Sat-
ellite observations and paleo-data suggest that the Green-
land Ice Sheet (GIS) loses mass in response to increased
temperatures, and may thus contribute substantially to sea
level rise as anthropogenic climate change progresses. The
time scale of GIS mass loss and sea level rise are deeply
uncertain, and are often assumed to be constant. However,
previous ice sheet modeling studies have shown that the
time scale of GIS response likely decreases strongly with
increasing temperature anomaly. Here, we map the rela-
tionship between temperature anomaly and the time scale
of GIS response, by perturbing a calibrated, three-dimen-
sional model of GIS behavior. Additional simulations with
a profile, higher-order, ice sheet model yield time scales
that are broadly consistent with those obtained using the

Electronic supplementary material The online version of this
article (doi:10.1007/s00382-014-2451-7) contains supplementary
material, which is available to authorized users.

P. J. Applegate (D<) - R. E. Nicholas - K. Keller

Earth and Environmental Systems Institute, The Pennsylvania
State University, University Park, PA, USA

e-mail: patrick.applegate @psu.edu

B. R. Parizek
Mathematics and Geoscience, The Pennsylvania State University,
DuBois, PA, USA

R. B. Alley - K. Keller
Department of Geosciences, The Pennsylvania State University,
University Park, PA, USA

K. Keller
Department of Engineering and Public Policy, Carnegie Mellon
University, Pittsburgh, PA, USA

three-dimensional model, and shed light on the feedbacks
in the ice sheet system that cause the time scale shortening.
Semi-empirical modeling studies that assume a constant
time scale of sea level adjustment, and are calibrated to
small preanthropogenic temperature and sea level changes,
may underestimate future sea level rise. Our analysis sug-
gests that the benefits of reducing greenhouse gas emis-
sions, in terms of avoided sea level rise from the GIS, may
be greatest if emissions reductions begin before large tem-
perature increases have been realized. Reducing anthropo-
genic climate change may also allow more time for design
and deployment of risk management strategies by slowing
sea level contributions from the GIS.

Keywords Greenland ice sheet - Glaciology - Ice sheet
modeling - Semi-empirical - Sea level

1 Introduction

The future behavior of the ice sheets represents an impor-
tant unknown in estimating future sea level rise. Total sea
level rise includes contributions from the ice sheets, small
glaciers, and thermosteric expansion of ocean water, as well
as other, smaller, sources. However, the maximum contri-
butions from the ice sheets dwarf those of other sources.
Small glaciers outside of Greenland and Antarctica con-
tain enough ice to raise global mean sea level by <0.5 m
(e.g. Dyurgerov and Meier 2005; Radic and Hock 2010),
and thermosteric expansion will likely contribute <0.55 m
to global mean sea level rise by 2100 (Sriver et al. 2012).
By comparison, the Greenland Ice Sheet would contribute
~7.3 m to global mean sea level rise if it were to melt com-
pletely (Bamber et al. 2001, 2013); maximum contributions
from the West Antarctic and East Antarctic ice sheets are
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~4.5 and ~53.3 m, respectively (Lythe and Vaughan 2001;
Fretwell et al. 2013), again assuming total melting. The
ice sheets’ ability to make substantial contributions to sea
level change is confirmed by past rapid sea level rises like
meltwater pulse 1A, in which global mean sea level rose
by >10 m over a few centuries at the end of the last glacial
period (Deschamps et al. 2012; cf. Gregoire et al. 2012).

The uncertainty in future ice sheet behavior directly
affects present-day adaptation decisions, as well as the
estimated economic costs associated with sea level rise
(e.g., Yohe et al. 1996; Sugiyama et al. 2008; Anthoff
et al. 2010; Nicholls et al. 2011). Nicholls et al. (2008a)
estimate that ~10% people, or >1 % of the world’s popu-
lation, live within 1 m of mean sea level. The exposure
of people and property in coastal cities to flooding risk
will likely grow over time (Nicholls et al. 2008b; Halle-
gatte et al. 2013). Possible measures for adapting to future
sea level rise include building seawalls, raising buildings
above the expected height of flood waters, and moving
people and infrastructure away from the coast. However,
these measures are costly, and they compete with other
funding priorities. In a recent analysis, whether or not
hardening the Port of Los Angeles’ facilities against sea
level rise passes a cost-benefit test is strongly sensitive
to ice sheet sea level contributions over the next century
(Lempert et al. 2012).

Here, we focus on the Greenland Ice Sheet (GIS), which
is (1) large enough to make a substantial contribution to
future sea level, and (2) vulnerable to atmospheric warm-
ing. Of the terms in the sea level budget, the GIS has the
second-largest maximum contribution after the relatively
stable East Antarctic Ice Sheet (Sugden et al. 1993; cf.
Mengel and Levermann 2014). A substantial fraction of the
GIS’ present-day mass loss is accomplished through direct
melting (Alley et al. 2010; Robinson et al. 2011; Bamber
et al. 2013). Thus, the GIS likely responds to Arctic air
temperatures, which may lead the rise in global mean tem-
peratures (Manabe and Stouffer 1980).

Total sea level rise, including contributions from the
Greenland Ice Sheet, is often conceptualized as an asymp-
totic relaxation to a new equilibrium level that is a function
of temperature change (e.g. Rahmstorf 2007; Grinsted et al.
2010). Such semi-empirical models are calibrated using
observations of sea level and temperature covering the last
few centuries (e.g. Rahmstorf 2007), sometimes extended
to the last ~2,000 years using proxy information (e.g. Grin-
sted et al. 2010; Kemp et al. 2011). The calibrated models
are then driven into the future using projected global mean
temperatures (Rahmstorf 2007; Vermeer and Rahmstorf
2009; Grinsted et al. 2010) or radiative forcing changes
(Jevrejeva et al. 2012). Although semi-empirical models
have a number of limitations (e.g. Church et al. 2013), the
papers describing these models are widely cited.
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Despite its importance, the time scale of Greenland
Ice Sheet mass loss in response to temperature increase
remains deeply uncertain. Semi-empirical models typically
assume that the time scale of total sea level adjustment is
>100 years (e.g. Rahmstorf 2007; Rahmstorf et al. 2012).
In principle, semi-empirical models could be built up of
several terms, each of which would represent a different
component of sea level rise; however, the relatively short
record of temperature and sea level change does not allow
confident separation of the different contributions (Grinsted
et al. 2010). If this separation could be performed, however,
the time scale of the Greenland component would presum-
ably be longer than that of faster-acting components such
as thermosteric expansion and glacier melt. Some stud-
ies (e.g. Vermeer and Rahmstorf 2009; Kemp et al. 2011)
divide sea level response to temperature change into fast
and slow components, but these formulations do not
resolve ice sheet contributions explicitly. Similarly, a recent
review of the literature (Lenton et al. 2008) suggests that
achieving a “largely ice-free state” on Greenland would
require >300 years. They further characterize this response
as a “slow” transition (although loss of the ice sheet in
300 years implies a mean rate of sea level change greater
than 2 m/century).

Thus, many semi-empirical modeling studies assume
or imply that the time scale of Greenland Ice Sheet con-
tribution to sea level rise is long and does not change as
the forcing temperature increases. However, the ice sheet
system contains positive feedbacks. For example, a tempo-
rary increase in surface melt within the ablation zone leads
to additional and accelerating melt (Born and Nisancioglu
2012), because melting reduces surface elevation and tem-
peratures are greater at lower elevations. These changes in
surface mass balance may then cause dynamical changes
in the ice sheet, further contributing to mass loss (Huybre-
chts and de Wolde 1999; Parizek and Alley 2004). Taken
together, these nonlinearities may cause the time scale of
GIS response to decrease as the forcing temperature rises
(e.g. Fyke 2011; Robinson et al. 2012). This possibility was
explicitly anticipated by the first semi-empirical modeling
studies (Rahmstorf 2007; Grinsted et al. 2010).

Estimating the time scale of GIS response from com-
puter models of ice sheet behavior is complicated by struc-
tural differences among models and uncertainties in model
parameter values. Ice sheet models fall along a contin-
uum with respect to their treatment of ice dynamics (e.g.
Kirchner et al. 2011). Shallow-ice approximation models
neglect selected stress components within the ice body in
exchange for computational efficiency; full-Stokes models
include a complete description of the physics of ice flow,
but require more computing resources than do simpler
models. Both classes of models suffer from large uncer-
tainties in boundary conditions and poorly-understood
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processes (see Sect. 4 below). Different models often yield
divergent estimates of future ice volume change for the
same temperature forcing trajectory, particularly past the
first century (e.g. Bindschadler et al. 2013; Nowicki et al.
2013). Perturbed-parameter ensembles (e.g. Ritz et al.
1996; Stone et al. 2010; Applegate et al. 2012) indicate
that model parameter choice strongly affects the modeled
ice sheet’s response to temperature change. In particular,
Applegate et al. (2012) noted that parameter combinations
that match the observed ice sheet similarly well sometimes
give widely divergent ice volume change projections.
Improved methods for calibrating ice sheet models may
reduce the divergence among projections from different
models (Chang et al. 2014; see also Shannon et al. 2013;
Edwards et al. 2014).

Previous ice sheet modeling studies that have noted a
shortening of the time scale of GIS response with increased
temperature anomaly include Fyke (2011) and Robinson
et al. (2012). Fyke (2011) used an ice sheet model coupled
to a simplified climate model to evaluate the response of
the Greenland Ice Sheet under abrupt, sustained atmos-
pheric carbon dioxide concentration increases, and specifi-
cally diagnosed the time scale of ice sheet response from
the resulting ice volume curves. Robinson et al. (2012)
investigated the equilibration properties of the GIS under
abrupt, sustained temperature increases using a perturbed-
parameter ensemble of an ice sheet model coupled to a
regional energy and moisture balance model. Although
Robinson et al. (2012) noted that the time scale of ice sheet
response became shorter with increased temperature, they
did not quantify this change in time scale.

Here, we quantify the time scale (specifically, the
e-folding time) of contributions to sea level rise from the
Greenland Ice Sheet, using two different ice sheet models
and accounting for model parametric uncertainties. Our
results suggest that this time scale is strongly dependent on
the forcing temperature. As described above, these results
contrast with the assumptions of semi-empirical modeling
studies, but are in line with previous ice sheet modeling
studies (Fyke 2011; Robinson et al. 2012).

2 Methods

2.1 Estimating the e-folding time t from ice sheet model
runs

Specifically, we estimate the e-folding time of Greenland
Ice Sheet response to temperature change t, and the equi-
librium contribution of the ice sheet to sea level rise AV,
for a range of Greenland temperature increases AT,,. We
conceptualize GIS response to increased temperature as a
relaxation to a new equilibrium (Fyke 2011; Fig. 1a),
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Fig. 1 a Conceptual model of Greenland Ice Sheet volume response
to an instantaneous Greenland temperature change AT, (Eq. 1). b
Modeled ice volume responses to selected Greenland temperature
anomalies using the three-dimensional ice sheet model SICOPOLIS
(Greve 1997; Greve et al. 2011; sicopolis.greveweb.net). The modeled
V(t) curves shown in b generally agree with the conceptual model
shown in a. In b, differences among curves in each color group reflect
model parametric uncertainty (Applegate et al. 2012). Open circles
indicate the e-folding time t, diagnosed as the time when each indi-
vidual curve reaches V, — AV(1 — eh (Eq. 2). We investigated eight
AT,y values in total (Electronic Supplementary Material Figure 1).
Compare to Fyke (2011, his Fig. 4.2) and Robinson et al. (2012, their
Fig. 3b). m sle, meters of sea level equivalent

V() = AVeD 1 v,

AV =Vy -V, 1
where V(?) is ice volume as a function of time, V) is the ice
volume just before the temperature increase, and V; is the
final ice volume. Several existing ice sheet modeling stud-
ies present results from experiments in which temperatures
over the ice sheet are instantaneously increased; curves of
ice volume as a function of time from such experiments
resemble an asymptotic adjustment to a new equilibrium
(e.g. Letréguilly et al. 1991, their Fig. 10; Fyke 2011, his
Fig. 4.2; Robinson et al. 2012, their Fig. 3b). Thus, ice
sheet model simulations suggest that the Greenland Ice
Sheet adjusts asymptotically to temperature change, con-
sistent with Eq. 1.
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Given a single ice sheet model run in which near-surface
air temperatures suddenly increase by an amount AT, we
estimate the e-folding time t by identifying the point along
the V(¢) curve where the ice sheet’s volume has declined by
1 — ¢! (about two-thirds) of its equilibrium change AV,
relative to its starting volume V,,. Substituting for  and AV

in Eq. 1 and rearranging, we obtain
Vit=1)=Vy— Av(l—e—l). ?)

This definition of the time scale is consistent with that used
in semi-empirical studies (e.g. Grinsted et al. 2010; Jevre-
jevaet al. 2012).

2.2 Ice sheet model simulations

To obtain these V(f) curves, we performed a perturbed-
parameter ensemble with the three-dimensional ice sheet
model SICOPOLIS (Greve 1997; Greve et al. 2011; sico-
polis.greveweb.net) and additional runs using a profile
model of the Greenland Ice Sheet (Parizek and Alley 2004;
Parizek et al. 2005).

SICOPOLIS is a shallow-ice approximation model,
meaning that it achieves computational speed by neglecting
selected stress components within the ice body (Kirchner
et al. 2011). Speed of execution is key for estimating the
time scale of Greenland Ice Sheet response while account-
ing for parametric uncertainty; the SICOPOLIS runs
described here include a total of ~45 million model years
(including spinup), well beyond what is practical with
many higher-order ice sheet models.

The profile model describes the ice sheet’s behavior
along a transect across Greenland at ~72°N. Crucially, this
model can be run with either a shallow-ice or a higher-
order dynamical core, which accounts for more stress com-
ponents than the shallow-ice core. The model is the same in
both cases, except for the numerical solution method and
some small differences in the surface mass balance scheme
(see below). The shallow-ice dynamical core solves the dif-
fusion formulation of continuity using the Galerkin method
of weighted residuals (Parizek and Alley 2004), whereas
the higher-order dynamical core solves the flux form of
the continuity equation using the Petrov—Galerkin method
of weighted residuals (Parizek et al. 2010) and solves the
momentum balance on an adaptive mesh.

The two models use similar methods for calculating the
ice sheet’s surface mass balance. Precipitation increases
exponentially with surface air temperature anomaly in both
models. In SICOPOLIS, this increase in precipitation with
temperature is ~7 %/K (Greve et al. 2011); in the profile
model, it is somewhat smaller (~5 %/K; Parizek and Alley
2004). In SICOPOLIS, precipitation falls as liquid rain
or solid snow depending on the monthly temperature. In
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contrast, the profile model assigns precipitation a “fate”
depending on the presence or absence of snow and super-
imposed ice on the ice sheet surface and whether the sur-
face is melting when the precipitation falls. Both models
use the positive degree-day method for estimating abla-
tion (e.g. Braithwaite 1995), with different melt factors for
snow and exposed ice. The profile model specifically tracks
the development of superimposed ice within the snowpack,
and this superimposed ice must melt before ice sheet ice
becomes available for melting. SICOPOLIS adds snowmelt
and rainwater that freezes within the snowpack directly
to the ice column in each grid cell. In both models, liquid
water (either precipitation or meltwater) that cannot be
accommodated in the snowpack is lost from the ice sheet.
The profile model neglects the advection of snow when
the higher-order dynamical core is in use; this process is
included when the shallow-ice dynamical core is being
used. These surface mass balance treatments are similar to,
or more sophisticated than, those of many competing mod-
els (see Bindschadler et al. 2013, their Table 1).

The SICOPOLIS runs build on a recently-published,
perturbed-parameter ensemble (Applegate et al. 2012).
The existing ensemble (Applegate et al. 2012) includes
100 members, spun up from 125,000 years ago to the pre-
sent. The spinup includes forcings from ice core-derived
paleotemperatures and sea levels estimated from oxygen
isotopes in ocean sediment cores, following the recommen-
dations of the SeaRISE project (Bindschadler et al. 2013).
Because the forcings applied to the simulations are time-
dependent, the simulated modern ice sheets are not nec-
essarily in equilibrium with late Holocene climates (e.g.
Vinther et al. 2009). Twenty-seven ensemble members
produced a simulated modern ice volume within 10 % of
the estimated value (Bamber et al. 2001, 2013). We applied
instantaneous, Greenland-specific, temperature increases
ATgrl =0,1,2, 3,45, 6,9, and 12 K, relative to 1976—
2005, to these “best” model runs. All model runs were
equilibrated over >60,000 years.

The profile model was run for Greenland temperature
changes ATgrl =0, 3, 4.5, 6, and 12 K, using both dynami-
cal cores. The runs using the shallow-ice dynamical core
were equilibrated over 10,000 years, whereas the simula-
tions using the more-expensive higher-order dynamical
core were run over 450-2,000 years.

As pointed out above, earlier studies (e.g. Huybre-
chts and de Wolde 1999; Parizek and Alley 2004; Born
and Nisancioglu 2012) have identified both mass balance-
related and dynamically-driven feedbacks in the ice sheet
system, and these feedbacks may interact with one another
in complex ways (e.g. Edwards et al. 2014 and references
therein). To assess this possibility, we performed another set
of runs with the profile model. In this set of experiments, ice
flow and basal sliding were turned off, and ice thicknesses
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were allowed to change only through snowfall and melting
(Huybrechts and de Wolde 1999). These runs were inte-
grated over only 500 years, after which several of the mod-
eled ice sheets began to grow upward indefinitely because
snow continued to fall on the accumulation zone, whereas
the ablation zone’s width was substantially reduced.

2.3 Plausible future Greenland temperature changes

Both SICOPOLIS and the profile ice sheet model accept
Greenland-specific temperature changes as input. However,
it is unclear a priori how much temperatures might change
over Greenland in the future, or what the relationship
between Greenland temperature change and global mean
temperature change is. To help answer these questions, we
examined temperature changes in all climate model runs
stored in the CMIP5 archive (http://cmip-pcmdi.llnl.gov/
cmip5/) that follow the RCP8.5 radiative forcing trajectory
(Meinshausen et al. 2011; Riahi et al. 2011). Eighy-eight
such runs in the CMIP5 archive extend to the end of the
century; 14 of these runs continue to 2300. We calculated
Greenland-specific temperature anomalies by (1) interpo-
lating all the climate model temperature fields to a consist-
ent grid with nodes every 1°, (2) averaging over all grid
cells that cover Greenland (both ice-covered and land), and
(3) taking the differences between 30-year averages of tem-
perature change over the grid representation of Greenland.
The baseline period was chosen to be 1970-1999. Differ-
ences were calculated between this period and 2070-2099,
as well as between the baseline period and 2270-2299. We
also diagnosed the ratio of Greenland temperature change
to global mean temperature change for both of these
epochs.

3 Results

In our runs with the three-dimensional ice sheet model
SICOPOLIS (Fig. 1b), the e-folding time of GIS response
declines exponentially with increasing temperature forcing
(Fig. 2a). For small temperature anomalies, this e-folding
time is long (many thousands of years). However, large
temperature anomalies (AT, > 12 K) give short e-fold-
ing times of ~100 years. As expected, small temperature
changes yield small ice sheet volume reductions (subject to
large parametric uncertainties), whereas larger ones eventu-
ally remove the ice sheet (Robinson et al. 2012; Gregory
and Huybrechts 2006; Fig. 2b).

The time scales inferred from the profile model runs
(Fig. 3a) are similar to those from SICOPOLIS for
ATgrl > 3 K (Fig. 3b). Moreover, the V(r) curves gener-
ated using the profile model’s higher-order dynamical core
agree closely with those from the shallow-ice dynamical
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Fig.2 a e-folding times of ice sheet response and b, equilibrium
ice volume changes for different imposed temperature anomalies,
as diagnosed from our modeled ice volume curves (Fig. 1b, ESM
Fig. 1). The e-folding time of response is long (10°~10* years) for
small temperature increases, but becomes short (~100 years) for large
forcings. Dots, median of the 27 model runs associated with each
temperature change (Fig. 1b, ESM Fig. 1); vertical lines, 95 % ranges
of model runs associated with each temperature change; multicolored
curves, decaying exponentials fitted to the median values. The GCM-
estimated AT, ranges, and the global mean temperature change axis,
are based on climate model runs from the CMIP5 archive (http://
cmip-pemdi.llnl.gov/cmip5/); see Fig. 4 for details. Estimated modern
ice volume (~7.3 m sle) and minimum time for GIS loss (300 years)
from Bamber et al. (2001, 2013) and Lenton et al. (2008), respec-
tively. m sle, meters of sea level equivalent

core (Fig. 3a). The curves from the mass balance-only runs
match those from the shallow-ice and higher-order dynami-
cal cores reasonably well for large temperature forcings,
but less well at lower AT, values (Fig. 3a).

In CMIP5 climate model runs that follow the RCP8.5
radiative forcing trajectory, near-surface air temperatures
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Fig.3 a Modeled ice volume responses to selected Greenland tem-
perature anomalies using a profile model (Parizek and Alley 2004;
Parizek et al. 2005, 2010), and b a comparison of the e-folding times
estimated using this model and the three-dimensional ice sheet model
SICOPOLIS (Greve 1997; Greve et al. 2011; sicopolis.greveweb.
net). In a, thick, solid lines indicate model results using the profile
model’s higher-order dynamical core; thin, solid lines indicate model
results using the profile model’s computationally-cheaper shallow-
ice approximation dynamical core; and thin, dashed lines indicate
model results in which ice volume changes only in response to sur-
face mass balance (that is, ice flow is “turned off”). Small crosses
indicate the ends of the higher-order model runs. The ice volume
curves from the shallow-ice and higher-order dynamical cores lie on

over Greenland increase 3.3—8.2 K by the late 21st century,
whereas this range grows to 4.9-21.4 K by the late 23rd
century (Fig. 4). For the late 21st century, the average ratio
of Greenland temperature change to global mean tempera-
ture change among the different model runs is 1.52, with
a range of 1.06-2.02 (Fig. 4; cf. Gregory and Huybrechts
2006; Frieler et al. 2012; Fyke et al. 2014). This ratio is
somewhat lower in the late 23rd century (mean 1.41, with
a range of 0.96-2.01). However, the subset of model runs
that make up this average also produces a slightly-smaller
mean Greenland amplification factor than the full ensem-
ble in the late 21st century (mean 1.49, with a range of
1.19-2.02).

4 Discussion
Our results show that the time scale of Greenland Ice Sheet
contribution to sea level rise changes over two orders of

magnitude (Fig. 2a) for temperature increases that might be
achieved over the next few centuries (Fig. 4). This result
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top of one another, suggesting that the lack of higher-order physics
in SICOPOLIS does not affect our overall conclusions. Open cir-
cles indicate the point on each curve corresponding to the e-folding
time t (Fig. 1), diagnosed as the time when each individual curve
reaches V, — AV(1 — e (Eq. 2). The agreement between the sur-
face mass balance-only model runs and runs that incorporate dynam-
ics improves with increased temperature forcing. In b, the e-folding
times deduced from the two models generally lie close to the 1:1
line, suggesting that our diagnosed e-folding times are not sensitive
to the particular model used to derive them. The one exception is for
AT,y = 0 K, where the behavior of the two models is qualitatively
different. Compare to Fig. 1

appears to persist despite uncertainties in model parameter
choice (Figs. 1b, 2a) and differences in ice sheet model
structure (Fig. 3b).

In particular, the good agreement between the shallow-
ice and higher-order ice volume curves from the profile
model (Fig. 3a) suggests that an appropriately-tuned, three-
dimensional, higher-order ice sheet model would yield
time scales similar to those we obtain using SICOPOLIS
(Fig. 2a). The close agreement between the results from
the shallow-ice and higher-order dynamical cores in the
profile model (Fig. 3a) is due to the inclusion of processes
that dominate Greenland Ice Sheet evolution along the
modeled transect, namely surface mass balance and basal
sliding (e.g., the inclusion or exclusion of a migrating zone
of sliding activation with surface warming; Parizek and
Alley 2004). These findings suggest that the simulation of
key processes can be just as important as the inclusion of
higher-order stress terms in ice sheet models (e.g. Parizek
et al. 2010, 2013; Christianson et al. 2013), and that simpli-
fied models are crucial for answering targeted (often pro-
cess-oriented) questions.
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Fig. 4 Global mean (blue) and Greenland-specific (green) tempera-
ture anomaly trajectories derived from climate model runs following
the RCP8.5 emissions scenario from the CMIP5 archive (http://cmip-
pcemdi.llnl.gov/cmip5/). Eighty-eight runs extend to 2100; 14 of these
runs continue to 2300. Dark blue and green lines indicate the mean of
the model runs. Note that the 14 runs that extend to 2300 give a gen-
erally lower average than the full ensemble over the period of overlap
(1950-2100). The amplification factors are calculated for the epochs
2070-2099 and 2270-2099; the numbers outside the brackets indicate
the values for the ensemble-average curves, whereas the numbers in
the brackets indicate the smallest and largest values from the ensem-
ble for each epoch. The results from this analysis were used to gener-
ate the global mean temperature axis and the black bars in Fig. 2 of
the main text

Our ice sheet model experiments represent crudely,
or neglect, many processes that are important on the real
ice sheet. In particular, both of the models we apply here
use the positive degree-day method for calculating surface
melt. Previous studies have shown that the positive degree-
day method has shortcomings relative to more-sophisti-
cated melt calculation schemes (e.g. Braithwaite 1995; van
de Wal 1996; Bougamont et al. 2007; Robinson et al. 2010;
van de Berg et al. 2011). We have not explored the effects
of albedo feedbacks (Robinson et al. 2012), or changes in
the distribution of temperature or precipitation over the
year, on our model output. However, the ranges of the posi-
tive degree-day factors that we investigated in the SICO-
POLIS ensemble are quite large (Applegate et al. 2012),
suggesting that we have adequately explored possible vari-
ations in melt over the Greenland Ice Sheet’s surface. Other
processes that we parameterize or neglect include surface
meltwater-driven lubrication of the ice-bed interface (this
process is implicitly included in the profile model simula-
tions; Zwally et al. 2002; Parizek and Alley 2004; Bar-
tholomew et al. 2010; Shannon et al. 2013) and the pen-
etration of warm ocean waters into fjords, accelerating the

drawdown of ice through outlet glaciers (Joughin et al.
2008; Straneo et al. 2010). Including these processes in our
simulations would likely shorten our estimated e-folding
times, rather than lengthen them (e.g. Parizek and Alley
2004).

4.1 Differences between SICOPOLIS and the profile
model

Although the results from SICOPOLIS and the profile
model are generally similar to one another, there are two
important differences. SICOPOLIS suggests that the ice
sheet will largely disappear for AT, > 3 K (Fig. 2b; see
also Gregory and Huybrechts 2006; Robinson et al. 2012),
whereas the profile model shows a more moderate decline
in equilibrium ice volumes with temperature increase
(Fig. 3a). Also, our SICOPOLIS runs suggest that the ice
sheet’s volume will slowly decline by ~2 m for no addi-
tional temperature forcing (AT, = 0 K), whereas the pro-
file model gives a near-zero ice sheet volume change under
similar conditions. Thus, SICOPOLIS generally estimates
larger mass losses than the profile model.

These discrepancies in model behavior may result from
differences in the two models’ domains. SICOPOLIS cov-
ers the whole of Greenland, whereas the profile model
treats a single west-east transect across Greenland at 72°N
(Parizek and Alley 2004). In our SICOPOLIS ensemble,
the ice sheet preferentially loses mass in the north, con-
sistent with other studies (Born and Nisancioglu 2012;
Nowicki et al. 2013). Given that the primary center of mass
loss lies outside the profile model’s domain, we expect the
profile model to predict smaller ice losses than a three-
dimensional model like SICOPOLIS. Our simulations are
consistent with this expectation.

If the unforced volume decline from SICOPOLIS is cor-
rect, it may reflect continuing adjustment of the ice sheet
to the Holocene warm period (Vinther et al. 2009) or post-
Little Ice Age warming (Fyke et al. 2011). Extrapolation of
the best-fit exponential curve in Fig. 2b to its intersection
with the AT, axis yields AT, (AV = 0) ~ —0.5 K, rela-
tive to the 1976-2005 Greenland average temperature. This
result includes large and unquantified uncertainties, but is
broadly consistent with other studies; Greenland tempera-
ture anomalies during the period 1970-1995 were about
0.5 K cooler than the 19762005 average (Vinther et al.
2006), and the ice sheet was likely in balance during this
time (e.g., Rignot et al. 2008; Alley et al. 2010).

4.2 Diagnosing the reasons for time scale shortening
with the profile model

The profile model allows us to identify the feedbacks that
cause the observed time scale shortening. Inspection of the
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output fields from the profile model (not shown) indicates
that small to moderate increases in surface temperatures
result in a progressive and accelerating surface lowering
near the ice sheet margins (Born and Nisancioglu 2012),
which steepens ice surface slopes near the margin of the
ice sheet. This steepening increases the driving stress,
which speeds ice flow into the ablation zone and generates
a wave of thinning that propagates toward the central parts
of the ice sheet (Huybrechts and de Wolde 1999; Parizek
and Alley 2004). Sufficiently high AT, values cause the
ice sheet’s surface mass balance to quickly become nega-
tive (Gregory and Huybrechts 2006; Robinson et al. 2012).
Consistent with the conclusions of these earlier studies, the
agreement between the ice volume curves from the mass
balance-only runs and the dynamic runs becomes progres-
sively better as AT, increases (Fig. 3b; see also Huy-
brechts and de Wolde 1999). This result suggests that ice
dynamics are an important determinant of the time scale
of GIS response for small temperature anomalies, but the
ice sheet’s response is dominated by surface mass balance
changes at high AT, values.

4.3 Incorporating our results into semi-empirical modeling
studies

Our results (Fig. 2) might be incorporated in semi-empirical
modeling studies in the following preliminary way. First,
total sea level rise would be broken into two components,
one reflecting the GIS and another describing all other
contributions. The GIS term would have variable T©(AT,)
and AV(AT,,), described by our best-fit decaying expo-
nential functions (Fig. 2). In other words, the GIS compo-
nent would have a new e-folding time and equilibrium ice
volume change each year, based on the forcing time series
AT(z). Next, the non-GIS term would be probabilistically
matched to the sea level data, less the estimated past con-
tributions from the GIS. Finally, the two-term model would
be run into the future with an appropriate temperature forc-
ing trajectory. This preliminary approach neglects uncer-
tainties in the derived t(AT,) and AV(AT,,) curves and
the scaling between global mean temperature increases and
Greenland temperature increases (Fig. 4); however, these
problems might be addressed by treating the parameters
of the fit and the temperature scaling factor as uncertain
parameters.

4.4 Tmplications for other studies

The variability in climate model-estimated Greenland tem-
perature trajectories (Fig. 4) introduces additional uncer-
tainty into studies that estimate future sea level contribu-
tions from the Greenland Ice Sheet using complex ice sheet
models. Both paleo-data and theoretical studies suggest

@ Springer

This study

©) ©
Anthropogenic| @ AT Sea level

climate forcing o rise
|-,
Captured by semi- AV

empirical methods

Fig.5 Systems diagram (Kump et al. 2010) showing two ways in
which anthropogenic climate forcing and concomitant Greenland
temperature increase AT, drive sea level rise (cf. Fig. 2). Our study
captures both the shortening of the GIS response time scale t and the
increase in equilibrium sea level contribution AV with temperature
increase; semi-empirical modeling studies (e.g. Grinsted et al. 2010;
Jevrejeva et al. 2012) neglect the shortening of the GIS response time
scale T identified by this work

that the GIS changes size in response to temperature (see
review in Alley et al. 2010). For a single emissions trajec-
tory, IPCC-class climate models project Greenland tem-
perature changes by 2100 that range from 3.3 to 8.2 K
(Fig. 4). Although GIS mass loss is likely regardless of the
particular temperature trajectory, the rate and magnitude of
sea level contributions will differ, depending on how the
climate system reacts to a given change in radiative forc-
ing. Thus, ice sheet modeling studies that provide probabil-
istic estimates of future sea level contributions will likely
need to sample a range of temperature trajectories for each
emissions scenario, as well as a range of possible emissions
scenarios.

It might be argued that the plausible range of tempera-
ture changes is smaller than the one we report, because
some models in the CMIP5 ensemble show less skill over
Greenland than others (Belleflamme et al. 2013; Fettweis
et al. 2013) and thus yield temperature changes that are too
high or low. However, the CMIP5 ensemble provides only
a limited sampling of uncertainties associated with model
parameter values and initial conditions, which can be sub-
stantial (e.g. Stainforth et al. 2005; Deser et al. 2012; Olson
et al. 2013). Thus, the range of plausible Greenland tem-
perature changes that we derive from the CMIP5 ensemble
might be too narrow, rather than too wide. Climate model
calibration (e.g., Bhat et al. 2012) could help to reduce the
range of plausible future temperature increases; such a cali-
bration is beyond the scope of the present study.

Semi-empirical modeling studies of sea level rise neglect
the time scale shortening that we observe, and this neglect
may lead such studies to underpredict future sea level rise
(Fig. 5). As noted in the Introduction, such models assume
that the time scale of sea level rise is constant and long, and
they are tuned to data covering the last 2,000 years at most.
Over this period, Northern Hemisphere temperature anom-
alies have not gone above 0.5 K, relative to 1961-1990, for
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any extended period of time (e.g. Moberg et al. 2005, their
Fig. 2b). These small temperature anomalies imply that the
GIS’ response time scale has been long, and its equilibrium
sea level contribution has been low, over the calibration
period of semi-empirical models (t ~ 10* years, AV < 3 m
sle; Fig. 2b). In contrast, a Greenland temperature rise of
6 K over the 21st century appears plausible given climate
model projections (Fig. 4). Such a temperature rise might
result in an order-of-magnitude shortening of ice sheet
response time in the near term, and loss of the ice sheet
over the long term (t ~ 10° years, AV ~ 7.3 m sle; Fig. 2b).

4.5 Policy implications

We speculate that near-term reductions in greenhouse gas
emissions could pay large dividends in terms of avoided
sea level rise. Our results suggest that the relationships
between temperature change, GIS response time scale,
and GIS equilibrium sea level contribution are approxi-
mately exponential (Fig. 2). Thus, the benefit, in terms of
avoided sea level rise contributions from the GIS, of a unit
of avoided emissions is greatest if emissions reductions are
begun before much temperature change has already hap-
pened. Alternatively, one could say that mitigation becomes
less effective in preventing or delaying sea level rise contri-
butions from the Greenland Ice Sheet as temperature rises.
Near-term reductions in greenhouse gas emissions may
also buy time to design and implement improved strategies
for adapting to sea level change.
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