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Milankovitch cycles, 
Milankovitch curves, 
Milankovitch insolation,
Milankovitch theory, 
Milankovitch hypothesis…. 

?

Rev. Prof. Buckland

Ice Age research

Milutin Milankovitch
Imbrie amd Imbrie, 1979



Milutin Milankovitch (1879 - 1958)

“I do not consider it my duty to give an elementary education 
to the ignorant, and I have also never tried to force others to
apply my theory, with which no one could find fault.”

“Such an assertion can only come from someone with 
amazing courage, since he dares to write of things about 
which he knows nothing.”

(Milankovitch, 1941)



Orbital parameters

• Earth’s orbit varies over time due to influence of the 
Sun, Jupiter, and the Moon.

• Eccentricity (ellipticity)
~100 kyr, 400 kyr

• Precession (wobbly top)
~19, 23 kyr

• Obliquity (tilt)
~41 kyr



Note also Kepler’s law’s

Johannes Kepler, 
1571-1630

1. The orbit of every planet is an ellipse with the Sun at a focus.

2. A line joining a planet and the Sun sweeps out equal areas 
during equal intervals of time.

3. The square of the orbital period of a planet is directly 
proportional to the cube of the semi-major axis of its orbit.

zip round when close,
slow down when far away

Important for seasonally-
integrated aspects of climate

Are all a consequence of Newtonian gravitation 
Principia 1687 (also calculus, laws of motion, tides, planetary masses, comets, 

precession of equinoxes, etc.)



Insolation variations at 65N - Summer Solstice



Insolation variations over the last 400,000 years



Pliocene to early Pleistocene ice-margin deposits in Iowa and Kansas (at 
40° N) during a time when the marine oxygen isotope record (Fig. 1a) 
suggests that ice sheets were smaller, Clark and Pollard proposed that a 
glacial substrate of easily deformable sedimentary rocks allowed basal 
sliding to increase and therefore resulted in a continental ice sheet that 
was thinner overall. They proposed that the gradual erosion of this upper 
sedimentary layer by ice sheets led to the transition to the larger, less 
mobile ice sheets of the late Pleistocene that varied at the slower 100,000-
year periodicity. Was the maximum extent of the ice edge typically as far 
south as 40° N between 1 and 3 million years ago? Can sedimentological 
and mineralogical evidence be found for a long-term change in the 
erosional substrate scoured by this ice sheet? How thick were the late 
Pliocene to early Pleistocene ice sheets on North America? Are the pro-
posed changes in basal sliding realistic? The answers to these questions 
have important implications for climate models.

Out of phase
Another explanation for the lack of a precession signal in records of ice 
volume was proposed by Maureen Raymo, Lorraine Lisiecki and Kerim 
Nisancioglu6. They put forward a model in which Northern Hemisphere 
ice sheets wax and wane at precession periods, driven by the strongly 
nonlinear response of ice ablation to summer insolation intensity. In this 
model, however, the precession component of changes in ice volume 
is missing from marine records of δ18O because it is ‘cancelled out’ by 
changes in Southern Hemisphere ice volume that are of opposite phase. 
The effect of the precession of the equinoxes on summer insolation 
intensity is out of phase between hemispheres, whereas the effect of 
obliquity is in phase (Fig. 1c; look at times when precession is weak, 
such as ~2.4 million years ago). Thus, precession-paced changes in ice 
volume in each hemisphere would cancel out in globally integrated 
proxies such as ocean δ18O or sea level, leaving the in-phase obliquity 
(41,000-year) component of ice volume to dominate the records. Even 
a few tens of metres of ice-volume variance in the Southern Hemisphere 
would be enough to effectively hide a much greater Northern Hemi-
sphere precession signal.

Is this possible? Could a terrestrial ice margin sensitive to local summer 
insolation have waxed and waned on East and West Antarctica at that time 
in the late Pliocene and early Pleistocene? We know little about the history 
of Antarctica at that time. The Antarctic Geological Drilling (ANDRILL) 
programme has astonished scientists recently with evidence for periodic 
warm open waters in the Ross Sea up until as recently as 1 million years 
ago7. And any evidence for a terrestrial ice margin at that time is now bur-
ied under the marine-based margin that encircles East Antarctica. To test 

this idea for the origin of the ‘41,000-year world’, well-dated proxy records 
sensitive to local climate and to the lateral movement of ice margins on 
land (in both the Northern Hemisphere and the Southern Hemisphere) 
are needed. Will such records show precession pacing? Similarly, Antarctic 
ice cores that extend into the early Pleistocene would help to determine 
whether, at that time, the local climate was in phase (as it is today) or out 
of phase with Northern Hemisphere insolation changes. Planning for such 
expeditions is already under way in the ice-core community. It could be 
that the East and West Antarctic ice sheets have had a far more dynamic 
history than has been thought.

It is widely accepted that variations in Earth’s orbit affect glaciation, but 
a better and more detailed understanding of this process is needed. How 
can the 41,000-year glacial cycles of the early Pleistocene be explained, let 
alone the ~100,000-year glacial cycles of the late Pleistocene? How do the 
subtle changes in insolation relate to the massive changes in climate known 
as glacial cycles? And what are proxy climate records actually measuring? 
The field now faces these important questions, which are made all the 
more pressing as the fate of Earth’s climate is inexorably tied to the vestige 
of Northern Hemisphere glaciation that sits atop Greenland, and to its 
uncertain counterpart to the south. ■
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Figure 1 | Ice-age climate and solar variability. A 3-million-year record of 
δ18O (ref. 8) (a); orbital obliquity (blue) compared with integrated summer 
insolation (red)3 (b); and summer insolation for the Northern Hemisphere 
(on 21 June at 65° N; red) and the Southern Hemisphere (on 21 December 
at 65° S; blue)6 (c). δ18O is considered a proxy of global ice-volume change, 
which is assumed to occur mostly in the Northern Hemisphere over this 

interval. From 3 to 1 million years ago, δ18O varies primarily at the 41,000-
year period characteristic of obliquity and integrated insolation. From 
1 million years ago to the present, longer cycles of climate change, with a 
roughly 100,000-year period, are more obvious. The double-headed arrow 
indicates a transition more gradual than abrupt over the time indicated. 
GJ, gigajoule; W, watts.
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Pliocene to early Pleistocene ice-margin deposits in Iowa and Kansas (at 
40° N) during a time when the marine oxygen isotope record (Fig. 1a) 
suggests that ice sheets were smaller, Clark and Pollard proposed that a 
glacial substrate of easily deformable sedimentary rocks allowed basal 
sliding to increase and therefore resulted in a continental ice sheet that 
was thinner overall. They proposed that the gradual erosion of this upper 
sedimentary layer by ice sheets led to the transition to the larger, less 
mobile ice sheets of the late Pleistocene that varied at the slower 100,000-
year periodicity. Was the maximum extent of the ice edge typically as far 
south as 40° N between 1 and 3 million years ago? Can sedimentological 
and mineralogical evidence be found for a long-term change in the 
erosional substrate scoured by this ice sheet? How thick were the late 
Pliocene to early Pleistocene ice sheets on North America? Are the pro-
posed changes in basal sliding realistic? The answers to these questions 
have important implications for climate models.

Out of phase
Another explanation for the lack of a precession signal in records of ice 
volume was proposed by Maureen Raymo, Lorraine Lisiecki and Kerim 
Nisancioglu6. They put forward a model in which Northern Hemisphere 
ice sheets wax and wane at precession periods, driven by the strongly 
nonlinear response of ice ablation to summer insolation intensity. In this 
model, however, the precession component of changes in ice volume 
is missing from marine records of δ18O because it is ‘cancelled out’ by 
changes in Southern Hemisphere ice volume that are of opposite phase. 
The effect of the precession of the equinoxes on summer insolation 
intensity is out of phase between hemispheres, whereas the effect of 
obliquity is in phase (Fig. 1c; look at times when precession is weak, 
such as ~2.4 million years ago). Thus, precession-paced changes in ice 
volume in each hemisphere would cancel out in globally integrated 
proxies such as ocean δ18O or sea level, leaving the in-phase obliquity 
(41,000-year) component of ice volume to dominate the records. Even 
a few tens of metres of ice-volume variance in the Southern Hemisphere 
would be enough to effectively hide a much greater Northern Hemi-
sphere precession signal.

Is this possible? Could a terrestrial ice margin sensitive to local summer 
insolation have waxed and waned on East and West Antarctica at that time 
in the late Pliocene and early Pleistocene? We know little about the history 
of Antarctica at that time. The Antarctic Geological Drilling (ANDRILL) 
programme has astonished scientists recently with evidence for periodic 
warm open waters in the Ross Sea up until as recently as 1 million years 
ago7. And any evidence for a terrestrial ice margin at that time is now bur-
ied under the marine-based margin that encircles East Antarctica. To test 

this idea for the origin of the ‘41,000-year world’, well-dated proxy records 
sensitive to local climate and to the lateral movement of ice margins on 
land (in both the Northern Hemisphere and the Southern Hemisphere) 
are needed. Will such records show precession pacing? Similarly, Antarctic 
ice cores that extend into the early Pleistocene would help to determine 
whether, at that time, the local climate was in phase (as it is today) or out 
of phase with Northern Hemisphere insolation changes. Planning for such 
expeditions is already under way in the ice-core community. It could be 
that the East and West Antarctic ice sheets have had a far more dynamic 
history than has been thought.

It is widely accepted that variations in Earth’s orbit affect glaciation, but 
a better and more detailed understanding of this process is needed. How 
can the 41,000-year glacial cycles of the early Pleistocene be explained, let 
alone the ~100,000-year glacial cycles of the late Pleistocene? How do the 
subtle changes in insolation relate to the massive changes in climate known 
as glacial cycles? And what are proxy climate records actually measuring? 
The field now faces these important questions, which are made all the 
more pressing as the fate of Earth’s climate is inexorably tied to the vestige 
of Northern Hemisphere glaciation that sits atop Greenland, and to its 
uncertain counterpart to the south. ■
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Figure 1 | Ice-age climate and solar variability. A 3-million-year record of 
δ18O (ref. 8) (a); orbital obliquity (blue) compared with integrated summer 
insolation (red)3 (b); and summer insolation for the Northern Hemisphere 
(on 21 June at 65° N; red) and the Southern Hemisphere (on 21 December 
at 65° S; blue)6 (c). δ18O is considered a proxy of global ice-volume change, 
which is assumed to occur mostly in the Northern Hemisphere over this 

interval. From 3 to 1 million years ago, δ18O varies primarily at the 41,000-
year period characteristic of obliquity and integrated insolation. From 
1 million years ago to the present, longer cycles of climate change, with a 
roughly 100,000-year period, are more obvious. The double-headed arrow 
indicates a transition more gradual than abrupt over the time indicated. 
GJ, gigajoule; W, watts.
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Pliocene to early Pleistocene ice-margin deposits in Iowa and Kansas (at 
40° N) during a time when the marine oxygen isotope record (Fig. 1a) 
suggests that ice sheets were smaller, Clark and Pollard proposed that a 
glacial substrate of easily deformable sedimentary rocks allowed basal 
sliding to increase and therefore resulted in a continental ice sheet that 
was thinner overall. They proposed that the gradual erosion of this upper 
sedimentary layer by ice sheets led to the transition to the larger, less 
mobile ice sheets of the late Pleistocene that varied at the slower 100,000-
year periodicity. Was the maximum extent of the ice edge typically as far 
south as 40° N between 1 and 3 million years ago? Can sedimentological 
and mineralogical evidence be found for a long-term change in the 
erosional substrate scoured by this ice sheet? How thick were the late 
Pliocene to early Pleistocene ice sheets on North America? Are the pro-
posed changes in basal sliding realistic? The answers to these questions 
have important implications for climate models.

Out of phase
Another explanation for the lack of a precession signal in records of ice 
volume was proposed by Maureen Raymo, Lorraine Lisiecki and Kerim 
Nisancioglu6. They put forward a model in which Northern Hemisphere 
ice sheets wax and wane at precession periods, driven by the strongly 
nonlinear response of ice ablation to summer insolation intensity. In this 
model, however, the precession component of changes in ice volume 
is missing from marine records of δ18O because it is ‘cancelled out’ by 
changes in Southern Hemisphere ice volume that are of opposite phase. 
The effect of the precession of the equinoxes on summer insolation 
intensity is out of phase between hemispheres, whereas the effect of 
obliquity is in phase (Fig. 1c; look at times when precession is weak, 
such as ~2.4 million years ago). Thus, precession-paced changes in ice 
volume in each hemisphere would cancel out in globally integrated 
proxies such as ocean δ18O or sea level, leaving the in-phase obliquity 
(41,000-year) component of ice volume to dominate the records. Even 
a few tens of metres of ice-volume variance in the Southern Hemisphere 
would be enough to effectively hide a much greater Northern Hemi-
sphere precession signal.

Is this possible? Could a terrestrial ice margin sensitive to local summer 
insolation have waxed and waned on East and West Antarctica at that time 
in the late Pliocene and early Pleistocene? We know little about the history 
of Antarctica at that time. The Antarctic Geological Drilling (ANDRILL) 
programme has astonished scientists recently with evidence for periodic 
warm open waters in the Ross Sea up until as recently as 1 million years 
ago7. And any evidence for a terrestrial ice margin at that time is now bur-
ied under the marine-based margin that encircles East Antarctica. To test 

this idea for the origin of the ‘41,000-year world’, well-dated proxy records 
sensitive to local climate and to the lateral movement of ice margins on 
land (in both the Northern Hemisphere and the Southern Hemisphere) 
are needed. Will such records show precession pacing? Similarly, Antarctic 
ice cores that extend into the early Pleistocene would help to determine 
whether, at that time, the local climate was in phase (as it is today) or out 
of phase with Northern Hemisphere insolation changes. Planning for such 
expeditions is already under way in the ice-core community. It could be 
that the East and West Antarctic ice sheets have had a far more dynamic 
history than has been thought.

It is widely accepted that variations in Earth’s orbit affect glaciation, but 
a better and more detailed understanding of this process is needed. How 
can the 41,000-year glacial cycles of the early Pleistocene be explained, let 
alone the ~100,000-year glacial cycles of the late Pleistocene? How do the 
subtle changes in insolation relate to the massive changes in climate known 
as glacial cycles? And what are proxy climate records actually measuring? 
The field now faces these important questions, which are made all the 
more pressing as the fate of Earth’s climate is inexorably tied to the vestige 
of Northern Hemisphere glaciation that sits atop Greenland, and to its 
uncertain counterpart to the south. ■
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Figure 1 | Ice-age climate and solar variability. A 3-million-year record of 
δ18O (ref. 8) (a); orbital obliquity (blue) compared with integrated summer 
insolation (red)3 (b); and summer insolation for the Northern Hemisphere 
(on 21 June at 65° N; red) and the Southern Hemisphere (on 21 December 
at 65° S; blue)6 (c). δ18O is considered a proxy of global ice-volume change, 
which is assumed to occur mostly in the Northern Hemisphere over this 

interval. From 3 to 1 million years ago, δ18O varies primarily at the 41,000-
year period characteristic of obliquity and integrated insolation. From 
1 million years ago to the present, longer cycles of climate change, with a 
roughly 100,000-year period, are more obvious. The double-headed arrow 
indicates a transition more gradual than abrupt over the time indicated. 
GJ, gigajoule; W, watts.
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Peak summer vs. Integrated summer insolation

Raymo & Huybers, 2008

Which is more important for ablation?



Milutin Milankovitch (1879 - 1958)

• Glaciations correspond to summer insolation minima…
(Milankovitch, 1941)

Koppen and Wegner critical



CLIMAP reconstruction

February

July

• Reconstruction of land and sea ice 21,000 years ago
What does an ice age look like?



What does an ice age look like?

(Eastern Greenland
-Steve Porter)



Western Greenland



What does an ice age look like?
Puget sound lobe

Ralph Haugerud
Harvey Greenberg



Harvey Greenberg



Harvey Greenberg



Harvey Greenberg



Harvey Greenberg



Inferring global ice volume in the past

ice

land
ocean

sediment

16O isotopes
18O isotopes

• fractionation of isotopes during evaporation and precipitation
favours light isotopes being transported to high latitudes.

• ocean becomes enriched in heavy isotopes.

• signal can be measured in ocean sediments.



100 kyr ice ages

The Pleistocene (ish)
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• proxy for ice volume over the last 2.5 million years

Inferring global ice volume in the past



The SPECMAP ice volume time series

• Composite stack of many d18O deep sea cores (~20) 

Imbrie et al., 1984



The SPECMAP ice volume time series
and June insolation at 65N (upside down)

• maximum correlation of -0.4 
with a 6 kyr lag of ice volume behind insolation

• more ~100 kyr variability in ice volume than in insolation



What people say about this

• 6 kyr lag is due to dynamical response of ice sheets

• CO2  leads ice volume by ~6 kyr  
• Tropical temperature lead ice volume by ~6 kyr

=>  CO2/SSTs force climate change

• S.H. temperatures lead ice volume by ~6 kyr
=> S.H. source of deglaciation mechanism

• It takes 6 kyr for climate signal to reach the N.H.
=> role of deep ocean/chemistry 

BUT, ice volume is a bad climate variable…



Rate of change of ice volume

• d(volume)/dt more directly related to high latitude insolation



Rate of change of ice volume

• d(volume)/dt more directly related to high latitude insolation

• maximum correlation of -0.8
at zero lag



Rate of change of ice volume

• d(volume)/dt more directly related to high latitude insolation

• major difference is large negative rates 
of change during major deglaciations

• Terminations coincide with insolation 
maxima - points to insolation trigger



The role of CO2:

Changes in CO2 lead changes in ice volume…



The role of CO2:
The cross spectrum between CO2 and dV/dt

• Variations in melting precede variations in CO2!
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Summary

• Waxing and waning of global ice volume strongly controlled by 
high latitude, northern hemisphere summertime insolation

(i.e., Milankovitch’s original idea, sort of)

• CO2, tropical SSTs lag dV/dt  - not the primary driver of variations

• Insolation trigger for collapse?

• Reason for deglaciation still unknown

• Changes the question from does orbital forcing affect global ice 
volume (it does), to what causes the big deglaciations?



oceanland

ice

How an ice sheet works (roughly):
1. Force balance on a volume within ice sheet

Surface slope leads to pressure gradient

Pressure gradient balances shear stress:

Px Px+dx

sij

€ 

σ ij = −
∂p
∂xz

zs

∫ dz



oceanland

ice

How an ice sheet works (roughly):

2. Ice responds to stress by deforming (creep flow)

Glen’s flow law: relates strain rate to applied stress
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How an ice sheet works (roughly):
3. Equilibrium state is a flux balance

Steady state mass balance:
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• ice flow is basically a very nonlinear diffusion equation



Accumulation

Greenland - average accumulation ~30 cm/year.

Antarctica - average accumulation ~10 cm/year.

Clausius-Clapeyron relationship:
• moisture content decreases exponentially with height.
• e-folding scale height at high latitudes  ~ 2 km.
• most of Antarctica, Greenland are above this height.

As ice sheet grows, average snowfall decreases strongly
strong negative feedback as ice sheet grows

(desert <25 cm/yr)



Ohmura et al., 1996
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Ablation

T

T+DT

• Ablation rate         summer temperature.

• Rule of thumb 1oC JJA        1myr-1 melting.

• Ice sheet margin has parabolic shape.

• Total ablation        T3.€ 
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Ice sheets are very sensitive to summertime temperatures!



Ice sheet sensitivity:  accumulation rate vs. ablation rate

• need a big accumulation rate change to offset a 
small temperature change.
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Ice volume response for different forcing periods
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Use insolation variations to force ice sheet model

Forcing

=

response



Comparison of model dv/dt with model forcing

• maximum correlation 0.4
at zero lag



Use insolation variations to force ice sheet model

Forcing
(plus
white noise)

=

response

plus noise



Comparison of model dv/dt with model forcing

• maximum correlation 0.35
at zero lag

plus noise



• Models and observations agree that rate of change of ice volume
is directly related to insolation variations. 
(up to 60% of variance)

• The Milankovitch hypothesis (formulated properly) does, 
in fact, explain a lot about climate change, but noise 
is an important part too.

• Ice sheets are very nonlinear beasts. 

• How do large ice sheets collapse?

Conclusions


