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Astronomical theory of paleoclimates

® Adhémar, | 845
e Croll, 1890
® Pilgrim, 1904
® Milankovitch, 1920, 1941
® Hays, Imbrie, Shackleton, 1976







Precession () and obliquity (X = cose)
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GTS2004 :Gradstein, Ogg, Smith, 2004



Astronomical
calibration (2004)

GTS2004 :Gradstein, Ogg, Smith, 2004



Astronomical
calibration (2004)

Astronomical
calibration (in project)

GTS2004 :Gradstein, Ogg, Smith, 2004



Insolation solutions for the Earth

Orbital Solution Precession equations

Pilgrim, 1904
Milankovitch, 1920, 1941

+Hill, 1897 Sharaf & Budnikova, 1967
Brouwer & Van Woerkom, 1950 Vernekar, 1972

Le Verrier, 1856

analytical

Bretagnon, 1974 Berger, 1978

Laskar et al, 1993
(-20 Ma -> + 10 Ma)

Quinn, Tremaine, Duncan, 1991
(-3Ma -> + 3Ma)

Laskar et al, 2004
(-250 Ma -> + 250 Ma orb: ~ 40 Ma pre : ~ 20 Ma)

Laskar, 1988, 1990

numerical










New Challenge :
Orbital solution over ~ 60 Myr

|

Improve the accuracy

Dy
2 orders of magnitude !




Development of a New
planetary ephemeris

INPOP

(see Agnes Fienga’s presentation)




Interactions in La2004, DE405, INPOP

- Newtonian ( planets < planets, planets « asteroids (300), asteroids

< asteroids (5))

» Relativistic corrections (planets, asteroids)
* Non-spherical body < point mass

« Sun (J2) < Planets

- Earth (J2)« (Moon, Sun, Venus, Jupiter)

- Moon (J2, C21, C22, S21, S22) « (Earth, Sun, Venus, Jupiter)
- Deformation of extended bodies (tides) « point mass

- Earth (Sun, Moon) < (Moon, Sun, Venus, Jupiter)

« Moon (Spin,Earth, Sun) « (Earth, Sun, Venus, Jupiter)

- Earth Shape < Moon shape (torqgue exerted by the Moon)




(La2004)



Table 2. Maximum difference between La2004 and DE406 over the
whole time interval of DE406 (-5000 yr to +1000 yr with origin
at J2000); Col. 1: =100 to +100 yr; Col. 2:=1000 to +1000 yr;
Col. 3: =5000 to +1000 yr. EMB is the Earth—Moon barycenter.

a (UA x 10'0) (15 m)
Mercury 43 38
Venus 23 277
EMB 62 62
Mars 76 76

Jupiter

Saturn
Uranus
Neptune
Pluto

Moon
Earth




Remarks on Precession Equations

EJ2000




Remarks on Precession Equations




Remarks on Precession Equations

angular momentum

axis of ﬁgure/

. C
K=0—wAK
AW

nearly diurnal motion around w

< K >=cosJ w=w+O0(J?) J<0.2"
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CIP (P03) - INPOP (w)
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CIP (P03) - INPOPO06 (same J, )
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CIP (P03) - INPOP06 (same J, )
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Integration of the angular momentum

* Averaging over the diurnal motion
(Boue and Laskar, 2006)

e Takes into account the tidal deformation of the
Earth, or post glacial deformation

*Do not depend on the internal model of the Earth

*The precession motions of K and w are the same

Suggestion : Any rotational solution for the Earth
should provide also its angular momentum solution !




