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The acceptance and development of Milankovich as-
tronomical paleoclimate theory resulted largely from
accurate measurements of various geological indicators
of the climate of the past, starting with the celebrated
work of (Hays, Imbrie, and Shackleton, 1976), but also
from the improvement of the computed past evolution
of the orbital and rotational motion of the Earth, in
continuation of the work of LeVerrier (1856) which was
already used by Croll (1864) and Milankovitch (1930).
In the past 25 years, there was also a steady im-
provement of these orbital or rotational solutions (Bre-
tagnon, 1974, Berger, 1976, Laskar, 1988, Quinn etal,
1991, Laskar etal, 1993) which have followed the im-
provement of the quality of geological data.

In the recent years, there has been a large improve-
ment in the quality of the geological data, as well as
the time length on which they are collected as they now
span more than 30 million years in continuous records.

This motivated the construction of an improved so-
lution for the orbital and rotational motion of the Earth
which will be presented here.
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The paper by Hays, Imbrie and Shackleton has trig-
gered a lot of research over the last decades. These
lead to new developments and to a generalisation of
the Milankovitch theory. The Louvain-la-Neuve team
has focussed mainly on the orbital parameters and
the transient response of the climate system to the
astronomically-induced insolation changes.

The orbital solution available in the late 70’s has
been shown accurate for 1.5 million years and is ex-
tended now over a few million years. The prediction
made in 1982 that ” a time will come when geologists
will provide astronomers with estimates of periodici-
ties ... and discuss with them which paleoastronomical
efects should be added to the gravitational model ” is
realized. The origin of all the fundamental frequencies
characterizing the long-term variations of the orbital
parameters has been identified allowing to discuss their
interrelationship and possible changes in times. Differ-
ent sources for the 100-kyr astronomical cycle can be
found in the orbital parameters and in the insolation
itself. Instability of the 100-kyr eccentricity cycle has
been shown related to its 400-kyr cycle. The amplitude
and frequency modulations of the orbital parameters
are also discussed.

The 2.5-D Climate model of LLN (one of the very
first Earth models of intermediate complexity) has suc-
ceeded to simulate the entrance into glaciation 2.75
million years ago, the late Pliocene - early Pleis-
tocene obliquity and precession cycles, the emergence
of the 100-kyr cycle around 900 kyr BP, the glacial-
interglacial cycles of the last 600 kyr, the stage 11-stage
1 analogy and the future climate at the astronomical
time scale. Finally, the climate model points out that
the length of the simulated MIS11 interglacial is very

sensitive to the interplay between insolation and COZ2,
i.e. it depends strongly on the phasing between these
two climate forcings. Although the present and near
future insolation forcing is very similar to stage 11, the
exceptionally long interglacial simulated for the future
is much more robust.

An higher resolution version of this model (includ-
ing 3 oceanic basins and the thermohaline circulation)
allows to discuss the climate of isotopic stage 5, the
late glacial, the last deglaciation, the Holocene, the last
1000 years and the last and next 100 years.
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Physics,

The quasi-periodic variation of continental ice vol-
ume that has been a dominant characteristic of low
frequency climate variability since approximately 900
ka continues to defy detailed explanation. Although
the linkage between this "ice-age cycle” and the Mi-
lankovitch variations of orbital insolation was essen-
tially confirmed by the analyses of Hays,Imbrie and
Shackleton(1976), their spectral analyses of deep-sea-
core oxygen isotopic concentrations provided no expla-
nation of why the 100 kyr component of the ice volume
response should be so dominant.Since the intensity of
the forcing on the 100 kyr timescale is inconsequen-
tial,it seems clear that the explanation of this conun-
drum is to be found in climate system nonlinearity.l
will describe two different lines of analysis which pro-
vide insights into the detailed nonlinear mechanics of
the 100 kyr cycle. It will first be established,through
detailed AGCM analyses of the inception process,that
the cycle is initiated entirely by the deficit in summer
seasonal insolation which occurs under conditions of
high eccentricity and low obliquity,just as Milankovitch
suggested.Once nucleated,continental ice sheets there-
after expand as a consequence of ice albedo feedback
and the diminishing level of atmospheric CO2 concen-
tration. Termination,on the other hand, appears to de-
pend upon a collective interaction that involves both
glacial isostasy and rising CO2 levels,the latter playing
an essential role.
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Insolation changes associated with orbital changes
alter the broad-scale land/ocean temperature con-
trasts and thereby cause variations in the strength
of continent-scale monsoon circulations. Whereas Mi-
lankovitch concentrated on explaining the role of or-
bital changes in causing glacial cycles, he noted that
orbital changes would influence tropical climates too.
However, the connection between orbital changes and
monsoons was largely ignored until the late 1970s-early
1980s, when accurate dating of wet/dry events in the
tropics became available. The first quantitative stud-
jes of monsoon changes and orbital changes using cli-
mate models commenced around 1980. These studies
documented a strong sensitivity of monsoons to orbital
forcing, a conclusion that had been reached by a con-
temporary of Milankovitch, Spitaler, in 1921.

This paper summarizes Milankovitch’s remarks
about tropical climate variability, describes the key
observational studies that began to implicate orbital
changes as a possible factor in tropical climate change,
illustrates the basic response of monsoons to orbital
forcing, and outlines current research aimed at clari-
fying the role of oceans and the terrestrial biosphere
in explaining the full magnitude and character of the
climate’s response to orbital forcing.

U11A-05 0935h
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It has been known for a long time that changes in
solar insolation are responsible for at least some of the
past climate changes, which can be implied from a vari-
ety of proxy records. However the changes in solar inso-
lation alone are not large enough to be able to account
for both the magnitude as well as for the abruptness
of some past climate variations. Obviously the exter-
nal forcing must have been strongly modified by several
(nonlinear) feedback mechanisms of the earth’s climate
system. Here a coupled atmosphere-ocean model has
been used to investigate the effect of changes in inso-
lation on the climate on the earth and to identify the
most relevant feedback mechanisms.

U11A-06 0950h

MILANKOVITCH AND ICE CORE
RECORDS

Jean JOUZEL (33 1 69 08 57 71;
jouzel@Ilsce.saclay.cea.fr)
IPSL-LSCE, CE Saclay Orme des Merisiers Bat 709,

Gif sur Yvette 91191, France

At the time of the publication of the Hays, Im-
brie and Shackleton article, available ice core records
were too short to bring information relevant to the
Milankovitch theory of the ice ages (no ice core was
going beyond the last glacial period). The situation
changed in the eighties with the Vostok ice core then
covering a full glacial-interglacial cycle. Also measure-
ments dealing with the composition of our atmosphere
in the past (CO2 and CH4, two important greenhouse
gases, and d180atm the isotopic composition of atmo-
spheric oxygen) became available, in addition to the
isotopic composition of the ice classically used to re-
construct past temperature changes in polar regions.
Those Vostok data, further extended to 4 climatic cy-
cles, showed that orbital frequencies are strongly im-
printed in all records with a dominance of the 100 kyr
cycle for all series except d180atm dominated by pre-
cession, and a strong contribution of obliquity to the
temperature record probably linked to local insolation
changes. They revealed a close correlation between
greenhouse gases and climate, suggesting that green-
house gases are important as amplifiers of the initial
orbital forcing and may have significantly contributed
to the glacial interglacial changes. They also pointed
out to the fact that the interaction between insolation
and climate is probably more complex than initially
thought, with an important role of the Southern Hemi-
sphere illustrated by the lead of Antarctic temperature
and CO2 with respect to ice volume. I will review how
the Vostok records have shed light on the Milankovitch
theory of the ice ages during the last 20 years and dis-
cuss recent advances (as the possibility of extracting
information on sea level and sea surface temperature
changes from ice core records). Still, further research is
needed to fully understand the complex interactions be-
tween insolation, CO2 and climate at those timescales.
In this line, I will examine ongoing work aiming to im-
prove ice core dating and the determination of the phas-
ing between climate forcings and responses.
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Radiolarian faunas of glacial age high-latitude
deep-sea sediments are dominated by Cycladophora
davisiana. In Recent sediments, only those of the Sea
of Okhotsk have comparable relative abundances. The
sea of Okhotsk supports an unusually abundant deep-
water fauna (>200meters. A sediment trap array in
the central Sea of Okhotsk, had annual daily mean ra-
diolarian flux to the deep trap (1061 meters), more
than four times that to the shallow trap (258). Ninety
eight percent of C. daviaianas flux was caught by the
deep. Of the species that dominate Okhotsks radiolar-
ian fauna, twice as many live below the shallow trap as
live above it. Russian net zooplankton studies reflect
a similar vertical partitioning with 80% of the biomass
living below 200 meters. Estimates of carbon required
to support the deep 1 fauna are a high percentage of car-
bon fixed suggesting an efficient biological pump. Bffi-
ciency is probably enhanced by very cold water between
50 and150 meters (near or below zero celsius), with low
concentrations of zooplankton permitting phytoplank-
ton production to sink to deeper levels.
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Following the initial tuning of Pliocene-
Pleistocene 6-°0O records from the open ocean, the
astronomical time scale was extended to the base of
the Pliocene, using sedimentary cycle patterns observed
in land-based marine sections from the Mediterranean.
Here I will present a review of the progress subse-
quently made in establishing an Astronomical (Polar-
ity) Time Scale (A(P)TS) for the Mediterranean Neo-
gene by our research group and (inter)national collab-
orators. Firstly, the astronomical time scale has been
extended back to 13.6 Ma. Secondly, this time scale
has been evaluated and the accuracy of astronomical
solutions quantitatively assessed by means of a detailed
statistical comparison of precession/obliquity interfer-
ence patterns in climatic proxy records and astronom-
ical target curves. Thirdly, the existent Messinian gap
in the time scale has been closed, showing that the on-
set of the Messinian sa-linity crisis started at exactly
the same time all over the Mediterranean. Fourthly,
the continental record is increasingly being incorpo-
rated, allowing detailed “bed-to-bed” correlations with
the marine record and extension of the APTS back to 13
Ma. Fifthly, Ar/°27 Ar dating of volcanic ash beds in-
tercalated in astronomically dated successions aims at
the intercalibration of astronomical and radio-isotopic
time. Sixthly, identification and astronomical tuning
of Milankovitch-type of cyclicity facilitates detection
of sub-Milankovitch cycles both in the marine and in
the continental record. Seventhly, climate modelling is
applied to get a comprehensive understanding of cli-
mate system(s) responsible for sedimentary cycle for-
mation in the Mediterranean late Neogene. Finally, the
influence of longer-term astronomical cycles which op-
erate on tectonic time scales has been evidenced and
the astronomical time scale has been successful applied
in studies of seafloor spreading rate histories.

late
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Much has changed in the 25 years since Hayes,
Imbrie and Shackleton (Science, 1976) developed
their SIMPLEX, ELBOW AND TUNE-UP age mod-
els. Highly resolved paleoclimate records are far
longer, the number of reliable climate proxies has
greatly increased, and numerical modeling of paleo-
climate has advanced significantly, now linking atmo-
spheric, oceanic, and terrestrial subsystems. However,
one crucial aspect of our science remains the same, we
still live and die by the age model, struggling to un-
derstand the physical links between external insolation
forcing and the internal climate response. Our interpre-
tations of these relationships often depend on critical
assumptions we employ in age-model development. The
Plio-Pleistocene summer monsoon system is a good ex-
ample. The critical assumption in the age model used
here is that phase of the oxygen isotope response to or-
bital forcing is invariant (set at the SPECMAP defined
lags of 69 degrees for the 41-kyr obliquity cycle and 78
degrees for the 23-kyr precession cycle). The assump-
tion of constant phase relationships between a tuning
parameter and orbital forcing is nearly universal in age
model development for Plio-Pleistocene records.

Using the SPECMAP chronology, the late Pleis-
tocene summer monsoon record (350 Ka) is in phase
with Northern Hemisphere summer radiation forcing for
the obliquity band but lags by 7 to 8 kyrs for the pre-
cession band. While somewhat complex, the phase re-
sponse can be understood within the context modern
monsoon meteorology, which indicates that much of the
interannual variability is related to the export of la-
tent heat from the southern subtropical Indian Ocean.
The obliquity- and precession-band phase relationships
can be interpreted in the same context, the timing of
Southern Hemisphere latent heat export sets the phase
of monsoon maxima within each 41- and 23-kyr cycle.
This interpretation indicates that the monsoon is more
sensitive to internal climate interactions in the South-
ern Hemisphere than to external insolation forcing in
the Northern Hemisphere.

When the same phase-locked chronology is applied
to the Plio-Pleistocene record (2.5 Ma) the phase of the
monsoon systematically drifts relative to oxygen iso-
topes, by 83 degrees in the precession band and 124
degrees in the obliquity band. The timing of strong
monsoons within each cycle moves away from the de-
veloping ice maxima suggesting that the development
of Northern Hemisphere glacial boundary conditions
weaken the summer monsoon. This phase drift is in-
dependent of the age model in that the oxygen iso-
topes and monsoon indicators are from the same sam-
ples. Phase relationships relative to external forcing
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are more complex. The non-stationary phase implies
that the monsoon response, the oxygen isotope re-
sponse, or both are nonstationary relative to orbital
forcing. This calls into question the common assump-
tion used in Plio-Pleistocene age models, that the cli-
mate response is necessarily phase-locked to orbital
forcing during the interval of time spanning the inten-
sification of Northern Hemisphere glaciation. So, after
25 years we still struggle with similar questions Hayes,
Imbrie and Shackleton grappled with, only now applied
to older but equally dynamic periods of Earth history.
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Since the publication of Hays et al. (1976),
earth scientists have labored to extend high-resolution
isotope-based paleoclimate records back in time, well
beyond the period of Northern Hemisphere glaciations.
This effort has been motivated in part by the desire to
develop astronomically calibrated time-scales for more
ancient periods, and in part by the desire to observe the
climate response to orbital forcing under boundary con-
ditions significantly different than present. Progress
toward these objectives, which was initially hampered
by the lack of high quality sedimentary sequences, has
accelerated over the last decade, primarily due to ef-
forts of the Ocean Drilling Program. As a result,
high fidelity isotope records with sufficient resolution
to capture orbital scale cyclicity now exist for several
discrete intervals of the Neogene and Paleogene. This
paper focuses on one of these records, a continuous
5.5 Myr long, high-fidelity composite benthic isotope
time-series spanning the late Oligocene-early Miocene
interval of ODP Sites 926 and 926 from the western
equatorial Atlantic. This record shows the unques-
tionable signature of orbital forcing with variance con-
centrated at all Milankovitch frequencies. Unlike the
Pleistocene, the isotope records show unusually strong
power at the primary eccentricity band periods of 406,
125, and 95-ky with an extremely close correlation be-
tween the amplitude modulation of the orbital eccen-
tricity signal and that of the oxygen isotope record.
The low frequency oxygen isotope cycles, which repre-
sent in part glacial advances and retreats of Antarctic
ice-sheets, also increase in amplitude across the O/M
boundary suggesting a shift in climate sensitivity to
forcing, possibly due to a reduction in greenhouse gas
levels. Here, we explore the potential implications of
these findings for fundamental theories of orbital forc-
ing and climate.
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Celestial mechanical theory predicts not just the fa-
miliar set of Milankovitch cycles of about 21, 41, and
100 ky, the climatic significance of which was estab-
lished 25 years ago by Hays, Imbrie, and Shackleton
(1); but also longer period cycles ”"grand cycles” with
present day periods of about 400 ky, and 1.25, 2.35
and 4.6 my. The effects of these longer period cy-
cles are only potentially discernable, convincingly, in
very long climate records spanning several to tens of
millions of years. However, long term chaotic drift in
the fundamental frequencies of the planets makes the
actual value of all - except the 400 ky - grand cy-
cles, unpredictable for records older than about 50 Ma
(2). Added uncertainty exists because of the poorly
understood evolution of the Earth-Moon system, which
makes calibration by the high frequency precession and
obliquity cycles unreliable for distant times. The 400
ky cycle provides a reliable tuning target for long an-
cient records because it is caused by the gravitational
interaction of Jupiter and Venus, the former of which
has an extremely stable orbit.

One of the longest paleoclimate records available is
that resulting from the Newark Basin Coring Project
(NBCP), with 6700 m of Triassic-Jurassic lacustrine
strata, spanning about 30 my years. Based on evolutive
thickness-frequency spectrograms, the major higher-
frequency precession-related cycles are all present, with
an especially strong 400 ky signal. Tuning to the 400
ky cycle reveals significant low-frequency cycles of 1.75

and 3.5 my (3). The former is homologous to the
present day 2.35 my grand cycle, which modulates cli-
matic precession, and is caused by the gravitational in-
teraction of Earth (g3) and Mars (g4); the observed
difference is well within the predicted chaotic region
(4) of the fundamental frequencies (g4-g3). The latter
3.5 million year cycle is a homologue of the present day
4.6 my grand cycle. This cycle is a consequence of the
secular resonance, theta (2(gd-g3) - (s4-s3)) (2,4).

Identification of these long period cycles is essential,
because what may appear to be unique climatic transi-
tions could actually be nodes of the grand cycles super-
imposed on a longer climatic trend. Also, because the
NBCP record has virtually no expression of high fre-
quency obliquity cycles (as expected by its tropical po-
sition), the presence of the 3.5 my cycle suggests some
large-scale climate system telecommunication between
the Triassic continental tropics and regions sensitive to
obliquity, perhaps through weathering-modulated at-
mospheric CO2. In addition, the presence of the 1.75
and 3.5 my grand cycles suggests that the mode of the
secular resonance in the Triassic was not different to
that of today, as is theoretically possible (2). Finally,
the long period cycles should be globally synchronous,
and hence they offer a new low-frequency means of cy-
clostratigraphic correlation. References: (1) Hays, J.
D., Imbrie, J. and Shackleton, N. J. 1976. Science
194:1121. (2) Laskar, J. 1999. Phil. Trans. Roy. Soc.
Lond. A, 357:1735. (3) Olsen, P. E. and Kent, D. V.
1999. Phil. Trans. Roy. Soc. Lond. A, 357:1761. (4)
Laskar, J. 1990. Icarus 88:266.

URL: http://www.ldeo.columbia.edu/ polsen/nbcp/
nbcp.html
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Even without Shackleton’s collaboration it is highly
probable that an important paper by Hays and Imbrie
relating to the astronomical theory of the Pleistocene
ice ages would have appeared in the mid 1970’s with the
important data being Hays’ radiolarian counts. Given
Hays’ expertise in the stratigraphic correlation of cored
sequences it is also likely that soon after, attempts
would have been made to develop an astronomically
calibrated time scale even in the absence of stable iso-
tope records. In fact for sequences older than about
2.5 Ma stable isotope data have played a relatively mi-
nor part in facilitating astronomical time scale devel-
opment. The prime requirement has been an ability
to handle and interpret complex arrays of stratigraphic
data together with the existence of geological deposits
that display lithological cyclicity.

The Middle Miocene has proved to be a challenging
interval of time to calibrate to an astronomical tem-
plate. Few continuous sequences are available; good
biostratigraphic datums are sparse; and the underly-
ing climatic responses were probably almost as com-
plex as they were in the late Pleistocene. ODP Site
925 on Ceara Rise contains a good sequence from which
we have benthic stable isotope data, proxies for per-
cent carbonate, proxies for carbonate dissolution and
precise nannofossil biostratigraphy, all in an orbitally
calibrated record. In this interval the oxygen isotope
record almost certainly records variability in (Antarc-
tic) ice volume as well as temperature, while percent
carbonate certainly records variability in all of terrige-
nous input, carbonate production and carbonate dis-
solution. The beauty of an astronomical time scale is
that even with data from only a single site it becomes
possible to begin to tease apart such a complex array
of responses, just as Hays and colleagues were able to
learn so much about the Pleistocene from a single lo-
cation in the Southern Ocean.

The Middle Miocene also anticipates the greatest
challenge facing the astronomical theory of the Pleis-
tocene ice ages: the 100,000 year cycle. The Middle
Miocene data imply 100,000 year cycles in Antarctic ice
volume, with increased terrigenous input at this period
being associated with glacio-eustatic low stands. How-
ever neither the stable isotope signal nor the d
tion proxies have significant precessional variability so
that precessional variability in terrigenous content is
probably driven by varying river transport. Unlike the
Pleistocene, glacial maxima are associated with high
eccentricity.

ssolu-
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