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ABSTRACT. A quasi-three-dimensional (3-D) climate model (Sellers, 1983) was used
to simulate the climate of the Last Glacial Maximum (LGM) in order to provide climatic
input for the modelling of the Northern Hemisphere ice sheets. The climate model is basi-
cally a coarse-gridded general circulation model (GCM) with simplified dynamics, and
was subject to appropriate boundary conditions for ice-sheet elevation, atmospheric CO,
concentration and orbital parameters. When compared with the present-day simulation,
the simulated climate at the LGM is characterized by a global annual cooling of 3.5°C
and a reduction in global annual precipitation of 7.5 %, which agrees well w 1lh results
from other, more complex GCMs. Also the patterns of temperature change compare fairly
with most other GCM results, except for a smaller cooling over the North Atlantic and the
larger cooling predicted for the summer rather than for the winter over Eurasia.

The climate model is able to simulate changes in Northern Hemisphere tropospheric
circulation, yielding enhanced westerlies in the vicinity of the Laurentide and Eurasian
ice sheets. Howev er, the simulated precipitation patterns are less convineing, and show a
distinct mean precipitation increase over the Laurentide ice sheet. Nevertheless, when
using the mean monthly fields of LGM minus present-day anomalies of temperature and
precipitation rate to drive a 3-1) thermo-mechanical ice-sheet model, it is demonstrated
that, within realistic bounds of the ice-flow and mass-balance parameters, very reason-
able reconstructions of the LGM ice sheets can be obtained.

INTRODUCTION

It is well established that the climate during the ice ages was
strongly influenced by the presence of large ice sheets on the
continents of the Northern Hemisphere. A first coherent
compilation of palacoclimatic information was made in the
1970s by the CLIMAP (1976) project. Based on a multitude
of geological and biological indicators, CLIMAP provided
a geographical synthesis of the world at the Last Glacial
Maximum (LGM), which has been continuously updated

and revised (Frenzel and others, 1992). These studies are of

great interest to a variety of modellers as they offer a num-
ber of essential boundary conditions for their models.

In large-scale ice-sheet modelling studies, however, it has
proven difficult to simulate the three-dimensional (3-D)
geometry of the Northern Hemisphere ice sheets so that
results are in good agreement with the geological record
(Verbitsky and Oglesby, 1992; Marsiat, 1994; Huybrechts
and Tsiobbel, 1995). This defect is largely due to the inability
ol the models to prescribe correctly the surface mass-
balance components of snow accumulation and meltwater
runoff, but also due to inadequate modelling of basal condi-
tions, ice rheology, and marine ice-sheet interactions.
Crucial parameters for the determination of mass balance
are meteorological variables such as air temperature, preci-
pitation rate, circulation and energy fluxes at the ice
surface. Ideally, such variables should arise from the inter-
action with complex general circulation models (GCMs).
At present, however, models put a prohibitively high
demand on computer resources that makes it impossible to
couple them synchronously to 3-D ice-sheet models during a
glacial cycle.
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The 3-D climate model presented here represents an
effort to bridge the gap between an Energy Balance Model
(EBM) and a complete GCM. The model is essentially a
coarse-gridded GCM  with simplified dynamics, which
takes into account the most important factors that are
believed to influence the climate, Despite its relative simpli-
city, the climate model was shown to be able to simulate the
present climate in reasonable agreement with observations
(Sellers, 1983, 1985a). Palacoclimatic simulations different to
the ones described here were conducted by Sellers (1985h)
and Friedlingstein and others (1992).

The main purposc of this study is to investigate how well
this model performs in predicting the change in climate
between the LGM and the present day, and to investigate
how these results can serve to preseribe boundary condi-
tions for the modelling of the Northern Hemisphere ice
sheets. Therefore, the climatic simulations are first com-
pared with those obtained with more complex GCMs and
subsequently used as input in a 3-D thermo-mechanical
ice-sheet model (Huybrechts and Tsiobbel, 1995). A com-
parison of the simulated ice-sheet configurations with the
geological record then provides an indication about the
quality and applicability of the climate model in ice-age-
related studies.

THE CLIMATE MODEL

The quasi 3-D global climate model used in this study has
been described in Sellers (1983, 1985a, b). It has a resolution
of 107 x 107, and includes a complete hydrological cycle, a

variable snow and ice cover, soil moisture, cloud cover, and
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an interactive ocean with diffusive heat transport but with-
out currents. The principal equations that are solved in the
model are conservation equations for energy and mass.
There are five submodels associated with pressure and wind
fields, moisture distribution, the radiation field, the surface
water balance, and the temperature field.

The model has five vertical levels in sigma coordinates:
three levels are in the troposphere and two are in the strato-
sphere. The atmospheric flow in the lowest layer is assumed
to depend on the Coriolis force, the pressure gradient and
frictional forces, while the flow mn the upper two tropo-
spheric layers is geostrophic and determined by the thermal
wind equation. The only prognostic variables are the sur-
face and 1 km temperature fields. The temperature lapse rate
in the bottom layer is a function of the surface temperature,
while the lapse rate in the two upper tropospheric layers is
statistically related to the temperature at about 1km, and is
modified in order to preserve a radiation balance at the top
of the atmosphere. These relatively simple dynamics allow a
5 day time-step.

An important simplification is made by setting the sur-
face at sigma level = 1 (equal to sea level). This means that
there are no explicit mountains in the model, which “feels”
topography only through a surface drag cocfficient that
determines the [riction of the continental surface on the
wind in the lowest layer, and through the impact of eleva-
tion on the albedo-temperature feedback. Another simplifi-
cation in the model includes the omission of acceleration
terms in the calculation of wind speed, but this is justified
for synoptic-scale phenomena.

The original papers (Sellers, 1983, 1985a) demonstrate
that the model is able to reproduce relatively well the pre-
sent-day sea-level temperature and pressure fields. However,
common to more complex GCMs, simulated precipitation
patterns display dissimilarities with observations. For
instance, the predicted precipitation is too high over North
America and western Africa, and too low above 607 N, espe-
cially over the North Atlantic in winter.

THE SIMULATED CLIMATE OF THE LGM

To ensure consistency with the Palacoclimate Modeling
Intercomparison Project (PMIP) experiments, the LGM
is assumed to have occurred at 21 000 BP. Thus, the orbital
parameters, taken from Berger (1978), correspond to the
situation at 21000 BP. The LGM as well as present-day
(PD) topography is derived from Peltier (1994). When
compared with the PD topography, the number ol conti-
nental points was increased by 25 for the LGM topogra-
phy due to a glacio-custatic sea-level drop of about 105 m.
This corresponds to an area of 12.8 x 10° km? of which
most is situated in the high northern latitudes. The atmo-
spheric CO, concentration was reduced from 345 to
200 ppm for the LGM based on ice-core studies (Barnola
and others, 1987). There is no dillerence in the way the
albedo is treated in the climate model between the LGM
and PD experiment: the albedo value over ice-sheet areas
is set to 0.85, while that over snow is 0.75. The initial Janu-
ary conditions for sea-level temperature, snow, and sea-ice
distributions for the present time were used in both the
LGM and PD experiments.

To minimize the eftect of systematic errors in the climate
model, we concentrate on the difference between the LGM
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and PD climate. Model runs have been performed over 50
vears with a 5 day time-step. The displayed runs are aver-
aged over the last 5 years of the simulation.

Temperature

The simulated LGM annual global sea-level temperature is
2.1°C lower compared to that of the PD run. When we take
the effect of the LGM elevation into account, and apply a
lapse rate for a cold and dry atmosphere of 8°C km "eg
Hyde and others, 1989), the decrease in the LGM global
annual surface temperature is 3.5°C. The global surface
cooling is more pronounced during the summer months
(JJA) (-4.3°C) than during winter (DJF) (=3.0°C), as it is
(annually) over continent (~4.1°C)) than over ocean
(-1.6°C). The predicted global annual cooling relative to
the PD corresponds quite well with values obtained by
other, more complex, GCMs in LGM simulations (Kutz-
bach and Guetter, 1986; Broccoli and Manabe, 1987; Lau-
tenschlager and Herterich, 1990; Joussaume, 1993). Many
GCMs also simulate a higher reduction of hemispheric air
temperatures in summer than in winter, especially in the
Northern Hemisphere (e.g. Lautenschlager and Herterich,
1990; Joussaume, 1993).

The most prominent feature in Figure 1, which shows the
simulated LGM minus PD change of sca-level temperature
for different times of the year, is the intense cooling over the
Northern Hemisphere ice sheets. The maximum annual
cooling at sea level over the Laurentide ice sheet amounts
to about 10°C, and is ahout 6°C over the Eurasian ice sheet.
The cooling over the North Atlantic, however, is much
smaller (about 3°C). A direct comparison between these
results and those predicted by other GCMs is more difficult
to make because the literature only provides surface temp-
eratures, and different GCMs use different ice-sheet topo-
graphies and lapse rates. However, it seems that the annual
results presented here are roughly in line for the Laurentide
ice sheet, somewhat less for the Eurasian ice sheet, and sub-
stantially less for the North Atlantic. The latter is most prob-
ably caused by a poor modelling of the sea-ice distribution
in the Sellers model and/or the use of a “too warm” initial
sea-surface temperature dataset in the LGM experiment.

Another prominent feature of the simulations shown in
Figure | is the very pronounced cooling simulated over both
the Laurentide and Eurasian ice sheets during the summer
months. This feature is also observed in the energy-balance
model (EBM) simulations presented in Hyde and others
(1989), but is generally absent in GCM runs. Several GCM
studies produce the largest cooling in summer over the
Laurentide ice sheet (Kutzbach and Guetter, 1986; Jous-
saume, 1993), but over the North Atlantic and the Eurasian
ice sheet, the largest cooling usually occurs during the
winter months. Palacodata also seem to he generally sup-
portive of a larger cooling during winter than during
summer in the vicinity of the large ice sheets at the LGM
(e.g. Irenzel and others, 1992), but conclusive evidence is
lacking.

Precipitation

The precipitation rate in the climate model is obtained dif-
ferently from that in the GCMs, where vertical moisture
distribution is given by the continuity equation of water
vapor. Here, the sum of the condensation and the vertical
diffusion of moisture is calculated from the specific humid-
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Fig. 1. Changes of sea-level temperature () and precipilation rate (b) as simulated by the climate model over a part of the North-
ern Hemisphere. Shown are LGM minus present-day differences for the winter season ( DYF ), the summer season { 774 ). and
mean annual conditions ( ANN ), respectively. Units are in °C.for temperature and mm d ' for precipitation.

ities at the top and bottom of each layer, and the moisture
continuity equation for each tropospheric layer. It is
assumed that when this sum is positive, a fraction condenses
and the rest diffuses vertically to a higher layer. The total
precipitation is then given by the sum of the condensate in
cach layer.

The model generally predicts reduced precipitation
rates during the LGM. The annual mean precipitation rate
over the entire globe is 7.5% lower than that for the PD
simulation. This global reduction is stronger in summer
(JJA) (=10%) than in winter (DJF) (-7%); and (annually)
stronger over land (—11%) than over ocean (-6% ). Again,
these numbers are in qualitative agreement with those from
most GCMs (e.g. Kutzbach and Guetter, 1986), though they
tend to be slightly lower.

However, there are also noticeable differences with
other GCMs. The most important one is that the present
model generally predicts a precipitation increase over the
ice-sheet areas, whereas most GCMs, especially those with
prescribed  sea-level temperatures and sea-ice extent,
simulate precipitation reductions over parts of the ice sheets
(Lautenschlager and Herterich, 1990; Joussaume, 1993). Pos-
sible explanations may be the present model’s low resolution
or, alternatively, shortcomings in the calculation of the
vertical temperature gradient over the ice sheets and/or the
calculation of the horizontal moisture divergence. However,
precipitation is a notoriously difficult process to model, and
consensus amongst climate models remains doubtful.

The resulting annual mean and seasonal distributions of

precipitation differences are presented in Figure 1. High
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precipitation changes occur in regions that are strongly
influenced by differences in topography and/or circulation,
The most prominent features in Figure | are the strong pre-
cipitation increases at the northwest and southeast sides of
the Laurentide ice sheet and along the western side of the
European ice sheet. These nodes, especially the one
centered over Newfoundland, are a common feature in
many simulations (Broccoli and Manabe, 1987; Lauten-
schlager and Herterich, 1990).

Circulation

In the model, topography influences atmospheric circula-
tion in different ways. The first impact is that the surface
wind is influenced by a surface drag coeflicient that depends
on elevation and wind speed. The second impact has a
thermal origin in that the presence of an ice sheet induces a
strong lowering of sea-level temperature through the albedo
effect. This lower temperature changes the pressure at the
surface level, as well as the position of the tropopause, and
consequently influences the thickness of the troposphere
(Sellers, 1983). The resulting difference in horizontal pres-
sure gradients is used in the wind equations, and therefore
alter the atmospheric flow. Considering the assumptions
made for the zonal and meridional winds, forcing for the
LGM is primarily thermal in the climate model.

The winds at the 500 mb level are most indicative for
large-scale circulation and are presented in Figure 2. Figure
2h shows that the planetary wave structure is strongly mod-
ified during the ice age, especially over North America. This
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Fig. 2. The annual mean winds at the 500 mb level shown for
the present-day simulation (a) and as the veclor difference
between the LGM and the present-day (b). The conlours in
(b) show the difference between LGM and preseni-day
wind-speed magnitude (in m s Y. The arrow at the top pro-
vides a scale for the vectors.

forcing is primarily thermal. The presence of the huge Laur-
entide ice sheet curves the wind anticyclonically across
northwestern North America. The northwesterlies asso-
ciated with the downwind trough are channelled between
the Laurentide and the Greenland ice sheets. The presence
of the Laurentide ice sheet strengthens the westerly winds at
its southern margin. The western North Atlantic jet is
shifted towards the south, similar to what has been
modelled by many GCMs (e.g. Joussaume, 1993).

A distinct splitting of the jet stream as modelled by Broc-
coli and Manabe (1987), on the other hand, is not simulated
by our model. Shinn and Barron (1989) found that this bifur-
cation is strongly dependent on the type of ice-sheet recon-
struction that is introduced as boundary condition in the
GCMs. A wave ridge comparable to the one over the Laur-
entide ice sheet is not simulated over northern Europe, and
there is no prominent change in flow direction over Russia
and Siberia. However, GCMs provide no consensus on the
atmospheric circulation over Europe at the LGM. Lautens-
chlager and Herterich (1990) found strong anticyclonic cir-
culation associated with cold and dry northeasterlies, while
Joussaume (1993) predicted storm tracks over Europe asso-
ciated with strong westerlies and wetter conditions. The pre-
sent model’s findings are closer to those of Joussaume (1993).

SIMULATION OF THE NORTHERN HEMISPHERE
ICE SHEETS

One way to assess the value and potential reality of the
climatic simulations obtained above is to use the data in a
numerical model of Northern Hemisphere ice sheets,
because the resulting ice-sheet geometries can be indepen-
dently compared with glacial-geological data. Such geologi-
cal data usually constrain only the horizontal extent of the
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ice sheets, but further constraints on their thickness are pro-
vided by the interpretation of relative sea-level records
around the globe (Peltier, 1994). Having climatic data for
only one moment in time, the ice-sheet simulations dis-
cussed below necessarily have to assume a stationary state.
That may not have been the case in reality because of the
long response times of ice sheets, but the effect is hard to
quantify.

The ice-sheet model

The ice-sheet model used in this study was described in
Huybrechts and T’siobbel (1995). with a full account of the
model equations being given in Huybrechts (1993). Tt is a 3-D
thermo-mechanical model, which includes bedrock adjust-
ment, basal sliding and a full temperature calculation within
the ice. The model has a horizontal mesh size of 50 km, 11
layers in the vertical, and covers all of the Northern Hemi-
sphere where widespread continental glaciation is believed
to have taken place. The model has been extensively tested
and validated on the ice sheets of Greenland and Antarctica.
However, unlike the Antarctic model, the model version
employed here does not include a coupled ice shell to enable
a dynamic interaction with sea level, though grounded ice
can still expand on the continental shelf as long as the sur-
face mass balance allows it. All calculations take place on a
square grid, which comprises 193 x 193 grideells.

The main inputs to the model are bed topography, a
mask specifying the maximum possible extent of grounded
500 m isobath), mean annual surface
temperature and the mass balance. The latter two represent

ice (following the

climatic forcing. The inputs to the mass balance model are
mean monthly surface temperature and mean monthly pre-
cipitation rates over the entire grid as specified below in
Equations (1)~ (5). The accumulation parameterisation takes
into account the factor of precipitation falling as snow,
which is determined by the surface temperature, and varics
linearly from one to zero for mean monthly temperatures in
the range of 107 to +7°C. Surface melting, which depends
on the details of the energy fluxes at the ice—atmosphere
interface, is better determined locally than is possible on
the coarse grid of a climate model or GCM. Therefore, fol-
lowing Rech (1991), the melting rate is set as proportional to
the yearly sum of positive degree days (PDD) at the surface.
Degree-day factors were set at 35mma ' PDD ' for snow
and 7mma ' PDD ' for ice. The model furthermore incor-
porates the process of superimposed ice formation, but ne-
glects a possible contribution from rainfall, which is
assumed to run off entirely.

The coupling scheme

The mass-balance model was forced by making use of the
mean monthly sea-level temperature and precipitation-rate
data from the LGM and PD climatic simulations described
above. This requires the interpolation of the climatic data to
the 50 km grid employed in the ice-sheet model. Because of
the coarse 107 % 10° resolution of the climate model, and the
resulting poor representation of topography, it is not mean-
ingful to use absolute values of climate variables. Instead, we
chose to superimpose mean monthly changes of both sca-
level temperature and precipitation rate (LGM minus PD)
upon the reference climatologies used by the mass-balance
model. These were taken from precipitation maps (Jaeger,
1976) and from temperature data used to initialize the Ham-
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burg GCM model (ECHAM-I in the T2l mode) at the
1000 hPa level.

Altogether, we considered six different ice-sheet experi-
ments, denoted Experiments A to F. These aimed primarily
to investigate the optimal formulation of the interface
between the climate and the ice-sheet model and to examine
the role of changes in the melt model (Experiment B), the
role of changes in the precipitation treatment (Experiments
Cand F), and the effect of using flow-law parameters appro-
priate for the Greenland ice sheet (Experiment E). Table 1
provides an overview of the various model sctups used in
these experiments.

Table 1. Summary of the ice-sheel experiments showing the
model parameters and the simulated area and volume of the
Novthern Hemisphere ice sheets al the LGM. m is an en-
hancement factor in Glen’ flow law: PDD are the degree-
day factors for snow and ice melling, respectively. * represents
ice volume derived from the surface elevation data shown in
Figure 5, assuming local isostatic equilibrium and an ice
mantle rock density ratio of 0.275

Experiment  Prectpitation m PDD Area Volume
freatmen!
10°km® 106 km”
A Eq. (2) 30 2779 62.11
B Eq. (2) 30 2395 5073
C Eq. (3) 30 24.08 +4.61
D Eq. @) 30 26.65 58.01
E Eq. (2) | 33.52 124.31
F Eq. (5) 30 3.5/ 22.10 36.23
CLIMAP - - 2695 58.81"
Peltier 26000 4340

All experiments were forced by mean monthly temper-
ature anomalies resulting from the climate model as follows:

Ti(p, X, LGM) = Ti*(¢, A\, PD)

sur sl
+ [T5(6, X, LGM) — T§™(, A, PD)] + 4HX (1)

where T is mean monthly temperature (in “C), H is eleva-
tion (in m), 7 is the adopted atmospheric lapse rate over ice
sheets (8°C'km '), ¢ and X are geographic coordinates,“PD”
and “LGM” refer to the time, the subscripts “sur™ is for sur-
face and “sI” is for sea level, and the superscripts “ice” refer to
the ice-sheet model and “clim” to the climate model.
TH(¢. A, present) is the present monthly mean sea-level
temperature taken from the reference climatology.
Changes in precipitation rate are more difficult to han-
dle because of the large uncertainties in the model simula-
tions. Therefore, four different treatments were tested. In
the standard approach, we superimposed the ratio of preci-
pitation intensities as resulting from the climate model on
the PD data for the mean monthly precipitation rate in the

mass balance model:

Pim( A, LGM)
Pl (g X PD)

P (¢, \,LGM) = P*“(¢, A\, PD)

where P“(¢. A, PD) is the mean monthly precipitation rate
(ma ') as taken from the reference climatology, and super-
scripts are the same as in Equation (1).

An alternative approach, used in Experiment C, set the
precipitation rate proportional to the moisture-holding
capacity of an air column with a sensitivity of 4%°C |,
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similar to the approach taken in Huybrechts and T’siobbel
(1995):

Pi*(¢, \,LGM) =
Pit'u(c‘.}‘ A.PD) - 1_04[71!'i"'m.,\.r.(:;\1 T (o.M PD)] (3)

In the third approach (Experiment D), the standard
approach was modified to take into account absolute preci-
pitation differences between the LGM and the PD climatic
simulations rather than precipitation ratios:

P(¢, A\, LGM) = P**(¢, A, PD)
£ [Prlim((-)_ ¥, LGE\I) . Pt'lim(a LY PD)] (4)

Finally, in Experiment F, an clevation-desert eflect was
introduced by relating the precipitation intensity to the
change in surface temperature rather than to the change in
sea-level temperature:

P (¢, \,LGM) = P“(¢, A, PD)
y 1.04[7*:‘[!%[(.}_’\_'[_(_;hl'77':111111{‘_,,'f\‘pD’ £y HL(:M_”.];I,-,-I (5)

Results

All experiments were run for 50 00 years, when an approx-
imate steady state set in. The resulting ice-sheet geometries
are presented in Figure 3, with the corresponding values for
the ice-sheet area and ice volume shown inTable 1. Overall,
the ice-sheet model is able to produce reasonable results,
which compare well with the independent reconstructions
given in the bottom panels. In Experiments A-1D, the result-
ing values for ice-covered areas are all within 10% of the
glacial-geological reconstructions, and the resulting ice
volumes fall within the bracket given by both the Peltier
(1994) and CLIMAP (1976) reconstructions. In Experiment
A, the Laurentide ice sheet has approximately the right con-
figuration, including a correct simulation of the ice-free
arcas in northern Alaska. The Eurasian ice sheet, on the
other hand, fails to reach the southern shores of the Baltic
Sea and extends too far to the south along the Ural Moun-
tains. The latter is probably due to the coarse resolution of
the climate model, which indicates a too-large cooling in
that area. Except for Experiment E, none of the model
simulations shows a connection between the Scandinavian
and British ice sheets, but here both the Peltier (1994) and
CLIMAP (1976) reconstructions disagree.

Given the climatic input as specified above, the ice-sheet
model has two tuning possibilities. The degree-day factors
in the melting model primarily influence the width and
extent of the ice sheets, but it was not necessary to change
these factors from the standard values measured in central
west Greenland (Braithwaite and Olesen, 1989). The effect
ol doubling these factors, which is still within their range of
uncertainty, is shown by comparing Experiment A with
Experiment B. In the latter, the ice sheets retreat at their
southern margins, and ice volume and surface area dimin-
1sh by about 18%.

Another important tuning parameter is a multiplier in
the rate factor of Glen’s flow law, which primarily deter-
mines the height-to-width ratio. In order to get the maxi-
mum height and total ice volume within reasonable
bounds, it was necessary to use an enhancement factor of
30 with respect to previous simulations of the Greenland
ice sheet using the same flow law (Huybrechts and others,
1991). The effect is demonstrated in Experiment E, which

857


https://doi.org/10.3189/S0260305500014245

Huybrechts and Tsiobbel: A 3-D climate—ice-sheet model

Fig. 3. Simulated steady-siate geometries of the Northern Hemisphere ice sheets at the LGM wsing oulput from the elimate model

as explained in the text [ Experiments A—F ). For comparison, the bottom panels show the glacial- geological reconstruction, from
the CLIMAP (1976) project and of a more recent reconstruction derived from a gravitational theory of posiglacial relative sea-level

change ( Peltier, 1994).

shows results obtained for an enhancement [actor of 1. That
produces a much more reasonable surface elevation over
central Greenland, but makes the Laurentide and Fenno-
scandian ice sheets thicker by about 50%. This is because
mean ice thickness is at first approximation proportional to
the rate factor to the power —1/8 (Paterson, 1994), and
because the surface area also increases by about a third.
The implication seems to be that the ice in the Laurentide
and Tennoscandian ice sheets was either a lot softer, and
thus deformed more easily, or that the ice-sheet beds
allowed for more sliding.

An indication of the latter may be the absence in the
model of the two distinct lobes that stretch out into the mid-
western U.S.A., which are often attributed to the presence of
soft layers of deformable till in the area of the Great Lakes
(Clark, 1994). The surface topography of the Laurentide ice
sheet, on the other hand, does not support the Peltier (1994)
reconstruction in most of our simulations, which shows
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many different domes and a central elevation of between
2000 and 2500 m only. However, two separate domces,
centered over the Rockies and castern Canada, emerge
when reduced precipitation rates are applied (Experiments
C and F). Provided the Peltier (1994) reconstruction is pre-
ferred over the CLIMAP (1976) reconstruction, this seems
to indicate that precipitation rates at the LGM might have
been significantly lower than at present, unlike the results
from the climate model.

The introduction of an additional desert-clevation effect
(Experiment F), on the other hand, which produces even
drier conditions over the Northern Hemisphere ice sheets
similar to those presently prevailing over Antarctica, leads
to ice sheets that become too thin with respect to the geolo-
gical reconstructions. Finally, applying precipitation differ-
ences (Experiment D) rather than precipitation ratios
(Experiment A} does not make much difference to the
results.
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Compared to previous simulations of Northern Hemi-
sphere ice sheets (Deblonde and Peltier, 1991; Verbitsky and
Oglesby, 1992; Marsiat, 1994; Huybrechts and Tsiobbel,
1993), the major improvement in the present simulations is
the absence of large ice sheets in northern Alaska and north-
-astern Siberia. This is mainly a consequence of the climatic
forcing.

CONCLUSIONS

In this study, we have investigated the application of'a 3-D
climate model, intermediate between an EBM and a full
GCM, to prescribe boundary conditions for the modelling
of Northern Hemisphere ice sheets. It was demonstrated
that many aspects of the climate predicted for the LGM
appeared very reasonable and agreed well with those pro-
duced by more complex GCMs, except for the small cooling
over the North Atlantic, the larger cooling predicted for the
summer rather than for the winter, and the general increase
of precipitation over the Laurentide ice sheet. These effects
could be due to the low resolution of the climate model or,
alternatively, to deficiencies in the sea-ice model, the hydro-
logical cycle, or the way the circulation reacts to the pre-
sence ol ice sheets. Conclusive field evidence to test the
model is lacking.

Nevertheless, despite the simplifications applied during
the climate model runs, it was shown that using the result-
ing temperature and precipitation anomalies in a 3-D mass
balance and ice-sheet model led to reasonable configura-
tions of the LGM ice sheets. This could be seen as an indica-
tion that the climate model may well have captured the
most essential characteristics of the LGM climate, and thus
provides a usctul forcing for the prescription of the surface
mass balance of the Northern Hemisphere ice sheets at the
LGM. The logical step forward would be to feed the infor-
mation of the ice-sheet model back into the climate model,
and subsequently try to simulate a whole cycle of ice-sheet
advance and retreat. With present-day computer resources,
the coupled 3-D climate-ice-sheet model would enable
simulation of such a scenario in an interactive way.
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