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ABSTRACT. A high-resolution GCM ECHAM3T106 was used to simulate the
climates of the present and of the future under doubled CO,. The ECHAM3 T106 was
integrated for an equivalent time of 5 vears (1) with the observed SST of the 1980s and
(2) with the S5T for the 2 x CO, climate generated from the ECHAMI T21 coupled
transicnt experiment. The main motivation for using the GCM to simulate the mass
balance is the level of skill in simulating precipitation and accumulation recently
achieved in the high-resolution GOM experiment. The ablation is computed, based on
the GCM internal surface fluxes and the temperature/ablation relationship formulated
on the Greenland field data. The two ice sheets show very different reactions towards
doubling the CO,. As the decrease in accumulation and the increase in ablation in
Greenland cause an annual mean specific mass balance of 225 mm (eq. ~390 km? ),
the inerease in accumulation and virtually non-melt conditions in Antarctica result in
a mean annual specific mass balance of +23 mm (eq. + 325 km”). The sum of the mass
balance on both ice sheets is equivalent to the annual sea-level rise of 0.2 mm. This
experiment shows that other mechanisms for sea-level change, such as the thermal
expansion of the sea water and the melt of small mountain elaciers, will remain

important in the coming century.

INTRODUCTION

Glacier mass balance has been one of the most important
components controlling global sea level. Among all ice
masses in the world, the Greenland and the Antarctic ice
sheets occupy an important position both in terms of their
surlace arca and ice volume. A new evaluation of the
global surface area and volume of glaciers (Table 1)

shows that Antarctica presently has an ice-surface area of

13.586 x 10°km® and 30.110 x 10%km® ice volume. The
corresponding quantities for Greenland are 1.756 x 10°

km? and 2.648 x 10" km", respectively. In the context of

this paper, small ice caps, vallev and mountain glaciers on
Greenland and Antarctica are included under the ice
sheets. This evaluation shows that 97% of the glacier
surface and more than 99.8% of the glacier-ice volume
are in Greenland and Antarctica. The sea-level equiva-
lent of these ice masses is 74.6 m. The total volume ol all
small glaciers outside Greenland and Antarctica is at most
20 cm in sea-level equivalent, Both ice sheets are therefore
ol prime importance in estimating [uture sea-level
change.

The simulation of future mass balance has been made
cither by assuming constant precipitation or by assuming
certain scenarios (Oerlemans and others, 1993). Reac-
tions of the Greenland ice sheet have also been
investigated in the form of sensitivity tests (Kuhn, 1981:
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Ambach, 1985). In recent years, it has become possible to
simulate the future SST with a coupled transient
experiment, which is a prerequisite for computing a
detailed condition for a time snapshot. The problem of
the coarseness in grids, the necessity for a general
circulation model (GCM) experiment has been consider-
ably improved by introducing high-resolution grids. This
improvement will certainly increase with the appearance
ol massive parallel computers. These conditions alto-
gether have made the present snapshot experiments
possible. This method is considered 1o he superior 1o a
mere nesting ol a meso-scale model within a coarse-grid
GCM, because high-resolution GCM captures smaller
structures which may be important for precipitation and

surlace-heat balance.

GCM EXPERIMENTS

The present climate was simulated with the
ECHAMS3 T106 model which has an equivalent grid size
ol’about 120km. The model was integrated for 51 vears

using the observed boundary conditions of the mid=1980s.
This control run was used to test the capability of the
high-resolution GCM and also to evaluate the departure
of the 2x CO, scenario experiment (Arpe and others,
1995). In the second run, the T106 atmospheric model
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Table 1. Present avea and volume of glacier ice on the globe

Region Surface area  Ice volume Source
10% km? 10% km®

Greenland 1756 2648 Weidick (1995), Ohmura (1987a)
Tceland 11 1 Bjornsson (1986)
Canadian Arctic Islands 152, 15 Ommanney (1972)
Jan Mayen 10! 107 Field (1975)
Svalbard 37 + Haeberli and others (1989)
Zemlya Franza Yosifa 14 | Haeberli and others (1989)
Novaya Zemlya 23 2 Haeberli and others (1989)
Severnaya Zemlya and

Ostrov Ushakova 19 2 Haeberli and others (1989)
Ostrova de Langa, Ostrov

Vrangelya and others 10! = Haeberli and others {1989)
North America (continental) 124 12 Haeberli and others (1989)
Scandinavia 3 10! Ostrem and others (1988)
Alps 3 0.14 Chen and Ohmura (1990)
Pyrenees and Cordillera

Cantabrica 10°= 10 4 Haeberli and others (1989)
Caucasus 1 10! Hacberli and others (1989)
Ural 107 10 Hacherli and others (1989)
Asia 92 9 Haeberli and others (1989)
Africa 10 * iy Hastenrath (1984)
New Zealand 1 10! Haeberli and others (1989)
South America 25 3 Haeberli and others (1989)
Sub-Antarctic islands i 1 Mercer (1967)
Antarctica 13 586 30110 Drewry (1983)
Total 15855 32809
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Fig. 1. Aunual total precipitation (mma ") simulated by the ECHAM3GCM with different hovizontal resolutions. From
left to right, T21, T42 and T106, respectively.
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Fig. 2. Comparison of the compuled (vight) and observed (lefl) annual total precipitation (mma °) for Greenland. The

observation is after Ohmura and Reeh (1991).

was integrated for 51 years with the prescribed boundary

conditions of SST and sea-ice distributions at the time of

2 x COy extracted from a low-resolution, fully coupled,
atmosphere-ocean transient GCM experiment. The CO,
scenario used 1s [PCC Scenario A (Cubasch and others,
1992) and the expected time for 2 x COy is AD 2045,
The time domain considered in the present experi-
ment is less than one century. This rather short time span
allows one to consider the mass-balance process purely as
a surface-exchange phenomenon, without involving

dynamic aspects ol ice sheets (Abe-Ouchi, 1993).

SIMULATION OF THE PRESENT
PRECIPITATION

The capability of the precipitation simulation increases
with the relinement of the horizontal resolution of the
model. The sequence of this development is shown in
Figure 1 for experiments with T21, T42 and TI106
resolution, which give mean precipitation of 785, 585 and
495 mm year ! respectively. Not only the regional mean
but the regional pattern of the precipitation distribution is
improved with improvement of the horizontal resolution.
As the resolution is increased. the surface topography
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becomes more realistic. The Atlantic air mass in winter
and the Canadian air mass in summer, heading towards
Greenland, produce a reasonable amount of precipitation
on the steep and realistic ice-sheet margin, preventing an
invasion ol the excessively moist air mass into the interior,
thus also preventing the appearance of the continental-
scale overestimation of precipitation. In Figure 2, the
TI106 comparison with the observed precipitation dis-
tribution is presented for Greenland. The occurrence of
the highest precipitation on the southeast coast, the sharp
latitudinal decline on the southwest coast, the zone of
higher precipitation on the west slope, culminating in a
maximum north of Melville Bay, and the driest area
north of Summit are well represented. After studying
other climatic elements, it can be concluded that
precipitation is probably the most improved of all
elements when the horizontal resolution is increased.

The comparison in Figure 3 also demonstrates that the
main features of the precipitation distribution in Antarc-
tica are also well captured by the present model.

More quantitatively meaningful analyses can be made
by comparing the accumulation, because what is
observed on the ice sheets is accumulation rather than
meteorological precipitation (Tables 2 and 3). The com-
puted accumulation is defined as the difference between
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Table 2. Components related to the annual mass balance for Greenland (unit mmw.e.a ")

Observations Model experiments
Control 2x €0, 2% C0s— Control
1. Annual precipitation 340 194 492 =2
2. Annual accumulation
or solid precipitation
minus evaporation 317 426 405 —2],
3. Annual ablation based
on energy balance 228 425 197
4. Annual ablation based
on summer temperature 200 146 353 208
5. Storage change and calving
2-3 198 20 218
=4 117 329 52 -929
Sources Ohmura and This study

Reeh (1991)

the solid precipitation and evaporation, both of which are
model computed. This quantity is more directly compar-
able with the field-observed accumulation, as the
evaporative loss is taken into account. For Greenland,
there is an average diflerence of 110mm between the
observed and the simulated values. The difference is
probably not large enough to disqualify the computation,
as the observed accumulation evidently represents a
somewhat lower value at this stage. Underestimation of
the conventional precipitation measurements (Sevruk,
1993) and the drift loss of snow must be added to the
observed values. In Antarctica, the simulated value of
197 mm comes very close to the recent re-evaluation of
1844 37 mm by Giovinetto and others (1992), in which
the drift loss is compensated.

SIMULATION OF FUTURE ACCUMULATION

Under the doubled CO, climate, accumulation decreases
over slightly more than half of the Greenland surface (Fig.
4). A strong decrease of more than 100 mm is projected in
southeast Greenland. A moderate decrease is seen on the
west coast. Synoptically seen the cause of the decrease
differs from region to region. The decrease in southeast
Greenland is primarily due to the weakening of the
Icelandic Low in winter, while the decrease on the west
slope is the result of the temperature increase. There is an
increase in precipitation and accumulation in the middle

24l il | - and northeast. The increase in northeast Greenland
> 3 o \ s 5 substantial ¢ e
d : . s ok SLd €
N ranges from 50 to 100 mm, a substantial change from
PEN ‘) P the present dry climate in the region. Averaging entire

5 v. 4 Greenland, annual total precipitation and accumulation
T " £
: = T
—— S o el

decrease by 2 and 21 mm, respectively. This decrease,
despite the increase in the moisture content in the air
demonstrates the importance of the change in atmo-
spheric circulation in determining the precipitation in
Greenland, a feature reported by Kapsner and others

Fig. 3. Comparison of the observed (upper) and computed (1995), based on the GISP2 ice-core analysis.
(lower Jannual total precipilation (mma ') for Antarc- Over Antarctica under the doubled CO, climate, all
tica. The observed is afler Giovinetto and others (1990). precipitation is also solid. The largest increase is observed
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in the coastal regions where the precipitation is at present
large. There is also a large difference between West and
East Antarctica, where the increase is 45 and 20 mm,
respectively. For entire Antarctica, the increases in
precipitation and accumulation are 25 and 23 mm,
respectively. The Antarctic ice sheet is located clearly
poleward of the sub-polar depression zone. This high-
latitude position is the main cause for an increase in
precipitation, being more directly influenced by the
temperature increase than by the circulation.

SIMULATION OF ABLATION

The computation of the ablation was done only for
Greenland, as the Antarctic ice sheet does not melt under
the 2x COy climate. The melt was computed by two
methods: the GCM energy balance and the empirical
ablation/temperature relatonship. With respect to the
former method, the annual sum of net radiation, sensible-
and latent-heat fluxes were equated to the total latent heat
of tusion for the year. This assumption is justified, as the
annual total heat conduction is practcally zero. The
results of the computation were compared against the
observations made at ETH Camp in the 1991 summer.
The melt amounts computed by the GCM and observed by
the micrometeorological heat-balance method (Ohmura
and others, 1994) are 66.5 and 38.1 cmw.e., respectively.
When the evaporative loss is added, the GCM and the
micrometeorological observations yield total ablations of
68 and 60 cm w.e., respectively. During the same period,
the glaciologically determined ablation was 35cmw.e.,

Ohmura and others: GOM simulated mass balance of the ice sheets

Table 3. Comparison of the GCM-computed and observed
annual accumulation for Antarclica

Annual accumulation
Jor Antarctica

mim
Model
ECHAMS3 T106 197+
Observed
Budd and Smith (1985) 126
Giovinetto and Bull (1987) 143
Bromvich (1990) 151-156
Peixoto and Qort (1983) 147
Gilovinetto and others (1992) 184+ 37
Yamazaki (1994) 135

¥ Annual solid precipitation, 224 mm, minus sublimation,
27 mm

mainly due to the growth of supra-imposed ice, to which
the water [rom higher alutudes evidently contributed.
Although this comparison was made only for one site, the
present result indicates the GCM's capability of simulating
glacier ablation. The distributions of the ablation and the
mass balance are presented in Figure 3.

The second method is based on the observed relation-
ship between the annual ablation ohserved with the
glaciological mass-balance method and the mean air

Fig. 4. Change in accumulation for Greenland and Antarctica in mm a T (2% CO» minus 1% CO5).
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Fig. 5. Distribution of the GCM-simulated annual ablation and mass balance under the present climate for Greenland.

. s 2 !
Unils are in mma ",

4500 .

temperature of the three summer months, June, July and & il Gy
August, at the same locations as presented in Figure 6. - + Nordboglalséner Staka 53
Based on this relationship, the present and future # e -
ablations are computed with the temperature distribution Rt e] .
of Ohmura (1987b) and the GCM-generated air tem- 3500 © Pakitsog 51906 (Nr.20)
perature, respectively. The future increase in ablation due 4:Paidiseg SEACT(NKS) -
to the doubling of CO, was also estimated using the e =
GCM-computed temperature. e .

E +

= 2500
FUTURE CHANGE IN MASS BALANCE ';;

- s #
The ablation towards the middle of the next century in E AR ¢
Greenland increases substantially. The increase in annual w
ablation is estimated at 197 mm based on the energy- 1500 + “
balance method, and 208 mm based on the ablation/ o
temperature relatonship. Remarkably, the two very 2
different methods give an almost identical result. The 1% =
change in mass balance in Greenland is characterized by -
a small decrease in mean annual specific accumulation <o L
(21 mm) and by a substantial increase in mean specific .
ablation (197-208 mm). Based on this result, Greenland
will lose annually about 390 km® water into the ocean. 0 4+ f t f f f f : |
Antarctica, on the other hand, will gain 325 km” from the #2 A 0 ! 2 8 & B e T
ocean due to the increase in accumulation. The net i i b
annual discharge of both ice sheets, 65 km”, is equivalent Fig. 6. Relationship between the annual total ablation and
to an annual sea-level rise of 0.18 mm. This situation the mean air temperature for June, July and August for
makes other factors, such as thermal expansion of sea Greenland. The ablation and temperature data_for stalions
water and the melt of small glaciers (Meier, 1984), excepl for ETH Camp have been provided by H. Thomsen
important in the coming century. and R. Braithwaite, respectively.
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CONCLUSION

A high-resolution GCM, ECHAM3T106 was found to
simulate the surface mass and energy balance of the ice
sheets with unparalleled accuracy. The numerical experi-
ments under the present and the 2 x CO, climates show
how differently both ice sheets will react towards the
future climate change. As Greenland is predicted
annually to lose about 225 mmw.e., Antarctica will
receive 23 mm more than at present. ‘The combined eflect
of the mass-balance changes on the sca-level change is to
cancel each other. This situation increases the effect of
other factors, such as thermal expansion of sea water and
the mass balance of smaller glaciers on the sea level. The
change in sea level into the middle of the next century will
be considerably smaller than previously speculated.
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