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Global	
  sea	
  levels	
  are	
  expected	
  to	
  increase	
  on	
  the	
  order	
  of	
  several	
  meters	
  in	
  the	
  medium	
  
to	
   long	
   term	
   under	
   global	
  warming,	
   which	
  will	
   have	
   large	
   impacts	
   on	
   the	
  millions	
   of	
  
people	
  who	
  live	
  in	
  coastal	
  areas.	
  The	
  largest	
  contribution	
  to	
  sea	
  level	
  rise	
  will	
  come	
  from	
  
the	
   continental	
   ice	
   sheets,	
   Greenland	
   and	
   Antarctica.	
   Refining	
   the	
   currently	
   highly	
  
uncertain	
   estimates	
   of	
   the	
  magnitude	
   and	
   timing	
   of	
   ice	
   sheet	
  mass	
   loss	
   is	
   critical	
   for	
  
adaptation	
   strategies	
   and	
   minimization	
   of	
   losses.	
   This	
   project	
   aimed	
   to	
   improve	
   our	
  
understanding	
  of	
   the	
  sensitivity	
  of	
   the	
   ice	
  sheets	
   to	
  climate	
  change	
   from	
  an	
   integrated	
  
Earth	
  systems	
  perspective	
  and	
  to	
  reduce	
  uncertainty	
  in	
  sea	
  level	
  rise	
  projections.	
  
	
  
Outcome	
  of	
  the	
  project	
  
	
  
A	
   flexible,	
   user-­‐oriented	
   modeling	
   framework	
   has	
   been	
   developed	
   and	
   tested,	
  
including	
  a	
  set	
  of	
  key	
  generic	
  tools	
  that	
  facilitate	
  the	
  user	
  in	
  coupled	
  geophysical	
  
model	
   simulations.	
   To	
   this	
   end,	
   several	
   stand-­‐alone	
   FORTRAN	
   and	
   Python	
  
libraries	
   have	
   been	
   developed,	
   validated	
   and	
   documented.	
   A	
   very	
   flexible	
  
modeling	
  framework	
  has	
  been	
  built	
  around	
  the	
  above	
  utilities	
  that	
  is	
  easy	
  to	
  use	
  
and	
   allows	
   the	
   coupling	
   of	
   any	
   model	
   components	
   in	
   a	
   straightforward	
   and	
  
encapsulated	
  way.	
  	
  

	
  
Significant	
   improvements	
   to	
   the	
   regional	
  
climate	
  model	
  REMBO	
  were	
  implemented	
  in	
  
Work	
   Package	
   1.	
   This	
   model	
   is	
   used	
   for	
  
calculating	
   the	
   change	
   in	
   the	
   surface	
   mass	
  
balance	
   of	
   the	
   Greenland	
   ice	
   sheet	
   under	
  
climate	
   change.	
   A	
   new	
   precipitation	
   scheme	
  
was	
  introduced	
  that	
  improves	
  both	
  the	
  spatial	
  
distribution	
   of	
   simulated	
   precipitation	
  
compared	
   with	
   observations,	
   as	
   well	
   as	
   the	
  
seasonality.	
   Furthermore,	
   the	
   previous	
  
empirical	
  equation	
  for	
  melt	
  has	
  been	
  replaced	
  
by	
   a	
   new	
   full	
   energy	
   balance	
   scheme.	
   This	
  
step	
  represents	
  a	
  refinement	
  of	
  the	
  resolution	
  
and	
  ability	
  of	
   the	
  model	
   to	
   reproduce	
   results	
  

from	
   more	
   computationally	
   intensive	
   regional	
   climate	
   models	
   (RCMs),	
   with	
   a	
  
minimal	
  change	
  in	
  computational	
  cost.	
  	
  

	
  
Work	
   package	
   2	
   consisted	
   of	
  
investigation	
   of	
   the	
   past	
  
evolution	
   of	
   the	
   Greenland	
   ice	
  
sheet	
   including	
   Marine	
  
Interglacial	
   Stage	
   (MIS)	
   11	
   and	
  
MIS-­‐5,	
   the	
   two	
   most	
   recent	
  
periods	
   when	
   the	
   ice	
   sheet	
   was	
  
expected	
   to	
   be	
   smaller	
   and	
   the	
  
climate	
   warmer	
   than	
   today,	
   as	
  
well	
   as	
   the	
   initial	
   glaciation	
   of	
  
Greenland	
   about	
   3	
   Ma	
   before	
  

Figure	
  1:	
  Modeled	
  and	
  observed	
  
precipitation	
  (mm/d)	
  over	
  Greenland.	
  

Figure	
  2:	
  Estimates	
  of	
  regional	
  warming	
  and	
  peak	
  sea-­‐level	
  
contribution	
  from	
  the	
  Greenland	
  ice	
  sheet	
  during	
  MIS-­‐11	
  and	
  
MIS-­‐5.	
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today.	
  Results	
  show	
  that	
  while	
  MIS-­‐11	
  may	
  not	
  have	
  been	
  
warmer	
  than	
  MIS-­‐5,	
  it	
  was	
  long	
  enough	
  to	
  destabilize	
  and	
  
melt	
   most	
   of	
   the	
   ice	
   sheet.	
   It	
   was	
   also	
   shown	
   that	
  
Greenland	
   only	
   originally	
   glaciated	
   originally	
   after	
   CO2	
  
dropped	
   below	
   a	
   certain	
   threshold.	
   These	
   findings	
   have	
  
important	
   implications	
   for	
   future	
   climate	
   change	
   –	
   it	
   is	
  
critical	
   to	
   keep	
   global	
  warming	
   to	
   as	
   low	
   as	
   possible	
   in	
  
order	
  to	
  slow	
  and/or	
  halt	
  the	
  decline	
  of	
  the	
  Greenland	
  ice	
  
sheet.	
  	
  
	
  
In	
   work	
   package	
   3,	
   the	
   future	
   evolution	
   of	
   the	
  
Greenland	
   ice	
   sheet	
   and	
   its	
   sensitivity	
   to	
   climate	
  
change	
   were	
   studied.	
   It	
   was	
   shown	
   that	
   the	
   long-­‐term	
  
consequences	
   of	
   melting	
   will	
   increase	
   non-­‐linearly	
   with	
  
temperature.	
  The	
  melting	
  of	
   the	
  Greenland	
  ice	
  sheet	
  will	
  
self-­‐amplify	
  owing	
  to	
  positive	
  feedbacks,	
  particularly	
  that	
  
between	
   surface	
   elevation	
   and	
   temperature.	
   The	
  
threshold	
   leading	
   to	
   complete	
   melting	
   of	
   the	
   Greenland	
  
ice	
   sheet	
   can	
   be	
   expressed	
   in	
   terms	
   of	
   cumulative	
   CO2	
  
emissions,	
  and	
  with	
   the	
  newly	
  calibrated	
  model,	
  we	
   find	
  
that	
   the	
   threshold	
   for	
   melting	
   is	
   lower	
   than	
   previously	
  
believed.	
  In	
  addition,	
  it	
  was	
  shown	
  that	
  current	
  melting	
  of	
  
the	
   Greenland	
   ice	
   sheet	
   may	
   play	
   role	
   in	
   the	
   observed	
  
slowdown	
  of	
  the	
  Atlantic	
  Meridional	
  Circulation	
  (AMOC).	
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mass loss or current acceleration of rates of mass loss (18),
estimates based on either constant or constantly declining ac-
cumulation area ratios in the future (19), and estimates based on
explicit modeling of future glacier mass balances (20, 21).
Although these approaches differ to a certain extent in the
outcome for the 21st century, the total sea-level contribution
from glaciers is limited by their total ice volume, which is small
compared with that of the ice sheets on Greenland and Ant-
arctica. Glaciers thus have a minor role on multimillennial time
scales compared with the large contribution from oceanic ex-
pansion and the ice sheets. To our knowledge, there are no
published global estimates of glacier contribution to sea-level
change on time scales longer than a few centuries, or of the
equilibrium response of glaciers to climate change.

The total possible contribution of glaciers (i.e., all of the land
ice excluding the ice sheets) is limited to ∼0.6 m (22). We use
two models (20, 21) to compute the long-term contribution for
different levels of global mean temperature. Both models couple
surface mass balance with simplified ice-dynamics models and
are forced by temperature and precipitation scenarios for each
glacier in the world. Radi!c and Hock’s model (20) is forced by
modified monthly temperature and precipitation series for
2001–2300 from four general circulation models (GCMs) of the
coupled model intercomparison project CMIP-3 (U.K.MO-
HadCM3, ECHAM5/MPI-OM, GFDL-CM2.0, and CSIRO-
Mk3.0), using the A1B emission scenario, whereas the model by
Marzeion et al. (21) is forced by temperature and precipitation
anomalies from 15 GCMs of CMIP-5, using the representative
concentration pathway (RCP)-8.5.
To obtain an estimate of the sea-level contribution on long

time scales, temperature and precipitation patterns were kept
constant at different levels of global warming. The uncertainty
range is obtained as the model spread across the 19 different
climate forcing and glacier model combinations. The resulting
sensitivity of sea-level commitment decreases for increasing
temperatures from 0.21 m °C−1 at preindustrial temperature
levels to 0.04 m °C−1 at 4 °C of warming (Fig. 1B). The decline in
sensitivity with higher temperatures is to a large extent explained
by loss of low-lying glacier surface area and to a lesser extent by
increasing precipitation adding mass to high-elevation glaciers.
Although glaciers and thermal expansion have contributed ap-
proximately equally to the sea-level increase of the last 40 y (7),
the sea-level commitment from glaciers is relatively small com-
pared with thermal expansion.

The Greenland Ice Sheet. Although it remains a challenge to sim-
ulate rapid ice discharge from the Greenland Ice Sheet in re-
sponse to oceanic forcing (23), these fast ice fluxes are not
crucial for a multimillennial estimate as attempted here. On
a time scale of tens of thousands of years, the Greenland Ice
Sheet shows threshold behavior with respect to the surrounding
atmospheric temperature (24–27). Because summer temper-
atures around the ice sheet’s margins are warm enough to
produce melt over a large area of the ice sheet, perturbations in
the climate strongly affect the surface mass balance of the ice
sheet. Although the associated changes are most likely not
abrupt in a temporal sense, they self-amplify owing to positive
feedbacks, particularly that between surface elevation and tem-
perature (28).
For the multimillennial contribution of the Greenland Ice

Sheet, we apply the recent results from an ensemble of simu-
lations from a regional energy–moisture balance climate model
coupled to an ice-sheet model that accounts for the positive
feedback between temperature and surface elevation (25).
The model’s parameters were constrained by comparison
with surface mass balance estimates and topographical data for
the present day and with estimated summit-elevation changes
from ice-core records for the Last Interglacial period (LIG)
(29), to ensure that the coupled model ensemble has a realistic
sensitivity to climatic changes. In the transient response to
global warming, simulated ice-sheet melting is comparable in
timing and distribution to that of a GCM coupled to an ice
sheet (24, 30).
The contribution to sea-level commitment from the Green-

land Ice Sheet is relatively weak (on average 0.18 m °C−1 up to
1 °C and 0.34 m °C−1 between 2 and 4 °C) apart from the abrupt
threshold of ice loss between 0.8 and 2.2 °C above preindustrial
(90% credible interval) (Fig. 1C). This corresponds to a transi-
tion from a fully ice-covered Greenland to an essentially ice-free
state (i.e., a reduction in ice volume of approximately 10% of the
present-day volume, corresponding to a sea-level contribution of
more than 6 m). Compared with previous studies (24, 30) the

1

2 0.42 m/K

0.2

0.4

2
4
6

1

3

5

1.2 m/°C

1 2 3 4
0
5

10
15
20

1.8 m/°C

2.3 m/°C

Temperature (°C)

Se
a 

le
ve

l (
m

)

PI

LIG

M11

Plio

A

B

C

D

E

Fig. 1. Sea-level commitment per degree of warming as obtained from
physical model simulations of (A) ocean warming, (B) mountain glaciers and
ice caps, and (C) the Greenland and (D) the Antarctic Ice Sheets. (E) The
corresponding total sea-level commitment, which is consistent with paleo-
estimates from past warm periods (PI, preindustrial, Plio, mid-Pliocene; see
text for discussion). Temperatures are relative to preindustrial. Dashed
lines and large dots provide linear approximations: (A) sea-level rise for
a spatially homogeneous increase in ocean temperature; (A, D, E ) constant
slopes of 0.42, 1.2, and 1.8 and 2.3 m/°C. Shading as well as boxes repre-
sent the uncertainty range as discussed in the text. (A–C ) Thin lines pro-
vide the individual simulation results from different models (A and B)
or different parameter combinations (C ). The small black dots in D rep-
resent 1,000-y averages of the 5-million-year simulation of Antarctica
following ref. 36.
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Figure	
  3:	
  Sea-­‐level	
  commitment	
  
for	
  different	
  levels	
  of	
  global	
  
warming	
  due	
  to	
  (a)	
  thermal	
  
expansion,	
  (b)	
  glaciers,	
  (c)	
  
Greenland	
  and	
  (d)	
  Antarctica,	
  as	
  
well	
  as	
  (e)	
  the	
  total	
  commitment	
  
(Levermann	
  et	
  al.,	
  2013).	
  


