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Climate variability

Readings
(i) Saltzman, B., 2002, Dynamical Paleoclimatology: Generalized Theory of Global Climate 
Change. Academic Press, San Diego, 354 pp. (ii) Crowley, T. and North, G., 1991: 
Paleoclimatology. Oxford University Press, Oxford, 339 pp. (ii) Ruddimann, W.F., 2000: 
Earth’s Climate: Past and Future. W.H: Freeman and Company, New York, 465 pp. (iii) 
Burroughs, W.J., 1992: Weather Cycles: Real or Imaginary? Cambridge University Press, 
Cambridge, 207 pp. (iv) Philander, S.G., 1990: El Niño, La Niña, and the Southern 
Oscillation. Academic Press, London, 289 pp. ; (v) Philander, S.G.H., 1983, El Niño Southern 
Oscillation phenomena. Nature, 302, 295-301. (vi) Latif, M., 2004: Klima. Fischer Verlag, 
Frankfurt am Main, 128 S.
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Variability

Variability of the thermal state of the atmosphere.
After Ohmura (2006)

Saltzman (2002)
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Time scales

Peixoto, J. and Oort, A., 1992: Physics of Climate. American Institute of Physics, 
New York, 520 pp.
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The ice-age problem
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The ice-age problem
The ice age problem can be visualized with reference to the following figures
(from Saltzman, 2002).
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Earth’s face

Saltzman (2002).
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A proxy for the global ice volume
The oceanic δ18O [‰] records can considered a proxy for the record of the 
global ice volume. The variable δ18O is defined as:•

1000
R

RR
O

dardtans

dardtanssample18 ⋅
−

=δ

where R is the isotopic mass ratio, in this case R = 18O/16O, and the standard 
is provided by the U.S. National Bureau of Standards. Changes in δ18O are 
related to the isotope fractionation occurring with the evaporation of water 
vapor from the ocean, the atmospheric transport toward high latitudes and the 
formation of precipitation.



8

C
al

an
ca

, 2
1.

06
.2

00
6

Formulation of the ice-age problem

Returning to the ice-age problem, we can put down the following main 
questions:

• How do we explain the onset of glaciations at ~ 2 Myr before present?
• How do we explain the onset of a near 100-kyr quasi cyclic oscillation at

~ 1 Myr before present?
• How do we explain periodicities of near 20 and 40 kyr?
• Are the periodicities at near 20, 40 and 100 kyr all forced by changes in the 

orbital parameters?
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Long-term climatic variations in insolation: 
Milankovitch theory
Let us fist have a look at the variation of the orbital elements (Berger, 1991).
The three key elements in the orbital geometry are:
• the eccentricity, e;
• the obliquity of the earth’s rotation axis relativ to the ecliptic plane, ε;
• the longitude of the perihelion, ω. The variability of e and ω induces the so-

called axial precession.

After Liou (2002)

Berger A. and Loutre M.F., 1991: Insolation values for the climate of the last 10 million years.  
Quaternary Sciences Review, Vol. 10 No. 4, pp. 297-317, 1991.
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Long-term climatic variations in insolation (2)
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Long-term climatic variations in insolation (3)

eccentricity
periodicity (P) of 100 and 413 kyr

obliquity
P of 41 kyr

precession, e⋅sin(ω),  
P of 23 and 18 kyr

Data calculated according to Berger and Loutre (1991).
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Long-term climatic variations in insolation (4)
Changes in the orbital elements give rise to changes in the insolation, which 
are particularly pronounced at high latitudes. Milankovitch (1941) postulated 
that variations in the summer insolation of the NH high latitudes (~ 65 oN) 
alter summer melt and affect therefore the mass balance of polar ice sheets. 

Milankovitch, M., 1941: Kanon der Erdbestrahlung und seine Anwendung auf das 
Eiszeitproblem. Beograd, Königliche Serbische Akademie.
Hartmann, D.L., 1994: Global Physical Climatology. Academic Press, San Diego.
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Ice-core records

Nature, 1999, 399, 429-436

Science, 2005, 310, 1313-1317
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Variability in ice-core records
The problem of dating

Petit, J.R. et al. (1999)
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Variability ice-core records (2)

Petit, J.R. et al. (1999)
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The egg and the chicken

Shackleton, N., 2000, Science, 289, 1897-1902.
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The egg and the chicken (2)

Shackleton (2000)
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How well do we understand ice age cycles?
Partly based on ideas by Imbrie et al. (1984) and Imbrie et al. (1992), 
Saltzmann (2002) proposed a dynamical model of the northern hemisphere 
ice-sheet and bedrock evolution and concomitant CO2 and ocean state 
variations.

The model can account for the main 
system transitions during the last 5 Myr. 
The model is forced only by: (i) 
variations in insolation of the NH high 
latitudes; (ii) slow variations of CO2 due 
to tectonic processes. It includes fast-
and slow-response variables, and allows 
for internal instabilities.

Saltzman (2002).
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Internal instabilities

Saltzman (2002).
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Geochemical processes affecting atm. CO2

Saltzman (2002).



21

C
al

an
ca

, 2
1.

06
.2

00
6

Some results

Saltzman (2002).
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How well do we understand ice age cycles? (2)
The sequence of processes implied by the model is as follows:
• Tectonic forcing → long-term variations in CO2, with low values over the 

Pleistocene, favouring cold T and ice formation;
• At low enough CO2 → ice formation over NH, linearly influenced by earth-orbital 

variations near 20- and 40-kyr-time scales (Milankovitch);
• Slow growth of NH ice sheets → reduction of sea level, enhanced cold deep water 

production and shallowing of the thermocline;
• At a critical stage → activation of positive feedbacks inherent in oceanic CO2

pumping → reduction CO2 partial pressure in the ocean surface layer and 
consequently in the atmosphere. A new quasi-equilibrated state is achieved with low 
CO2, large ice sheets and a cold ocean;

• Shallow thermocline and relatively strong thermohaline circulation → net leakage of 
CO2 back to the atmosphere → increase in atm. CO2 concentrations → enhanced 
greenhouse → surface warming and ice sheet melt;

• slow rise in atm. CO2 → general warming and deactivation of CO2 pumps → sharp 
increase in atm. CO2 → termination of main ice age. At the same time deepening of 
the thermocline begins to restrict the release of CO2 to the atmosphere → no 
equilibrium possible and generation of a near 100-kyr oscillation.
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How well do we understand ice age cycles? (3)
Essential processes in the near 100-kyr cycle are:
• glacial state that promotes the gowth of a ‘cold-mode’ ocean with shallow 

thermocline;
• in this state a more symmetric thermohaline circulation → upwelling of carbon reach 

water → increase in atm. CO2 conc.;
• increasing atm. CO2 → start deglaciation;
• increase in atm. CO2 is accentuated by positive feedbacks (warming of ocean and 

land masses, rise in sea level, reduction of the biological CO2 pump in the ocean, ...);
• sharply increasing atm. CO2 → calving and bedrock lifting → collapse of remaining 

ice caps → warming of ocean → establishment of a ‘more normal’ thermohaline
(~ today’s state);

• ‘warm-mode’ ocean → deeper thermocline → reduced CO2 efflux to the atmosphere 
→ decrease in atm. CO2;

• back to glacial state.

The chronology for this 100-kyr cyclic behavior is set by the near 100-kyr-
period envelope of Milankovitch forcing, which imposes a ‘phase-lock’ on 
the cycle by constructive interference of the max/min in high-latitude 
incoming radiation of near 20- and 40-kyr periods with max/min of CO2.
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How well do we understand ice age cycles? (4)
The main conclusion of Saltzman (2002) is as follows.
‘In summary, [the model] can account for the [observed variations] by 
assuming that positive feedbacks in the carbon cycle can provide the 
instability necessary to drive a free oscillation.
As a side consequence of this theory, predictions of the longer term behavior 
are made that include the mechanism for the onset of the ice ages at about 2.5 
Myr and the initiation of a strong near 100-kyr-period oscillation about 0.9 
Myr ago.
In agreement with the conclusion expressed by Imbrie et al. (1992), it would 
appear that the near 20-kyr and 41-kyr-period variations are linearly forced by 
earth-orbital changes. However, we suggest more strongly than Imbrie et al. 
(1993) that the main 100-kyr-period oscillation is internally driven by an 
instability, probably residing in the behavior of the carbon cycle, with 
Milankovitch forcing playing the more secondary role of setting the phase of 
this oscillation.’
Again, the main cause for the onset of ice ages is the reduction of CO2
induced by tectonic processes.



25

C
al

an
ca

, 2
1.

06
.2

00
6

El Niño and the Southern Oscillation (ENSO) *

Probably the most famous and well-studied example of internal variability of 
the climate system on time scales ~10 years is the so-called ‘El Niño 
Southern Oscillation’ (ENSO) phenomenon (Philander, 1983).

Anomaly of the sea-surface 
temperature in December 1997, 
during the 1997/1998 El Niño 

* This section is partly based on material kindly provided by C. Appenzeller.
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The name ‘El Niño’
The name El Niño comes from the fact that a warm current flows southward 
along the coasts of Ecuador and Peru in Jan-Feb-Mar; the current means the 
end of the fishing season and its onset at about Christmas was the reason why 
the phenomenon was called by the local people El Niño (‘The Child’).
In some years, positive temperature anomalies are exceptionally high and 
persist for longer, curtailing the subsequent normal cold upwelling seasons, 
with distastrous consequences for the local fishers. This was for instance the 
case in 1982 (Philander, 1983).
Nowadays the term El Niño is associated to this more dramatic events.
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Oceanic currents

From Trenberth, K.E., 1992: Climate System Modeling, Cambridge University Press, 
Cambridge, 788 pp. (p. 123)
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The Southern Oscillation
The discover of the Southern Oscillation is due to Sir Gilbert Walker (papers 
published in the 1920s and 1930s), who found that ‘when pressure is high in 
the Pacific Ocean, it tends to be ow in the Indian Ocean from Africa to 
Australia.’ The associated circulation is know called Walker circulation.

Philander (1983)
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The Southern Oscillation (2)
The map shows that the SO is a barometric record of exchange of 
atmospheric mass along the complete circumference of the globe in tropical 
latitudes. Based on the pressure difference between the two centers of the 
previous map (Darwin and Easter Island) one can construct the so-called 
Southern Oscillation Index (SOI).
The standard view about periodicities in the SO is that while it has an average 
period of ~ 3 years, it is irregular in nature, as seen in the time series of the 
SOI (next page).

La Niña

El Niño

Courtesy of C. Appenzeller
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Atmospheric-oceanic interactions
The links between atmospheric patterns (Southern Oscillation) and large-
scale fluctuations on the surface temperature of the tropical Pacific (El Niño) 
are the key to ENSO.

warme SST Anomalie
(Ostpazifik)

Reduzierter E-W
Druckgradient

Schwächere 
Passatwinde

Reduziertes Aufquellen
von kaltem Wasser

Courtesy of C. Appenzeller
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Impacts of El Niño
The following figures shows the impact of the 1997/98 El Niño.

Courtesy of NOAA (Climate Prediction Center)
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A typical El Niño

Philander (1983)
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A sequence of events
The events associated to a typical El Niño are:

• prior to the onset of a El Niño changes in the large scale atmospheric circulation 
patterns, with an increase in pressure over the western Pacific and associated 
weakening of the trade winds west of the dateline.

• shift of the ITCZ toward the south;
• during the mature phase, westward expansion of anomalous conditions. very weak 

trade winds. This phase is highly predictable;
• besides changes in the atmosphere, changes in the oceanic settings occur. Due to 

very weak trade winds, sea level in the western Pacific falls and the depth of the 
thermocline is reduced;

• intense eastwards oceanic currents between the equator and 10 oN carry warm waters 
away from the west Pacific (this is the reason for the apparent westward propagation 
of the positive sea surface temperature anomaly);

• along the western coast of the Americas there is an increase in sea level that 
propagates polewards in both hemispheres. This motion creates an eastward 
propagating Kelvin wave;

• return to normal conditions: the amplitude of the anomalous conditions off the coast 
of South America returns to normality a few months after the onset of El Niño.
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El Niño and the global atmosphere
The anomalies associated to ENSO can be felt outside the tropics. We speak 
of teleconnections with extratropical latitudes.

Philander (1983)
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El Niño and La Niña revisited
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ENSO on the web

Two very useful addresses are those of:

• The ‘Tropical Atmosphere Ocean project’ (TAO)
http://www.pmel.noaa.gov/tao/
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ENSO on the web (2)

• The National Oceanic and Atmospheric Administration (NOAA) 
http://www.elnino.noaa.gov/
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ENSO on the web (3)

• NOAA-TAO
http://www.pmel.noaa.gov/tao/elnino/nino-home.html


