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Abstract. A two-dimensional vertically integrated ice flow
model has been developed to test the importance of vari-
ous processes and concepts used for the prediction of the
contribution of the Greenland ice-sheet to sea-level rise
over the next 350 y (short-term response). The mass bal-
ance is modelled by the degree-day method and the en-
ergy-balance method. The lithosphere is considered to
respond isostatically to a point load and the time evolu-
tion of the bedrock follows from a viscous asthenosphere.
According to the TPCC-IS92a scenario (with constant
aerosols after 1990) the Greenland ice-sheet is likely to
cause a global sea level rise of 10.4 cm by 2100 AD. It is
shown, however, that the result is sensitive to precise
model formulations and that simplifications as used in the
sea-level projection in the IPCC-96 report yield less accu-
rate results. Our model results indicate that, on a time
scale of a hundred years, including the dynamic response
of the ice-sheet yields more mass loss than the fixed
response in which changes in geometry are not incorpor-
ated. It appears to be important to consider sliding, as well
as the fact that climate sensitivity increases for larger
perturbations. Variations in predicted sea-level change on
a time scale of hundred years depend mostly on the initial
state of the ice-sheet. On a time scale of a few hundred
years, however, the variability in the predicted melt is
dominated by the variability in the climate scenarios.

1 Introduction

Enhanced greenhouse warming will significantly affect the
mass balance of ice-sheets and glaciers and will therefore
change their size and shape. It is generally believed that in
the next century glaciers and small ice caps will contribute
more significantly to changes in ocean volume than
the Greenland and Antarctic ice-sheets (Robin 1986;
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Oerlemans 1989; Warrick and Oerlemans 1990). In the
1990 TPCC sea-level projections, a fixed-geometry ap-
proach was used to calculate the contributions from
Greenland and Antarctica, i.e. changes in ice-sheet geo-
metry were not considered. In the light of results ob-
tained with dynamic ice-sheet models (Oerlemans 1982;
Huybrechts and Oerlemans 1990; Huybrechts et al. 1991),
a reconsideration of that approach seems justified. Calcu-
lations with three-dimensional dynamic ice-sheet models,
in spite of all their simplifications and problems with
boundary conditions, indicate that the fixed geometry
approach is valid only for periods shorter than about 60 y.

A few model studies have presented estimates of the
response of the Greenland ice-sheet to climate change,
(c.g. Huybrechts et al. 1991: Van de Wal and Oerlemans
1994). These estimates are difficult to compare, because
different model formulations were employed. Huybrechts
et al. (1991) used a degree-day model as mass balance
forcing for their three-dimensional thermodynamical ice-
sheet model, whereas Van de Wal and Oerlemans (1994)
used an energy balance model but neglected variations in
the geometry. Van de Wal (1996) compared a degree-day
model and an energy balance model of the Greenland
ice-sheet using a fixed geometry approach.

In this study we concentrate on the importance of
various physical processes for the short-term response of
the Greenland ice-sheet. For this purpose, we have de-
veloped a two-dimensional ice-sheet model which allows
two formulations for the mass balance, and which in-
cludes ice dynamics and bedrock response. This model has
been used to test the importance of various processes and
concepts for the dynamic response of the Greenland ice-
sheet on a time scale of a few hundred years. After discuss-
ing sensitivity experiments, we present several climate-
change experiments using scenarios from the latest
Kattenberg et al. (1996).

2 General concept of the model
In this section we give an overview of the model formula-

tion. A more detailed description, with references, is pre-
sented in the Appendix. The model consists of three
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Fig. 1. The general concept of the model, illustrating the three
“spheres™: bedrock, ice and atmosphere. The model is two-dimen-
sional in the horizontal (N—S and E—W). Calving is not explicitly
calculated

components describing the solid earth, the ice-sheet and
the interaction of ice surface and atmosphere (Fig. 1). The
solid earth model is simply divided into a lithosphere and
a viscous asthenosphere. The viscosity of the astheno-
sphere determines the time-dependent response of the
bedrock. The lithosphere is considered to response iso-
static to a point load. The difference in density of rock and
ice drives the deformation of the earth’s crust.

The ice-sheet model is two-dimensional, considering
vertically integrated flow. Two different model versions
are used: one including sliding and one excluding sliding.
The model is tuned by adjusting flow parameters for ice
deformation and sliding.

The third component represents the interaction of ice
surface and atmosphere, which generates the mass balance
(the driving force). We use two models. The first describes
the mass balance as a function of the temperature alone,
following the degree-day concept. This model is identical
to the one described in Huybrechts et al. (1991). In the
second model the mass balance is calculated with an
energy balance method. Here the amount of energy avail-
able for melting is based on a calculation of the radiation
budget and turbulent heat transfer between atmosphere
and surface. Refreezing is parametrized in a simple way.
Conduction in the surface layer is neglected. Cloudiness is
parametrized according to the sparse measurements avail-
able and independent of the climate state considered. In
effect this means that climate-change experiments involve
changes in temperature and precipitation only. It should
be noted that the effect of temperature changes is three-
fold: the longwave balance and the turbulent transfer both
change, and the amount of refreezing meltwater in early
summer is modified. More details on the energy balance
model are provided in the Appendix and in Van de Wal
and Oerlemans (1994).

The three model components are fully coupled. The
mass balance is, for instance, determined by surface elev-
ation. Surface elevation is influenced by ice flow and
bedrock movements. Equilibrium states are therefore de-
pendent on the formulation of all three model compo-
nents. So, for instance, changing the mass-balance model
from an energy balance method to a degree-day method
will result in a different equilibrium state for the ice-sheet.

3 The reference experiment

Before climate change experiments are performed an equi-
librium state has to be modelled for reference. It seems
natural to consider a reference state which resembles the
present state as closely as possible, even though this state
may not be in equilibrium at all. It is difficult to analyze
the reference state in the light of our rather limited know-
ledge about the present state. Consequently, various equi-
librium states can be modelled which are all within the
error limits of the observations, but may differ consider-
ably at specific sites. Van de Wal and Ekholm (1996) show
that the elevation distribution used by Huybrechts et al.
(1991) and Van de Wal and Oerlemans (1994) led to a 20%
overestimation of the present-day ablation in an energy-
balance model as well as in a degree-day model. Here, we
choose a reference state which is based on the physically
most complete model for short-term response. In our
opinion, such a model should contain bedrock response,
ice sliding, and an energy-balance model to generate the
mass-balance field. However, reasonably steady-states can
also be achieved by all possible combinations of model
components sliding/no-sliding; and degree-day/energy
balance. In Fig. 2 and Tables 1 and 2 the reference state is
analyzed.

In the model presented, the volume of the ice-sheet is
about 3.5% smaller than derived from the digitised data
set presented by Letréguilly et al. (1991), whereas the
surface area is 3.5% larger (see Table 1). For comparison,
Huybrechts et al. (1991) calculated a reference volume
with a three-dimensional thermodynamical model which
was 13% larger than deduced from the observations.
General agreement between the two-dimensional model
calculations and the observed elevation field can be seen
in Fig. 2a, b. Here surface elevation from Ekholm (1996),
projected on the 20%*20 km grid, is used as observed sur-
face elevation. The main features, the two-dome structure
with the saddle in between and the steep eastern side of the
ice-sheet are reproduced reasonably well by the model.
Another encouraging aspect, important for ablation cal-
culations, is that the area-elevation distribution is repre-
sented well by the model. On closer inspection, however,
by looking at a difference map, large discrepancies are
revealed locally (see Fig. 2c). Differences of more than 300
m occur over a total surface areas of 60-10° km? (roughly
3% of the total surface area). These points are more or less
randomly distributed along the margin of the ice-sheets in
clusters smaller than 4-10° km?. The southern part of the
modelled ice-sheet tends to be too low, whereas the south-
western part shows isolated areas where the modelled
elevations are too high. The agreement is generally better
in the north.

Table 2 contains values for the mean elevation of the
ice-sheet of the reference experiment and for the two
elevation models. Surface elevation of the ice-sheet has
been computed from data obtained by radio-echo sound-
ing flights. These measurements were undertaken in the
late 1970s by the Electromagnetic Institute of the Tech-
nical University of Denmark. Their measurements are
referred to as the TUD-model, which was presented in
digitized form by Letréguilly et al. (1991). The second
present-day elevation distribution is based upon satellite
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Fig. 2. Surface elevation for the reference experiment, b observations of the surface elevation derived from Ekholm et al. 1996, ¢ and the

difference between the reference experiment and the observations

Table 1. Volume and surface area of the Greenland ice-sheet

Volume Surface area  Remark

(10°km?)  (10° km?)
Reference
experiment 2.73 1.73 2D ice sheet model
Letréguilly
et al. 1991 2.83 1.67 from observations
Huybrechts
et al. 1991 3.21 1.78 3D ice sheet model

Table 2. Mean elevation of the Greenland ice-sheet. The last column
shows the mean elevation divided by the mean elevation of the
IA-model. See text for explanation of the abbreviations IA and TUD

Mean elevation (hs) in m  hy/he-1A

Referece experiment 2074 96%
IA-model 2159 100%
TUD-model 2126 98%

altimetry data from GEOSAT and ERS-1 together with
airborne laser altimetry, and local terrestrial surveys at
the Summit. These data are referred to as the IA-model
(Ekholm 1996). As can be seen in Table 2, the reference
experiment has a slightly lower mean surface elevation
than the two other models.

An alternative approach to compare model and obser-
vations is to consider the hypsometry. Figure 3 presents
the hypsometric curves for the two observation fields (IA
and TUD) and the modelled reference experiment. A close
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Fig. 3. Area-clevation distribution for the simulated ice sheet (refer-
ence experiment) and the two sets of observations (I4 and TUD, see
text)

look at Fig. 3 shows that the difference between model
and observation is largest between 2000 and 2500 m a.s.l.
This results in a lower median for the model compared to
the observations. Note that the two observation fields
vary slightly in the lower areas below 1500 m a.s.l. and
that the model follows the TUD- observational field bet-
ter in this part of the hypsometric curve. Therefore we
conclude that the ablation area, which is most important
for the short term response of the ice-sheet, is captured
reasonably well by the model. It must be realised that
there is a considerable uncertainty in the observations
(TUD-IA) (Van de Wal and Ekholm 1996) and the
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non-equilibrium state of the ice-sheet (e.g. Huybrechts
1994). The reference experiment presented in this section
will therefore be used as a starting point for our perturba-
tion experiments.

4 Climate scenarios

The IS92 radiative forcing scenarios (Kattenberg et al.
1996) were used to calculate the temperature perturba-
tions needed as input for the climate change experiments
with the Greenland ice-sheet model. These temperature
perturbations were calculated with a two-dimensional en-
ergy balance climate model, having latitudinal and sea-
sonal resolution (De Wolde et al. 1995). This model has
a prescribed ocean circulation and the atmosphere is
represented by a vertically and zonally averaged layer of
air. The climate model has no explicit atmospheric dy-
namics, and the temperature perturbation over the Green-
land ice-sheet is taken simply as the zonally-averaged
temperature perturbations for the relevant latitude belts.

The various temperature scenarios used in this work are
presented in Fig. 4 and 5. For the latitude belt 65-70 °N,
Fig. 4 shows annual mean temperature change dependent
on time. Compared to the calculated global mean temper-
ature perturbation, (not shown) the values over Greenland
are about 50% larger. This reflects the pole ward amplifi-
cation of the temperature change due to snow and sea-ice
feedback.

The temperature change is not uniform through the
year. Figure 5 shows the seasonal variation for the 1S92a
scenario excluding aerosols (further referred to as AN) and
for the 1S92a scenario including aerosols (AF). The tem-
perature changes are for 2100 relative to 1990. The pre-
dicted values are smallest for the summer and early fall, in
accordance with most other model studies. It is note-
worthy that the changes in winter temperature vary signif-
icantly with latitude.

The TPCC emission scenarios are given until 2100. As
longer integrations with the ice-sheet model are carried
out here, we have simply held all temperature perturba-
tions equal to the 2100 values.
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Fig. 4. Climate change scenarios used in this study. Here annual
mean temperature perturbation for the 65-70°N latitude belt is
shown
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Fig. 5. Seasonal march of input temperature for two scenarios for
some selected latitudes, calculated with a 2-D energy balance climate
model

5 Sensitivity tests

In this section we describe various experiments designed
to estimate the contribution of the Greenland ice-sheet to
global sea level. These experiments reveal the sensitivity of
the results to: (a) choice of elevation model as input (5.1),
(b) neglect of ice dynamics and the choice of mass balance
model (5.2), (c) initial state (5.3), (d) neglect of sliding (5.4),
(e) constant sensitivity of mass balance to temperature
(5.5).

5.1 Choice of elevation model as input

As a start, we investigate to what extent the calculation of
ablation depends on the elevation model used (Van de
Wal and Ekholm 1996). Most recent work on modelling
the mass balance of the Greenland ice-sheet (Huybrechts
et al. 1991; Reeh 1991; Van de Wal and Oerlemans 1994)
has been based on the digital elevation model presented
by Letréguilly et al. (1991) on a grid of 20*20 km resolu-
tion (TUD-model). Here we consider two cases, which
describe the present-day elevation distribution: the TUD-
model and the TA-model (see Sect. 3). For the present-day
climate, the two elevation models yield a 20% difference in
ablation. This applies to the degree-day model as well as
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Fig. 6. Sea-level contribution (SLC) for the TUD and the IA-model
elevation distributions for a period of 110 y. The surface elevation is
kept constant during the entire period. Calculations were carried out
with an energy balance model

to the energy-balance model (Van de Wal and Ekholm
1996).

Figure 6 shows the calculated sea-level contribution
(SLC) from the Greenland ice-sheet for a period of 110y
during which surface elevation is kept constant and the
temperature perturbation is prescribed according to the
AN-scenario (see Fig. 4). This experiment shows that after
110 y there is a difference of about 9% in the calculated
sea-level contribution (7.5 cm versus 8.2 cm) between the
two elevation models. Clearly, the difference is smaller
than the 20% difference found for ablation in the present
day climate. This can be understood by the fact that the
difference in area-elevation distribution between the two
models decreases higher on the ice-sheet. The higher elev-
ations are more important in a perturbation experiment
since the ablation increases and the equilibrium line goes
up.

Increasing the resolution of the IA-model from
20*20 km to 10*10 km yields virtually identical results,
despite the difference in ablation resulting from the contri-
bution of small-scale outlet glaciers. It might however be
necessary to use an even higher resolution as indicated by
Reeh and Starzer (1996).

5.2 Neglect of ice dynamics and the choice of the
mass-balance model

So far we have calculated sea-level changes for a given
geometry. For making projections, it would indeed be
convenient if changes in the geometry of the ice-sheet
could be neglected. Here we discuss the role of the ice
dynamics by considering three cases: full dynamic re-
sponse, static response, and fixed geometry. For the pres-
ent analysis, the following definitions are used:

Dynamic response. The ice flow is allowed to react to
changes in the specific balance or the bedrock response.
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Fig. 7. Sea-level contribution (SLC) in case of dynamic, fixed and
static response using an energy balance model (EBM) and a degree-
day model (PDD). The forcing scenario is AN. The text in the figure
refers to the sea-level contribution after 110 y for the dynamic (upper
value) and fixed-geometry case (lower value)

Hence, the specific balance, ice thickness and bedrock are
fully coupled.

Static response. Changes in ice flow and bedrock are not
allowed. The geometry changes only because of the addi-
tion or removal of mass at the surface according to the
mass-balance perturbation. Note that in this case the
feedback of surface elevation on mass balance is still
included.

Fixed-geometry response. Changes in volume are cal-
culated from the perturbed specific balance by keeping the
ice-sheet geometry fixed. In the IPCC-1990 sea level pro-
jections and the energy balance model developed by Van
de Wal and Oerlemans (1994) the fixed-geometry response
was adopted.

Here, we calculate the response of the ice-sheet to the
AN-temperature scenario for these three cases. Figure
7 shows the result for the energy balance model (EBM)
and the degree-day model (PDD) as forcing. It should be
noted that the perturbation experiments start with
a steady-state ice-sheet which is different for the energy
balance model (V,,; = 2.73*10'> m°) and the degree-day
model (V,.; = 3.00¥10"> m®). Ice dynamics, bedrock
response and the additional temperature forcing are for-
mulated identically. It should be mentioned here as
well that the degree-day model includes variations in
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accumulation due to changes in temperature (roughly 5%
for 1 K change). However, this does not explain the differ-
ences between the EBM-model and the PDD-model.
Excluding the coupling between temperature and accu-
mulation leads to a minor change in sea-level contribution
for the degree-day model (e.g. 1% after 110 years for the
dynamic case). In spite of the increasing sea level temper-
ature, accumulation integrated over the entire ice-sheet
does not increase much due to the surface lowering, a re-
sult of the increased ablation. The dominating effect in this
type of scenario experiments is the increase in ablation.
(For a detailed analysis of the differences between the two
types of mass balance models for the fixed geometry case
the reader is referred to Van de Wal 1996).

The energy balance and degree-day model calculations
for the dynamic case indicate that there is a tendency for
equilibrium to be restored. After about 250y the time
derivative decreases. As a result, sea-level changes for the
fixed-geometry case and the dynamic case deviate strongly
from the year 110 onwards (note: from here the forcing is
kept constant).

If we look in detail at the response during the first
period, we can observe that for both mass-balance formu-
lations the sea-level contribution is larger for the dynamic
case than for the fixed-geometry case. After 110y the
energy-balance forcing yields a sea-level contribution
of 10.4 cm for the dynamic case and 8.5 cm for the fixed-
geometry case. For the degree-day forcing the difference
is less pronounced, 8.7 cm versus 8.5 cm (Fig. 7). The
reason for the difference between dynamic and fixed-
eometry case is that in the former the mass flow to the
lower ablation region increases, bringing additional ice
to the ablation area. In the fixed-geometry case this
does not happen and after a while the ablation area
shrinks.

Interpretation of the static case is more complicated.
Considering the degree-day model first, after 110y the
sea-level change for the static case is 15% higher than for
the dynamic case. Surprisingly, the static response is only
9% higher for a time scale of several hundreds of years.
This is due to the fact that further deviation of the static
response is limited by the disappearance of ice-covered
points at the ice-sheet margin. If a static response would
be assumed for several thousands of years, the volume of
the ice-sheet would ultimately increase. This is due to the
fact that the entire ablation area will disappear and the
accumulation will steadily increase, which of course, is
physically unrealistic.

If we consider the static approach with the energy-
balance method we get another picture. The sensible heat
flux in this model depends on the distance to the ice
margin: closer to the margin the sensible heat flux in-
creases (higher wind speed and larger surface roughness).
Disappearance of ice-covered grid points will therefore
make it possible for points initially belonging to the accu-
mulation area to shift to the ablation area. This then
means that, also in the long run, the volume of ice-sheet
keeps decreasing.

The fixed-geometry approach, however, appears to be
justified for a degree-day model on a time scale of a hun-
dred years. But over longer periods it lacks the compen-
sating ice flow of the dynamical response. Therefore it

cannot be used for calculations longer than 100 y into the
future.

Altogether, it appears that using a static or fixed-geo-
metry approach may lead to erroneous results, depending
on the time scale of interest and the type of mass balance
model.

5.3 Initial state

If we accept that a fixed-geometry approach is not accu-
rate enough to calculate the contribution of the Green-
land ice-sheet to sea-level change, the next step is to
consider the dependence of projections on the initial state.

The first question is: should we start with the present-
day observed state? Most likely, even without a climate
perturbation the model ice-sheet would evolve to a differ-
ent state. However, because of inaccuracies in observa-
tions and model formulation, it would be impossible to
judge from this the present imbalance. Thus it seems more
straightforward to start with a modelled equilibrium state
which resembles the present-day situation, referred to
earlier in this study as the reference experiment. This
approach has also been used by Huybrechts et al. (1991).

The second question is: to what extent do the projec-
tions depend on the chosen initial state? The sensitivity to
the choice of initial state is illustrated by three experi-
ments, described briefly. All three runs are performed with
inclusion of the geodynamic component and of sliding.
The energy-balance model is used to calculate the abla-
tion.

In addition to the steady state of the reference experi-
ment, we calculated two steady-states, one for a climate
which is 1 K colder and one for a climate which is 1 K
warmer. Starting with these steady-states, the temperature
forcing is then the same for all and follows the AN-
scenario. By performing such an experiment we think we
quantify the range of uncertainty.

Figure 8 shows the results of this experiment. The initial
state for the 1 K warmer climate is 7% smaller and for the
1 K colder climate 4% larger than for the reference experi-
ment. These limited deviations from the reference state
(Tables 1 and 2), however, lead to considerable differences
in calculated sea-level contributions. For a period of 110 y
we can observe in Fig. 8b that starting from a 1 K colder
climate yields a 50% larger increase than for the reference
experiment. On the longer time scale (several hundreds of
years) results are less dependent on the initial conditions,
as might be expected, but the difference in increase is still
about 20%. These results also show that part of the
differences in the mass-balance formulation (energy bal-
ance or degree-day) described in Fig. 7 may be related to
the different steady states for these two experiments
(2.73-10'° m? versus 3.00-10'°> m?).

To understand this difference it should be realized that
even without an additional forcing volume changes will
appear with the 1 K warmer or colder steady-state as
initial condition. The ice-sheet will obviously migrate to-
wards the reference state for the present climate. Fora 1 K
colder climate the response time [The time necessary to
reach Vresponse; (Vresponse = V—IK - (V—IK - Vref) (1 — l/e)]
is about 3000y. Nevertheless 10% of the difference
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Fig. 8a,b. Illustrating the effect of a different initial state (obtained
by varying the temperature by 1 K). a Ice volume and b sea-level
contribution for the AN scenario. The reference run in Fig. 8b is
identical to the dynamic case in Fig. 7a

between the two steady states will be reached after only
110 y. This means that approximately 2.7 cm SLC can be
expected over a period of hundred years if we start with
a reference state which is 1 K colder and without an addi-
tional forcing. This is half of the difference in response to
the AN-scenario which is respectively 10.4 cm for the refer-
ence case and 4.8 cm for the — 1 K case. So on one hand
there is the tendency to migrate to the reference state for the
— 1 K case and for the + 1 K case. On the other hand all
three steady-state cases will respond to the additional forc-
ing implied and migrate towards the steady-state belonging
to the AN-scenario. As the temperature deviation for this
scenario is approximately 4 K (for 65°~70°N) this means
a nearly complete disappearance of the ice-sheet. This large
forcing implies that the volume change is shortly after the
onset independent of the initial steady-state. Observation of
cross profiles shows that the differences between the pro-
files are already negligible after 350 y, whereas they are
significantly different for the three initial steady states. In
summary one can therefore state that the differences pre-
sented in Fig. 7 are entirely a dynamical effect which imply
that the results in terms of sea-level change strongly depend
on the initial steady-state.

5.4 Neglect of sliding

Another point that is important for the calculation of the
response of the ice-sheet to global warming is the formula-
tion of the ice dynamics. Generally, vertical mean ice
velocity is considered to be the sum of deformation of ice
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Fig. 9. The effect of sliding for the calculated contribution to sea-
level rise (AN scenario). For the run excluding sliding the initial state
is different (see text)

and sliding over the bedrock. The latter process is not very
well understood and the confidence in model results
would be higher if basal sliding could be neglected. To
judge whether sliding is important for the dynamic re-
sponse of the Greenland ice-sheet to climate warming we
compare three models runs in Fig. 9.

The run with sliding is the default perturbation experi-
ment (Figs. 7 and 8). As the parametrization of sliding is
directly coupled to meltwater production (it is assumed
that sliding can only occur in the ablation zone, see
Appendix), the sliding area becomes larger in the course of
time. It is unlikely that this happens in reality on a 100y
time scale. Thermodynamics are slower, and consequently
one cannot expect the glacial drainage system to respond
quickly to the size of the ablation area. For this reason we
have also conducted a run in which the sliding area was
kept fixed. As can be seen in Fig. 9, this produces a differ-
ent result. As expected, the loss of ice is smaller when the
sliding area cannot increase. The difference is about 20%.

Also shown is the result of a run in which no sliding is
allowed at all. For a fair comparison, this run has been
done with a different initial state. This state has the same
ice volume, requiring a larger deformational flow para-
meter to compensate for the neglect of sliding (as discussed
earlier). The shape of the ice-sheet is different (a steeper
profile near the margin), which is reflected in a smaller loss
of ice for the climate warming experiment. More precisely,
the response time of the ice-sheet is larger. It can be seen
that after a few hundred years the relative difference with
the case with sliding becomes smaller and smaller.

In summary, it can be concluded that sliding has a sig-
nificant effect on the response of the ice-sheet to climate
warming. Neglect of sliding yields a response that is too
slow.

5.5 Constant sensitivity
Instead of using detailed energy balance or degree-day

calculations, a dynamic response of the ice-sheet and
appropriate boundary conditions, one could use a
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Fig. 10. Sea-level contribution with a constant sensitivity value of
0.3 mm/K y and using output from the energy-balance model as
forcing. Both calculations are for a fixed geometry

constant sensitivity multiplied by a temperature perturba-
tion, as was done, for instance, in the 1990 IPCC-report
(Warrick and Oerlemans 1990). This constant sensitivity
value (expressed in mm sea level change per K y) used by
Warrick and Oerlemans (1990) was based upon sensitivity
experiments of ablation models for a 1 K perturbation,
which is comparable to the sensitivity of the energy bal-
ance model and the degree-day model used here. To see
whether the use of a constant sensitivity value can be
justified, we calculated for this case the contribution to
sea-level rise for the AN scenario.

Figure 10 shows the results for the two approaches. In
both calculations the geometry of the ice-sheet was fixed !
The difference after 110y is tremendous. The constant
sensitivity predicts a sea level rise of only 6.8 cm, whereas
the EBM model predicts 10.4 cm. The reason for this
discrepancy is the increasing sensitivity incorporated in
the EBM model. Van de Wal (1996) showed that the
sensitivity of the energy balance model increased from
0.31 mm/K y for a 1 K perturbation to 0.58 mm/K y for
a 4 K perturbation. The increasing sensitivity can be ob-
served in the degree-day model as well.

The conclusion is that the use of a constant sensitivity
value is not justified if perturbations are larger than 1 K.

6 Climate change experiments

Before we apply the IPCC scenarios (Sect. 7), we consider
three other aspects that are important for climate change
experiments. Respectively, we will consider the choice of
the reference year, the seasonal cycle, and natural climate
variability.

6.1 The choice of the reference year

It could be argued that it is necessary to capture lag effects
in the climate system (Warrick et al. 1996). For this reason,
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Fig. 11. Sea level change for constant sensitivity (S) for the AN-
scenario over the period 1990-2100

some of the calculations on sea-level rise presented by
IPCC (Warrick et al. 1996) start in 1880. If one is interest-
ed in sea-level rise over the period 1990-2100, some objec-
tions against this approach can be made, however. We
illustrate this in the following example for the AN-scen-
ario, see Fig. 11.

Starting the time integration in 1880 means that the
contribution to sea-level rise since 1880, assuming con-
stant mass-balance sensitivity, is the sum of the areas A,
B and C multiplied by the sensitivity (denoted by S1880).
If the period under study is 1990-2100, area C must be
subtracted. Since perturbations are expressed relative to
1880, we need to know the sensitivity of the Greenland
ice-sheet in 1880, but this is unknown. Because it is un-
known it is assumed that the sensitivity to be equal to that
of the present-day (Sisso = Si1990). But model results
upon which the sensitivity value of 0.3 mm/K y is based
refer to a simulation of the present-day situation, which is
not necessarily identical to the 1880 situation. This means
that the appropriate sea-level rise, for the period
1990-2100, is area A times the sensitivity in 1990. The
difference between the two approaches is area B.

A calculation following this procedure shows that, for
the period 1990-2100 with the AN-scenario, the IPCC
result overestimates the contribution to global sea-level
rise by about 30% for the period 1990-2100 (5.4 cm for
the IPCC estimate, 4.1 cm when starting in 1990). We note
that the increasing sensitivity for larger temperature per-
turbations adds an additional error because the adopted
reference temperature in 1880 is lower than in 1990.

6.2 The role of the seasonal cycle

So far, we have used monthly mean temperature perturba-
tions to evaluate the contribution of the Greenland ice-
sheet to sea-level rise. We did this because the temperature
increase is not constant through the year. Predicted sum-
mer warming is less than predicted winter warming (see
Fig. 5). Most melting occurs in summer, so a smaller
temperature change in summer reduces the projected ab-
lation rates. We have repeated the calculations for the AN
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scenario with the mean annual temperature as forcing.
This indeed results in increased loss of ice, although the
effect is not dramatic (10% after 110 y).

6.3 Natural climate variability

Before results for the IPCC scenarios are summarized, it is
worth considering the effect of climate variability. For this
purpose we have forced the model by a random series of
annual mean temperature and precipitation perturba-
tions, taken in a uniform way over the ice-sheet. The
strength of this forcing (standard deviation) is 0.66 K for
temperature and 12% for precipitation. These values are
based on a compilation of annual mean temperatures at
Greenland stations over the period 1870-1990, and on
accumulation records from ice cores (Dibb 1992). The
mean random perturbation is zero for temperature as well
as for precipitation.

If the additional random forcing is imposed on the
model, hardly any differences on the contribution to sea-
level change can be observed. The reason is that the
predicted temperature forcing after 100 y is already 3-4 K,
which obviously has a larger impact than a random tem-
perature forcing of 0.66 K. Nevertheless, the experiment
provides some confidence in the use of monthly mean
temperature perturbations and indicates the limited im-
portance of variability. Variability will only be important
if its strength is of the same order of magnitude as the
secular trend in the forcing.

7 Results for IPCC-1996 scenarios

Finally, we imposed the IPCC scenarios described in Sect
4 as forcing to the model. Although not all IPCC scen-
arios published in the IPCC reports have been used, we
have included the extreme ones to see the full range of
possible Greenland contributions to sea-level rise.
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Fig. 12. Greenland contribution to sea-level change obtained with
the full model for the various climate scenarios. Included are bed-
rock adjustment, sliding and the energy-balance model to calculate
ablation. Runs start from a modelled steady state. Results for the
AN-scenario are included in Fig. 9 (the curve “including sliding”)
and Figs. 7a and 8b

The forcing is formulated as monthly temperature per-
turbations relative to 1990. The model version for these
runs has isostatic bedrock response, sliding, and the en-
ergy-balance model to calculate ablation. If the A-scen-
ario for equivalent greenhouse forcing is considered most
likely, the best estimate of the contribution of the Green-
land ice-sheet to sea-level rise is 7.0 cm in the year 2100
(AF scenario) or 10.4 for the AN-scenario (Fig. 12). Asso-
ciated with the different climate scenarios used we observe
a range of predictions from 5-11 cm for the year 2100 and
20-85 cm for the year 2340.

8 Discussion

This study presents results for the short-term response of
the Greenland ice-sheet to enhanced greenhouse warming.
The estimated contribution to global sea level is 10.4 cm
in 2100 for the AN-scenario. This figure is based on
calculations starting from a dynamic equilibrium of a two-
dimensional ice-sheet model, including sliding and a dy-
namic bed response. Ablation is calculated with an energy
balance model. However, several mechanisms influence
this result considerably. Table 3 presents an overview of
the experiments described in this study. Table 3 shows the
most important results of this work, described by the
information in the first six columns of the table. The last
column refers to the figure in which these results have
been presented.

One of the results presented in Table 3 indicates that the
contribution of the Greenland ice-sheet is actually larger
than the value of 10.4 cm presented in the IPCC-96 report.
Transient effects due to the slowly increasing temperature
in the past may increase the response by a similar amount.
This means that future modelling work should concen-
trate on historical simulations. Table 3 also shows that
for a fixed geometry results depend significantly on
the resolution of the model. This is probably the case
for the dynamic response as well, but this cannot yet be
investigated because at present ice thickness data are
insufficient.

From all the experiments presented here it is clear that
one should be very careful in making simplifications. For
instance it is necessary to take the increasing sensitivity to
larger perturbations into account. This does not mean
that complicated ablation models are necessary for all
purposes. But at least it is advisable to use the sensitivity
derived from these models as a function of the temper-
ature perturbation. Since the sensitivity of the ice-sheet to
temperature perturbation is based upon a simulation of
the present-day ice-sheet, we cannot take climate lag ef-
fects into account in a simple manner. The only way to do
this would be by using transient dynamic models. These,
however, are difficult to validate due to lack of historical
data.

The climate experiments show that it hardly matters
whether yearly temperature scenario or monthly mean
values are used. The results differ by only 10%. Climate
variability is also not very important either, at least on the
time scale analyzed and given the magnitude of the per-
turbations, but care should be taken with the choice of the
reference year.
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Table 3. An overview of the experiments presented in this study

Response Mass Intial volume Dynamic Sliding Resolution SLC SLC Figure

balance (*10'° m3) equilibrium (km) t=110 t =350

(cm) (cm)

Dynamic EBM 2.73 REF* Yes® 20 10.4 57.0 7b,8b,9,12
Fixed EBM 2.73 1A° Yes® 20 7.5 - 6
Fixed EBM 2.82 IA° Yes® 10 7.5 -
Fixed EBM 2.83 TUD® Yes® 20 8.2 - 6
Fixed EBM 2.73 REF? Yes® 20 8.5 63.0 7a
Static EBM 2.73 REF? Yes® 20 8.0 61.4 7a
Dynamic PDD 3.00 Yes® Yes® 20 8.7 40.8 7b
Fixed PDD 3.00 Yes® Yes® 20 8.5 51.8 7b
Static PDD 3.00 Yes® Yes® 20 9.8 452 7b
Dynamic EBM 2.55 Yes® Yes® 20 4.8 422 8b
Dynamic EBM 2.84 Yes® Yes® 20 15.8 68.9 8b
Dynamic EBM 2.76 Yes® No 20 6.0 53.6 9

The column dynamic equilibrium contains information on whether the initial state is a dynamic equilibrium or an observed elevation model
*REF means the reference equilibrium state described earlier in this study

*Yes, means a dynamic equilibrium not equal to the reference case

°IA and TUD are the non-equilibrium states of the present-day observations

A comparison of the results from the section climate
change experiments and sensitivity experiments indicate
that the variability in the response on a time scale of
a hundred years is partly a consequence of the uncertainty
in the climate scenarios but depends more on the actual
formulation of the applied model. On a time scale of a few
hundred years the variability is dominated by the variabil-
ity in the climate scenarios, (Table 3 and Fig. 12).

Appendix A: description of the model

The ice-sheet model treats ice flow by solving the equa-
tions on a two-dimensional grid with a grid-point distance
of 20 km in the horizontal plane. The ice dynamics are
described in a single vertically averaged layer (Mahaffy
1976; Cadee 1992), where ice velocity is determined by the
local driving stress (t) only. This means that longitudinal
deviationary stresses are disregarded. No thermo-
dynamics are included in the model. It is time-dependent
and also includes the response of the underlying bedrock
to changing ice load. The surface mass balance and ice
thickness are entirely coupled. The model equations are

oH .
=== V@H) + M Al

In Eq. (A.1) H is ice thickness, v the depth-averaged
horizontal velocity field (in m/y), M the mass balance (in
m water equivalents/y) and ¢ time (in y). The vertical mean
ice velocity o consists of two parts: one associated with
internal deformation (first term in A.2) and one associated
with basal sliding (second term in A.2). Both parts increase
with the third power of the driving stress.

% 3
fr A2

v=fHrt +N—P

The flow parameters f and f* are set to
4.0%107 " m®N "3y 1 and 2.0¥10" ' m°N 2y !, respect-

ively. These parameters must be considered as tuning
parameters of the model and are obtained by comparing
predicted ice thickness and observed ice thickness. In case
of the no-sliding experiment f is 14.0¥107'" m°N "3y !
and f * zero. From the definition of Eq. (A.2) it follows that
sliding is inversely proportional to normal load (N) minus
basal water pressure (P). Variations in basal water pres-
sure are not allowed in this study. It is simply assumed
that N — P = 0.8*N. Sliding is restricted to areas where
surface melting occurs.

The equation for the driving stress (7) reads:

Ox
Here p; is the ice density, g gravitational acceleration and
hy surface elevation which is the sum of bedrock elevation
(hy) and ice thickness.

As stated before, the model also takes into account
bedrock adjustment in response to a changing ice load. In
the experiments an isostatic lithosphere, (w = p;/p,,*H)
has been used. It could be argued that an elastic plate is
more appropriate. The difference between pure isostatic
equilibrium and an elastic plate is generally small except
near the margins of an ice-sheet. Because of the short time
scale considered in this study, this simplification is prob-
ably not important for volume changes.

In order to calculate the time evolution, we use a linear
viscous asthenosphere model (channel model). This yields
the diffusion equation:

B DV, — o+ w) A4
where h, is the undisturbed bed elevation if the ice sheet is
removed and D, a diffusion coefficient (5.0¥10” m? y ).

The only remaining unknown quantity in the set of
equations described so far is the mass balance (M). Two
types of mass-balance models are considered. First we
describe the energy balance approach (EBM) and secondly
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the degree-day approach (PDD). Both methods yield the
net mass balance (M) at a specific point, as used in equa-
tion A.1.

The energy balance method is identical to the model
used by Van de Wal and Oerlemans (1994) and only the
main characteristics will be described here. In this model
ablation is calculated on an irregular grid with a minimum
spacing of 20 km. The ablation at the other points in the
20 km grid are linearly interpolated from the first group of
points. In this version the energy balance is calculated
with a time step of only 40 min (to resolve the daily cycle).
Input data for the EBM calculations are the surface
topography, cloudiness, surface temperature and accumu-
lation. For the surface temperature distribution the com-
pilation of Ohmura (1987) has been used. The annual
accumulation is taken from Ohmura and Reeh (1991). It
should be noted that for the EBM calculation the annual
accumulation is independent of the temperature; this is
not the case in the PDD calculations. Cloudiness varies
with latitude and with the distance from the margin of
the ice sheet, which might migrate during an experi-
ment. Surface topography varies with ice thickness and
bedrock adjustment. The surface temperature field itself
is parametrized as a function of latitude and surface
topography and thus interacts freely with changes in ice
dynamics.

An important point in the model formulation is that the
albedo is a function of snow depth, ablation, amount of
meltwater at the surface and the type of surface. Due to
this albedo formulation the EBM model responds non-
linearly to changing climatic input.

The degree-day approach is identical to the formulation
used by Huybrechts et al. (1991). This model calculates the
ablation in terms of mean annual air temperature and
summer air temperature, and is based on work by Oh-
mura (1987). Input for the PDD calculations are the
surface topography, surface temperature and accumula-
tion. The surface temperature and accumulation used in
the EBM version and PDD versions are identical. As
stated already, the accumulation distribution is only con-
sidered to be temperature-dependent in the degree-day
version, which is in accordance with the work of Huy-
brechts et al. (1991) and Van de Wal and Oerlemans (1994).

Boundary conditions

Model calculations start from the present state as presented
by Letréguilly et al. (1991) which is not necessarily in
equilibrium with the equations A.1-A.5. The model is
integrated 15 ky forwards in time to obtain the reference
steady state. Bed topography, ice thickness and the lati-
tudinal coordinates are the main input fields. The data
sets used here were composed by Letréguilly et al. (1991).
In the model the ice-sheet is limited to the present coast-
line. The ocean is considered as an infinite sink of ice.
Formation of ice shelves and details of calving are not
considered. Once the ice reaches the ocean, ice thickness is
immediately set to zero. The reason for doing this is the
small scale of outlet glaciers in combination with the fact
that in this study the main interest is focused on the short
time scale.

Numerical details

The calculation are performed on a horizontal grid with
spacing of 20 km (11703 points in total). Deflection is
calculated at every second grid point in order to save
computer time. The finite difference equations describing
changes in ice thickness (A.3) and bedrock (A.5) are solved
numerically by the alternating direction implicit method.
For the calculation of steady-states model time steps are
4 y for the changes in ice thickness and 40 y for the more
slowly varying change in bedrock. Once a steady-state is
calculated and perturbations experiments are started all
time steps are 1 year. One-year time steps are used because
the external perturbations of the mass balance are given
on an annual basis and time integration is relatively short
in this study (350 y).
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