Annals of Glaciology 52(58) 2011 23

Initial results of the SeaRISE numerical experiments with the
models SICOPOLIS and IclES for the Greenland ice sheet

Ralf GREVE," Fuyuki SAITO,? Ayako ABE-OUCHI3

Vinstitute of Low Temperature Science, Hokkaido University, Sapporo 060-0819, Japan
E-mail: greve@lowtem.hokudai.ac.jp
2Japan Agency for Marine—Earth Science and Technology, 3173-25 Showamachi, Kanazawa-ku, Yokohama 236-0001, Japan
3 Atmosphere and Ocean Research Institute, University of Tokyo, 5-1-5 Kashiwanoha, Kashiwa, Chiba 277-8568, Japan

ABSTRACT. SeaRISE (Sea-level Response to Ice Sheet Evolution) is a US-led multi-model community
effort to predict the likely range of the contribution of the Greenland and Antarctic ice sheets to sea-
level rise over the next few hundred years under global warming conditions. The Japanese ice-sheet
modelling community is contributing to SeaRISE with two large-scale, dynamic/thermodynamic models:
SICOPOLIS and IclES. Here we discuss results for the Greenland ice sheet, obtained using both models
under the forcings (surface temperature and precipitation scenarios) defined by the SeaRISE effort. A
crucial point for meaningful simulations into the future is to obtain initial conditions that are close to
the observed state of the present-day ice sheet. This is achieved by proper tuning during model spin-up
from the last glacial/interglacial cycle to today. Experiments over 500 years indicate that both models
are more sensitive (exhibit a larger rate of ice-sheet mass loss) to future climate warming (based on the
A1B emission scenario) than to a doubling in the basal sliding speed. Ice-sheet mass loss varies between
the two models by a factor of ~2 for sliding experiments and a factor of ~3 for climate-warming
experiments, highlighting the importance of improved constraints on the parameterization of basal

sliding and surface mass balance in ice-sheet models.

1. INTRODUCTION

In chapter 10 (‘Global climate projections’) of the Fourth
Assessment Report (AR4) of the United Nations Intergovern-
mental Panel on Climate Change (IPCC), an increase of the
mean global sea level by 18-59 ¢cm during the 21st century
(more precisely: 2090-99 relative to 1980-99) is projected
for the six SRES (Special Report on Emissions Scenarios)
marker scenarios B1, B2, A1B, A1T, A2 and A1Fl (Meehl
and others, 2007). The main causes are thermal expansion
of ocean water and melting of glaciers and small ice caps,
and, to a lesser extent, changes of the surface mass balance
of the Greenland and Antarctic ice sheets. However, recent
observations suggest that ice flow dynamics could lead to
significant additional sea-level rise, as stated in the AR4:
‘Dynamical processes related to ice flow not included in
current models but suggested by recent observations could
increase the vulnerability of the ice sheets to warming,
increasing future sea level rise. Understanding of these
processes is limited and there is no consensus on their
magnitude’ (IPCC, 2007).

The conjectured dynamical processes are basal sliding
accelerated by input of surface meltwater to the ice/bed
interface and reduced flow buttressing due to a loss of
floating ice (ice shelves and ice tongues) (Lemke and others,
2007; Meehl and others, 2007). On the observational side,
results from satellite altimetry, satellite gravimetry and other
methods indicate a mass loss from the Greenland ice sheet
(the focus of this study) in the range 100-250 Gta~' (~0.3—-
0.7mmSLEa~!; SLE means sea-level equivalent) during
recent years (Lemke and others, 2007). Furthermore, major
outlet glaciers (Jacobshavn Isbre, Kangerdlugssuaq
Gletscher and Helheimgletscher) have sped up dramatically
since the 1990s (Rignot and Kanagaratnam, 2006; Howat
and others, 2007; Joughin and others, 2008).
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The scientific community has reacted to the need for
improved predictions of sea-level rise from ice-sheet
models. Coordinated research projects have been launched,
such as the European-led ice2sea programme funded by the
European Union Framework-7 scheme (http://www.
ice2sea.eu/) and the US-led, community-organized SeaRISE
effort (Sea-level Response to Ice Sheet Evolution; http:/
websrv.cs.umt.edu/isis/index.php/SeaRISE_Assessment,
http://oceans11.lanl.gov/trac/CISM/wiki/AssessmentGroup).
The Japanese ice-sheet modelling community is committed
to contribute to both ice2sea and SeaRISE as part of several
funded research projects. In this study, we present first
results obtained with the models SICOPOLIS and IclES for
the Greenland ice sheet within the framework of the
SeaRISE effort.

2. ICE-SHEET MODELS SICOPOLIS AND ICIES
2.1. SICOPOLIS

SICOPOLIS (SImulation COde for POLythermal Ice Sheets)
simulates the large-scale dynamics and thermodynamics (ice
extent, thickness, velocity, temperature, water content and
age) of ice sheets three-dimensionally and as a function of
time (Greve, 1997; for the latest version, 3.0, used here see
http://sicopolis.greveweb.net)). It is based on the shallow-ice
approximation (Hutter, 1983; Morland, 1984) and the
rheology of an incompressible, heat-conducting, power-
law fluid (Glen’s flow law). The thermomechanical coupling
is described by the temperature- and water-content-depend-
ent rate factor in the form of Greve and others (1998).
[sostatic depression and rebound of the lithosphere due to
changing ice load is modeled by the elastic-lithosphere—
relaxing-asthenosphere (ELRA) approach (see Greve and
Blatter, 2009, and references therein).
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A particular feature of the model thermodynamics is that
it distinguishes between cold ice with a temperature below
the pressure-melting point and temperate ice with a
temperature at the pressure-melting point, the latter being
considered as a binary mixture of ice and small amounts of
water. The interface that separates cold and temperate ice is
tracked through the use of Stefan-type energy-flux and mass-
flux matching conditions (this procedure is referred to as the
‘polythermal mode’).

Basal sliding, v, is described by a Weertman-type sliding
law with an allowance for sub-melt sliding (Greve, 2005),

/ Tp
w(Ty) = —CbeTb/”’N—%/ (1)

b
where p and q are sliding exponents, G, the sliding
coefficient, 7 the sub-melt-sliding parameter, 7, the basal
drag (shear stress), N, the basal normal stress (counted
positive for compression) and T/ the basal temperature
relative to pressure melting (in °C, always <0°C). In the
shallow-ice approximation, the basal normal stress, N, is

equal to the hydrostatic basal pressure, P,

Ny = P, = pgH, (2)

where p is the density of ice, g the gravitational acceleration
and H the ice thickness. The basal drag, 7, is equal to the
basal pressure times the surface slope,

7, = pgH|grad h|, (3)

where h is the surface elevation and grad the gradient
operator in the horizontal plane (Greve and Blatter, 2009).
The minus sign in Equation (1) indicates that the direction of
basal sliding is antiparallel to the basal drag. The parameters
have the values G, =11.2ma ' Pa~! (sliding coefficient),
p=3, qg=2 (sliding exponents) and v =1°C (sub-melt-
sliding parameter).

The model domain covers the entire land area of
Greenland and the surrounding oceans, projected on a
polar stereographic grid with standard parallel 71°N and
central meridian 39°W. Distortions due to this projection
are accounted for as metric coefficients in the model
equations. The present geometry (surface and basal topog-
raphies, ice thickness, equilibrated bedrock elevation) is
derived from the ‘Greenland Developmental Data Set’
(Greenland_5km_dev1.2.nc) provided on the SeaRISE web-
site, resampled to a horizontal resolution of 10km. In the
vertical direction, sigma coordinates are used; the cold ice
column, the temperate ice layer (if present) and the thermal
boundary layer of the lithosphere are mapped separately to
[0,1] intervals. The cold ice column is discretized by 81
gridpoints (concentrated towards the base), and the temper-
ate ice and lithosphere layers are discretized each by 11
equidistant gridpoints. A fixed time-step of 1 year is used for
all simulations in this study.

2.2. IclES

Similar to SICOPOLIS, the model IclES (Ice sheet model for
Integrated Earth system Studies; Saito and Abe-Ouchi,
2005, 2010) is a three-dimensional, large-scale, dynamic/
thermodynamic ice-sheet model with shallow-ice approx-
imation dynamics. The main differences compared to
SICOPOLIS are:

Cold ice mode is employed (i.e. the Stefan-type
conditions at the cold/temperate transition surface are
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ignored, computed temperatures above pressure melting
are reset to pressure melting with no computation of the
englacial water content).

[sostasy: Local-lithosphere—relaxing-asthenosphere
(LLRA) approach.

Basal sliding: Different parameters for the
Weertman-type sliding law (Equation (1)), namely
G, =1.61x10°ma"'Pa~?, p=3,g=1and y—0°C
(no sub-melt sliding; instead an abrupt switch between
warm-based sliding and cold-based no-slip) (Huybrechts
and de Wolde, 1999).

Present geometry derived from the ‘Greenland Standard
Data Set’ (Greenland_5km_v1.1.nc; this affects only the
immediate vicinity of Jacobshavn Isbree).

Discretization of the vertical direction by sigma co-
ordinates. Ice column: 26 gridpoints (concentrated
towards the base); thermal lithosphere: 17 equidistant
gridpoints.

Adaptive time-step, with a maximum value of
0.125 years.

The values of the main physical parameters used for the
simulations in this study, for both SICOPOLIS and IclES, are
listed in Table 1.

3. SeaRISE experiments
3.1. Paleoclimatic spin-up

In order to obtain suitable present-day configurations of the
ice sheet that can be used as initial conditions for future-
climate experiments, paleoclimatic spin-ups over a full
glacial cycle (from 125 ka BP until today) are carried out with
SICOPOLIS and IclES. The forcing follows that specified by
the SeaRISE experiments. The surface air temperature is
parameterized as a function of surface elevation, h, latitude,
¢, longitude, A, and time, t, following Fausto and others
(2009):

Tna ()\/ o, t) = dma + 'Ymah + Cma® + Kma + AT(t)/

4
ij()‘/ ¢, t) = dmj +’ijh+ij¢+l€mj)\+AT(t), )

where T, and Ty are the mean annual and mean July
(summer) surface temperatures, respectively, the tempera-
ture constants are dy, = 41.83°C and dy = 14.70°C, the
mean slope lapse rates are ym, = —6.309°Ckm~" and
Ymj = —5.426°C km~", the latitude coefficients are
Cma = —0.7189°C(°N)™" and ¢pnj = —0.1585°C(°N)~', and
the longitude coefficients are kma = 0.0672°C(°W)~! and
kmj = 0.0518°C (°W) .

The purely time-dependent anomaly term AT(t) de-
scribes the deviation from present-day conditions. It is based
on the oxygen isotope record (8'?0) from the Greenland
Icecore Project (GRIP) ice core (Dansgaard and others,
1993; Johnsen and others, 1997), which was converted to a
record of temperature variation from 125 ka BP to the present
by the formula

AT(H)[°C] = d(8"8O(t)[%o] + 34.83). (5)

The AT/3'®0 conversion factor, d=2.4°C% "', is the
standard value used by Huybrechts (2002). The result of
Equation (5) is shown in Figure 1a.
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For the present-day mean annual precipitation rate,
Pra, present(A, ¢), recent data by Ettema and others (2009)
are used. For any time, t, between 125 ka BP and today, the
data are modified according to

0.169
Pma(A @, t) = Pra, present (A, @) exp {T AT(t)} , (6)

which corresponds to a 7.3% change of precipitation rate for
every 1°C of temperature change (Huybrechts, 2002).

Conversion from the mean annual precipitation rate, Pna,
to the snowfall rate (solid precipitation), not specified by
SeaRISE, is done by SICOPOLIS on a monthly basis using the
empirical relation (Marsiat, 1994)

O/ Tmm 2 7OC/
Seam 7°C — Tom
=4 ——— -10°C< Ty <7°C 7
Pma 17OC ’ —= 'mm = ’ ( )
1, Tom < —10°C,

where Sy is the mean monthly snowfall rate and Ty the
mean monthly surface temperature, computed from Ty, and
Tmj assuming a sinusoidal annual cycle. Mean monthly
rainfall (liquid precipitation) is obtained as the difference
between precipitation and snowfall.

IcIES handles the conversion of precipitation to snowfall
rate on the basis of instantaneous rather than mean monthly
surface temperature. It is assumed that precipitation falls
entirely as rain if the surface temperature is above
Tain = 0°C, or entirely as snow otherwise. Similar to the
PDD method (see below), the instantaneous surface tem-
perature is described statistically as the mean monthly
temperature plus superimposed Gaussian noise, so that

Som 1 [ (T = Tom)?
e 27r/olrexp[2g2 ] (8)
T;

rain

(cf. Huybrechts and de Wolde, 1999), where the standard
deviation o = 4.5°C.

Surface melting is not specified by SeaRISE either, and the
standard implementations of SICOPOLIS and IcIES are used.
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For SICOPOLIS, it is parameterized by Reeh’s (1991) positive
degree-day (PDD) method, supplemented by the semi-
analytical solution for the PDD integral of Calov and Greve
(2005). Following Tarasov and Peltier (2002), the PDD
factors for ice melt, fice, and snowmelt, Binow, depend on the
mean July surface temperature, Ty,

i\,::/e’ ij > TW/
c 3w 3
W + ice ice T _ T . ,
Biee =1 "¢ (Ty - Tc)3( v Tm) (9)
Tc < Tm] < TW/
iccef mj <T
and
;%ow/ ij > Tw/
wW __ AC
C snow snow L
Binow = § Pnow T T (Tmj = Te), (10)
Tc < ij < Tw/
scnow/ ij < Te.

The limiting temperatures are T, =10°C (warm
conditions), T.=—-1°C (cold conditions), and the
limiting PDD factors are (',=8.3 mmi.e.d”'°C™",
c . =17.22mmi.e.d'°C"', Y. ., =43mmi.e.d'°C",
C ow =2.65mmi.e.d” °C™" (where i.e. means ice equiva-
lent). The standard deviation of short-term, statistical air-
temperature fluctuations is o =5.2°C, and the saturation
factor for the formation of superimposed ice is chosen as
Pmax = 0.6 (Reeh, 1991).

The method for ICIES is similar, except that constant
values for the PDD factors are used, namely Q=
8mmi.e.d”' °C", Bgow=3mmi.e.d”°C" (Huybrechts
and de Wolde, 1999), and the standard deviation of short-
term, statistical air-temperature fluctuations is set to the
slightly higher value o = 5.5°C, while the saturation factor
for the formation of superimposed ice is the same as for
SICOPOLIS (Pyax = 0.6).

Sea-level forcing, z;, which determines the land area

available for glaciation, is derived from the spectral-mapping

Table 1. Physical parameters of the ice-sheet models SICOPOLIS and IclES

Quantity Value (SICOPOLIS) Value (IclES)
Gravitational acceleration, g 9.81ms™2 Same
Density of ice, p 910kgm=3 Same
Power law exponent, n 3 Same

Rate factor, A(T")

Flow enhancement factor, E

Melting point at atmospheric pressure, Ty
Heat conductivity of ice, k

Specific heat of ice, ¢

Latent heat of ice, L

Clausius—Clapeyron gradient,

Isostatic time lag, Tiso

Asthenosphere density, p,

Flexural stiffness of the lithosphere, K
Density x specific heat of the lithosphere, p;c:
Heat conductivity of the lithosphere, &,

Arrhenius’ law in the form of
Greve and others (1998)

Arrhenius’ law in the form of
section 4.3.1 of Greve and Blatter (2009)

1 or 3* 3
273.15K Same
9.828 e 00057 TKI W m~1 K1 2. 1Wm=' K
(146.3+7.253 TIK])J kg’1 KT 2009]) kg’1 KT
335k) kg™! Same
8.7x107*Km™' Same
3000 years Same
3300kgm~3 Same
10 Nm N/A
2000k) m—3K™! 3000k) m—3K™!
3Wm~'K™! Same

*E =1 for Holocene or Eemian ice (deposited between 11 kaBP and the present, or between 132 and 114.5 kaBP); E = 3 for Weichselian or pre-Eemian ice

(deposited during other times).
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Fig. 1. (a) Surface temperature anomaly, AT(t), derived from the
GRIP 3'%0 record (Dansgaard and others, 1993; Johnsen and
others, 1997). (b) Sea level, z(t), derived from the spectral-
mapping project (SPECMAP) marine §'20 record (Imbrie and
others, 1984).

project (SPECMAP) marine 830 record (Imbrie and others,
1984) converted to global sea level by

zy [m] = —34.83(3'%0 [%0] + 1.93). (11)

This parameterization produces a Last Glacial Maximum
(LGM) sea-level minimum of —130m at 19kaBpP and an
Eemian sea-level high of 5.9 m at 122 ka Bp (see Fig. 1b).

The geothermal heat flux is that of Shapiro and Ritzwoller
(2004). Both SICOPOLIS and IclES apply this heat flux 5 km
below the ice base in order to account for the thermal inertia
of the lithosphere (Ritz, 1987).

3.2. Future-climate experiments

Currently, SeaRISE specifies four different future-climate
experiments:

Experiment C1_EO: Constant climate control run; begin-
ning at present (more precisely, the epoch 2004-1-1
0:0:0, corresponding to t = 0) and running for 500 years
holding the climate steady to the present climate.

Experiment C1_E1: Like C1_EO (constant climate for-
cing), but with increased basal sliding assumed. This is
implemented in a simple fashion by doubling basal
sliding everywhere it occurs (that is, the value of the
sliding parameter, G,, is doubled).

Experiment C2_EO: AR4 climate control run; starts with
the same present-day condition, but the climatic forcing
(mean annual temperature, mean July temperature,
precipitation) is derived from an ensemble average from
18 of the AR4 models, run for the period 2004-98 under
the A1B emission scenario; beyond 2098 the climate
persists to the end of the run 500 years into the future.

Experiment C2_E1: Like C2_EO (AR4 climate forcing),
but with increased basal sliding.
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Computation of the solid precipitation (snowfall) and surface
melting rates is the same as described in section 3.1. Further
experiments are still under discussion within the SeaRISE
community and will be specified later.

4. RESULTS

4.1. Standard paleoclimatic spin-up

The present-day surface topographies of the Greenland ice
sheet obtained with the standard set-up described in section
3 are shown in Figure 2. The agreement with the observed
topography (also shown) is not satisfactory. In the southern
half of Greenland, both SICOPOLIS and IclES produce an
ice sheet that is too large and extensive and leaves very little
ice-free land. In the northern half, this is again the case for
IcIES, while SICOPOLIS produces vast areas of ice-free land
north of ~77°N which have no counterpart in reality. This
difference between the two models is a consequence of the
different values of the PDD factors (in particular, [Sic)
employed by the two models; the temperature-dependent
parameterization of SICOPOLIS favors melting in the colder
areas of North Greenland. In the far north, both models
produce glaciation of the actually ice-free Peary Land (in the
case of SICOPOLIS as an isolated ice cap), which may be
due to either underpredicted melting or large prescribed
precipitation rates. These problems point to the necessity of
additional tuning in order to achieve a better agreement with
observations.

4.2. Paleoclimatic spin-up with additional tuning

For SICOPOLIS, additional tuning of the paleoclimatic spin-
up was achieved by modifying the PDD factors as follows:

Bice/snow — (PDD modification factor) x Bice/snow  (12)

where the PDD modification factor changes with latitude
and is different for West and East Greenland. Using the
observed ice margin (Fig. 2¢) as a tuning target, values >1
were chosen in regions where the simulated ice sheet shown
in Figure 2a has advanced too far, while values <1 were
chosen where the simulated ice sheet has retreated too far. A
trial-and-error procedure led to the values shown in Table 2,
which provide a reasonably good fit between the simulated
and observed ice margins (Fig. 3a). The remaining problem,
highlighted in Figure 3b, is that the ice is generally too thick
(with major exceptions in the southwest, the far southeast
and the northwest), so that the simulated ice volume
(8.26 mSLE) exceeds the observed one (7.2mSLE) by
14.9%. In future work, we will attempt to improve the misfit
by tuning the basal sliding and/or the flow enhancement
factor to interferometrically measured surface velocities.

For IclES, additional tuning of the paleoclimatic spin-up
has not yet been carried out. Therefore, the standard spin-up
is used for this study. The resulting present-day ice-sheet
volume for IclES is 8.23 m SLE, which is 14.5% more than
the observed one, but in close agreement with the present-
day ice volume predicted by SICOPOLIS.

4.3. Future-climate experiments
Using the tuned spin-up of SICOPOLIS and the standard
spin-up of IclES as initial conditions, the future-climate

experiments described above were carried out. For the
experiments with SICOPOLIS the tuned PDD factors
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Fig. 2. Present-day surface topography of the Greenland ice sheet. (a) Result of the standard paleoclimatic spin-up with SICOPOLIS.
(b) Result of the standard paleoclimatic spin-up with ICIES. (c) Observed (according to the dataset Greenland_5km_dev1.2.nc). Contour
spacing is 200 m, labels are in kma.m.s.l. Brown areas mark ice-free land.
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Fig. 3. Result of the paleoclimatic spin-up with SICOPOLIS and additional tuning of the PDD factors. (a) Present-day surface topography.
Contour spacing is 200 m, labels are in kma.m.s.I. Brown areas mark ice-free land. (b) Difference of simulated and observed present-day ice
thickness. The thick white lines indicate the simulated (a) and observed (b) ice margins.
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a g4 SICOPOLIS after 500years of model time. It is also interesting to
Control note that the sensitivity of the two increased basal
8.2 sliding experiments relative to their control runs (that is,
8 2x sliding C1_E1-C1_EO and C2_E1-C2_EO) is virtually identical for
;5;7,3 both models:
£ 76 AR4 C1_E1-C1_E0 ~ C2_E1-C2_EO
> ~ 0.22 m SLE for SICOPOLIS,
7.4
AR4 /2x sliding C1_E1-C1_EO ~ C2_E1-C2_EO
L ~ 0.12m SLE for ICIES.
o 100 200 300 400 500 This supports the contention that the experiment minus
t@ control approach is a viable means to examine the sensitivity
b g4 ICIES . . to ice-dynamical processes and can largely remove the
' Control artifacts of spin-up differences between models.
8.2
i __ 5. DISCUSSION
? 8 il The experiences gained with the paleoclimatic spin-ups
E76 AR4 show that bringing an ice-sheet model into a reasonable
> 7.4 present-day configuration is a challenge (as already reported
AR4 / 2x sliding by Aschwanden and others, 2009). Standard implementa-
7.2 tions tend to produce poor agreement with the observed
7 . . . . state of the ice sheet, and careful additional tuning is
0 100 200 300 400 500

t(a)

Fig. 4. Ice-volume (V) changes simulated with (a) SICOPOLIS and
(b) IcIES for experiments C1_EO (constant climate control run),
C1_E1 (constant climate forcing, doubled basal sliding), C2_EO
(AR4 climate control run) and C2_E1 (AR4 climate forcing, doubled
basal sliding).

according to Equation (12) were used in order to guarantee
consistency with the spin-up.

Simulated ice volumes over time are shown in Figure 4.
The ice sheet reacts differently to the imposed scenarios;
future climate warming results in more rapid ice mass loss
than the ice-dynamical scenario of increased basal sliding.
For all experiments, the sensitivity of SICOPOLIS is signifi-
cantly larger than that of IclES. Relative to the constant
climate control run C1_EO,

increased basal sliding (C1_E1) leads to volume losses of
0.22 m SLE for SICOPOLIS and 0.12 m SLE for IclES,

future climate warming (C2_EO) leads to volume losses of
0.79m SLE for SICOPOLIS and 0.25 m SLE for IclES,

future climate warming plus increased basal sliding
(C2_E1) leads to volume losses of 1.01 mSLE for
SICOPOLIS and 0.38 m SLE for IclES,

required to obtain satisfactory results. We have demon-
strated this using the observed surface topography as a
tuning target and modifying the model PDD factors. Further
observations (surface velocities, temperature profiles from
deep ice cores, isochrones) can be used as additional
constraints in order to tune the basal sliding and/or the flow
enhancement factor, and we will attempt to do this in future
work in order to optimize the representation of the present-
day state of the Greenland ice sheet.

The future-climate experiments show that sensitivity
between models can vary greatly. We found that the ice-
sheet mass loss varies between SICOPOLIS and IclES by a
factor of ~2 for sliding experiments and a factor of ~3 for
climate-warming experiments, which is the result of differ-
ent parameterizations for basal sliding and surface melting
used in the two models. The basal sliding parameterization
of SICOPOLIS favors relatively more rapid sliding for thin ice
compared to the parameterization in IclES, because the
sliding exponents p =3 and q =2, used in SICOPOLIS,
yield v, oc H|grad h|®, while the sliding exponents p = 3
and g=1, used in IclES, yield v, o« H?|grad h|> (see
Equations (1-3)). Since thin ice occurs near the margins
where ice flow is generally fast, the impact of doubled basal
sliding on ice-sheet decay is more pronounced in SICOPO-
LIS than in IclES. The tuned PDD factors employed in
SICOPOLIS lead to very high melt rates, especially in the
southern half of the ice sheet. By contrast, the standard PDD
factors used in IcIES produce significantly smaller melt rates,

Table 2. Latitude-dependent PDD modification factors for the tuned paleoclimatic spin-up with SICOPOLIS, defined separately for West (W)
and East (E) Greenland (west and east of 44° W, respectively). For arbitrary latitudes, linear interpolation between these values is employed

Latitude
60°N 65°N 66° N 68°N 72°N 76°N 77°N 80°N 82°N 84°N
PDD modification factor (W) 1.8 1.4 1.25 1.2 1.2 1.0 0.6 0.5 0.8 1.0
PDD modification factor (E) 2.8 2.8 2.8 2.5 2.5 1.5 1.0 1.0 1.2 1.5
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leading to the different responses of the two models in the
future-climate-warming experiments.

Despite the differences between SICOPOLIS and IcIES,
both models show a larger sensitivity to future climate
warming than to a doubling of basal sliding. Of course, the
significance of this statement is limited by the fact that the
assumed scenario of doubled basal sliding is a mere
assumption. However, R. Greve and S. Sugiyama (http://
arxiv.org/abs/0905.2027) came up with a more rational,
observation-based parameterization of basal sliding accel-
erated by surface meltwater, and simulated the response of
the Greenland ice sheet to the "WRE1000’ scenario (stabil-
ization of atmospheric CO, at 1000 ppm within the next few
centuries) with SICOPOLIS. They also found that the
sensitivity to the direct climate forcing is larger than that
to the ice-dynamical effect, and concluded that basal sliding
accelerated by surface meltwater accelerates the decay of
the Greenland ice sheet as a whole significantly, but not
catastrophically, in the 21st century and beyond.

In any case, the factor of 2-3 differences in sensitivity
seen here alert us to the uncertainty in model outputs as a
result of uncertainties in model input parameters. Surface
mass balance and basal sliding in SICOPOLIS and IclES are
both parameterized within the range of uncertainties in our
understanding of these processes, and still produce signifi-
cantly different predictions for the ice-sheet mass loss. This
highlights the need to focus on improving our understanding
of these processes.
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