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Mo5va5on 
•  Linear sensi5vity could be small or large, but can be completely 

an5cipated once es5mated 

•  Nonlineari5es can lead to surprises, 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pleasant, less so, or even less… 



Ice‐albedo? 

Which elements of the climate system 
can lead to surprises? 

Thermohaline shutdown? 

Cloud feedbacks? 

El Nino? 

Anything else? 

”… as we know, there are known knowns; … 
there are known unknowns; … But there are 
also unknown unknowns ‐‐ the ones we don't 
know we don't know.” 

Defense Secretary Donald Rumsfeld’s winning 
entry for "Foot in Mouth” award, London, 
2003.  (Reuters)  



Introduc5on to bifurca5ons 

•  bifurca5on: A qualita5ve change in the 
solu5ons of an equa5on in response to a 
parameter change 



Saddle node bifurca5on 



Hysteresis, jumps and irreversibility 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Two back to 
back saddle 
node 
bifurca5ons 

1.  Increase of CO2 beyond value A leads to a jump in 
temperature; 

2.  Later decrease does not restore original state un5l 
decreased below value B 

A B 



Example: Budyko‐Sellers energy balance 
model (1st out of 2) 

Incoming solar X (not reflected) 
  = outgoing: 

Where reflec5vity (albedo) is a func5on of temperature: 

3 steady solu5ons 



Example: Budyko‐Sellers energy 
balance model (2nd out of 2) 

    1    2    3  

•  As the solar constant S0 is increased, the model transi5ons 
between different regimes of S0: (1) only snowball solu5on, (2) 
both snowball and warm state, and (3) only warm state solu5ons. 

•  Can see hysteresis, jumps and irreversibility. 



End of introduc5on to nonlinear 
effects. 

And now for the real thing… 


