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ABSTRACT. For the Last Glacial Maximum, (LGM: 210008P), simulations
using atmospheric general-circulation models (AGCMs) are verv sensitive to the
prescribed boundary conditions. Most of the recent numerical experiments have used
the CLIMAP (1981) data set [or ice-sheet topography, sea-ice extent and sea surface
temperatures (SSTs). To demonstrate the impact of ice-sheet reconstruction on the
LGM climate, we performed two simulations: one using CLIMAP (1981 ice-sheet
topography, the other using the new reconstruction provided by Peltier. We show that,
although the geographical structure of the annually averaged temperature is not
modified, there are important scasonal and regional impacts on the temperature
distribution. In a second step. to analyze the eflects ol cooler SSTs and sea-ice extent,
we performed a simulation using CLIMAP (1981) for the ice-sheet topography, but
with present SS'T's, We find that the cooling due to ice sheets [or the LGN climate is
one-third of the global annually averaged cooling, and that the southward shift of the
North Atlantic low in winter is not due to sea-ice extent, but is an orographic effect
due to the Laurentide ice sheet. This set of sensitivity experiments allows us also to
discriminate between thermal and orographic forcings and to show the impact of the
ice-sheet topography and cooler S5Ts on the pattern of planetary waves during the

L.GM climate.

1. INTRODUCTION

Atmospheric general-circulation maodels (AGCMs) are
important tools for reconstructing past atmospheric

circulations and studying the physical mechanisms of

climate change. T'o investigate the role of the different
components (or boundary conditions) of the Last Glacial
Maximum (LGM) climate, we performed a set of four
numerical experiments, using the Laboratoire de Météor-
ologic Dynamique (LMD) AGCM. Many simulations
have been done with diflferent AGCMs 1o quantily the
eflect of boundary conditions on the global temperature
decrease during the LGM. For example, Broccoli and
Manabe (1987). using an AGCM coupled with a slab
ocean model, emphasized the role of low CO, partial
pressure, especially for the Southern Hemisphere, while

Rind (1987) showed the impact of snow feed-back and of

the topography of the ice sheets.

Our approach focuses on the role of two major

houndary conditions:

1. Sea surface temperatures (5581s) as given by CLI-
MAP, (Mclntyre and Cline, 1981; hereafter called
CLIMAP (1981)) in winter and summer [or the LGM
and modern climates.

2. lee-sheet reconstructions (ISRs) for which two data
sets are available, CLIMAP (1981) and a revised one
provided by Peltier (1994).

Some sensitivity experiments with SST and ISR have
already been performed. Rind (1987) studied the impact
of CLIMAP (1981) LGM SS5Ts under present climatic
conditions, and Rind and Peteet (1985) made a sensitivity
experiment uniformly lowering the CLIMAP (1981
LGM SST by 2°C to improve the consistency of low-
latitude temperatures deduced [rom data and from
models; but there is stll no study of present-climate
SST impact on LGM dynamics.

On the other hand, Shinn and Barron (1989, have
studied the sensitivity of the LGM climate to extreme
continental ice-sheet size and configuration. In their
experiment. the differences between maximum and
minimum ice sheets are huge in comparison with our
simulation; yet some interesting comparisons, especially
about the splitting of the polar jet due to the Laurentide
ice sheet, can be made., Moreover, the fact that all the
modellers involved in the Paleoclimate Modeling Inter-
comparison Project (personal communication from S,
Joussaume and K. Taylor, 1994) will use the new ice-
sheet reconstruction provided by Peltier (1994 reinforces
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interest in whether changing the ISR has an important
impact on the LGM climate.

2. MODEL AND SIMULATION DESCRIPTION

All the simulations were perlormed with the LMD version
4 AGCM (Le Treut and Li, 1991) which is a grid-point
model. We used the low-resolution version, corresponding
to 48 points regularly spaced in longitude and 36 points
regularly spaced in sine of latitude. At the equator, the
grid spacing is 830 km of longitude x 270 km of latitude,
and at 45° of latitude it corresponds to 390 km longitude
®x 530 km latitude. The model has 11 levels in normalized
pressure coordinate (g). The model solves the dynamic
and thermodynamic equations, and the continuity
equation for mass and water vapour (Sadourny and
Laval, 1984). The predicted clouds are considered for the
radiative-transter caleulations (Le Treut and Laval,
1984). Each experiment includes the full seasonal cycle
and lasts 6 years; averages are made over the last 5 years.
The first of the four simulations (EXPI) is the control
run which simulates the present climate. The sccond
(EXP2) is a simulation of the LGM using the CLIMAP
(1981) data set for SST and ISR. The third (EXP3) is a
sensitivity experiment with the ice-sheet topography in
which we replaced the CLIMAP (1981) reconstruction by
the new reconstruction provided by Peltier (1994); all the
other boundary conditions are identical to EXP2. The
fourth simulation (EXP4) is a sensitivity experiment with
SST in which the CLIMAP (1981) reconstructed SST for
the Last Glacial Maximum has been replaced by the present
climate SS'I' of the control run, with all the other boundary
conditions remaining identical to EXP2 (Table 1).
Comparing EXP3 and EXP2 will give us the
sensitivity of the LGM climate to the differences in ice-
sheet reconstruction, Comparing EXP4 and EXP1 which
both have the same prescribed SST will give us the impact
ol the ice-sheet topography. Finally, comparing EXP4
and EXP2, which both have the same CLIMAP (1981)
ISR, will give us the SST impact on the LGM climate.

3. CHANGES IN BOUNDARY CONDITIONS
3.1 Ice-sheet reconstruction
A major difference between present and LGM climate is

the huge ice sheets covering northwestern Europe
(Fennoscandia) and the northern part of North America

(Laurentide). The shape and size of these ice sheets have
an important impact on the atmospheric dynamics over
the Northern Hemisphere during the LGM. Denton and
Hughes (1981) provided for CLIMAP two reconstructions
referenced as MIN and MAX, corresponding to a custatic
sea-level rise of 127 and 163 m, respectively. Peltier (1994)
shows that even the MIN reconstruction was excessive, and
proposes a new reconstruction based on a gravitationally
self-consistent theory of relative sea-level changes which
corresponds to a eustatic sea-level rise of 105m, and to a
55% reduction of the ice volume in comparison with the
CLIMAP MAX reconstruction. Figure la and b show the
change in elevaton between the LGM and the present
climate for the CLIMAP and Peltier reconstructions. The
extent ol ice sheets is not very different, but the elevation is
1500 m higher over Laurentide and about 1000 m higher
over Fennoscandia in the CLIMAP reconstruction. The

LATITUDE

b LONGITUDE

Fig. 1. Differences in elevation (in m) between the present
(EXPI) and the LGM , using (a) CLIMAP (1981) for
LGM ice-sheet topography ( EXP2), (b) Peltier (1994)
Jor LGM ce-sheel lopography (EXP3). Dark grey
corresponds to elevation differences of more than 2000 m,
medium grey lo elevation differences of more than 1000 m,
light grey lo the emerged lands at the LGM. Isolines for
1500 and 500 m are also drawon.

Table 1. Main parameter differences for the set of numerical experiments

COs Insolation SST data sel ISR data sel
ppm
EXPI control run 520 1950 Present Present
EXP2-LGM CLIMAP (1981) 200 21ka Bp CLIMAP (1981) CLIMAP (1981)
EXP3-L.LGM Peltier (1994) 200 21kasp CLIMAP (1981) Pelter (1994)
EXP4-LGM (SST present) 200 2] ka BP Present CLIMAP (1981)
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lower sea-level rise in Peltier’s reconstruction, compared
with CLIMAP, leads to a reduction of the emerged lands.
We take this into account and use different sea/land masks
for the two simulatons.

3.2 Sea surface temperatures

Most of the recent simulations of the LGM climate,
performed with AGCMs and prescribed SSTs, have used
the reconstruction of the sea-ice extent and ol the sea
surface temperatures, for summer and winter seasons,
provided by CLIMAP (1981). These data are still
controversial, e.g. in the wopical arca (Webster and
Streten, 1978; Rind and Peteet, 1983), but no global
revision of LGM SS8T is vet available, and we use
CLIMAP (1981) to reconstruct daily evolution of SST
and sea-ice extent,

The SST differences between the LGM and the
present climate are about 4" to —6"C for Southern and
Northern Hemisphere mid-latitudes, and reach about
10°C for the North Atlantic, during winter. The cooling
over tropical areas is reduced to —1" or —2°C, with large
areas ol the Pacific Ocean where temperatures even
increase slightly (+1° to 2°C).

Because of the Bering Strait, the difference in sea-ice
extent between the LGM and the present climate is small
in high latitudes for the North Pacilic, but there is a huge
equatorward shift of the sea-ice extent from 70" to 50
latitude for the North Atlantic and Southern Hemisphere.
The seasonality of the sea ice is weakened during the
LGM, and the sca-ice extent is only slightly reduced

(llll’ill;{ ll'll’ summer seasor.

4. DISCUSSION

4.1 Orographical impact of the ice sheet for the
LGM climate

As with most of the AGCMSs™ simulations of the LGM
(Rind, 1987; Joussaume. 1993), the main features are
reproduced in EXP2 and EXP3: shilt of the storm tracks
southward of the ice sheet, deepening of the North Pacific
low and southward shift of the North Atantic low, and
splitting of the jet around the Laurentide ice sheet.
Comparison of EXP4 and EXPI, which both have the
same present SS'T's and sea-ice extent, displays the impact
ol the orographical lorcing of the ice sheets. In EXP4,
there 1s no enhancement ol the Aleutian low (not shown).
thus proving that this enhancement, during the LGM, is
mostly due to changes in SSTs. In contrast, the
southward shift of the Atantic low is observed in
EXP2, EXP3 and EXP4; it is clearly related to the
presence of the Laurentide ice sheet.

In Figure 2a (EXP4 minus EXP1), we illustrate the
ellect of orographical forcing on the geopotential height at
500 hPa, for the winter season. The impact of the
orographical forcing is rather local, leading to anticy-
clonic circulation westward of the ice caps, in agreement
with Held (1983) and Cook and Held (1988).

major changes in atmospheric circulation are also

These

dependent on the size and conliguration of the ice sheet,

as illustrated in next paragraph.

LATITUDE

LATITUDE
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Fig. 2. Geopolential height (in m) at 500 hPa differences
Jor December, January and February (a) between EXP4
and EXPI. (b) between EXP2 and EXPS, and (c)
between EXP2 and EXPE. In (a) and (b) dark grey is
used for differences higher than 200m, light grey for
differences higher than 100m: isolines are drawn fm
differences equal to 50 and 150 m. In (¢) dark grey is used
Jor differences lower than =200 m. light grey for differences
lower than —100m; isolines ave drawn for differences equal
to 30 and — 150 m.

4.2 Sensitivity to different ice-sheet
reconstructions for the LGM climate

The comparison between EXP2 and EXP3 reveals the
changes in LGM atmospheric circulation due to the
differences in ice-sheet reconstructions. Although the
globally and annually averaged cooling is identical for
AT = —-3.3°C) and the

geographical structure of the annual mean cooling is

the two LGM simulations

also very similar, there are important differences in the

scasonal cycles. In Figure 3a, we depict the temperature
differences between EXP2 and EXPI [or the summer
scason. A warmer region appears clearly in EXP2 and
extends southward of Fennoscandia, from the north-
eastern Mediterrancan coast to central Russia. This
warming is severely damped in EXP3, as shown in

Figure 3bh, which demonstrates that this warming is very
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=

clevation of the Laurentide in EXP2 intensifies the

planetary waves and heat transport, leading to an
increase in temperature and geopotential height. As
mentioned in the previous paragraph, the higher
elevation of the CLIMAP ISR induces an enhancement
of the anticyclonic circulation westward of the ice sheet.
The wind at 850 hPa during winter (not shown) confirms

LATITUDE

the enhanced deepening of the Aleutian low, leading to

greater transport of warmer air from the North Pacilic to
Alaska for CLIMAP ISR (EXP2), which explains the

development of a warmer region over Alaska in winter.

Another way to illustrate the impact ol ice-sheet
elevation on winter atmospheric circulation for the LGM
is the splitting of the jet. As Kutzbach and Wright (1985)
noted, this splitting is a function of ice-cap size and

distribution. In this sensitivity experiment, the ice-cap
configuration modifies the structure of the spliting. We

find, for the simulation using CLIMAP ice-sheet

LATITUDE

reconstruction (EXP2), the same results described by
COHMAP (Anderson and others, 1988): a splitting of the
jet with a northern branch at the edge of the ice cap and a

southern branch on the southern part of North America
(Fig. 4a), With Peltier reconstruction (EXP3), we [ind

the same intensity but a more zonal circulation for the

LATITUDE
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Fig. 3. Air temperature differences (°C) for June, July

and August (a) between EXP2 and EXPI, (b) between
EXP3 and EXPL, (¢) between EXPY and EXPI. Dark

grev is used for lemperature differences higher than 5°C,

light arey for temperature differences higher than 1°C.
gni grey g

Isolines are drawn for T=2" and 4°C.

LATITUDE

sensitive to the Fennoscandian reconstruction. This broad

warmer region still exists in EXP4, as shown in Figure 3¢,
which proves that it is not induced by the CLIMAP
SSTs. The warming obtained using the CLIMAP ISR

corresponds to an increase in temperature of +3° to 5°C,

contradicting the data synthesis provided by Peterson and
others (1979) and more recently by Webb and others
(1993). These data are in better agreement with the
results obtained with the Peltier (1994 reconstruction. In

the winter season, the same phenomenon is observed over
Alaska westward of the Laurentide (not shown). In both
cases, the differences in temperature patterns demonstrate

LATITUDE

the impact of the ice-sheet reconstructions on the mid-
latitude atmospheric dynamics. We now illustrate this

feature with the winter circulation.

Figure 2b shows the difference of geopotential height
at 500hPa, in winter, between EXP2 and EXPS. c LONGITUDE
[socontours indicate changes in the mean flow. The

warming over Alaska cannot be a direct orographical Fig. 4. a. Wind speed at 200 hPa_for EXP2 in December,
effect: there is no difference in ice-sheet elevation over January and February. b. The same for EXP3. c.
Alaska between the two reconstructions. The higher Differences in wind speed between a and b.
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northern branch of the jet (Fig. 4b). Because of the lower
elevation of the Laurentide, the westerlies are strength-
ened over the ice cap, as shown in Figure 4c,
corresponding to the wind-speed differences between
EXP2 and EXP3. The impact of the ice-sheet topogra-
phy 1s, in our case, weaker than in Shinn and Barron’s
(1989) extreme-sensitivity experiment, for which they
found a more defined structure of the splitting using their
11111Xi111t1111 l't'('f)ll?i[]‘llcti()l].

4.3 Change in SST for the LGM

Comparing EXP2 and EXP4, we can analyze the effect of
the change of S8Ts on the LGM climate. The global
annually averaged cooling reaches only 1.1°C in EXP4,
implying that the ice sheet i1s responsible for 33% ol the
global cooling during the LGM. The difference of
geopotential height at 500 hPa between EXP2 and EXP4
for the winter season, shown in Figure 2¢. demonstrates the
extensive thermal forcing due to the SST variations. A
strong trough develops over the cold North Atlantic,
covered by sea ice, as a result of the decrease of the surface
heat fluxes. However, the major difference in winter sea-ice
extent between the LGM and the present climarte is not
responsible for the southward shift of the Atantic low
which is very similar in both simulations.

5. CONCLUSIONS

The approach developed in this paper allows a better
understanding of the orographical and thermal forcings.
These sensitivity experiments show the impact of ice-sheet
orography and S5S5Ts with emphasis on the effect of
different ice-sheet reconstructions on the LGM climate.
We find that the temperatures simulated for Peltier
reconstruction do not show the impaortant warmer regions
for the LGM that many other models found using
CLIMAP (1981) reconstruction (Rind, 1987), and
which contradicted 1o data. We also show that the
deepening of the Aleutian low is due to the LGM SSTs
but that the southward shift of the Atlantic low is due to
the circulation induced by the Laurentide. Finally, we
illustrate the different contributions of SST and ISR on
the pattern of planetary waves over the Northern
Hemisphere during the LGM.
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