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The« Habitable Zone» : liquid water  

possible on the surface of planets 
    

100% vapour Possible Liquid Water  100% ice  

Eg. Kasting et al. 1993 

Forget 2013 



So what about underground liquid water 

reservoir below the surface ?   
 
(In the solar system: Mars, Europa, Enceladus Ganymede, Callisto, 

Titan etc.) 

Europa, satellite of Jupiter 



4 kinds of « habitability »  
(Lammer et al. Astron Astrophys Rev 2009; Forget 2013) 

ÅClass I: Planets with  permanent surface 
liquid water: like Earth  

 

ÅClass II : Planet temporally able to sustain 
surface liquid water but which lose this ability 
(loss of atmosphere, loss of water, wrong greenhouse effect) :  

 Early Mars, early Venus ? 

 

Å Class III : Bodies with subsurface ocean 
which interact with silicate mantle (Europa) 

 

ÅClass IV : Bodies with subsurface ocean 
between two ice layers (Ganymede) 



  

The« Habitable Zone» : liquid water  

possible on the surface of planets:  

a A problem of climate and atmosphere 
    

100% vapour Possible Liquid Water  100% ice  

Eg. Kasting et al. 1993 

Forget 2013 



Which atmosphere on terrestrial 

planets around other stars ? 

ÅThe nature of terrestrial atmospheres depends on 

complex processes difficult to model: 

ï Planetary formation and origins of volatiles 

ï Atmospheric escape (thermal, impacts, non-thermal) 

ï Geochemistry (degassing, interaction with surface, recycling) 

ï Long term photochemistry é 

Å Our experience in the solar system is not sufficient. 

[We usually assume a planetary volatile inventory 

composed of N2, CO2, H2O  

(see e.g. Forget and Leconte Phil. Trans. Royal Society. A. , 2014) 



Stellar Flux       (~ equilibrium temperature) 

Expected dominant species in an terrestrial planet atmospheres (abiotic) 

Forget and Leconte (2013), « Possible climate on terrestrial exoplanets » 

Phil. Trans. Royal Society. A. (2014)   (arXiv:1311.3101) 

)  



1. 1D global radiative convective models 

[ Great to explore exoplanetary climates; 

still define the classical Habitable Zone 
(e.g. Kasting et al. 1993, Kopparapu  et al.  2013 )  

2. 2D Energy balance modelsé 

3. Theoretical 3D General Circulation 

model with simplified forcing: used to 

explore and analyse the possible 

atmospheric circulation  regime          
(see Read 2011, Showman et al. 2013, etc)   

4. Full Global Climate Models aiming at 

building ñvirtualò planets.  

Which climate on extra-solar planets ? 

A hierarchy of models for planetary climatology 



How to build a full Global 

Climate Simulator  ? 

 
 

Community Earth System Model (CESM), NCAR:  



Climate Models in the solar system 

What have we learned? 

Lesson # 1: By many measures: GCMs work 

Lesson # 2:  Why and when GCMs fail  

(missing physical processes, non-linear processes and 

threshold effects, positive feedbacks and instability, etcé) 

Lesson # 3  Climate model components can be 

applied without major changes to most 

terrestrial planets. 

 

 

 

Forget and Lebonnois  (2013) In ñComparative Climatology of 

Terrestrial Planetsò book, Univ of Arizona press 2013.  

 

 

Venus 

Mars 

Titan 

Triton 

Pluton 



100% vapour Liquid water           100%  ice   

Solar flux Ź               Temperature Ź 
 

 

 

               Albedoŷ                          Ice and snow ŷ  

Runaway glaciation  around  a Sun-like star    

Outer Edge of the Habitable Zone ? 



Climate Modelling: the Earth suddenly moved out by 12%  
(79% current insolation = the Earth 3 billions years ago) 

LMD Generic Climate model, with a ñdynamical slab Oceanò (Benjamin Charnay et al. JGR 2013) 

ALBEDO: 
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Climate Modelling: the Earth suddenly moved by 12%  
(79% current insolation = the Earth 3 billions years ago) 

LMD Generic Climate model, with a ñdynamical slab Oceanò (Benjamin Charnay et al. JGR 2013) 

-50 C 

-80 C 

-40 C 



Out of glaciation: greenhouse effect 

-49 C 

-70 C 

Flux = 80% present 

(~1.12 AU)  

 

 

Present  

Earth atmosphere 

Charnay et al., JGR 2013 



Out of glaciation: greenhouse effect 

+1 C 

-70 C 

Flux = 80% present 

(~1.12 AU)  

 

 

[CO2] x 2.5 

Charnay et al., JGR 2013 



Out of glaciation: greenhouse effect 

+19 C 

10 C 

Flux = 80% present 

(~1.12 AU)  

 

 

[CO2] x 250 

[CH4] x 1000 

 

Charnay et al., JGR 2013 



How far can greenhouse effect can keep a 

planet warm around a sun-like star? 
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   Pure CO2 partial pressure (bar )  

Kasting et al. 1993, Kopparapu  et al.  2013 

1.54 AU 

 

 

1.62 AU 

 

 

1.71 AU 

 

Rayleigh scattering 

> greenhouse effect 



Scattering Greenhouse effect of CO2 ice clouds 

a 0°C as far as 2.5 AU from the Sun ? 

CO2 condensation 

Example : Ps =10 bar  

cloud opacity = 20 

Forget and Pierrehumbert  (1997) 



3D Global climate simulations of a 

cold CO2 atmosphere  
(ñEarly Mars Caseò distance equivalent to 1.75 

UA)  

CO2 ice Cloud optical depth Forget et al. Icarus 2013, 

Wordsworth et al. Icarus 2013 

Max Warming = + 15 K 

 

(uncomplete cloud 

coverage) 


































































