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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 obliquity 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 (1, 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 ofthe 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 104 to 106 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 (10); and the deep circulation of
the ocean (11). 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
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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 (15) 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 obliq-
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
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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 ofthe Sub-department ofQuaterna-
ry Research, Cambridge University, Cambridge,
England.
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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 (13-20). 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 (19) 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
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43 ka -> obliquity (avg. 41 ka)
24 ka -> precession (avg. 23 & 19 ka)

106 ka -> ?? eccentricity (avg. 105 ka)
Hays, Imbrie & Shackleton, Science 1976
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duration of
sequential
obliquity

cycles 
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Wavelet spectrogram of LR04  from de Boer at al 2014
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Clark et al. QSR, 2006, fig14f (LR04 stack)
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Graphic representations  of the 
eccentricity of Earth’s orbit are 

usually tremendously 
exaggerated and often plainly 

wrong. 
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rotation center

Earth orbit
(to scale !)

avg. r = 149.6 Mio km
Sun

(to scale)
r = 0.7 Mio km

offset 2.5 Mio km
104.1°

147.1 Mio km
from sun

perihelion
Jan 5 

(2020 CE)

winter solstice
Dec 21

fall
equinox 
Sep 22

152.1 Mio km
from Sun

aphelion
Jul 4

long axis
149.61 Mio km

from center

summer solstice
Jun 20

spring
equinox 
Mar 20

short axis
149.59 Mio km

from center

In 2020 CE (- 0.07 ka BP)
Eccentricity:   e = 0.0167
Earth sun distance:
perihelion 147.1 Mio km
aphelion 152.1 Mio km
long elliptical axis 149.61 Mio km
short elliptical axis 149.59 Mio km M. Kölling, Marum

The full range of the eccen-
tricities of Earth’s orbit at this 
scale all look perfectly circular

Eccentricity is not “ellipticity” ! 
It refers to the sun not  being 
perfectly in the center of an 
elliptical orbit but in one of the 
two foci. The elliptical shape 
itself hardly has any influence 
on irradiation.

Currently, the sun is offset by 
2.5Mio km from the center. 
There is a 5 Mio km or 3.4% 
difference between perihelion 
(147.1 Mio km) and aphelion 
(152.1 Mio km) while the 
difference between the long 
and short elliptical axis is only 
0.02 Mio km  or 0.013% !


