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Water vapour, GOy and insolation over the
last glacial-interglacial cycles

A. BERGER, C. TRICOT, H. GALLEE anp M. F. LOUTRE

Uniwersité Catholique de Louvain, Institut d’Astronomie et de Géophysique G. Lemaitre, 2 Chemin du Cyclotron,
B-1348 Louvain-la- Neuve, Belgium

SUMMARY

A two-dimensional model which links the atmosphere, the mixed layer of the ocean, the sea ice, the
continents, the ice sheets and their underlying bedrock has been used to test the Milankovitch theory
over the last two glacial-interglacial cycles. A series of sensitivity analyses have allowed us to understand
better the internal mechanisms which drive the simulated climate system and in particular the feedbacks
related to surface albedo and water vapour.

It was found that orbital variations alone can induce, in such a system, feedbacks sufficient to generate
the low frequency part of the climatic variations over the last 122 ka. These simulated variations at the
astronomical timescale are broadly in agreement with reconstructions of ice-sheet volume and of sea level
independently obtained from geological data. Imperfections in the stimulated climate were the
insufficient southward extent of the ice sheets and the too small hemispheric cooling at the last glacial
maximum. These deficiencies were partly remedied in a further experiment by using the time-dependent
atmospheric COs concentration given by the Vostok ice core in addition to the astronomical forcing. In
this transient simulation, 709, of the Northern Hemisphere ice volume is related to the astronomical
forcing and the related changes in the albedo, the remaining 309, being due to the COgz changes.
Analysis of the processes involved shows that variations of ablation are more important for the ice-sheet
response than are variations of snow precipitation. A key mechanism in the deglaciation after the last
glacial maximum appears to be the ‘ageing’ of snow which significantly decreases its albedo. The other
factors which play an important role are ice-sheet altitude, insolation, taiga cover, ice-albedo feedback,
ice-sheet configuration (‘continentality’ and ‘desert’ effect), isostatic rebound, COgy changes and
temperature—water vapour feedback.

Numerical experiments have also been carried out with a one-dimensional radiative-convective model
in order to quantify the influence of the COg changes and of the water vapour feedback on the climate
evolution of the Northern Hemisphere over the last 122 ka. Results of these experiments indicate that
679%, of the simulated cooling at the last glacial maximum can be attributed to the astronomical forcing
and the subsequent surface albedo increase, the remaining 339, being associated with the reduced COs
concentration. Moreover, the water vapour feedback explains 409, of the simulated cooling in all the
experiments done.

The transient response of the climate system to both the astronomical and COg forcing was also
simulated by the LLN (Louvain-la-Neuve) 2.5-dimensional model over the two last glacial-interglacial
cycles. It is particularly significant that spectral analysis of the simulated Northern Hemisphere global
ice volume variations reproduces correctly the relative intensity of the peaks at the orbital frequencies.
Except for variations with timescales shorter than 5 ka, the simulated long-term variations of total ice
volume are comparable to that reconstructed from deep sea cores. For example, the model simulates
glacial maxima of similar amplitudes at 134 ka 8P and 15 ka Bp, followed by abrupt deglaciations. The
complete deglaciation of the three main Northern Hemisphere ice sheets, which is simulated around
122 ka Bp, is in partial disagreement with reconstructions indicating that the Greenland ice sheet
survived during the Eemian interglacial. The continental ice volume variations during the last 122 ka of
the 200 ka simulation are, however, not significantly affected by this shortcoming.

1. THE LAST TWO GLACIAL-INTERGLACIAL

-di ional 11
CYCLES SIMULATED BY THE LLN MODEL balance models (EBMs) and two-dimensional zonally

averaged dynamical models (Kutzbach 1985). Both

Climate models can be divided into two very broad cems and statistical-dynamical models have been used
categories: (i) general circulation models (ccms); and for the modeling of palaeoclimates. cems have been
(ii) statistical-dynamical models, which include energy used for simulating geographic features of palaco-
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254 A. Berger and others  Climate models

climates and for including, in the most explicit form,
processes such as precipitation that depend on details
of the atmospheric flow (Prell & Kutzbach 1987; Rind
el al. 1989). On the other hand, statistical-dynamical
models have a great potential for long-period climate
simulations (Berger et al. 1990; Deblonde & Peltier
1991a,b; Gallée et al. 1992). As their dimensionality is
reduced, they consume less computer time, thus
allowing them to take into account all the different
parts of the climate system in an interactive and time-
dependent way.

Since the publication of the historic Hays el al.
(1976) paper, a number of modelling efforts have
attempted to explain the relation between astronomi-
cal forcing and climate change. Most of these model-
ling studies have focused on the origin of the 100 ka
cycle in ice volume. These studies have been moti-
vated by the recognition that the amount of insolation
perturbation at 100ka is not enough to cause a
climate change of ice-age magnitude.

It was suggested earlier (Berger 1976, 1979) that
the time-evolution of the latitudinal distribution of the
seasonal pattern of insolation is the key factor driving
the behaviour of the climate system where the com-
plex interactions between its different parts amplify
this orbital perturbation. That dynamical behaviour
of the seasonal cycle suggests that time-dependent
coupled climate models might be able to test whether
or not the astronomical forcing can drive the long-
term climatic variations.

Such a climate model which links the Northern
Hemisphere atmosphere, ocean mixed layer, sea-ice
and continents has been validated for the present-day
climate (Gallée et al. 1991). It is a latitude-altitude
model. In each latitudinal belt, the surface is divided
into at most five oceanic or continental surface types,
each of which interacts separately with the subsurface
and the atmosphere. The model explicitely incorpor-
ates detailed radiative transfer, surface
balances, and snow and sea-ice budgets.

This LLN climate model was then asynchronously
coupled to a model of the three main Northern
Hemisphere ice sheets and their underlying bedrock in
order to assess the influence of several factors (pro-
cesses and feedbacks), including snow surface albedo
over the ice sheets, upon ice-age simulations using
astronomically derived insolation and COg data from
the Vostok ice core (Berger et al. 1990; Gallée el al.
1992).

The model was first run with ice-sheet feedback by
forcing it only with the astronomical insolation over
the past 122 ka (Berger 1978) keeping the COq
concentration at the Eem level (~270 p.p.m.v.).
Large variations of ice volume are simulated between

energy

122 and 55 ka Bp, with a rapid latitudinal extension of

the North American and Eurasian ice sheets starting
at 120 ka Bp. The model simulates a maximum ice
volume of 40 x 10° km? at roughly 20 ka BP and a total
deglaciation as well, this simulation of both the
glaciation and deglaciation being a crucial test of the
efficiency of the model. The simulated evolution of the
three northern ice sheets is generally in phase with
geological reconstructions. The major discrepancy
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between the simulation and observations lies in the
temperature variations and in the ice-sheet extent, a
discrepancy linked to an overestimation of the CO;
concentration which was assigned an interglacial
value at the last glacial maximum. A final set of
experiments therefore addresses the effect of COy on
the climate of the last glacial maximum. This experi-
ment made by forcing the model with both insolation
and COg variations over the last 122 ka (Barnola et al.
1987) significantly improved the temperature results
and the ice volume reconstructions obtained in the
insolation-only experiment (Gallée et al. 1992).

The simulated total ice volume deviation from
present day value (assumed to be 30.5 x 10% km?, that
is, 27.9 x 108 km® for Antarctica and 2.6 x 10 km? for
Greenland; Hughes et al. 1981) is displayed in figure 1
as a function of time compared to the variation of the
global seawater oxygen isotopic ratio given by
Labeyrie et al. (1987) and Duplessy et al. (1988). The
latter values are scaled and plotted such that their
maximum corresponds to the deviation from present-
day of the last glacial maximum total ice volume
(taken as 48.6 x 10% km3; reconstructed by Marsiat &
Berger 1990). The simulated deviations are obtained
by adding the Northern Hemisphere ice volume
changes simulated by the model for each of the
individual ice sheets (Eurasia, Greenland, North
America) and the changes in Antarctica reconstructed
as follows. We assumed: (i) that the Antarctic ice
volume at 122 ka BP and from 6 ka BP to the present
was the same as now (J. Oerlemans & D. Raynaud,
personal communication, 1987); (ii) that 18 ka ago, it
was 9.8 x 10® km?® larger than today (Hughes et al.
1981); and (iii) that intermediate values are given by
linear interpolation. (Assumption (ii) seems to be in
agreement with the recent results obtained by Huy-
brechts (1990) from a three-dimensional ice sheet
model; variation of his Antarctic simulated ice volume
between 16 ka BP and to-day, which depends however
on sea level variation rather than on precipitation
variations, amounts to 7.5 x 10® km&.)

The main characteristic of figure 1 is the similarity
between the reconstructed and the simulated global
ice volumes, except for variations with timescales
shorter than 5ka and for an overestimation of the
calculated ice volume during isotopic stage 3 when
compared to Labeyrie e/ al. (1987). Large ice volume
oscillations are found between 122 ka BP and 55 ka Bp,
while the deglaciation is abrupt both in reconstruction
and in simulation. The ice volumes for each ice sheet
simulated by the LLN model are also in good
agreement with independent reconstructions made
from proxy data by Mangerud (1991) and Boulton e
al. (1985). At 19 ka Bp, the simulated temperature of
the Northern Hemisphere is 3.4°C colder than the
present day simulated value, and the simulated total
ice volume deviation is 53 x 10® km3.

But an obvious experiment (called the 200 ka
experiment) to be done with the LLN 2.5-dimensional
model was to force it by astronomically driven
insolations and by prescribed COj concentrations over
the last 200 ka (Gallée et al. 1993), in order to confirm
the ability of the model to sustain glacial-interglacial
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Figure 1. Simulated total ice volume deviation from present-day value assumed to be 30.5 x 10° km?® (lower panel,
full line; Gallée et al. 1992). This is compared to the variation of the global sea water oxygen isotopic ratio (lower
panel, dashed line) given by Labeyrie et al. (1987). These values are scaled and plotted such that their maximum
corresponds to the deviation from present-day of the last glacial maximum total ice volume taken as 48.6 x 10° km?
(Marsiat & Berger 1990). The upper panel provides the long term variations of the June insolation at 65°N (full
line; Berger 1978) and of the Vostok CO; concentration (dashed line; Barnola et al. 1987).

cycles. The Vostok ice core (Barnola et al. 1987) does
not provide a reconstruction of COgy concentration
variations before 150 ka Bp, so that the model was
forced by COg concentrations adapted from Shackle-
ton et al. (1992). The simulation starts assuming that
the ice sheets are melted at 200 ka BP, because this
time corresponds to an interglacial in marine §®%O
records. Two glacial maxima comparable in ampli-
tude are simulated, at 134 and 15 ka 8P as found in
the marine 8'80 records (e.g. Imbrie et al. 1984; see
figure 2). The phase lags between the insolation

amplitude for the 100, 41, 23 and 19 ka periods. The
correct relative intensity of the spectral peaks for the
simulated ice volume is probably the most important
result of this 200 ka experiment as it demonstrates the
ability of the LLN model to reproduce the 100 ka
cycle. Moreover, the LLN model simulates a deglacia-
tion centred on 130 ka Bp and a stable interglacial
with high sea-level lasting from about 127 ka BP to
115 ka Bp. This duration agrees well with geological
evidence for the last interglacial (Muller, 1989),
whereas a major weakness both of the sPEcMAP record

3(2 minima at 65°N and ice volume maxima are respec- and of previous model simulations (e.g. Imbrie &
—9 tively 6, 5, 6, 11 and 8 ka for the ice volume maxima Imbrie 1980; Berger et al. 1981) is precisely their
EI— at 180, 134, 109, 59 and 15 ka BP. inability to depict the several thousand-year-long
O&f) é A further comparison of the results of the 200 ka  stable interglacials.

8!13 experiment with the sPEcMAP record is made in figure Finally, an important difference between the atmos-
g% 2. The variations correlate well and a spectral analysis ~ pheric CO; forcing in the 200 ka and 122 ka experi-
EE of both time series gives spectral peaks of similar  ments is observed just before and during isotopic stage

Phil. Trans. R. Soc. Lond. B (1993)
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Figure 2. (a) Variations over the last 200 ka of: (i) the simulated ice volume of the northern hemisphere (solid curve)
(Gallée et al. 1993); and (ii) 30 variation as reconstructed in the sPEcMAP time series (short-dashed curve) (Imbrie
et al. 1984; Martinson et al. 1987). The forcing used in the simulation is the insolation variation at the top of the
atmosphere and the CO; variation adapted from Shackleton et al. (1992). (5) Spectral amplitude in the Thomson
multi-taper harmonic analysis of: (i) the simulated ice volume of the Northern Hemisphere for the 200 ka
experiment (solid curve); and (ii) 8'80 variation over the last 200 ka as reconstructed in the sPEGMAP time series

(short-dashed curve).

5e. There is a substantial phase shift between the
Barnola et al. (1987) and Shackleton et al. (1992)
reconstructions at this time. In particular, the COg
increase (before this interglacial) in the Barnola
reconstruction is earlier than Shackleton’s reconstruc-
tion by 8 ka. More precisely, the maximum in COg
concentration occurs at 126 ka Bp in the Shackleton ez
al. (1992) data, adopted for the 200 ka experiment,
but occurs at 134 ka BP in the Barnola et al. (1987)
data. In order to assess this impact, a sensitivity
experiment has been done by forcing the model with
the Barnola et al. (1987) CO; data and starting at
150 ka BP with the ice sheet configuration as it is
simulated in the 200 ka experiment at this time. This
experiment is referred to as the 150 ka experiment.

Phil. Trans. R. Soc. Lond. B (1993)

It is remarkable that the CO; lag does not signifi-
cantly affect the time of the ice volume maximum: this
maximum occurs at 134 ka BP in the 200 ka experi-
ment and at 136 ka Bp in the 150 ka experiment (for
comparison, the age given in the sPEcMaP chronology
(Martinson et al. 1987) is 135 ka Bp). This suggests
that in our model, the timing of the simulated ice
volume variations is more tightly locked to the timing
of insolation variations than to the timing of COg
variations.

At the penultimate glacial maximum, the COy lag
impacts more significantly upon the ice volume than
its phase. The penultimate ice volume maximum in
the 150 ka experiment is lower than that of the 200 ka
experiment by 6x 10°km® The 200 ka experiment
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gives two glacial maxima of comparable amplitude, a
feature which is in agreement with the spEcMAP
reconstruction. In the 150 ka experiment the conti-
nental ice volume at the last glacial maximum is very
similar to that of the 200 ka experiment, and thus of
larger amplitude than that of 136 ka Bp. Conse-
quently, the difference in the simulated penultimate
glacial maximum ice volumes favours the COs
chronology proposed by Shackleton et al. (1992) and
used in the 200 ka experiment, although there is no
doubt that as regards actual COj concentration the
direct measurements of Barnola ¢t al. (1987) are to be
preferred.

2. THE FEEDBACK MECHANISMS

One important feature of this LLN model is that it
simulates both the glaciation and deglaciation of the
last two climatic cycles. This is due to a number of
feedbacks introduced in the model. Although these
represent only a subset of all the feedbacks acting in
the climate system, it is useful to analyse their relative
contributions.

(a) Entering the glaciation

At 60°N, insolation starts to decrease at 133, 127
and 121 ka Bp for March, June and September res-
pectively. Summer insolation therefore peaked around
123 ka Bp at high northern latitudes. The minimum is
reached 11 to 12 ka later. For June, insolation de-
creases from 545 Wm~2 to 440 W m~2, a decrease of
almost 209%,. These latitudes and months are charac-
terized by a strong precession signal whereas in
December obliquity dominates the spectrum at this
latitude (insolation maxima and minima are alterna-
tively reached at 147, 129, 115 and 88 ka Bp).

Each time this type of decrease in insolation occurs,
positive feedbacks amplify the response of the climate
system to such changes in the external forcing, an
amplification which leads to ice sheets accumulating
not only up to the time of minimum insolation but
continuing to accumulate until a few thousand years
later (4-5 ka) due to the inertia of the slow-response
part of the system. During these latter periods,
negative feedbacks progressively slow the build-up of
the ice sheets until they begin to retreat and melt
following the ice maximum.

When insolation decreases, surface temperature
decreases which delays the melting of snow fields in
high latitudes. At the same time, taiga is replaced by
tundra which increases the albedo of the vegetated
surface covered by snow. Both the snow fields and
tundra are therefore leading to an increase of the
surface albedo creating a positive feedback. This is
reinforced by the subsequent decrease of water vapour
content of the atmosphere that results in a decrease in
the downward infrared radiation at the surface. But
this cooling is also responsible for decreases of the
upward infrared, of the latent heat and of the sensible
heat fluxes at the surface which feedback negatively
on surface temperature.

During this initiation phase, which lasts roughly

Phil. Trans. R. Soc. Lond. B (1993)
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4 ka, the zonal mean temperature cooling at the
surface leads to a cooling in the atmosphere which,
with the insolation decrease, impacts the ice-surface
energy budget. The ice-surface temperature does not
reach the melting point, even in summer. This means
that we have a net accumulation at the surface,
ablation being suppressed. As a consequence, the ice
sheets are growing which depresses the lithosphere
below. With the altitude of the ice sheets increasing,
the temperature at their surface decreases (a positive
feedback) which progressively decreases the snowfall
(a negative feedback) and finally stops the growth of
the ice sheet. At the same time, the ice sheets extend to
the south. Because of the continentality effect, snowfall
at the top of the ice sheets in the interior of the
continents decreases (a negative feedback), slowing
down the southwards motion of the southern front of
the ice sheets. Finally, the maximum volume of ice is
reached at 110 ka Bp, 4 ka later than the minimum of
insolation.

(b) The deglaciation process

As insolation had already started to increase 4 ka
before the ice maximum, this increase starts to be
important at 110 ka Bp, particularly at the southern
edge of the ice sheets which begin to melt. At the same
time, the decreased snow fall triggers the ‘snow
ageing’ process which is more efficient in regions of the
ice sheets where the temperature is above —10°C.
This significantly decreases the albedo of both non-
melting and melting snow cover, mainly to the south.
In the meantime, snow accumulation has remained
positive over the nothern part of the ice sheets creating
a north-to-south flux of ice within the ice sheets. At
the southern edge, melting is faster than ice flow and
isostatic rebound is not fast enough to level up the ice
sheet which could prevent future net ablation above.
This is not the case north of the ice sheets where
isostatic rebound maintains the ice sheets high allow-
ing the north-to-south flux of ice to continue to be
efficient. As a consequence, the ice sheet volumes
decrease, the heights of the ice sheets decrease,
temperature at their surfaces increases which increases
the global ablation. This leads to a decrease of the
zonal surface albedo and a further replacement of
tundra by taiga which feedbacks positively on the
albedo decrease, directly and by reducing the albedo
of the continental surfaces covered by snow. This leads
finally to a minimum of ice volume reached about
5 ka later than the insolation maximum.

3. THE CO,-WATER VAPOUR-ALBEDO
FEEDBACK MECHANISMS AT THE LGM

The comparison of the results obtained from the
transient experiment using the Milankovitch and the
Milankovitch + COy forcings shows that, at the Last
Glacial Maximum (rLcM), the long-term COg changes
are responsible for roughly 509, of the temperature
change and 309, of the ice volume change. In an
attempt to understand the role of the temperature—
albedo feedback and the importance of the greenhouse
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gases (water vapour and COy), several sensitivity
experiments have been made (Gallée et al. 1992;
Tricot 1992; Berger et al. 1992).

In particular, the physical processes responsible for
the cooling simulated at the LaM under the forcing
of both insolation and COg were investigated with a
one-dimensional radiative convective (rRcM) climate
model (Tricot 1992). The main reasons for using a RCM
are the number of experiments to be done to isolate
the individual contribution of the main processes
involved, the potentiality of a rRaM for reaching such
an objective (Ramanathan & Coakley 1978) and the
fact that it requires much less computational power
than the 2.5 dimensional model.

A full description of this ram, its validation and
sensitivity tests are given in Tricot (1992) and Berger
et al. (1993). In particular, when the COgy concentra-
tion is doubled (from 330 p.p.m.v. to 660 p.p.m.v.),
the instantaneous perturbations of the net radiative
budget (before the action of feedbacks) are estimated
to be 3.72 W m~2 at the tropopause and 1 W m~? at
the surface. At equilibrium, the temperature increases
by 1.8 K at the surface and in the troposphere and
decreases in the stratosphere above 16 km. The sensiti-
vity of the rRoM to COg change is thus very similar to
that calculated in other sensitivity studies using RCMs
with the same basic assumptions (e.g. Ramanathan
1981). Without allowing the water vapour feedback to
operate, the warming is reduced to 1.2 K.

As the purpose here is to quantify the relative
contribution of each of the main climatic feedbacks,
some improvements in the LLN model were first made
by Tricot (1992) in such a way that the sensitivity of
this modified version, designated as LLN1, to changes
in trace gas concentrations will be close to the
sensitivity of the Rcm itself. These improvements
concern mainly the radiative part of the model,
involving new infrared and solar radiation schemes,
and an explicit computation of the stratospheric
temperature. Climatological data about cloud and
aerosols also have been revised. LLNI1 has been
validated for the present-day climate. Its sensitivity to
a doubling of CO; concentration (A7T=1.97K) is
similar to the sensitivity of the original version of the
LLN model (AT=2K).

The cooling at the Lem simulated by LLN1 using
the surface boundary conditions calculated by the
LLN transient simulation, the seasonal cycle of inso-
lation at 18kasp and a COs concentration of
194 p.p.m.v. amounts to 4.5 K. This cooling is asso-
ciated with an increase of the planetary albedo from
31 to 32.6, an increase of the surface albedo from 16.2
to 19.3 and a decrease in the annually — averaged
vertically — integrated water vapour concentration
from 2.44 to 1.99 g cm ™2,

At the LoM, in addition to the insolation and COg
concentration variations, the hemispherically aver-
aged changes in the surface albedo and in the vertical
distribution of water vapour are available as part of
the LLN1 2.5-dimensional model diagnostics. These
changes were inserted one by one or in combination
into the rcM.

Experiment 1 (table 1) with rcum is related to the

Phil. Trans. R. Soc. Lond. B (1993)

present-day climate and leads to a mean temperature
of 288.32 K, very close to the 288.36 K obtained from
LLNI, the surface albedo being prescribed to its
LLNI1 value.

In experiment 2, only the surface albedo is changed
to its LeM LLNI1 value, the COy and water vapour
concentration being kept constant to their present-day
value. In such a case, if we accept the Milankovitch
hypothesis according to which the insolation varia-
tions modify the snow and ice covers in the Northern
Hemisphere high latitudes, changing only o, in the
RCM is equivalent to looking for the ‘natural’ cryo-
spheric response of the climatic system to the insola-
tion variations. The simulated cooling of 1.8 K is
important and corresponds to a direct radiative
forcing of —5.6 W m~2 (i.e. the net radiative budget
at the tropopause has decreased —less trapping — by
5.6 Wm™2),

If we allow the water vapour feedback to amplify
this perturbation (experiment 3), the cooling amounts
to 3 K which corresponds to a gain factor R of 1.66, R
being given by:

AT, = RAT,

where AT, is the response of the rRcM without any
water vapour feedback. The smaller amount of water
vapour in this cooler atmosphere leads indeed to a
weakening of the greenhouse effect. It combines with
the larger planetary albedo induced by the increase of
the surface albedo to produce a total cooling 669,
larger than without the water vapour feedback. As a
consequence, the water vapour induces a positive
feedback mainly through its impact on the greenhouse
effect and, in a much smaller amount, through an
increase in the planetary albedo related to a smaller
absorption of the solar radiation in the atmosphere by
the water vapour.

If we now decrease the COy concentration from
‘present-day’ value (330 p.p.m.v.) to the Lem value
(194 p.p.m.v.), the climatic response is a cooling of
0.94°C or 1.57°C respectively without (experiment 4)
and with (experiment 5) the water vapour feedback.
This corresponds to a gain factor of 1.67 very similar
to the value obtained in experiment 3 for the albedo
increase. This might be a coincidence and it must be
tested in more sophisticated models where geographi-
cal contrasts do exist. The change of the surface
albedo at the Lem (experiment 3) is indeed largely
related to the change of the surface cover in middle
and high latitudes, whereas the CO, concentration
change (experiment 5) is a worldwide phenomenon.

The last two experiments combine the changes in
the CO;y concentration and in the surface albedo.
When the water vapour feedback is switched off, the
cumulative effect of these forcings leads to a total
cooling which is the sum of the individual coolings:
—2.74= —1.8—-0.94. This is expected through a
linearization of the problem in the absence of the main
nonlinearity related to water vapour feedback. Allow-
ing this water-vapour feedback to amplify the direct
initial perturbation leads to a total cooling of 4.51 K
(experiment 7), very close to the cooling of 4.46 K
calculated by the LLN1 model for the Lem boundary
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Table 1. Sensitivity experiments of a ReM to COa, water vapour and surface albedo ( Tricot 1992)

(Ts is the annually — and hemispherically — averaged temperature at the surface. AQ is the initial radiative
perturbation at the tropopause (W m™2) after a possible modification of the COj concentration and of the surface
albedo o, from their values in experiment 1. & is the planetary albedo. [HyO] is the water vapour concentration
in (g cm™2). AT, is the response of RaM without HyO feedback. fi,0 and R are respectively the feedback factor for

H30 and the gain factor with

1

T, AQ [HZO] ATSO ATS
experiments with RcM K (Wm-~? ot (%) (g cm~2) K K R
1 present-day climate 288.32 32.85 2.29
CO2=330 p.p.m.v.
o, =16.24
H;O computed by rcm
2 CO;=330 p.p.m.v. 286.52 —5.62 34.43 2.29 -18 -1.8 1.00
o= 19.25
H,0O fixed as in 1
3 CO3=330 p.p.m.v. 285.33 —5.62 34.66 1.88 —-1.8 —2.99 1.66
os=19.25
H,O computed by rcm
4 CO2;=194 p.p.m.v. 287.38 —2.91 32.85 2.29 —0.94 —-0.94 1.00
o= 16.24
H,0 fixed as in 1
5 CO;=194 p.p.m.v. 286.75 —2.91 32.97 2.07 -0.94 —1.57 1.67
o, =16.24
H,0 computed by rRcM
6 CO2=194 p.p.m.v. 285.58 —8.53 34.42 2.29 —2.74 —2.74 1.00
o =19.25
H,0 fixed as in 1
7 COz=194 p.p.m.v. 283.81 —8.53 34.77 1.70 -2.74 —4.51 1.65

o= 19.25
H>0 computed by rRcM

conditions. Even in this case, this total response is
more or less the sum of the individual responses
(experiments 3 and 5): —4.51~ —2.99 —1.57 because
the perturbations are small in amplitude compared to
the fundamental state (a few degrees against 288 K).
Table | thus illustrates the linear theory of feedbacks
when the external forcings are due to albedo and COq
changes, the only feedback being related in our study
to the water vapour concentration change.

In terms of the feedback parameter, A, used in the
theory of the greenhouse effect intensification, we
have

AT, oo = AQIA = AT, (1 — f) = RAT,

Sequilibrivm
The feedback factor, f=1— 1/R, for the water vapour
is estimated from experiments 3, 5 and 7 to be roughly
0.4-X in experiments 2, 4 and 6 is equal to 3.1 and in
experiments 3, 5 and 7 it amounts to roughly 1.9; this
leads to a positive feedback of the water vapour equal
to 1.2, a value close to the value (1.4) obtained in the
greenhouse theory (e.g. Berger & Tricot 1992). It

Phil. Trans. R. Soc. Lond. B (1993)

happens therefore that the water vapour feedback
intensity is about independent of the specific character
of the prescribed changes.

All these sensitivity tests done with a RcM using the
value of the parameters simulated at the last glacial
maximum by the LLNI 2.5-dimensional model lead
to the following conclusions for the Northern Hemi-
sphere.

1. The cooling using only the astronomical forcing -
but allowing for the water vapour feedback —
amounts to 3°C, 679%, of the 4.5°C cooling resulting
from both the astronomical and COy forcings. It
must be stressed that what we call astronomical
forcing includes both the change in insolation and
the consequent changes in surface and planetary
albedo.

2. If the CO: concentration is kept fixed to its
interglacial level (330 p.p.m.v.), the astronomical-
albedo forcing without the water vapour feedback
(wvF) explains 609, of the 3°C cooling, the water
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vapour feedback being therefore responsible for
409, of the total cooling in this Milankovitch alone
experiment.

3. In the astronomical + COg experiment, the direct
effect of these forcings (i.e. without the wvF)
explains 60%, (2.7°C) of the 4.5°C cooling. As in
paragraph 2 above, the wvr is therefore responsible
for 409, of the cooling. If we discriminate between
the astronomical-albedo forcing (aa) and the COq
contribution (COy), we can see that without the
WVF, AA explains 40 of the 609, of the total cooling.
The contributions to the wvr (409, of the total
cooling) are 279, for aa and 139, for COs.

4. In this astronomical + COg cooling, it may also be
interesting to analyse the proportion which is due
to water vapor for each sub-experiment. Consider-
ing only the astronomical-albedo forcing, the wvr
is responsible for 27 of the 679, of the global
cooling, the remaining 409, is the direct effect of
AA. In the COj alone experiment, the wvr explains
13 of the 339, of the global cooling, the direct effect
of COy accounting for the remaining 209%,.

In summary, the general conclusions are as follows.

1. If we discriminate between the astronomical-
albedo forcing and the COy forcing, AA is respon-
sible for 679, and COg for 339, of the cooling,
whatever experiment is considered: without wvr,
—2.7=-1.8-0.9; with wvr, —4.5=—-3.0—1.5;
due to wvr, —1.8=—-1.2-0.6.

2. If we discriminate between the direct effect of the
astronomical-albedo and/or COg forcings and the
water vapour feedback contribution, aa and/or
CO; accounts for 609, and the wvr for 409, of the
cooling, whatever experiment is considered: with-
out COy, —3.0=—-1.8—1.2; with COy, —4.5=
—2.7—1.8; due to COg alone, —1.5=-0.9-0.6.

4. CONCLUSIONS

Simulation of the advances and retreats of the ice
sheets over the last two glacial-interglacial cycles
indicates that the orbital parameter variations are
able to trigger feedbacks in the LLN model which
then induce significant climatic variations at that
timescale. We would argue that: (i) because the LLN
model reproduces correctly the power spectrum of the
reconstructed climatic variations over the last two
glacial-interglacial cycles; (ii) because it gives a more
realistic depiction of the Eemian interglacial (isotopic
stage 5e) and of its length than previous models; and
(iii) because its sensitivity to the COg forcing and to
the water vapour feedback is similar to that of the
more complex caoms, it is its chronology rather than
the specmaP chronology that should be the target for
testing new radiometric dating methods.

It must be pointed out that the physical processes
included in the LLN model are probably not the only
ones to play a significant role in the climate system
and this simulation must be regarded first of all as an
exercise to learn how the coupling of the different
components of the climate system works at the
astronomical timescale, and to test parameterizations

Phil. Trans. R. Soc. Lond. B (1993)

which have appeared in the literature for each
individual subsystem. Given that the model has many
parameters connected to the numerous processes that
are parameterized within it, the fact that it fits more
or less one set of data (the present-day climate, for
example) is not a definitive test of its physical validity.
The most significant result is, however, that among
the large number of possible combinations of para-
meter values allowing a good representation of the
present-day climate, only a very limited set allows at
the same time reasonable palaeoclimatic reconstruc-
tion at the astronomical timescale. It seems unlikely
therefore that, by chance alone, such a nonlinear
numerical model can simulate the present-day lati-
tudinal and seasonal cycles of many climate variables
(Gallée et al. 1991) and, simultaneously, slight changes
over the last few centuries (Smits et al. 1993), changes
as large as those projected for the next few decades
(Fichefet et al. 1989), and the gross features of the low
frequency part of the last two glacial-interglacial
cycles (Gallée et al. 1992, 1993).

In view of the relatively good simulations obtained
by the LLN model, there are many important impli-
cations that need to be explored. First, were the results
fortuitous, or rather, were most of the important
processes captured in two dimensions by neglecting
such factors as changes in deep water formation?
Second, in view of the critical importance of snow-
albedo-temperature-vegetation feedbacks on the ice-
sheet initiation and deglaciation processes, can the
parameterizations of these feedbacks be improved?
Third, looking to the sensitivity of all the models used
to test the astronomical theory, how are we to
distinguish which, if either, of the mechanisms are
correct? It would appear that the only acceptable way
is to describe more of the physics, chemistry and
biology explicitly.
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