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ABSTRACT.

A new three-dimensional, time-dependent ice-sheet model, includ-

ing the calculation of the coupled temperature and velocity fields, isostatic adjustment
of the bedrock and a mass-balance parameterization, was used to reconstruct the
evolution of the Greenland ice sheet in response to a climate history derived from the
oxygen-18 measured in the GRIP ice core. Steady-state experiments were done 1o test
the sensitivity of the model, first to variations of poorly known parameters, sccondly to
different climates. These experiments show that the modelled ice sheet is not very
sensitive to variations in the geothermal heat flux, but very sensitive to changes in the

accumulation,

INTRODUCTION

Glaciers and ice sheets respond sensitively to climate
change, but their response is diflicult to interpret. In this
study, we try to improve our understanding of glacier
climate interactions by means ol a three-dimensional
numerical model of the Greenland ice sheet. Such models
were previously developed by Mahally (1976). Jenssen
(1977), Verbitski (1981), Reeh (1982), Oerlemans and
Van der Veen(1984), Grigoryan (1985), Hall (1987),
Huyhbrechts and Oerlemans (1988), Fastook and Chap-
man (1989), Lindstrom and MacAveal (1989) and Calov
(1994). The Jenssen, Huybrechts, Lindstrom and Calov
models take the coupling of the temperature and velocity
fields into account, by solving the model equations on a
three-dimensional network. The model we present here

belongs to that group.

THE ICE-SHEET MODEL

The model we developed is a three-dimensional ice-sheet
model, including the coupling between the ice temperature
and the velocity. The evolution of the ice-sheet geometry
results from a mass-balance and a bedrock-adjustment
model. The basic equations governing the model are
similar to those of other three-dimensional models such as
that of Huvbrechts (1990). In the shallow-ice approxima-
tion, ice deformation results from shear strain only. We
will present only the differences with those models.
Horizontal velocity is expressed as:
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where S is the ice-sheet surface altitude, p the ice density.
g the acceleration [rom gravity, @ and y the horizontal
coordinates, 2 the vertical coordinate, positive upwards
with the origin at sea level. Bar(2) is a temperature-
dependent parameter appearing in the relation between
deformation rate and stress.
included in Bap(z2).

The equation describing the time evolution of the ice

A tuning coellicient sf is

thickness is a diffusion equation with a highly non-linear
diffusivity coellicient :
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where H is the ice thickness, M the mass balance and F
the bottom meltung. T'he ice-sheet extent and thickness

are generated by the model.
The novelty of the model is that S, and [ S,dz are
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calculated only once and the calculation is optimized (see
helow). The vertical velocity, which is derived from the
incompressibility condition, has also been expressed as a
function of [ S,dz.

The temperature field must be known in order to
calculate S, and j S.dz. It is derived from the heat
equation, with the following conditions at the boundaries:
at the ice-sheet surface, the temperature depends on
climate and surface elevation (see next section), while at
the ice/bedrock interface, the temperature depends on the
geothermal heat flux and the type of base (lower than or
at the melting point).

The bedrock adjustment is described by means of a
diffusion equation similar to that used by Letréguilly and
others (1991h).

SURFACE TEMPERATURE

The surface temperature is used for the mass balance as
well as the upper-boundary condition for the ice temp-
erature. It has three components:

T, = Ty + 0.0065(50 — 5) + ATljim. (5)

i

t

0is the present atmospheric mean annual temperature
distribution at the ice-sheet surface, parameterized [rom a
map published by Ohmura (1987). The second compo-
nent takes into account the changes due to altitude
variations of the ice-sheet surface, using a lapse rate. The
third component is the time evolution depending on the
climate, For this, we use a temperature record derived
from the 6™0 measurements of the GRIP ice core
(Dansgaard and others, 1993) as climate forcing during
250000 years. The record spans the last glacial inter-
glacial cycle entirely, and most of the one before that.
Doubts exist as to the validity of the record prior to

85000BP (Grootes and others, 1993). However, even if

the details of the record are uncertain prior to 85000 BP, it
is uselul for the experiment to simulate the ice-sheet
evolution during two full climate cycles. For our model
study, we filtered some of the high-frequency variations
with a spline smoothing. The original record and the
smoothed one are shown in Figure 4a.

MASS BALANCE

The mass-balance distribution is composed of accumula-

tion, ablation, calving and bottom melting. Since each ol

these respond dillerently to changes in temperature, they
are parameterized separately.

Accumulation

We used the present accumulation distribution (Ohmura
and Reeh, 1991), corrected for climatic temperature
variations and changes in the ice-sheet surface slope
according to the equation:
acc(t) = ace(0) x exp(0.078 x (T, — Ta))
a+ 0.001

x min| 1.5, ——— (6)
ag + 0.001

¢
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where ace(t) and ace(0) are accumulation rates at time ¢
and the present time, respectively, and « and o are the
surface slopes ol the ice sheet at time ¢ and at the present
time, respectively, The exponential factor in this equation
comes from a study ol past accumulation rates of the GRIP
ice core, central Greenland (Dahl-Jensen and others,
1993). The second factor has been introduced to take
into account the changes in the orographic component of
the precipitation when the ice sheet is very diflerent from
the present one. Because the Greenland bedrock topogra-
phy is in some places mountainous and very irregular, the
0.001 and 1.5 coeflicients ensure that the factor varies
hetween reasonable limits. During glacial conditions, for
an ice sheet only slightly larger than the present one, the
orographic correction term does not deviate much from 1.
It becomes more important for climate warming when a
large part or all of the ice sheet may disappear. The
orographic correction then shifts the areas of high
accumulation towards more sloping grounds.

For a climatic temperature decrease of 10°C, represent-
ing the Last Glacial Maximum, and no change in the ice-
sheet surface, accumulation rates calculated from Equation
(6) are 46% of the present value. For a climatic increase of
5°C, corresponding to the maximum of the previous
Interglacial, accumulation rates are 148% of the present
value, all other things kept constant. The amplitude ol
accumulation changes as a function of temperature
changes is higher than that used with the Huybrechts
model for the Greenland experiments (Huybrechts and
others, 1991; Letréguilly and others, 1991a, h).

Ablation

Ablation is described by means of Reeh’s (1991) positive
degree-day model. In the model, air temperature and snow
accumulaton determine the melt processes. However, the
model allows for the possibility of having positive tempera-
tures (and melt) even when the average daily temperature
indicates temperatures below the freezing point. Different
melt rates are used to melt snow and ice, in order to account
for the albedo diflerence (Braithwaite and Olesen, 1989).
The production of superimposed ice is taken into account in
the accumulation/ablation process, and the warming that is
created by phase changing at the snow or ice surface is
included in the surface temperature of the ice sheet.

Calving and bottom melting

In Greenland, there are at present no ice shelves large
enough to have a significant role in the ice-sheet
dynamics. Even with the lower sea-level stand ol the
glacial climate, they are unlikely to have extended much
beyond the coastline. Accordingly, ice shelves are not
included in the model. The ice lost by calving is usually
estimated to be of the same order of magnitude as
ablation. In the model, calving is simulated by setting the
ice thickness to zero when ice reaches the coastline. The
coastline was kept fixed at the present position,
corresponding to a zero sca level. The error resulting
from this assumption is not very important, as the sea
floor around Greenland is steep.

The amount of ice lost by bottom melting is negligible
compared to the global mass balance of the ice sheet.
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NUMERICAL METHOD AND SPECIAL
FEATURES OF THE MODEL

[ee temperature and velocity must be calculated through
the depth of the ice, which means solving the model
equations on a three-dimensional network of grid points.
We did so by means of finite differences, on a network of
41 x 71 grid points in the horizontal with a spacing of
40 km, and 11 evenly spaced grid points in the vertical.
The bedrock and ice-sheet-surface topography are
derived from the 20km spaced data set that was used
for the experiments with the Huybrechts model
(Huybrechts and others, 1991; Letréguilly and others,
1991a,b). In order to avoid boundary problems at the
bedrock and the ice-sheet surface with the three-
dimensional variables, such as temperature and velocity,
the vertical coordinate was scaled to the ice thickness.
This also has the advantage of making it possible to
greatly simplify the writing of the velocity and tempera-
ture (paper in preparation by C. Ritz).

Another particular feature ol the model concerns the
integrals S, and fS“(lz in Equations (1) and (4). Since
these are used in the calculation of ice-thickness evolution
as well as the velocity field, which in turn is used for the
temperature feld, special attention was given to its
calculation. In a finite-difference model, all variables
are assumed to behave linearly between the grid points, so
that the temperature can be expressed as a linear function
of depth between the grid points. Instead of using an
ordinary numerical integration, Bar(z') (S — z')"was
expressed, by means of a Taylor’s expansion, in such a
way that the integral has an analytical solution for the
interval between two grid points (paper in preparation by
C. Ritz), This method is more exact, and ensures that no
deformation is lost in the lowermost layver of grid points
because of the discontinuity at the ice/bedrock interface.
Heating caused by deformation in the lowermost layer is
also not completely taken into account in the basal grid
points, and must be calculated separately and added to
the basal heat flux. Huybrechts (1990, etc.) solves these
problems in a manner different from ours, by using a
network with unevenly spaced vertical grid points,
concentrating near the base.

The time step for the ice-thickness evolution and
bedrock isostasy is 3vears, and for the mass balance,
temperature and velocity 50 vyears. A model run takes
about 30 min of CPU time for a 200 000 vear experiment
on a Cray-C90 computer.

STEADY-STATE EXPERIMENTS

Steady-state experiments are performed by imposing a set
of initial values of the climate and model parameters
under study, and letting the model run 50 000 vears with
unchanged parameters. The lirst experiment was to ensure
that the model could reproduce the present ice sheet when
the present climatic conditions were prescribed, with the
present state as initial ice-sheet conliguration. Values of
the model parameters are given in Table 1. Because the
enhancement factor (sf) and geothermal heat flux (Gyy)
are poorly known, tests were made to evaluate how
uncertainties in these parameters affect the ice sheet for the
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Table 1. Values of the parameters used in the model

p=910kgm °

g=98l ms 2
R=8314]Jmol 'K '
Baro=1.66x 10 16 p 5~

Density of the ice

Gravity

(Gias constant

Flow-law coeflicient for
T>-6.5°C

Activation energy for
T>-6.5°C

Flow-law coeflicient for
T=-6.5°C

Activation energy for
T=-65"C

Enhancing flow factor

Q =7.820x 10" ] mol '
Batg =2.00x%10 "“Pa?a’
Q =9.545x% 10"  mol '

gF=4
T —=273.151% Melting point ol ice at

atmospheric pressure

e
Il

3.10 x 10% exp(-0.0057T
+Th) Jm bt 5t
c=21153+779T Jm 'K
Gy =0.042Wm ?

Da=4 % 10°m%a’

Thermal conductivity

Specitic heat capacity

Geothermal heat flux

Diffusivity of bedrock
model

P = 3300 kg m 4 Density of the mantle
bedrock)

present climatic conditions. Results of these tests are
summarised in Table 2. None of the changes influences the
extent of the ice sheet: onlv the shape and ice thickness are
allected. The ice sheet is more sensitive to the enhance-
ment factor, sf. than to any other parameter. Experiment
0 gives the best match with the present ice-sheet
topography (see Fig. 1), and is our steady-state reference
for the present climate, In all further experiments, the
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Fig. 1. Maps of ihe present Greenland ice-sheet thickness
digitized on a 40km grid. Contour lines (thin lines)
represent tee-surface elevation with a contour interval of
0.5km, starting at 1km. The thick line indicates the ice-
sheet margin: the dark grey hatching indicates ice-free land
above sea level. Lefl, actual ice sheel; vight, steady-state
modelled ice sheet.
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Table 2. Summary of the steady-stale experiments performed (o lest the sensilivily of the least-known parameters

of the model, for the present climatic conditions. No. is the experiment number. Model parameters: sf is the
softening-enhancement factor of the flow parameler: Gy is the geothermal heat flux. Model outputs: np is the
number of grid points covered with ice: Py and Do, ave the maximum and the average thickness of the ice
sheet, respectively: T0," the mean basal temperature below the pressure melting: Vol the ice sheet volume

No. sf Gl np Pax Pnean Th* Vol
Wm* m m C m’
observed 1105 3003 1707 3.02x 10"
0 3 0.042 1114 3104 1739 3.85 3.10 % IO"‘1
1 1 0.042 1109 3500 2015 3.05 3.58 % 101_’
2 I 0.050 1111 3490 2003 2.38 3.56 % 10"

values sf =3 and Gy = 0.042Wm .

were used (Table

west coast. Because of their higher altitude, these areas

1). About 50% of the base is at the melting point, in areas
away [rom ice divides.

Experiments were also done for two glacial climates
and two warmer climates (Table 3). Experiment 0 was
used as initial configuration of the ice sheet, and the
model was run for 30 000 years under the new climatic
conditions. For AT = —10°C (Fig. 2a), representing full
glacial conditions, the ice sheet reaches the coast nearly
everywhere. The ice sheet is thinner than that in
experiment 0, due to the lower accumulation. Corre-
spondingly. the basal temperatures are much colder and
are below the melting point almost everywhere. The
initial temperature of the series used for the evolution
experiment is AT = —4.5°C (Fig. 2b),
run was performed for that temperature. The resulting ice
sheet is not much dilferent from the full glacial one.

so a steady-state

Table 3. Summary of the steady-state experiments performed for

different temperature perturbations AT'. /=3, Gy = 0.042.
x * - . -

No., np, RBmases Bageans Tv s Vol are the same as in Table 2

No. AT np Pmax  Prean ’TI)* Vol

¢ & m m C m
3 10 1248 2997 1625 -8.32 3.24x 10"
I 4.5 1208 3031 1681 -5.23 3.25x10"
5 b 933 3154 1842 -2.01 2.75x10"
6 7 795 3122 1836 -1.79 2.33x 10"

The AT of 5°C (Fig. 2¢) and 7°C (Fig. 2d) represent
drastic climate warmings. They were chosen in preference
to a more realistic warming because they are necessary for
initiating a sizeable retreat of the ice sheet. The ice-
margin retreat is more pronounced in the north and
northeast where the accumulation is the lowest, and in
the southwest where the altitude of the bedrock is
relatively low. The highest mountain range in Greenland
runs along the southern half of the east coast, and

another, much lower range along the northern half of the
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(presently under ice) are less sensitive to a warming. The
ice sheet appears to be globally more stable than has been
found in previous works (Huybrechts and others, 1991;
Letréguilly and others, 1991a). This is because of the feed-
back between mass balance and ice-sheet elevation: for a
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Fig. 2. Sensitivity of Greenland steady-state model to_four
different climatic parameterizations. Contours represent
surface elevation.
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climate warming, the ablation and accumulation both
increase. If the ablation increase dominates over the
accumulaton increase, ice will melt and the surface
clevation will decrease. Since temperature at the ice-sheet
surface increases for a lowering altitude. the ablation will
increase further, ereating a strong feed-back. A collapse of
the Greenland ice sheet can then be initiated for climates
only moderately warmer than the present. The accumu-
lation parameterization used in similar experiments with
the Huybrechts model (Letréguilly and others, 1991a) led
to such a situation. However, our accumulation param-
eterization, as given in Equation (6), produces a much
higher accumulation increase [or warmer climates, and
for a temperature change ol up to 5°C it almost
compensates for the ablation increase, so that the ice
sheet decreases only slightly.

Two further steady-state experiments were conducted
(experiments 7 and 8), to show the sensitivity of the ice
sheet to the accumulation: Equation (6) was modilied so
that the accumulation could not increase with the surface
temperature. The resulting ice sheets for climate warmings
ol 3" and 5 C are shown in Figure 3. They are obviously
completely different from those in experiments 5 and 6.
For a temperature increase AT =3"C (experiment 7), the
ice sheet breaks into two smaller parts. Because of the
increased ablation and margin retreat, the ice advection is
no longer large enough to maintain the connection
between the two domes of the ice sheet. For a temperature
increase AT =5"C (experiment 8), the ice sheet disap-
pears almost completely, and only a few isolated ice caps
on the highest mountains remain. Table 4 summarises the
results obtained for these two experiments.

LN L L |

Fig. 5. Maps of the steady-state modelled ice sheet for two
warmer climales (AT =3"C and AT =5"C) with the

accumulation limited lo the present distribution.

The accumulation parameterization for experiments 7
and 8, although not identical, is close to one used in
Letréguilly and others (1991a). A comforting result is that
the ice sheet is very close to that obtained with the
Huvbrechts model, in which the numerical schemes and
flow parameters are different. Most models reproduce the
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Table 4. Summary of the steady-state experiments performed Jor
different temperature perturbations AT, with the modified
accumulation. sf =3, Gy =0.042. No., np, hyuxs Bineans
'1].*. Vol are the same as in Table 2

\“ '—\T ”‘l'} hlu:l,\' ]“!ul‘:m :rl.' I'"{'

C m m C m
7 3 860 3032 1750 -2.34 2.41x10"
8 5 33 054 759 -7.23 4.06x10"

present ice sheet under the present climatic conditions
well; however, they usually differ when it comes to
simulating the ice sheet under unknown climates.

EVOLUTION EXPERIMENT

The ice-sheet configuration of experiment 4 was used as
mitial state, and the tme-dependent temperature forcing
derived from the GRIP ice core was used as elimate input.
The results of the evolution experiment are shown in
Figure 4. The accumulation parameterization given in
Equation (6) was used.

The changes in the ice-sheet volume and area are not
very dramatic. Changes in area (Fig. 4¢) depend mostly
on ablation, while changes in the maximum ice thickness
(Fig. 4d) depend mostly on accumulation. The ice
volume depends on both accumulation and ablation:
130000 years and the
present result from the margin retreat due to ablation

large changes such as those of

increase, while smaller changes such as those that
occurred during the glacial periods result from the ice-
thickness changes. Margin moves are then limited
because the ice sheet reaches the coast nearly every-
where. The basal temperature (Fig. 40) seems to [ollow
the surface temperature forcing, but with a lag of a few
thousand vears, and much damped: the surface tempera-
ture change from the glacial to the Interglacial is 10°C,
while it is only 3 C at the base. The colder basal
temperatures of the Glacial Period may  be expected o
create harder basal ice, leading to a thickening of the ice
sheet. In our experiment, what happens mayv seem at first
glance to he the opposite, because the maximum ice
thickness depends mostly on the accumulation-rate
changes. However, the fact that the general trend of the
maximum ice thickness (Fig. 4d) during the last Glacial
Period is relatively constant, while the general trend in
surface temperature decreases during the same period.
can probably be explained by the increasing stiflening of
the basal ice,

The resulting ice-sheet topography for the present is
100 m thicker in the centre than that of experiment 0, and
basal ' C lower. They are still
influenced by the Tee Age conditions.

l(‘lﬂ])l"l'illlll‘r‘.‘i are

As with the steady-state experiments, the results of the
evolution run differ from those of a previous study with the
Huybrechts model (Lewéguilly and others, 1991h). The
temperature time series used as climate forcing differs. but
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Fig. 4. lce-sheet-evolution experiment. a. Temperature
record derived from the 8O measurements performed on
the GRIP deep ice core, al Summil, cenlral Greenland
(thin line), with the spline smoothing (thick line) that
was used as climatic-variations input for the model. b, ¢, d,
¢ and [ show the evolution of selected key variables: b.
Mass balance; ¢. Iee volume; d. Maximum ice thickness;
e. Number of points with ice; [. Basal temperalure. b and |
are averaged over the number of points of the ice sheel.

the main difference comes from the accumulation
parameterization. In the previous study, accumulation
was not allowed to rise above the present accumulation
rates for warmer climates. The two accumulation
parameterizations represent extreme situations, reality
probably being somewhere in between. For glacial
climates, accumulation rates can be inlerred from the ice
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cores, but for a warmer climate there is no history to guide
us as to what the accumulation increase should be. Tt is
then difficult to choose a parameterization. General
circulation models may provide an answer when the
particularities of the polar climates are better accounted
for and their spatial resolution is sufficiently refined.

CONCLUSION

The ice-sheet model presented in this work is able to
reproduce the present topography of the Greenland ice
sheet well. Future improvements to the model will include
sea-level change and heat conduction in the bedrock. In
this study, limited available computing time made it
difficult to take heat conduction into account, because the
model would have taken much more than 50000a to
approach steady state. Considering the large areas of the
base reaching the melting temperature, a sliding law is
needed. Since the ice viscosity depends on the age and
formation conditions of the ice, we additionally plan to
use a {low law taking ice transitions into account. To do
that, the ageing of the ice will have to be computed.
Finally, we plan to do some experiments with the finer,
20 km grid, in order to have a more detailed simulation of
the ice sheet.

Experiments were conducted to test the model’s
sensitivity to some poorly known parameters. They show
that the modelled ice sheet is only slightly sensitive to a
20% wariation in the geothermal heat flux, but that the
ice thickness is very dependent on the tuning flow
parameter, sf.

The main result of the study concerns the sensitivity of
the modelled ice sheet in a warmer climate to the type of
accumulation parameterization used: for a temperature
increase of 5°C, one parameterization results in a margin
retreat of 0-120 km (three grid points), the rest of the ice
sheet being little changed. while the other results in a
complete collapse of the ice sheet. Unfortunately, litde
evidence is available predicting what the accumulation in
warmer climates should be.
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