
Next Week for Tues, please read Joughin et al 2008 

and for Thurs, please read Kay et al (unpublished)

Dr. Joughin will lecture on Tues (Iʼm out of town)

Then next week Thurs (Iʼll be here) but we have 

visitor Dr. Jen Kay from NCAR to discuss her paper. 



Snowball Earth seminar by Prof. Hoffman last 

Friday. New idea (among many) is that there was 

probably a long period with a thick freshwater layer 
on the ocean during/after the deglaciation. It might 

have taken ~10k years to mix out. 

Donʼt miss Prof. Pierrehumbert 4/14 3:30



Today we will discuss “Unlocking the mysteries of 

the ice ages” by Raymo and Huybers (2008)



Milutin Milankovitch (1879 - 1958) 

“Summer insolation minima in the Northern 

Hemisphere lead to ice sheet advances” 
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ocean land 

ice 

•  Net accumulation creates surface slope 

•  Surface slope causes ice to flow towards edges  

•  Accumulation (and mass flow) is balanced by 
ablation and/or calving 

Accumulation zone 

ablation zone 

How an ice sheet works (roughly):

Why is the NH insolation important for global

ice sheet advance (Milankovitch theory)?

Why focus on summertime?



Normal 

Slightly warmer 

•  Ice sheet has parabolic shape. 

•  line represents melt zone 

•  small warming increases melt zone a lot 

because of shape! 

Ice sheets are very sensitive to 

summertime temperatures! 



Normal freezing line 

Warmer climate freezing line 

ground 

Influence of shape 

Furthermore temperature has a powerful 

influence on melting 



Figure from Raymo and Huybers, 2008
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The Pleistocene 

(1) δ18O in sediments is directly related to ice volume. 

Because ice sheets deplete the supply of 16O2 from seawater

(2) Also δ18O is inversely related to temperature. Because 

plankton take up higher rates of 18O2 when it is colder. 

(Fortunately 1 & 2 work together)



 δ18O from ocean sediments as proxy for ice volume 

16O isotopes 

18O isotopes 

•  Fractionation of isotopes during evaporation and precipitation 

  favors light isotopes being transported to ice sheets 

•  Sediments become rich in heavy isotopes when ice sheets are large 

because ice sheets preferentially store light isotopes 

ice 
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Eccentricity and precession Mostly obliquity

Orbital variations (eccentricity, precession, 

obliquity) of Earth cause solar radiation at a given 

location to vary

“Climate scientists still do not understand how subtle shifts in 

insolation at the top of the atmosphere are converted into massive 
changes in the ice volume on the ground.”   

Raymo and Huybers, 2008



Earth’s orbit varies over time due to influence of the  

 Sun, Jupiter, and the Moon. 

•  Eccentricity (ellipticity) 

 ~100 kyr, 400 kyr 

•  Precession (wobble)  

~19, 23 kyr 

•  Obliquity (tilt)  

 ~41 kyr 

for more on this topic see Paleoclimatology by Crowley and North 
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Eccentricity and precession Mostly obliquity

Ice sheet models are very sensitive to precession 

signal.

Raymo and Huybers ask why isnʼt there a 

precession signal in the 41k world?

Are the ice sheet models wrong?

Or are we misinterpreting the δ18O proxy?



Milankovitch - Recognized that ice sheet mass balance is mostly 

dictated by ablation. Thus summer insolation minima in the 

Northern Hemisphere at 65 N lead to ice sheet advances.  

See Ice Ages book by Imbrie and Imbrie

You might think warm low latitudes winters cause ice to expand because 

owing to greater moisture influx to high northern latitudes. Not as important 

though. Sure way to grow ice is to have NO MELT AT ALL, as in parts of 

Greenland and Antarctica today.

How is this achieved with 

orbital variations?



•  Eccentricity (ellipticity) 

 ~100 kyr, 400 kyr 

•  Obliquity (tilt)  

 ~41 kyr 

High eccentricity permits larger differences between winter and summer 

insolation (if precession cooperates)

Lower tilt makes tropics receive more insolation than poles 



•  Precession (wobble)  

~19, 23 kyr 

Also known as precession of the equinoxes. Summers are coldest when 

summer season is furthest from sun. 

Traditional view has been that ice sheets are sensitive to peak or mean 
summer insolation.

Huybers (2006) proposed instead that the more important issue is 
integrated summer insolation (counting only days when insolation exceeded 

a threshold). Duration and intensity are anticorrelated because of Keplerʼs 
law.

Raymo et al (2006) proposed yet another alternative where they argued that  
because precession has opposite effects in the two hemispheres, the 

sediments, which provide a proxy of both hemispheres at once, cannot 
measure hemispheric asymmetries.



Eccentricity and precession Mostly obliquity

integrated summer “energy” is in giga Joules per square meter

Note neither hypothesis does well for the 100,000 yr world



What caused the 100k-yr (late Pleistocene) ice-ages?

Clark et al 1999

filtered 

insolation

(bad match)

filtered ice 

volume



Clark and Pollard 1998


