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Chaos and the Lorenz attractorChaos and the Lorenz attractor

“ … the crossover from one wing of the attractor to the other corresonds to a reversal in 
the direction of spin of the waterwheel…” climate states? Geodynamo?
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Metastability: Thresholds and 
Surprises

1. Observed climate variability and‘switching’
2. External vs. internal drivers of variability

3. The thermohaline circulation collapse
4. Ice sheet collapse
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Climate has certainly 
changed abruptly over the 
last million years.

Much of this variation can 
be explained by orbital 
geometry.

Much can’t (see
high frequencies)

Greenhouse gas
changes in 
parallel, but hard
to resolve which is
leading and which
lagging

Adapted from Berger (1991)

Global Scale, 104 - 106 yr time scales:  
Large variations due to variation in Earth’s motion 

relative to the Sun (Milankovitch cycles) 
Direction of tilt

Degree of tilt

Orbital shrink/stretch
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Adapted from Berger (1991) Model

Milankovitch cycles create up to 20% variation in 
solar radiation incident on earth.

65 ON

Almost certainly drives climate variability, but degree of 
response is not clear due to ‘internal’ climate variability.

Thermohaline
Circulation:
A metastable climate?

Global warming -> ice cap melting -> 
seawater freshening -> floating pool 
of bouyant seawater, shutting off 
northernmost loop of heat conveyor.
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How can humans cause a collapse of the thermohaline circ?

1. Global warming leads to increased arctic/polar melting
2. This freshens seawater
3. Fresh seawater is more bouyant than salty water
4. Disrupts the sinking loop in the N. Atlantic
5. Shifts loop to the far south
6. N. America and Europe cools drastically – as in Younger 

Dryas.

The younger dryas constitute one of our best resolved 
examples of
extremely rapid
climate change

7oC cooling
in perhaps
50 years!

Likely a switch of
The THC

Dryas octapetala
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An aside: how are oxygen isotopes a paleothermometer?

The lighter isotope (16O) evaporates increasingly more readily 
then 18O as temperature increases.  The water left behind is 
relatively more enriched with 18O at higher temperatures, and
Tiny marine organisms incorporate this into their skeletons. 

Commisioned by US Defense Dept. (Pentagon)
Threshold 
behavior of the 
global climatic 
environment:

Thermohaline
Circulation 
Collapse
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Tipping point with ice  
sheets?:

Greenland, antarctica
accumulate ice as 
temperature warms, but then 
begin to lose ice more and 
more rapidly because of 
temperature increases with 
decreasing altitude. (10oC/km)

To build ice sheets back up 
requires much more colder 
temperatures than to 
maintain them

20,000 years ago – 400 feet below today(from pbs.org)
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If west antarctic ice sheet melted – 17 feet above today

If east antarctic ice sheet melted – 170 feet above today
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Threshold behavior of the global climatic 
environment:

Smoothness and Patchiness of 
Atmospheric Constituents

• Mean Residence Time
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MRT = Pool size / Flux Rate

• Amelia Drinking Water

Some biogeochemical 
cycles integrate from 
organism to globe, 
while others are more 
localized.

Mean Residence time
In atmosphere =

Pool Size (kg)/ Flux
(kg/yr)

The lower the MRT, the 
more spatially variable 
the biogeochemical is 
in the atmosphere –
policy implications
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This explains why water is so patchy…

H20 Atmospheric MRT = (27 mm) / (3 mm/day)  = 9 days
Compared to ~ 1 year atmospheric mixing time

… why O2 is evenly distributed (21%), why CO2 (MRT ~ 2 
yrs) is somewhat variable but more evenly distributed than 
water.

Schlesinger 1997

Breathing of the biosphere
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why acid deposition (nitric, sulfuric acid) hits the 
Northeast states particularly hard.  (MRT ~ 3-5 days)…

Source : EPA

And why aerosol pollutants are a localized (albeit 
worldwide) problem  (MRT ~ 3-5 days)…
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Perfluourocarbons: almost wholly 
anthropogenic (aluminum smelting, 
semiconductors)

IPCC WGI Fig. 4.4
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