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 Loess-soil sequences over the last 2.6 Myr
(Shaanxi, Details in Liu et al.,1985; An et al., 1990; photo by An Z S)
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Stack of 7 benthic oxygen isotopic records

 J. J. Imbrie, et al. The orbital theory of Pleistocene climate: Support from a revised chronology of 
the marine δO18 record. In A. Berger et al., ed., Milankovitch and Climate, Part I, pages 269–
305, Norwell, Mass., 1984. D. Reidel.
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Evidence for ~ 41, 23 and 19 kyr periods

 J. Hays, J. Imbrie, and N. Shackleton. Variations in the earth’s orbit : Pacemaker 
of ice ages. Science, 194:1121–1132, 1976.

null hypothesis that the data are a sample
ofa random signal having a general distri-
bution of variance like that in the ob-
served low-resolution spectrum, con-
fidence intervals are calculated as a
guide to the statistical significance of
spectral estimates in the high-resolution
spectrum (Fig. 6). A particular peak in
that spectrum is judged significant if it
extends above the low-resolution spec-
trum by an amount that exceeds the ap-
propriate one-sided confidence interval.
Of the three b peaks, one is significant at
P = .02 (C. davisiana) and one at
P = .05 (8180). Of the three c1 peaks,
one (Ts) is significant at P = .05 (65).
We carefully considered aliasing and

harmonic problems (66) and conclude
that our spectral peaks are not an artifact
of procedure. This conclusion was sup-
ported by examining more detailed
spectra calculated by the maximum en-
tropy technique (67).
Discussion. Having examined the con-

fidence intervals for individual climatic
spectra, and having eliminated the alias-
ing and harmonic problems, we can now
ask if the frequencies found in the three
spectra are those predicted by our linear
version of orbital theory. In making this
frequency-domain test we must note that
the geologic spectra contain substantial
variance components at many fre-
quencies in the range of interest, and not
simply ask whether there are statistically
significant frequencies which match
those predicted but whether the spectra
observed show sufficient emphasis at the
frequencies predicted to be accepted as
nonrandom results (65). Our answer is
"yes" for the following reasons: (i) Us-
ing a chronology that is completely inde-
pendent of the astronomical theory, we
find that modal frequencies observed in
the geological record match the obliquity
and precession frequencies to within 5
percent. The coherence of these results
across different variables measured in
two cores we regard as very powerful
support for the theory. (ii) Two geologi-
cal spectra (8180 and percentage of C.
davisiana) have peaks corresponding to
the predicted obliquity frequency that
are significant at P = .05. One geological
spectrum (Ts) has a peak corresponding
to the dominant precession frequency
which is also significant at P = .05. (iii)
In addition, the predicted ratios of obliq-
uity to precession frequencies (calcu-
lated for the time intervals represented
by cores RCl 1-120 and E49-18) match
the ratios of measured climatic fre-
quencies in the two cores (using the SIM-
PLEX chronology) to within 5 percent-
a result that is independent of absolute
age specifications and depends only on
10 DECEMBER 1976

the assumption of constant accumulation
rates.
Having found the frequencies of obliq-

uity and precession in our geological rec-
ords-as predicted by a linear version of
the theory of orbital control-we should
consider again the lower-frequency cli-
matic components which, although not
predicted, actually contain about half of
the observed variance. These com-
ponents form the a peaks in our spectra.
Concentrated at periods near 100,000
years (Figs. 5 and 6), they are close to
the 105,000-year period in the eccentric-
ity spectrum (Table 4). This similarity of
the dominant frequencies in late Quater-
nary records of climate and eccentricity
has been noted before (13, 17, 18) and
demands an explanation. One hypothesis
(developed further below) is that the radi-
ation-climate system responds nonlinear-
ly (68) to changes in the geographic and
seasonal distribution of insolation. An-
other is that the small control eccentric-
ity exerts on the total annual insolation is
significant climatically (59).
An apparently independent confirma-

tion of our conclusions about spectral
peaks b and c can be found in reports of
climatic periodicities in the 8180 record
closely matching those of obliquity and
precession (14, 16, 20, 26, 69). However,
the time scale used in these investiga-
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tions differs from ours by about a factor
of 2. The explanation of this paradox is
to be found in the dominant climatic
periodicity, which in all of the cores is
the 100,000-year cycle, and not, as ex-
pected (2, 26), the geologic response to
the 41,000-year obliquity cycle (Table 5).
The spectral peak identified by Kemp
and Eger (16) and by Chappell (20) as
due to precession, corresponds to our b
peak, and therefore (we argue) is ac-
tually an effect of obliquity. The spectral
peak identified by van den Huevel (14) as
due to the precession half-cycle corre-
sponds to our c peak, and therefore is
now to be understood as the effect of a
full precession cycle. Only with the ad-
vent of chronologies based on the
Brunhes-Matuyama magnetic reversal
(17, 18, 31) was the dominant climatic
period in the 8180 record identified as
approximately 100,000 years (Table 5).

Time-Domain Tests

Assumptions. As with the frequency-
domain test, we start here with the as-
sumption that the radiation-climate sys-
tem is time-invariant and linear. One
well-known characteristic of such a sys-
tem forms the basis for our time-domain
tests: any frequency component of the

-3 -D-.0 .II. ; I ' 21 i if 0 .033 .067 .100 .133 .167 0 .033 .067 .100 .133 .167 0 .033 .067 .100 .133 .167 f
l/f 100 30 15 10 7.5 6 100 30 15 10 7.5 6 100 30 15 10 7.5 6 1/f

Frequency (cycles/1000 years)
Fig. 6. Spectra of climatic variations (in Ts, 8180, and percentage of C. davisiana) in the com-
bined (PATCH) record from two subantarctic deep-sea cores. Calculations are based on the
ELBOW age model (Table 2). Arrows without crossbars indicate weighted mean cycle lengths
of spectral peaks (in thousands of years). Arrows with crossbars show one-sided confidence
intervals (C.I.) attached to estimates in the high-resolution spectrum. Prominent spectral peaks
are labeled a, b, and c. (Top row) High-resolution spectra from Fig. 5C expressed as the natural
log of the variance as a function of frequency (cycles per thousand years). (Bottom row) High-
resolution spectra (solid line) and low-resolution spectra (dashed line) after prewhitening with a
first-difference ifiter.
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Greenhouse gases exhibit GI cycles
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Outline

What is climate ?

Calculation of orbital parameters and insolation

Deductive and inductive models of climate

Current challenges



The climate system



Climate is the “statistical description of weather”

surface 
climate

Forcing

deep 
ocean

ice-
sheets

vegetation

carbon 
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Timescales
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An astronomical explanation to the quaternary 
glaciations



Climate dynamics driven by solar input
23°



The Milankovitch graph : Insolation

I n s o l a t i o n  (W/ m2 )



Three orbital elements determine
 insolation
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High obliquity = higher summer insolation
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Precession modulates the seasonal 
distribution of insolation



Long-term evolution : trigonomical 
expansion by Berger (1978)

41 000 years

400 000 and 
100 000 

years

19 000 and 
23 000 years

! = !! +
!

Ai cos(fit + "i)

e = e0 +
!

Ei cos(#i + $i)

e sin% =
!

Pi sin(&it + 'i)

Hays et al., (1976)

null hypothesis that the data are a sample
ofa random signal having a general distri-
bution of variance like that in the ob-
served low-resolution spectrum, con-
fidence intervals are calculated as a
guide to the statistical significance of
spectral estimates in the high-resolution
spectrum (Fig. 6). A particular peak in
that spectrum is judged significant if it
extends above the low-resolution spec-
trum by an amount that exceeds the ap-
propriate one-sided confidence interval.
Of the three b peaks, one is significant at
P = .02 (C. davisiana) and one at
P = .05 (8180). Of the three c1 peaks,
one (Ts) is significant at P = .05 (65).
We carefully considered aliasing and

harmonic problems (66) and conclude
that our spectral peaks are not an artifact
of procedure. This conclusion was sup-
ported by examining more detailed
spectra calculated by the maximum en-
tropy technique (67).
Discussion. Having examined the con-

fidence intervals for individual climatic
spectra, and having eliminated the alias-
ing and harmonic problems, we can now
ask if the frequencies found in the three
spectra are those predicted by our linear
version of orbital theory. In making this
frequency-domain test we must note that
the geologic spectra contain substantial
variance components at many fre-
quencies in the range of interest, and not
simply ask whether there are statistically
significant frequencies which match
those predicted but whether the spectra
observed show sufficient emphasis at the
frequencies predicted to be accepted as
nonrandom results (65). Our answer is
"yes" for the following reasons: (i) Us-
ing a chronology that is completely inde-
pendent of the astronomical theory, we
find that modal frequencies observed in
the geological record match the obliquity
and precession frequencies to within 5
percent. The coherence of these results
across different variables measured in
two cores we regard as very powerful
support for the theory. (ii) Two geologi-
cal spectra (8180 and percentage of C.
davisiana) have peaks corresponding to
the predicted obliquity frequency that
are significant at P = .05. One geological
spectrum (Ts) has a peak corresponding
to the dominant precession frequency
which is also significant at P = .05. (iii)
In addition, the predicted ratios of obliq-
uity to precession frequencies (calcu-
lated for the time intervals represented
by cores RCl 1-120 and E49-18) match
the ratios of measured climatic fre-
quencies in the two cores (using the SIM-
PLEX chronology) to within 5 percent-
a result that is independent of absolute
age specifications and depends only on
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the assumption of constant accumulation
rates.
Having found the frequencies of obliq-

uity and precession in our geological rec-
ords-as predicted by a linear version of
the theory of orbital control-we should
consider again the lower-frequency cli-
matic components which, although not
predicted, actually contain about half of
the observed variance. These com-
ponents form the a peaks in our spectra.
Concentrated at periods near 100,000
years (Figs. 5 and 6), they are close to
the 105,000-year period in the eccentric-
ity spectrum (Table 4). This similarity of
the dominant frequencies in late Quater-
nary records of climate and eccentricity
has been noted before (13, 17, 18) and
demands an explanation. One hypothesis
(developed further below) is that the radi-
ation-climate system responds nonlinear-
ly (68) to changes in the geographic and
seasonal distribution of insolation. An-
other is that the small control eccentric-
ity exerts on the total annual insolation is
significant climatically (59).
An apparently independent confirma-

tion of our conclusions about spectral
peaks b and c can be found in reports of
climatic periodicities in the 8180 record
closely matching those of obliquity and
precession (14, 16, 20, 26, 69). However,
the time scale used in these investiga-
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tions differs from ours by about a factor
of 2. The explanation of this paradox is
to be found in the dominant climatic
periodicity, which in all of the cores is
the 100,000-year cycle, and not, as ex-
pected (2, 26), the geologic response to
the 41,000-year obliquity cycle (Table 5).
The spectral peak identified by Kemp
and Eger (16) and by Chappell (20) as
due to precession, corresponds to our b
peak, and therefore (we argue) is ac-
tually an effect of obliquity. The spectral
peak identified by van den Huevel (14) as
due to the precession half-cycle corre-
sponds to our c peak, and therefore is
now to be understood as the effect of a
full precession cycle. Only with the ad-
vent of chronologies based on the
Brunhes-Matuyama magnetic reversal
(17, 18, 31) was the dominant climatic
period in the 8180 record identified as
approximately 100,000 years (Table 5).

Time-Domain Tests

Assumptions. As with the frequency-
domain test, we start here with the as-
sumption that the radiation-climate sys-
tem is time-invariant and linear. One
well-known characteristic of such a sys-
tem forms the basis for our time-domain
tests: any frequency component of the
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Frequency (cycles/1000 years)
Fig. 6. Spectra of climatic variations (in Ts, 8180, and percentage of C. davisiana) in the com-
bined (PATCH) record from two subantarctic deep-sea cores. Calculations are based on the
ELBOW age model (Table 2). Arrows without crossbars indicate weighted mean cycle lengths
of spectral peaks (in thousands of years). Arrows with crossbars show one-sided confidence
intervals (C.I.) attached to estimates in the high-resolution spectrum. Prominent spectral peaks
are labeled a, b, and c. (Top row) High-resolution spectra from Fig. 5C expressed as the natural
log of the variance as a function of frequency (cycles per thousand years). (Bottom row) High-
resolution spectra (solid line) and low-resolution spectra (dashed line) after prewhitening with a
first-difference ifiter.
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Towards an astronomical theory

(oxygen isotopes etc..)(temperature, precipitation etc.)

Radiation signal
frequencies : 21,23, 40k

amplitude mod. at 100, 400 k

Orbital elements

(21,23k ; 40 k, 100,400 k )

Palaeoclimate recordClimate system



Modelling climate : 

deductive and inductive climate models



Does the orbital forcing matter ?

surface 
climate

deep 
ocean

ice-
sheets

vegetation

Forcing

carbon 
cycle



General circulation models (deductive) 
allow to quantify the surface response
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Conclusions from GCMs 

Confirm that the impact of the astronomical forcing on the 
surface climate is significant

Simple thermodynamical responses (snow melt, sea-ice 
reduction, ocean warming) but radiative feedbacks

More complex dynamical responses

monsoon

variability modes (ENSO)

Ingredients for

interactions between time-scales and between components

Achille heel : GCM cannot be integrated over long time scales



Inductive models allow to formulate ideas



The Imbrie and Imbrie (1980) conceptual 
model

Ice volume driven by summer insolation but different 
characteristic times for glacial inception and 
deglaciation

I65 : Top-of-the-atmosphere insolation at 65!N
at the summer solstice

V : Ice Volume

dV

dt
=
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Imbrie captures important timings, but 
not the 100k signal



The Saltzman and Maash model (SM90)

V̇ = !V ! µ! v! ! uI65

µ̇ = !p! + rµ + s!2 ! wµ! ! !2µ

!̇ = !q(V + µ)

B.  Saltzman and K.  A. Maasch. A first-order global model of late Cenozoic 
climate. Trans. R. Soc. Edinburgh Earth Sci, 81:315–325, 1990.

V : Ice Volume
µ : CO2 concentration
! : Deep-ocean temperature
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SM90 does a amazingly good job...



Calibration and prediction with the SM90 model : 
unpredictablity on long time scales

-2

-1

 0

 1

 2

-500 -400 -300 -200 -100  0  100

Ic
e

 v
o

lu
m

e

time (thousand years)

Crucifix, unpublished



The SM90 theory : conclusions

Insolation at 65°N in summer bears a great deal of the 
external forcing information needed to reproduce glacial - 
interglacial cycles

At least three components interplay : Ice, Ocean and 
Carbon Cycle

The system becomes unstable near the extremes (high ice 
volume, low ocean temperature, low CO2 concentration)

The system may spontaneously oscillate (periodic or 
strange attractor) 

Astronomical forcing is a pacemaker : it determines the 
timing of glacial inception and deglaciation.

The Achille heel : justify the structure of the equations



Earth models of intermediate complexity

Deductive models

Simplified, but explicit calculations of

atmosphere dynamics

ocean heat transport

radiative transfer

mass balance

Example : The LLN 2-D model (Gallée et al., 1991 et 1992)

atmosphere, ocean and ice sheet dynamics

no carbon cycle

“2.5-D formalism”



The LLN-2D model 
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Conclusion from the LLN-2D model

LLN-2D models (confirmed by others) : 

Pre-industrial levels of CO2 prevent a glacial inception 
before 50,000 years. 

[CO2] concentration needed for glacial inception around 
220 ppmv (or equivalent combination CO2 and CH4)

Next glacial maximum in around 60 ka



Current challenges



The “41k” and “100k” worlds

Raymo, M.E., W.F. Ruddiman, J. Backman, B.M. Clement, and D.G. Martinson, 
1989, Late Pliocene variation in Northern Hemisphere ice sheets and North 
Atlantic deep circulation. Paleoceanography, v. 4, p. 413-446.

Figure taken from www.maureenraymo.com



The Dansgaard-Œshger events

Alley, R.B. 2000. 
The Younger Dryas cold interval as viewed from central Greenland. 
Quaternary Science Reviews 19:213-226.



The contributions to CO2 changes still 
need to be quantified.
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Current challenges
Quantify climate-carbon cycle interactions

Mechanisms of instability.

What causes the system to “dislike” having a high ice volume ?

Mechanisms of stability

Identify mechanisms that stabilise its evolution to produce long and 
stable interglacials (like 400 000 years ago)

Interactions of the orbital forcing with the longer time scales

apparition of glacial cycles around ~ 3 Ma

transition from 41k-oscillations to 100k-oscillations around  1 Ma 
ago

no full interglacial between - 800 k and - 400 k, but méga-
monsoons

Interactions of the orbital forcing with the shorter time-scales


