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[From Turekian, 1996]
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Global	
  surface	
  temperature	
  change	
  over	
  the	
  Last	
  150	
  years

[Jones et al 2001, Folland et al. 2001] 
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[From McElroy, 2002]

NH Temperatures during the Hypsithermal (8-5k years 
ago) were warmer than present
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Glacial fluctuations in Europe during the last 10 kyr 

The Jostedalsbreen ice cap 
disappeared during the 
hypsithermal

[From McElroy, 2002]
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6
[From McElroy, 2002]

Precipitation fluctuations over 
Peru during the last 1.5 kyr 



Eccentricity
(105 kyr)

Obliquity (tilt)
(41 kyr)

Precession
(26 kyr)

Milankovitch cycles: periodic changes in the flux of solar radiation received by 
Earth driven by changes in Earth’s orbit

[Marshall and Plumb]
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[From McElroy, 2002]

Milankovitch Cycles
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21 June



[From McElroy, 2002]

Changes in solar insolation at the top of the atmosphere 
over the last 100,000 years
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Isotopic proxies for temperature

Temperature dependent fractionation of 16O and 18O and H and D in water during 
evaporation and precipitation

vapour enriched in 
lighter isotopes 
(depleted in heavy 
isotopes relative to 
the ocean)

precip. enriched in 
heavy isotopes

δ 18O =
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18O 16O( )standard
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• At 273 K, water vapour is depleted by -11.7‰ 
relative to the ocean
• Snow in Greenland has a 18O of about -35‰

10



Shell (test) of a benthic foraminiferan (foram)

[From Pierrehumbert, 2010]

Can use the 18O/16O ratio in CaCO3 of the 
shells 

Isotopic proxies for temperature

Ca++ (aq) + CO3
= (aq) = CaCO3(s)

H2
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=
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Two types of forams: planktonic (surface dwelling) and benthic 
(bottom dwelling). For benthic forams:

T (°C) = 17.96 − 4.0[δc (VPDB) − δw (VSMOW )]

T = temp at which the foram grew, c = 18O of the shell and 
w = 18O of the water in which the foram grew.

[From Turekian, 1996]
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preserved in the earlier core. It is clear, therefore, that the
climate of the recent past has been unusual, at least for
Quelccaya. What it portends for the future is unclear but
scarcely reassuring.

10.3 The Past 3 Million Years
Earth has been cold more often than it has been warm over
the past 3 million years of its history. Analysis of the isotopic
composition of the shells of organisms preserved in the sed-
iments of the deep sea provides an invaluable record of the
change of climate over this period (Emiliani 1955;
Shackleton 1967; Broecker and Van Donk 1970; Shackleton
and Opdyke 1973; Hays, Imbrie, and Shackleton 1976;
Imbrie et al. 1984). The relative abundance of 18O and 16O
in shells depends both on temperature and on the isotopic
composition of the oxygen in the water from which the
shells were formed. The isotopic composition of oxygen in
seawater reflects primarily the volume of water withdrawn
from the ocean to form the continental ice sheets. The shells
thus record a complex combination of local water tempera-
ture and global ice volume.21

The variation of !18O in benthic foraminifera22 for the
past 2 million years is displayed in Figure 10.22. Note the
distinctly different pattern observed for the past 800 kyr as
compared to the first million years of the record. The climate
of the past 800 kyr is marked by prolonged intervals of cool-
ing (trends towards higher values of !18O), interrupted by
brief episodes of warming (indicated by sharp sawtooth
transitions to lower values of !18O). Cold intervals over the
past 800 kyr persist for about 100 kyr on average. The tran-
sition from maximum cold to maximum warm conditions
(known as the glacial termination) takes place over times
that are typically as short as about 10 kyr. In contrast, the
data in Figure 10.22 suggest that the climatic rhythm was
distinctly different a million or so years ago. The dominant
100-kyr period of the recent record is missing, replaced by
variations on much shorter time scales. For the first segment

130 Climate through the Ages  

of the record, from 2.0 to 1.2 million years (myr) B.P. (as in-
dicated by domain A in Figure 10.22), climate responds
mainly to changes in seasonal insolation associated with
variations in obliquity (a period of 41 kyr). While the obliq-
uity influence remains dominant, the precession effect (a pe-
riod of about 22 kyr) begins to show up in the intermediate
portion of the record (1.2 to 0.65 myr B.P.; segment B).
Effects of obliquity and precession are apparent throughout
the record, but the dominance of the 100-kyr signal is com-
paratively recent. Note that the appearance of the 100-kyr
signal is accompanied by a major expansion of continental
ice sheets, as reflected by the significant increase in maxi-
mum values of !18O observed over the past 800 kyr.23

An expanded, smoothed view of the changes in !18O for
benthic foraminifera over the past 650 kyr is presented in
Figure 10.23. For comparison, the Figure includes a sum-
mary of changes in sunlight expected for 65°N in July. Note
that terminations generally occur when insolation during
summer at high northern latitudes is at a local (temporal)
maximum. Cold periods persist on average for about 100 kyr.
They typically include five precession cycles, but the number
is not fixed. Termination II, for example, may have taken
place following termination III on either the fourth or sixth
peak in high-latitude northern-summer insolation associated
with the precession cycle (the uncertainty reflects ambiguity
in assignment of termination III to a specific individual peak
in the data for !18O displayed in Figure 10.23). 

A more detailed summary of variations of !18O in ben-
thic foraminifera for the past 130 kyr, obtained from analy-
sis of a core from the eastern tropical Pacific, is presented in
Figure 10.24. An interpretation of these data in terms of
changes in bottom-water temperature and ice volume is
summarized in Figure 10.25 (Broecker 1995). Using the
convention introduced by Cesare Emiliani, the penultimate
interglacial period is designated as isotope stage 5 (subdi-
vided subsequently into stages 5a–5d). The glacial period is
distinguished by isotope stages 2 (late), 3 (intermediate),
and 4 (early). The last termination is designated as isotope
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Figure 10.22 The !18O record for the past two million years,
showing glaciation cycles. The data are plotted on an inverted
scale: values of !18O decrease with height on the vertical axis.
We choose this form of presentation to emphasize the associated
changes in climate. Small values of !18O (peaks in the Figure)
reflect interglacial conditions; high values of !18O (minima in
the Figure) indicate periods of maximum glaciation. Source:
Imbrie et al. 1984.
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Figure 10.23 Comparison between the ice-volume record and
the July solar-radiation record for 65°N. Source: Broecker 1995.

[From McElroy, 2002]

Glacial Cycles During the Past 2 Million Years
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stage 1. Broecker’s interpretation of the !18O data suggests
that the temperature of bottom water declined in two steps,
through a total of about 2°C, over the course of the last ice
age. Ice volume increased by about 4 × 107 km3 over this in-
terval. It fluctuated during stage 5, varying through a range
equal to about 25% of the total glacial-to-interglacial change.

The Past 3 Million Years 131

The ice sheets grew rapidly during the transition between
stages 5 and 4. They were relatively static during stages 4
and 3, advancing to their maximum extent at the transition
between isotope stages 3 and 2. 

Measurements of !18O from the GISP2 Greenland ice
core are presented in Plate 2 (top) (see color insert) (Brook,
Sowers, and Orchardo 1996). The Figure also includes a
composite of measurements of CH4 taken from the GISP2,
GRIP, and Vostok ice cores. Changes in sunlight expected
for June at latitudes of 60°N and 20°N were indicated in
Figure 10.11. It is apparent that the large-scale variability
of CH4 correlates well with variations in summer insolation
for the Northern Hemisphere.24 It is clear, however, that an
equally plausible correlation could be established with vari-
ations in sunlight for a variety of other seasons and lati-
tudes. In particular, the changes observed for CH4 are con-
sistent with the hypothesis advanced earlier to account for
the rise in CH4 at 14.7 kyr B.P. We suggested then that the
increase in CH4 during the last deglaciation reflected an in-
crease in tropical temperatures prompted by a transition of
the Conveyor from its glacial to its interglacial mode. This
transition, we proposed, was initiated by a decrease in the
flow of cold deep water from the Southern Ocean. The de-
crease in the strength of the flow of southern deep water,
we suggested, reflected a decrease in the areal expansion of
sea ice during winter. We proposed that changes in insola-
tion in September at 40°S could be used as a proxy to sim-
ulate orbitally driven changes in sea ice in the Southern
Ocean. A comparison of the September 40°S insolation
curve with the CH4 data lends support to the suggestion
that the large-scale changes in CH4 could be paced by or-
bitally driven changes in sea ice in the Southern Ocean.
Note the tendency for peaks in CH4 to occur a few thou-
sand years after sea ice (as inferred from the September
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Figure 10.24 The !18O record for benthic foraminifera from a deep-sea core from the eastern part of the equatorial Pacific, as
well as isotope stage numbers and generally accepted ages for the major boundaries. Source: Broecker 1995.
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Figure 10.25 A smoothed version of the !18O record of benthic
foraminifera from the deep Pacific (top), an estimate of the part of
the !18O signal related to changes in deep-sea water temperature
(middle) and an estimate of the part of the signal that can be attrib-
uted to changes in ice volume (bottom). Source: Broecker 1995.

[From McElroy, 2002]

The Past 130k Years
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stage 1. Broecker’s interpretation of the !18O data suggests
that the temperature of bottom water declined in two steps,
through a total of about 2°C, over the course of the last ice
age. Ice volume increased by about 4 × 107 km3 over this in-
terval. It fluctuated during stage 5, varying through a range
equal to about 25% of the total glacial-to-interglacial change.

The Past 3 Million Years 131

The ice sheets grew rapidly during the transition between
stages 5 and 4. They were relatively static during stages 4
and 3, advancing to their maximum extent at the transition
between isotope stages 3 and 2. 

Measurements of !18O from the GISP2 Greenland ice
core are presented in Plate 2 (top) (see color insert) (Brook,
Sowers, and Orchardo 1996). The Figure also includes a
composite of measurements of CH4 taken from the GISP2,
GRIP, and Vostok ice cores. Changes in sunlight expected
for June at latitudes of 60°N and 20°N were indicated in
Figure 10.11. It is apparent that the large-scale variability
of CH4 correlates well with variations in summer insolation
for the Northern Hemisphere.24 It is clear, however, that an
equally plausible correlation could be established with vari-
ations in sunlight for a variety of other seasons and lati-
tudes. In particular, the changes observed for CH4 are con-
sistent with the hypothesis advanced earlier to account for
the rise in CH4 at 14.7 kyr B.P. We suggested then that the
increase in CH4 during the last deglaciation reflected an in-
crease in tropical temperatures prompted by a transition of
the Conveyor from its glacial to its interglacial mode. This
transition, we proposed, was initiated by a decrease in the
flow of cold deep water from the Southern Ocean. The de-
crease in the strength of the flow of southern deep water,
we suggested, reflected a decrease in the areal expansion of
sea ice during winter. We proposed that changes in insola-
tion in September at 40°S could be used as a proxy to sim-
ulate orbitally driven changes in sea ice in the Southern
Ocean. A comparison of the September 40°S insolation
curve with the CH4 data lends support to the suggestion
that the large-scale changes in CH4 could be paced by or-
bitally driven changes in sea ice in the Southern Ocean.
Note the tendency for peaks in CH4 to occur a few thou-
sand years after sea ice (as inferred from the September
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Figure 10.24 The !18O record for benthic foraminifera from a deep-sea core from the eastern part of the equatorial Pacific, as
well as isotope stage numbers and generally accepted ages for the major boundaries. Source: Broecker 1995.
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Figure 10.25 A smoothed version of the !18O record of benthic
foraminifera from the deep Pacific (top), an estimate of the part of
the !18O signal related to changes in deep-sea water temperature
(middle) and an estimate of the part of the signal that can be attrib-
uted to changes in ice volume (bottom). Source: Broecker 1995.

[From McElroy, 2002]

The Past 130k Years
EemianHolocene

Last glacial 
maximum (LGM)
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The Last Interglacial Transition

[From McElroy, 2002]

Sea level rose by about 120 m

The Younger Dryas
(return to glacial conditions)

14

End of the last ice age; 
beginning of the Holocene



The Last Interglacial Transition

[From McElroy, 2002]

Sea level rose by about 120 m

The Younger Dryas
(return to glacial conditions)

14

End of the last ice age; 
beginning of the Holocene



[From Snowball Earth (http://www.snowballearth.org)]
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The Younger Dryas

[From McElroy, 2002]
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The Younger Dryas



1 Sv = 106 m3/s

[Marshall and Plumb]

The Thermohaline Circulation

17

Large-scale overturning of 
the ocean, driving by the 
sinking of cold, saline water 
in the North Atlantic



[From McElroy, 2002]

Glacial/interglacial modes of the thermohaline circulation

During glacial conditions North Atlantic deep 
water (NADW) formation shifts equatorward 
NADW formation is suppressed.  Antarctic 
bottom water (AABW) instead fills the deep 
ocean
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CO2, CH4, and Temperature During the Past 600k Years

Figure 12.19
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[From McElroy, 2002]

CO2 During the Past 160 Ma

•Levels of CO2 have decreased 
significantly during the past 140 
million years (Ma)

•Projected levels of CO2 by the end of 
the 21st century will be comparable 
to that of 50 Ma ago 
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[From McElroy, 2002]

Temperatures of the deep ocean during the past 
140 Ma

The planet has cooled gradually during the past 100 Ma
21



[From Pierrehumbert, 2010]

PETM (Paleocene-Eocene Thermal Maximum): a period of rapid global warming of about 4°C

Climate during the past 70 Ma

glaciation

Position of the continents at the end of the Cretaceous, 65 Ma

During the Cretaceous and early Eocene, high-latitude ocean temperatures were 15-20°C
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[From Snowball Earth (http://www.snowballearth.org)]
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