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Under	
  the	
  present	
  
Solar	
  flux	
  (1.0),	
  three	
  
stable	
  climate	
  states	
  
are	
  possible,	
  all	
  ice	
  
(blue),	
  no	
  ice	
  (red)	
  and	
  
small	
  ice	
  (yellow).	
  Large	
  
ice	
  (open	
  circle)	
  is	
  
unstable	
  and	
  
spontaneously	
  falls	
  to	
  
all	
  ice	
  



Silicate	
  weathering	
  represents	
  a	
  sink	
  of	
  atmospheric	
  CO2	
  



Under	
  snowball	
  Earth	
  condiJons,	
  silicate	
  weathering	
  is	
  suppressed,	
  allowing	
  CO2	
  (from	
  outgassing	
  from	
  
volcanic	
  acJvity)	
  to	
  build	
  up	
  in	
  the	
  atmosphere.	
  





Ice Albedo Feedback 



Budyko’s Model 

I = a + BT ! (a1 + B1T )n
I = outgoing radiation (in Kcal/cm2 per month) 
T = temperature at the surface (°C) 
n = cloudiness in fractions of unit  

Heat balance of the Earth Atmosphere system: Q(1!! )! I = A

Q = solar radiation incident at TOA 
 = albedo 
A = gain or loss of heat as a result of meridional 
transport in the atmosphere and oceans  

For the whole planet: A = 0 

Qp(1!! p ) = I
Tp =

Q(1!! p )! a + a1n
B ! B1n



Budyko’s Model 

Assume that the meridional transport can be parameterized as a relaxation in 
temperature at each latitude back to the global mean: 

A = !(T !Tp )

I =Q(1!! )! "(T !Tp )

where  = 0.235 kcal/cm2 month degree 

I = a + BT ! (a1 + B1T )n
and 

T =
Q(1!! )! a + a1n + "Tp

" + B ! B1n

observed 



Budyko’s Model 

Albedo variation 
La#tude	
   Albedo	
  

80°	
   0.62	
  

70°	
   0.50	
  

0-­‐60°	
   0.32	
  

Southern boundary of existing sea ice = 72°. If a 
decrease in solar radiation results in an equatorward 
expansion of ice (to latitudes less than 72°, then the 
albedo becomes 0.62 at these latitudes and 0.50 at 
the southern ice boundary 
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Budyko’s Model 

1% reduction in radiation 

1.5% reduction in radiation 

At 1.6% reduction, ice line at 50° and shifts to lower latitudes 

Mean	
  Temp	
  of	
  planet	
  and	
  	
  
laJtudinal	
  extent	
  of	
  glaciaJon	
  



Snowball Earth and Hysteresis 

[Pierrehumbert,	
  2010]	
  
Snowball	
  Earth	
  condiJons	
  

A	
  warm	
  or	
  a	
  cold	
  
state	
  is	
  possible,	
  
depending	
  on	
  
the	
  history	
  of	
  the	
  
state.	
  

With	
  OLR	
  from	
  prad	
  =	
  670	
  hPa	
  	
  

Varying	
  the	
  solar	
  constant	
  with	
  prad	
  fixed	
  



Snowball Earth and Hysteresis 

[Pierrehumbert,	
  2010]	
  

With	
  Solar	
  Constant	
  =	
  960W/m2	
  

For the current solar constant, the hysteresis loop is between 690-570 hPa 

Varying	
  prad	
  with	
  the	
  solar	
  constant	
  fixed	
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Modern “soft snowball” and “hard snowball” Climates 

[Yang	
  et	
  al.,	
  2012]	
  



Modern “soft snowball” and “hard snowball” Climates 
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Modern “soft snowball” and “hard snowball” Climates 

The maximum stable sea ice coverage also depends on the sea ice/snow albedo 


