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N, PIERRE DES NMABMEMTTES,

The massive Pierre des Marmettes erratic, Monthey, Switzerland.
Note size in relation to people.

(Charpentier, 1841)
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Adhemar 1842 [Baociopyevoc otn PHETATTTWON TWV ICNHEPIWV
(D'Alembert 1754 22kyr)

Alyotepec nuepeg oto N nuiodalplo aro 1o B
[TooBAETEL: TTAyeTWVEC evaAAAoovTal petach B kat N
nulodalpiov kKABe 11kyr



Kroll 1864 AappBavel urtoydn Tou

UETABOAEC EKKEVTPOTNTAC

Le Verrier 1843

[ layeTtwveg oxnuatiCovtal oto B ' TO APNAIO CLUTTITTTEL PE
UeEYAAN EKKEVTOOTNTA (N TEAELTAIA TTAYETWVIKN TTEPIOOOC APXIOE
-250kyr kat tepudtnoe -80kyr)

Eloryyaye evvola avadpaonc T

AYyOU OTN Aevkavyeld

KAl LTTOOTNPLEE OTL ELVVOOULVTAL Ol TIAYETWVEC OTAV N KAION T
Atova eival pIkpOTEPN



O1 yewAOyoL OpwWC apxiCouv va €XOLV CUYKEVTOWOEL APKETA
OTOLXEIA TTOL cLVNYOPOVOAV OTL N TEAEUTAIA TTAYETWVIKN
TePIOO0C TEPUATIOE -15kyr

[layeTtwveg gaivetal 0Tl epdaviCoOVTAV CUYXPOVWC



Milankovi€¢ to 1911 apxiCel va vrmoAoyiCel TN peTABoAN TNC
KATAVOUNC TNC NAIOPAVELIOG

H eTrola oAk evepyela amd Tov NAIO e€apTaTal HOVO
ano TNV EKKEVTPOTNTA

~1+e*/2 (de=0.06— 0.18%)

YioBeon Milankovi¢ o€ ocuvepyaoia pe
Koppen1920 : Kpiolpn moocoTNTa 11ou puBuicel Tov
OXNUATIOUO TTAYETWVWY €lvVAL TO PETPO TNG
NAlodAvelac oto Bepivd NAIOOTACIO Tov BH (110U
OUwC; ota 55, 60 1) 65 B)

Meylotn NAlodavela oTo BepIvo NAIOCTACIO OTAV N KAIoN €ival
LUEVIOTN Kal TO Bepivo NAIOOTACIO oLPBAivEL OTO TTEPINALO



MeTaBoAr) otn KAIoNC Tou Atova TIEPIOTOPOPNC OONYEL OE
LUETAPBOAN OTNV EI0EPXOUEVN OKTIVOBOAIAC o€ peyaAa
VEWYPADIKA TAGTN ~ 15 %

H pyeTanmTwon Twv ICNUEPIWY 0 CLVOLACUO PE TNV
EKKEVTPOTNTA  ~ esin A  0ONyei kKAl aut o€ PETABOAN OoTNV
EI0EPXOUEVN OKTIVOPBOAIOC 0 peyaAa yewypadIiKA TTAATN

~ 15 %
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ABSTRACT

We present here a new solution for the astronomical computation of the orbital motion of the Earth spanning from 0 to —250 Myr. The
main improvement with respect to our previous numerical solution La2004 is an improved adjustment of the parameters and initial
conditions through a fit over 1 Myr to a special version of the highly accurate numerical ephemeris INPOPOS (Intégration Numérique
Planétaire de 1'Observatoire de Paris). The precession equations have also been entirely revised and are no longer averaged over the
orbital motion of the Earth and Moon. This new orbital solution is now valid over more than 50 Myr in the past or into the future with
proper phases of the eccentricity variations. Owing to the chaotic behavior, the precision of the solution decreases rapidly beyond
this time span, and we discuss the behavior of various solutions beyond 50 Myr. For paleoclimate calibrations, we provide several
different solutions that are all compatible with the most precise planetary ephemeris. We have thus reached the time where geological
data are now required to discriminate between planetary orbital solutions beyond 50 Myr.

Key words. chaos — methods: numerical — celestial mechanics — ephemerides — planets and satellites: dynamical evolution and

stability — Earth

1. Introduction

Owing to gravitational planetary perturbations, the elliptical el-
ements of the orbit of the Earth are slowly changing in time,
as is the orientation of the planet’s spin axis. As described by
Milankovitch (1941) these changes induce variations in the in-
solation received on the Earth’s surface that are at the origin of
large climatic changes. Since the work of Hays et al. (1976),
which established a correlation between astronomical forcing
and the 680 records over the past 500 kyr, there has been a
increasing need for a precise long-term ephemeris for the Earth
orbital and rotational evolution (see Laskar et al. 2004 for a more
detailed historical account).

For paleoclimate studies, the most widely used orbital solu-
tions are nowadays either the averaged solution of Laskar (1988)
and Laskar et al. (1993b) or the numerical solution of Laskar
et al. (2004).

The first long-term direct numerical integration (without av-
eraging) of a realistic model of the Solar System, together with
the precession and obliquity equations, was performed by Quinn
et al. (1991) over 3 Myr. Over its range, this solution presents
only small differences with the secular solutions of Laskar
(1988, 1990) (see Laskar et al. 1992). The orbital motion of the
full Solar System was computed over 100 Myr by Sussman &
Wisdom (1992) using a symplectic integrator with mixed vari-
ables (Wisdom & Holman 1991), confirming the chaotic be-
havior found by Laskar (1989, 1990). Following the improve-
ment of computer technology, long-term integrations of realistic
models of the Solar System have improved (Varadi et al. 2003;

* The solutions are available at the CDS via anonymous ftp to
cdsarc.u-strasbg. fr (130.79.128.5) or via
http://cdsarc.u-strasbg. fr/viz-bin/qcat?]/A+A/532/A89

Article published by EDP Sciences

Laskar et al. 2004), but the main limitation remains the exponen-
tial divergence of nearby orbits resulting from the chaotic motion
of the Solar System (Laskar 1989, 1990, 1999). Although it is
now possible to integrate the motion of the Solar System over
time periods of more than 5 Gyr, which is comparable to its age
or expected lifetime (Laskar & Gastineau 2009), it is clear that
the chaotic behavior of the solution will still limit its validity to
a few tens of Myr.

The present paper is a continuation of the work that has been
conducted for decades in our group to obtain the most precise
solution for the past evolution of the orbit and rotational state of
the Earth, specifically aimed to paleoclimate studies.

The numerical integrator is the same symplectic integrator of
Laskar & Robutel (2001) that was used in the La2004 solution
(Laskar et al. 2004), but it was entirely rewritten in C in order to
access the extended precision of the Intel architecture. The tidal
model has been largely modified, and is now similar to the one
used in the JPL planetary ephemeris DE405 (Standish 1998b)
or in our new planetary ephemeris INPOP (Fienga et al. 2008,
2009). The precession equations for the evolution of the spin axis
of the Earth are also new (Boué & Laskar 2006). We no longer
average over the orbital motion of the planets, which allows a
precise computation of the evolution of the Earth spin axis that
can be compared to the most precise model adopted by the IAU
(Soffel et al. 2003) (see Fienga et al. 2008).

In previous long-term solutions (Laskar 1988; Quinn et al.
1991; Laskar et al. 1993a; Varadi et al. 2003; Laskar et al. 2004),
the initial conditions of the solutions were obtained either di-
rectly from a high precision planet ephemeris, or by performing
a fit over its full time span (as in La2004) that was still limited
to a few thousands of years. It was also difficult to monitor the
real uncertainty in the adopted ephemeris.

AR89, page 1 of 15
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|COTOTTIKEC OlAPOPEC PAC TTANPODOPOLV YIA TN BEPUOKPACIA TNC
[ 'NC KAl TNV TTOCOTNTA TOL TTAYOU

Ocean

lce

() Light water

‘ Heavy water

Figure 1.5 Sketch showing how the growth of ice sheets on land affects the isotopic
composition of ocean water. The water vapor which evaporates from the ocean is

enriched in lighter forms of water, and becomes more isotopically light as the heavy
forms of water preferentially rain or snow out before the remainder is deposited

on the glacier. This process systematically transfers isotopically light water to the
glacier, leaving the ocean isotopically heavy.
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Variations in the Earth’s Orbit:
Pacemaker of the Ice Ages

For 500,000 years, major climatic changes have

followed variations in opliquity and precession.

J. D. Hays, John Imbrie, N. J. Shackleton

For more than a century the cause of
fluctuations in the Pleistocene ice sheets
has remained an intriguing and unsolved
scientific mystery. Interest in this prob-
lem has generated a number of possible
explanations (/, 2). One group of theo-
ries invokes factors external to the cli-
mate system, including variations in the
output of the sun, or the amount of solar
energy reaching the earth caused by
changing concentrations of interstellar
dust (3); the seasonal and latitudinal dis-
tribution of incoming radiation caused by
changes in the earth’s orbital geometry
(4); the volcanic dust content of the atmo-
sphere (5); and the earth’s magnetic field
(6). Other theories are based on internal
elements of the system believed to have
response times sufficiently long to yield
fluctuations in the range 10* to 10° years.
Such features include the growth and
decay of ice sheets (7), the surging of the
Antarctic ice sheet (8); the ice cover of
the Arctic Ocean (9); the distribution of
carbon dioxide between atmosphere and
ocean (/0); and the deep circulation of
the ocean (/7). Additionally, it has been
argued that as an almost intransitive
system, climate could alternate between
different states on an appropriate time
scale without the intervention of any ex-
ternal stimulus or internal time constant
(12).

Among these ideas, only the orbital

10 DECEMBER 1976

hypothesis has been formulated so as to
predict the frequencies of major Pleisto-
cene glacial fluctuations. Thus it is the
only explanation that can be tested geo-
logically by determining what these fre-
quencies are. Our main purpose here is
to make such a test.

Previous work has provided strong
suggestive evidence that orbital changes
induced climatic change (/3-20). How-
ever, two primary obstacles have led to
continuing controversy. The first is the
uncertainty in identifying which aspects
of the radiation budget are critical to
climatic change. Depending on the lati-
tude and season considered most signifi-
cant, grossly different climatic records
can be predicted from the same astro-
nomical data. Milankovitch (4) followed
Koppen and Wegener's (21) view that
the distribution of summer insolation (so-
lar radiation received at the top of the
atmosphere) at 65°N should be critical to
the growth and decay of ice sheets.
Hence the curve of summer insolation at
this latitude has been taken by many as a
prediction of the world climate curve.
Kukla (/9) has pointed out weaknesses
in Koppen and Wegener’s proposal and
has suggested that the critical time may
be September and October in both hemi-
spheres. However, several other curves
have been supported by plausible argu-
ments. As a result, dates estimated for

the last interglacial on the basis of these
curves have ranged from 80,000 to
180,000 years ago (22).

The second and more critical problem
in testing the orbital theory has been the
uncertainty of geological chronology.
Until recently the inaccuracy of dating
methods limited the interval over which
a meaningful test could be made to the
last 150,000 years. Hence the most con-
vincing arguments advanced in support
of the orbital theory to date have been:
based on the ages of 80,000, 105,000, and
125,000 years obtained for coral terraces
first on Barbados (/5) and later on New
Guinea (23) and Hawaii (24). These struc-
tures record episodes of high sea level
(and therefore low ice volume) at times
predicted by the Milankovitch theory.
Unfortunately, dates for older terraces
are too uncertain to yield a definitive test
(25).

More climatic information is provided
by the continuous records from deep-sea
cores, especially the oxygen isotope rec-
ord obtained by Emiliani (26). However,
the quasi-periodic nature of both the iso-
topic and insolation curves, and the un-
certain chronology of the older geologic
records, have combined to render plau-
sible different astronomical interpre-
tations of the same geologic data (13, 14,
17, 27).

Strategy

All versions of the orbital hypothesis
of climatic change predict that the oblig-
uity of the earth’s axis (with a period of
about 41,000 years) and the precession of
the equinoxes (period of about 21,000
years) are the underlying, controlling
variables that influence climate through
their impact on planetary insolation.
Most of these hypotheses single out

The authors are all members of the CLIMAP
project. J. D. Hays is professor of geology at Colum-
bia University, New York 10027, and is on the staff
of the Lamont-Doherty Geological Observatory,
Palisades, New York 10964, John Imbrie is Henry L.
Doherty professor of oceanography, Brown Univer-
sity, Providence, Rhode Island 02912. N. J. Shackle-
ton is on the staff of the Sub-department of Quaterna-
ry Research, Cambridge University, Cambridge,
England.
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The Antarctic Vostok ice core provided compelling evidence of the
nature of climate, and of climate feedbacks, over the past 420,000
years. Marine records suggest that the amplitude of climate variability
was smaller before that time, but such records are often poorly resolved.
Moreover, it is not possible to infer the abundance of greenhouse gases
in the atmosphere from marine records. Here we report the recovery of a
deep ice core from Dome C, Antarctica, that provides a climate record for
the past 740,000 years. For the four most recent glacial cycles, the data
agree well with the record from Vostok. The earlier period, between
740,000 and 430,000 years ago, was characterized by less pronounced
warmth in interglacial periods in Antarctica, but a higher proportion of
each cycle was spent in the warm mode. The transition from glacial to
interglacial conditions about 430,000 years ago (Termination V)
resembles the transition into the present interglacial period in terms of
the magnitude of change in temperatures and greenhouse gases, but
there are significant differences in the patterns of change. The
interglacial stage following Termination V was exceptionally long—
28,000 years compared to, for example, the 12,000 years recorded so far
in the present interglacial period. Given the similarities between this
earlier warm period and today, our results may imply that without
human intervention, a climate similar to the present one would extend
well into the future.
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Fig. 1. Taken from Blunier and Brook (2001). Upper curve (A) is the 'O in the GISP2 Greenland ice-core; curve (B) is the 3'*0 in the Antarctic
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Wunsch: The spectral description of climate change including the 100 ky energy

0
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Fig. 3 Power spectrum, ®(s), (solid line) normalized to sum to
unity, for the record in Fig. 2, with an approximate 95%
confidence interval. Dotted line is the accumulating sum, I(s), of
d(s) as a function of frequency. A least-squares fit to the power
spectrum over the range of frequencies indicated by the short
dashed line, of a simple power law at shorter periods results in ¢ =
2.3 as shown. At low frequencies, a transition to near white noise
occurs. ¢~ is the record variance in 4'%0 units squared. Notice that
both scales are logarithmic, permitting power laws to plot as
straight lines, and the use of a constant confidence interval. Vertical
lines denote periods of 41, 23 and 19 ky as a rough guide to the
Milankovitch periods. The 100 ky maximum is treated here as
distinct from the Milankovitch frequencies. All spectral estimates
shown here are from D. Thomson’s multitaper method (see
Percival and Walden 1993)

of a general red-noise process at high frequencies, on which is
superimposed some weak spectral structures whose significance
needs to be assessed. (“‘Red noise” is a stochastic time series whose
energy density generally increases with decreasing frequency; it
need not be an autoregressive process. Blue noise has an energy
density increasing with frequency, and white noise has an energy

density independent of frequency. The phase relationships in the
Fonrier trancefaorme are random dictinonichino the hehaviar fram
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Fig. 4 Same result as in Fig. 3 except plotted on linear scales (and
with the high frequencies omitted to render visible the low
frequency structure). This presentation tends to emphasize the
spectral peaks relative to the background continuum values, which
are far more numerous, but of lower relative intensity. The 100 ky
maximum is now very conspicuous. The power law plots as a curve
on these scales

An upper bound on the importance of the Milankovitch peri-
odicities can be obtained by assigning to them al// of the energy
lying at the Milankovitch periods, including energy more properly
belonging to the background continuum. We find that,

| e DS

Jo™ O(s)ds

SIS (3)

Here *““M-bands” refers to the frequency range in ®(s) con-
taining the bulk of the Milankovitch precessional (here taken to be
everything from 26 to 18 ky periods) and obliquity (55 to 33 ky
periods) energy. The bands are based upon a generous, visual, es-
timate of the possible region of excess energy and not upon the
spectrum of insolation, which has small, but finite energy at all
frequencies. Separately, the obliquity band accounts for less than
11% and the precessional band for less than 0.5% of the total
variance. Recall that the record variance is, by Parseval’s Theorem,
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2LurepaopaTa

H vrmdBeon tov Milankovic 6ev e€nyel TIC TaXLPLBUEC KAl KATAKAUOUIAIES
£€OO0LC arO TA TTAYETWVIKA KAipATA.

H vrmdBeon tov Milankovic 6ev e€nyel TN petdBacn amd Toug TTAYETWVIKOUC
KOKAOULC TwV 40000 XpovVwv OTOULC TTAYETWVIKOUC KUKAOLC Twv 100000 xpovwv
TTOL OLVERN OTO PECO NG NAelIoTOKAIVOUG.

H vrmdBeon tou MilankoviC bev e€nyei To cuvexec GAoUA KAIPATIKWY
OlAKLPAVOEWV OTIC TTEPIOOOLC TwV 1000 xpPOVWV.

Ta evpruaTa OPWES SIKAIWVOLV TNV APXIKN LTTOBeoN OMTWC dlATLTTWBNKE ATTd TOV
Milankovi¢ aA\G kat armro Toug Koppen kat Wegener OTL ) n eévtaon TNG
OLVOAIKNG BepIviC NAIOPAVELAC eival O KUPIOC PUBUICTAC TOL OYKOUL TWV
TTAYETWVWY OTOUC TTAYETWVIKOUC KUKAOUC KAl 3) 0 puBuOC PETABOANG TOU
OYKOUL TWV TTayeTwvwy Ppioketal oe ¢paon 180 poipwv pe TN NAlodavela ota
LPNAA YEWYPADIKA TTAATN N OTToia HETARBAAETAL AOYW TWV OAAAYyWV TNG Kivnong
NG I'ngG.



