Modélisation des climats
possibles sur les
planetes extrasolaires
telluriques

Francois Forget*,

with Martin Turbet , Jeremy Leconte, Benjamin
Charnay, Robin Wordsworth, Ehouarn Millour,

Franck Selsis, Emeline Bolmont et al . é
Modeled Cloud pattern on a tidally locked
planet around a M dwarf star

LMD GCM. J. Leconte

*CNRS, Institut Pierre Simon Laplace,
Laboratoire de Météorologie Dynamique, Paris



Key parameters controlling the
climate on aterrestrial planet:

A Stellar insolation

A Atmospheric composition
and surface volatile inventory

A Rotation (rate and obliquity)

Climate models



Which climate on extra-solar planets ?
A hierarchy of models for planetary climatology

1. 1D global radiative convective models
| Great to explore exoplanetary climates;

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

Altitude

2. 2D Energy bal ance n

Global mean Temperature

3. Theoretical 3D General Circulation
model with simplified forcing: used to
explore and analyse the possible

atmospheric circulation regime
(see Read 2011, Kaspi & Showman 2015, etc)

' [4. Full Global Climate Models aiming at J

building Avirtual




Community Earth System Model (CESM), NCAR:




How to build a full Global
Climate Simulator
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How to build a full Global
Climate Simulator




Climate Models in the solar system
What have we learned?

Lesson # 1. By many measures: GCMs work

Lesson # 2: Why and when GCMs fall

(missing physical processes, non-linear processes and
threshold effects, positive

Lesson # 3 Climate model components can be
applied without major changes to most
terrestrial planets.

Forgetand Lebonnois ( 2013) I n AComparat:.
Terrestrial URiVvdArieohaspressRad k |,




! odenedEWQ  DdinRate mddel designedto simulateany

atmosphereon anyterrestrial planet around any star.

NEW: photo- 5) Volatile condensation on
chemical core the surface and in the

atmosphere :

2) Radiative A Robust microphysics:
transfer Fixing mixing ratio of
through gas condensation nuclei
and aerosols A Modified

[ New versatile thermodynamics to handle

: , Correlated-k condensation of major
b ~lIJDr¥ir\1/zrrr;|;:|al Core: radiative constituants (H,0, CO,, N,)
transfer code.
3) Turbulence and convection in -~ ¢ ‘y‘m,,,
the boundary layer | i S A
[  Universal turbulent sheme lf f-layer dynamical ocean
[ Robust convection scheme

(Codron 2011):

- Ekman transport
% - Dynamic Seaice

4) Surface and susurface
thermal balance ~universal



A nGeneri co LMD GCM for a
Why model poorly constrained atmospheres ?

A To Model ancient climates to understand
geological records

I The faint young sun paradox on early Earth
(Charnay et al. 2013, 2016)

I Early Mars —_—
(Forget et al. 2013, Wordsworth et al. 2013, 2015, Kerber et al 2015, Turbet et al. 2016)

I Ancient Titan (Charnay et al. 2014)

A To simulate planets around other star to S
design and interpret telescopic observations

I Exoplanet Thermal phase curves (Selsis et al. 2011, Turbet et ——p \
al. 2016) \

I Constraining hot superEarth with JWST (Samuel et al., 2014) N
i Modeling of cloudsi n GJ 1 2atha@sbhére (Charnay et AN |
al. 2016) View at 8.67 pm\\\ /'
A To adress key scientific questions regarding Po=tbar .
habitability:

T Define the habitable zone: Forget (2013), Forget and Leconte
(2014) Wordsworrth et al. 2011, 2012, 2013, 2014), Leconte et al. ( 2014),
Bolmont et al. (2016).

I What s the probability of habitable planet in the galaxy ?




The« Habitable Zone» : liquid water possible on
the surface of planets Eg. Kasting etal. 1993

Forget 2013

l.e. the region outside which it is impossible for a
rocky planet to maintain liquid water on its surface

A problem of climate

100% vapour Possible Liquid Water 100% ice

;

Habitable Zone




Inner Edge of the Habitable Zone ?

Solar fluxy e Temperaturey

N

Greenhouse effect <+«—— Evaporation y

100% vapeur Possible Liquid Water 100% ice
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Habitable Zone




RunawayGreenhousesffectin a
complete3D GlobalClimatemodel

Leconte et al. 2013
~1600°C Wolf and Toon 2014 , 2015
Yang et al. 2013, 2014

850 Million years
Solar Flux=371 W/m?

1150 Million years
Solar Flux=380 W/m?



Leconte et al. « 3D Increased
Insolation threshold for
runaway greenhouse
processes on Earth like
planets"”. Nature, 2013

850 Million years
Solar Flux=371 W/m?

1150 Million years
Solar Flux=380 W/m?

LMD 3D Generic Climate Model

AEarth like planet
A64x48x30 resolution
ARadiative transfer (correlated k)
- 19 IR bands
- 18 solar bands

A Special parametrization to handle
H20 as a major constituant :

AChange in Ps with
condensation/evaporation a case of
U-P hybrid coordinates.

ACoupled system [H20]+T+Ps

~1600°C




LMD Model : Earth like planet
around a sun-like star

Leconte et al. Nature, 2013 4
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Runaway greenhouse effect around
K and M dwarf stars

Redder stellar spectrum
AWeak atmospheric Rayleigh Scaterring
_ lower planetary albedo

(e.g. Kasting et al., 1993, Shields et al. 2013)

Effect of tides:
AResonnant rotation with zero obliquity
_ Possible Locking with permanent night side

(see Leconte et al. A&A 2013, Yang et al. ApJL2013, 2014)




Simulation of aTidal-locked planet with
surface liquid water around an Mdwarf
(Jeremy Leconte, LMD climate model)

Surface temperature (K)

View from a distant point throughout the orbit

Cloud opacity

0.40
0.36
0.32
0.28
0.24
0.20
0.16

10.12
10.08
10.04

0.00































































