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ABSTRACT. We use a three-dimensional thermomechanical ice-sheet model, pre­
viously tested on the Greenland ice sheet, to reconstruct Last Glacial Maximum (LGM) 
ice sheets. We compare the effects on the results of the ice-sheet model of three different 
accumulation parameterization schemes. In the first and second schemes, LGM precipi­
tation is computed from the present precipita tion , taking and not taking into account 
moisture transport. In the third scheme, LGM precipitation a nd surface temperatures 
are computed using outputs of an atmospheric g lobal circulation model (AGCM), treated 
in anomaly mode. 

Results are compared to the last reconstruction of the Northern Hemisphere ice sheets 
(Peltier, 1994), computed using global rebound rates in a visco-elastic model of the Earth's 
crust. The first two accumulation parameterizations do not give satisfactory reconstruc­
tions of the LGM ice sheets, since they are unable to compute realistic LGM climatic con­
ditions. The third method g ives very satisfactory results, which leads us to conclude that 
the best way to obtain realistic LGM climatic conditions is to use AGCM outputs. 

INTRODUCTION 

Fig. 1. Reconstruction of the Northern Hemisphere ice sheets, 
using geological data, and a gravitational~ self-consistent 
model for the computation cif postglacial relative sea-level 
change; map copiedfrom Peltier (1994). 

It is now commonly accepted that la rge ice sheets ex isted 
during the Last Glacial Maximum (LGM; 21000 BP). The 

geological work which has been done up to now permits re­
construction of the maximum extent of the two main ice 
sheets, the Fennoscandian (over Scandinavia) and the 
Laurentide (over North America). The most recent recon­
struction uses global rebound rates in a visco-elastic inverse 
model of the Earth's crust (Peltier, 1994; Fig. I). Modelling 
experiments have previously been done to simulate the ice­

age cycle, by asynchronously coupling a climate model to an 
ice-sheet model, and comparing the modelled to the geolo­
gically reconstructed ice-sheet geometry. Marsiat (1994) 
couples a latitude- longitude vertically integrated ice-sheet 
model with a zonally averaged climate model, but the zon­
ally averaged character of the atmospheric forcing leads to 
an ice distribution at the LGM that is different from the 
geological reconstructions. DeBlonde and Peltier (1991) cou­
ple a two-dimensional ice-sheet model with an energy­
balance model, to simulate the evolution of the Laurentide 
and Fennoscandian ice sheets during the last glacial- inter­
glacial cycle. They obtain satisfactory results, but their 
domain is restricted to these two ice sheets. 

In this work, we focus on steady-state simulations of the 
present and LGM climate states. We use a three-dimen­
sional thermomechanical ice-sheet model, developed at the 
Laboratoire de Glaciologie et de Geophysique de l'Environ­
nement and already described by Ritz and others (1996). 
The model is forced with glacial climatic surface conditions 
to reconstruct LGM ice sheets, which we compare to 
Peltier 's reconstruction. We run the model until it reaches 
equilibrium, generally after 20000- 30000 years. This is 
not entirely realistic, as present or LGM ice sheets are not 

in equilibrium. But, as we are chiefl y interested in the spatial 
distribution of the ice, we consider that this assumption is 
not too restrictive. 

The ice-sheet model was first tested on the Greenland ice 
sheet (Fabre and others, 1995). One result of that study was 
to illustrate the high sensitivity of the model to the accumu­
lation parameterization. The aim of the present work is to 
extend the model to the entire Northern Hemisphere and 
to test three different ways of computing accumulation and 
surface temperature. We first test the model with a local ac­
cumulation parameterization, using present-day climatic 
conditions corrected for a cooling factor, to simulate the 
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LGM climatic conditions. Secondly, we use a more realistic 
accumulation parameterization by means of a water­
balance equation, with the same initial climatic conditions 
as before. Finally, as these two methods do not give satisfac­
tory results, we use as input to the ice-sheet model the results 
of LGM simulations of the LMD5 atmospheric global cir­
culation model (AGCM), to compute accumulation. The 
experiments performed in this work are summarised in 
Table 1. 

Table 1. Experiments performed in this work with the ice­
sheet model 

Experiment Climate Surfoce temperature Surfoce accumulation 
No. simulated 

Present Present-day data Local parameterization 
(no moisture transport) 

2 LGM Present-day data corrected Local parameterization 
for a cooling factor (no moisture transport) 

3 Present Present-day data Water balance model 

4 LGM AGCM's output 
(moisture transport) 
AGCM's output 

ICE-SHEET MODEL 

Our model is a three-dimensional, thermomechanically 
coupled ice-sheet model. It takes into account the coupling 
between the temperature and velocity fields, and belongs to 
the same category as the models of Huybrechts and others 
(1991) and Greve and Hutter (1995). 

The evolution of the ice-sheet surface and geometry is a 
function of surface mass-balance, velocity and temperature 
fields, and bedrock position. We will not present the main 
equations of the model, which have been described in Ritz 
and others (1996). However, we need to devote a few words 
to the mass-balance calculation. 

Mass balance comprises four terms computed sepa­
rately: accumulation, ablation, calving and melting at the 
bottom of the ice sheet. The accumulation treatment is a 
key factor, and will be developed further on. 

Ablation is computed using the "positive degree day" 
method (Reeh, 1991), which uses the number of days with a 
positive mean temperature in an empirically derived func­
tion. It allows, by means of a Gaussian temperature distri­
bution, some melting even on days when the mean 
temperature is slightly negative, since during the day the 
temperature may have been positive. Mean daily temper­
ature is computed from the mean annual temperature, as­
suming that the annual temperature cycle can be 
represented by a sinusoidal cycle, with a maximum ampli­
tude determined by the warmest mean monthly temperature. 

As the surface temperature is dependent on altitude, it is 
computed each time the altitude has a new value, using a 
temperature vs altitude gradient of8°e km- I, as is observed 
in the polar regions (Reeh, 1991). 

There is no treatment of ice shelves in the model. Ice lost 
by calving at the margin is computed by setting the ice 
thickness to zero on a "coastline" determined by sea level. 
Sea level is set to zero for present state simulations, and to 
- 105 m for LGM state simulations, following Peltier (1994). 

The isostatic variation of the bedrock submitted to an 
evolving ice load is governed by two components: the flow 
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of asthenosphere, treated with a characteristic time con­
stant of 3000 years, and the rigidity of lithosphere, which is 
taken into account by computing the spatial shape of the de­
flection due to one unit load with a Kelvin function of zero 
order (Brotchie and Silvester, 1969), and by adding contribu­
tions of all the grid points covered by ice. 

Various data are used as input to the model; topography, 
mean annual and summer surface temperatures and mean 
annual precipitation come from the U.S. National Oceanic 
and Atmospheric Administration (NOAA)/Environmental 
Protection Agency database (1990), with a resolution of 0.5° 
in longitude and latitude. On the Greenland ice sheet, where 
the database only provides ice-surface elevation, we use data 
compiled by Letreguilly and others (1991) for ice-surface and 
bedrock elevations, and we use surface temperature and pre­
cipitation from Ohmura and Reeh (1991), which are more 
accurate than the NOAA data in Greenland. Wind data 
are taken from the European Centre for Medium-Range 
Weather Forecasts database (Schubert and others, 1990); we 
use the two horizontal components (east- west and north­
south). 

These data, originally defined in longitude and latitude, 
are converted to a cartesian system by means of the Lorgna 
projection (Lambert azimuthal equi-areal projection), and 
interpolated by spherical interpolation on a 50 km x 50 km 
grid applied to the Northern Hemisphere. This grid (231 x 
241 points) is the ice-sheet model's grid. 

LOCAL TEMPERATURE-CONTROLLED 
ACCUMULATION 

In the first two experiments we treat precipitation as a func­
tion of surface temperature, through the water-vapour pres­
sure. Accumulation in each grid point is given by: 

ew(T) 
Ac(T) = F(t)PT(O) ew (To) (1) 

where T is the surface temperature, To is the surface temp­
erature at present, PT(o) is the precipitation at present, ew is 
the water-vapour pressure, and F(t) is the fraction of the 
year with a mean temperature less than 2°C, accounting 
for the fact that precipitation falls as snow for temperatures 
less than 2°C (Letreguilly and Ritz, 1993). 

In experiment I we simulate the present state. Steady 
state was obtained after a 20 000 year run using the present 
climate (Fig. 2). The resultant ice-sheet geometry is in quite 
good agreement with the present ice distribution: the 
Greenland ice sheet remains ice-covered, with a maximum 
height (above 3000 m) and an extent close to today's. There 
are even small ice masses on Svalbard, Iceland and Franz 
Josef Land, Russia. However, we produce no ice in Scandi­
navia, where there is some ice at present. This is not surpris­
ing, as the model grid (50 km) is too large to reproduce 
small features. While these results are satisfactory, we are 
aware that the present state is not in steady state, so that 
the simulation is not entirely realistic. 

In experiment 2, we simulate the glacial state, by pre­
scribing a cooling of lODe to the present surface temper­
atures. Again we run the model until it reaches equilibrium 
(20000 years). When results of this simulation (Fig. 3) are 
compared with Peltier's reconstruction (Fig. I), we see that 
the ice is not extensive enough for the Laurentian and 
Fennoscandian ice sheets, and that global ice thicknesses 
are too low. The lack of ice can be explained by the absence 
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Fig. 2. Map if the steady state obtainedfor the present state, 
with the present climatology, and the local accumulation para­
meterization. Ice elevation isolines are in km. The thin line 
represents the land above sea level. 

of moisture transport from the oceans inland in the accu­
mulation parameterization scheme. Thus, water evaporated 
above the ocean cannot precipitate on land, and there is not 
enough moisture inland to form and maintain ice sheets. 

Experiment 2 consists of two simulations, one starting 
with the present topography, and one with the glacial topo­
graphy given by Peltier (Fig. I), which give similar results. 
Thus, even when starting with the Laurentian and Fenno­
scandian ice sheets, we are unable to maintain them, and, 
moreover, we form ice where geological data tell us there 
was none (on Alaska and Siberia). This method has also 
been used by Huybrechts and T'siobbel (1994) to reconstruct 
Northern Hemisphere ice sheets, and they also formed ice 
caps in Alaska and Siberia. It is therefore obvious that this 
accumulation parameterization is too crude to be able to 
simulate glacial states. 

MOISTURE TRANSPORT 

To simulate more realistic precipitations, especially for 
glacial conditions, we now use a more physically based pre-

3.0 

2.0 

1.0 

0.5 

0.1 

Fig. 3. Map of the LGM steady state, obtained with the pre­
sent climatology corrected for a cooling factor, and the local 
accumulation parameterization (no moisture transport). 
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Clpltation algorithm, which permits moisture transport 
across grid points. 

This method is based upon atmospheric water balance. 
It was developed by Sanberg and Oerlemans (1983), and was 
used successfully in a simulation of the Fennoscandian ice 
sheet (Letreguilly and Ritz, 1993). The variation with time 
of water content w in a vertically averaged atmospheric col­

umn is given by: 

ow W Wm - W 2 
!l= -v\lw - (fo + fl Sd - + T. + Dw \l w (2) 
ut Wm evap 

where SL is related to the slope of the surface (when the sur­
face is exposed to the wind, SL is equal to the surface slope, 
otherwise SL is equal to zero), v is the wind velocity, fa is a 
background precipitation term, h is an orographical preci­
pitation term, Wm is the maximum moisture contained in a 
vertically averagcd atmospheric column, Tevap is the time 
needed to reach saturation in this column, and Dw is the 
moisture diffusivity. Values of ware obtained by solving 
Equation (2) with a finite-difference scheme on the grid pre­
viously described. In order to obtain w at equilibrium, itera­
tions are made until steady values are reached. 

Moisture balance is then governed by four terms, moist­
ure advected by wind, precipitation, evaporation and atmo­
spheric diffusion. The precipitation at time t and at a given 
grid point is given by the second term, and accumulation is 
obtained by considering only solid precipitation, and con­
verting it to ice-equivalent thickness. 

This model is of interest mainly because it takes into ac­
count the influence of topography on precipitation. This is 
particularly important in our simulations, where topo­
graphy can vary from no ice to thousands of meters of ice 
(Laurentide at the LGM, for instance ). 

We have made sensitivity studies with the precipitation 
model to calibrate it to present-day precipitation. This must 
be done before we couple both models. We had the possibi­
lity of testing three parameters to obtain a best fit to present 
precipitation: we tested the infl uences of the height at which 
wind velocities are used as input to the model, of sea-ice ex­
tent and of variations in fa and hThe model is not sensitive 
to wind height, so we present only the results of the sensitiv­
ity tests to sea ice extent and fa and h. 

Sea-ice extent influences the evaporation time Tevap; the 
time needed to reach saturation is much larger over ice than 
over sea, where evaporation is high. Therefore, different 
values are used for Tevap, depending on the nature of the sur­
face. We tested two cases: no sea ice (leading to large values 
of evaporation in the high latitudes), and sea ice down to a 
fixed latitude (assumed to be the southern limit of the mean 
annual sea-ice cover, derived from Parkinson and others 

(1987). Not surprisingly, precipitation obtained with no sea 
ice is too high in the polar regions. When taking sea ice into 
account, we get a precipitation pattern closer to the present. 

The remaining variables are the free parameters fo and 
h used to calibrate the model to present-day values; they 
have a direct influence on the precipitation field in Equation 

(2). They do not vary spatially, which means there is only 
one value each of fo and h for the whole domain. We started 
with values which were used in the Fennoscandian study, 
and, as we did not succeed in simulating present precipita­
tion for the entire Northern Hemisphere, we tried to allow 
fa and h to vary. It turns out that we did not find values 
giving satisfactory results. When the calibration seemed to 
fit the data in one area, it failed in another. In particular, 
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we observed a lack of precipitation in central Greenland. 
This led us to think that processes governing precipitation 
on the Greenland ice sheet might be different from those in 
other areas, and that the precipitation algorithm is unsuita­
ble for application to the entire Northern H emisphere. 

While aware of these unsatisfactory results, we have 
nevertheless tried to simulate the present state by coupling 
the precipitation and ice-sheet models. Results of experi­
ment 3 show that the Greenland ice sheet is not high enough 
(Fig. 4); there is simply not enough accumulation to main­
tain the ice sheet at its present state. As we were not able to 

simulate even the present state correctly, it seemed to us that 
a glacial simulation would be meaningless. 
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1.0 

0.5 
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Fig. 4. Map qf the present steady state, obtained with the pre­
sent climatology, and the water-balance algorithmJor the ac­
cumulation parameterization (moisture transport). 

COUPLED AGCM 

The main result so far is that trying to simulate glacial states 
with the present precipitation as an input to the ice-sheet 
model, using only a temperature correction, is unrealistic, 
even when using a more physically based precipitation 
model. Thus we decided to use the outputs of an AGCM as 
input to the ice-sheet model. 

The data used in this experiment come from the LMD5 
AGCM, developed at the Laboratoire de Meteorologie 
Dynamique (Sadourny and Laval, 1984) and used at the 
Laboratoire de Modelisation du Climat et de l'Environne­
ment. The equations of the model are solved on a grid of64 
points regularly spaced in longitude (resolution of 5.625°), 
and 50 points regularly spaced in sine of latitude (which 
means higher resolution near the equator, but lower resolu­
tion in the polar regions). The model has 11 layers in the nor­
malised pressure coordinate: four layers in the planetary 
boundary layer, four in the free troposphere and three in 
the stratosphere. It is based on mass continuity, water­
vapour conservation and the dynamic and thermodynamic 
equations. The LGM LMD5 simulations are performed 
with the following boundary conditions: 200 ppm of C02 
(instead of345 ppm for the present), an initial glacial topo­
graphy given by Peltier's reconstruction (interpolated on the 
AGCM grid ), and sea surface temperatures prescribed by 
the CLIMAP database (1981). These conditions are those 
required in the PMIP program Uoussaume and Taylor, 
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1995), which aims to provide an intercomparison of the 
results of different atmospheric circulation models, pre-
cribing the same boundary conditions, for two palaeo­

climatic states, including the LGM. In this work we use 
prescribed (sea surface temperature) SSTchanges; in a later 
work we will use an interactive surface ocean. 

The initial topography for the LGM simulation comes 
from Peltier (1994). Surface elevation (resolution 1° x I") is 
interpolated on the ice-sheet model 's 50 km x 50 km grid. 
As we need to input bedrock topography and ice thickness 
in the ice-sheet model, and we only have at our disposal sur­

face elevation, we compute these fields from the surface alti­
tude in a very simple way, by assuming that the ice load 
leads to a bedrock-lowering equivalent to one-third of the 
ice thickness. This crude assumption is used only to start 
the simulation; isostasy is computed afterwards in the ice­
sheet model in a more realistic way, as described earlier. 

We use three data sets from AGCM simulations of the 
LGM and the present as inputs to the ice-sheet model: mean 
annual surface temperature, mean annual precipitation and 
meanJJA Uune, July, August) surface temperature. Mean 
annual precipitation and temperature are used to compute 
accumulation, and both temperatures are used to compute 

ablation. These data are converted from the AGCM grid to 
our cartesian system by the Lorgna projection, and inter­
polated on the ice-sheet model grid. 

Methodology of t h e couplin g 

In order to simulate a glacial state with the ice-sheet model, 
we want input data representative of a glacial climate. S. 
Joussaume (personal communication, 1996) has suggested 
that anomaly fields (i.e. differences between control and 
LGM climates) simulated by the AGCM are more represen­
tative than direct control or LGM fields. Thus, if we consid­
er a variable X , LGM data are given by: 

X LGM = Xprescnt + (XLGM AGCM - Xpresent AGCM) (3) 

where X LGM AGCM - Xpresent AGCM is the anomaly in out­
put of the AGCM, and Xpresent is the present-day observed 
value (data set used in the first two experiments of this 
work). This was done first for the temperature fields. 

The computation of LGM temperatures must take into 
account the correction of temperature for altitude. The 
anomaly data and the topography, both on different grids, 
are interpolated on to the ice-sheet model grid. Temper­
atures need to be computed again at the altitude of each grid 
point of the ice-sheet model, since each value of the anomaly 
is given at the altitude of the corresponding grid point of the 
AGCM. This correction is performed using the same gradi­
ent of temperature for altitude (8°C km- I) as in the ice-sheet 
model. The new temperature at a given grid point is then: 

Tnew = TOld x 0.008(altnew - altold) (4) 

where altnew is the altitude given by Peltier's topography 
interpolated to the ice-sheet model grid, and altold is the al­
titude given by the topography used in the AGCM, inter­
polated to the ice-sheet model grid. Figure 5 shows the 
difference between mean annual surface temperatures ob­
tained for the present and for the LGM. The correction al­
lows a more precise topography to be taken into account, 
especially in regions such as Greenland where the AGCM 
has a low resolution. With this low resolution, the surface is 
greatly smoothed at high latitudes. Thus, by coupling asyn­
chronously the AGCM and the ice-sheet model, we a re able 
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Fig. 5. A1ap of the dijJerence between mean annual surfoce 
temperaturefor the LGM and the present, in °C This dijJer­
ence is an outjJUt of the AGCM; it is used to compute LGM 
surface temperatures which are an input to the ice-sheet model. 

to use fi elds which a re available only as AGCM outputs, and 
to compensate for the low resolu tion of the AGC M by cor­
recting these fi elds on the finer grid of the ice-shee t model. 

We did not correct the precipitation in the same way, be­
cause it is not a di rect function of the altitude a nd is there­
fore more difficult to correct. However, precipitation is a lso 
inOueneed by topography. We reconstructed precipitation 
by the same method of anomali es. In some pl aces the anom­
a ly was la rger than present-day data, resulting in negative 
precipi tati on during the LGM! To avoid this problem, we 
use a ratio of precipi tation rather than a difference: 

. . preeipLGl\l AGCI\ [ 
preel PLGM = preCIPpres~nt . 

precIPprcscnt AGCI\ I 
(5) 

Equation (5) seems to be physically more convenient 
than the previous method of computing precipitation. We 

can indeed consider that a large part of the precipitati on var­
iations can be related to the water-vapour pressure-content 
vari ations in the air (as in the first experiment). As satura­
tion water-vapou r pressure is an exponentia l function of 

Fig. 6. Map of the ratio of precipitation between LGM and 
present, in m yeal·- '. This ratio is an out/JUt if the AGCM; it 
is used to compute LGM precipitation which is an input to the 
ice-sheet model. 
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temperature, a temperature variation in terms of a differ­
ence will lead to a precipitation varia ti on in terms of a ratio. 

The ratio of precipitations obtained between present day 
and LGM is shown in Figure 6. We observe lower va lues 
for the LGM than for the presenL, as can be expected for a 
g lacia l climate, with colder air conta ining less precipitable 
water. 

Results of the coupling 

We simul ate the LGM sta te by running the ice-sheet model 
until it reaches equilibrium, approxim ately 30000 years, 
using the data di scussed above and Peltier 's glacial topogra­
phy as initia l conditions. 

In the LMD5 AGCM simula tions we use, the SSTs a re 
prescribed by the CLIMAP da tase t. Thus there is no possi­
bility of evolving temperatures on sea g rid points, as there is 
on land grid poin ts. This creates la rge temperature contrasts 
from one g rid point to another in coastal regions, and leads 
to less realistic temperature maps. In experiment 4 we use 
Tai r , the air temperature 10 m above ground, instead of 
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Fig. 7 Maj) of the LGM steady state, obtained with the LGM 
data in input ( reconstructedJrom the LA1D5 AGCM out­
j)uts). T he thill line represents the land above sea level, 105 m 
lower than in Figure 2. 

Tgrolllld . The mi xing of a ir which occ urs at a height of 10 m 
leads to a more re presentati ve temperature here than on the 
g round, even though T;,ir is globa ll y slightly wa rmer than 
Tgrollnd . 

Results obta ined with Tair a re presented in Figure 7. It is 
obvious that they are in much better agreement with geo lo­
gical reco nstructi on (see Fig. I) than the res ults we obta ined 
in the first pa rt of the work. "Ve succeed in maintaining ice 
on North America and Scandinav ia, [or example, and 
Alas ka and Siberi a a re not ice-covered : the two latter re­
gions a re of pa rticul a r interest, because geological data tell 
us they were not cove red with ice at the LGM, and most 
"coupled"atmospheric- ice-shee t models predict ice. This sa­
ti sfactory res ult is probably due to the outputs of the AGCM 
rather than to a particul a r feature of the ice-sheet model. 
On the other hand, the Greenland ice sheet is very low 
(down to 2500 m) compared to the present ice sheet. 
Although accumul ation is reduced in a glacial climate, such 
a pronounced decrease of the ice sheet seems unreali stic. 
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The decrease may be due to the low resolution of the AGCM 
at high latitudes. As precipitation was not corrected for alti­
tude, we could have smaller values in Greenland than we 
would get with better resolution. One can also observe a de­
flection in the middle of the Fennoscandian ice sheet. This 
feature disappeared when we tried a simulation using 
Tground instead of T air , but other problems appeared when 
using Tground, due to the prescribed SSTs. This makes us 
think that the deflection in the Fennoscandian ice sheet is 
due to too warm an air temperature at this point. We hope 
to obtain better results when data from the AGCM simula­
tion using evolving SSTs become available. 

CONCLUSION 

Experiments 1-3, which use simple precipitation algorithms 
to parameterize accumulation during the LGM, give du­
bious results. Furthermore, we are not even able to recon­
struct present precipitation distribution in the Northern 
Hemisphere with the water-balance equation. Our conclu­
sion is that the processes governing precipitation can vary 
greatly from place to place, and that it is therefore difficult 
to model precipitation without including all the processes 
involved. Thus, the best way to input realistic LGM climatic 
data to an ice-sheet model to simulate the LGM state is to 
use AGCM outputs. 

In this work we used the results of simulations of the 
LMD5 AGCM to run the ice-sheet model. The ice distribu­
tion we obtain for the LGM is very close to Peltier's recon­
struction. In particular, Alaska and Siberia remain ice-free, 
and the Laurentian and Fennoscandian ice sheets have the 
correct extent and thickness. 

In future, we intend to study the influence of the AGCM 
resolution on the ice-sheet model results. To this end we will 
couple the ice-sheet model with the previous version of the 
LMD AGCM, which has an even lower resolution. We will 
also study the influence of the initial topography on the 
results, by using outputs ofLMD simulations starting with 
two different ice repartitions (CLIMAP and Peltier). And 
finally, we intend to use outputs of other AGCMs with a bet­
ter resolution in the polar areas. 
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