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CHARACTERIZING THE ATMOSPHERES AND 
CLIMATES OF NEARBY EARTH-SIZED, 

TEMPERATE EXOPLANETS



NASA Exoplanet archiveyear

CUMULATIVE DETECTION OF EXOPLANETS PER YEAR



Homemade literature diggingyear

CUMULATIVE DETECTION OF SMALL, TEMPERATE 
EXOPLANETS PER YEAR

Mp < 5 M⊕
Rp < 1.5 R⊕
Fp < 5 F⊕



PROXIMA CENTAURI b – our closest neighbour

Anglada-Escudé et al. 2016, NatureESO Artist view



TRAPPIST-1 – host of 7 wonders

M. Gillon et al. 2016-17, Nature
R. Luger et al. 2017, Nature AstronomyNASA JPL Artist view





DIFFERENCES BETWEEN PLANETS ORBITING 
SUN-LIKE STARS VS LATE M-STARS 



#1 Tidal locking / Synchronous rotation

DIFFERENCES BETWEEN PLANETS ORBITING 
SUN-LIKE STARS VS LATE M-STARS 

May not be accurate if:
- Strong atmospheric tides
(Leconte et al. 2015)
- High eccentricity
(Makarov 2012, Ribas et al. 2016)
- Strong planet-planet interactions
(Vinson et al. 2019)



#2 Runaway greenhouse during the Pre Main Sequence phase of the host star

Adapted from
Bolmont et al. 2017, 

MNRAS

Modeled luminosity of 
TRAPPIST-1

DIFFERENCES BETWEEN PLANETS ORBITING 
SUN-LIKE STARS VS LATE M-STARS 



#3 Large X/EUV-driven atmospheric escape

Ribas et al. 2017, A&A

Proxima Centauri 
spectrum, based on 

multiple observations

DIFFERENCES BETWEEN PLANETS ORBITING 
SUN-LIKE STARS VS LATE M-STARS 



VOLATILE-POOR PLANET ENDS UP
COMPLETELY DRY AIRLESS PLANET

VOLATILE-RICH PLANET 
REMAINS VOLATILE-RICH



Tian & Ida 2015

LOW MASS 
STAR

SUN-LIKE 
STAR

Venus H2O 
content

Earth H2O 
content



Tian & Ida 2015

Outgassing 
after the PMS

LOW MASS 
STAR

SUN-LIKE 
STAR



FOUR MAIN POSSIBLE SCENARIOS

Dry, airless planet
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FOUR MAIN POSSIBLE SCENARIOS

??

Dry, airless planet Volatile-rich, 
(e.g. water-rich) planet

Known unknowns (H2-rich 
planet? He-rich planet? Etc.) 
and unknown unknowns

Dry, airless planet 
replenished with 
volatile delivery and 
volcanic outgassing 
after PMS 



1) Dynamical Core to 
compute large scale  
atmospheric motions 

and transport

THE LMD GENERIC GCM

2) Radiative transfer 
through gas and 

aerosols3) Subgrid-scale 
dynamics: Turbulence 
and convection in the 

boundary layer

4) Surface and subsurface 
thermal balance 

5) Volatile condensation 
on the surface and in 
the atmosphere 

6) Photochemical hazes 
and lifted aerosols



Turbet et al. 2016, 2018

Example of a 3D Global Climate Model simulation of a tidally-
locked terrestrial aquaplanet orbiting around a low mass star

Made with the LMD Generic GCM



Made with the LMD Generic GCM

Example of a 3D Global Climate Model simulation of a tidally-
locked terrestrial land planet orbiting around a low mass star

Turbet et al. 2016, 2018



FOUR MAIN POSSIBLE SCENARIOS

??

Dry, airless planet Volatile-rich, 
(e.g. water-rich) planet

Known unknowns (H2-rich 
planet? He-rich planet? Etc.) 
and unknown unknowns

Dry, airless planet 
replenished with 
volatile delivery and 
volcanic outgassing 
after PMS 



POSSIBLE CLIMATES  OF A« TYPICAL » 
TEMPERATE PLANET AROUND M-STAR

(here diagrams are for Proxima b / TRAPPIST-1e)

Turbet et al. 2016, A&A
Turbet et al. 2018, A&A



SYNCHRONOUS ROTATION   (Proxima b / TRAPPIST-1e)

Turbet et al. 2016, A&A
Turbet et al. 2018, A&A 26



27Turbet et al. 2016, A&A
Turbet et al. 2018, A&A
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28Turbet et al. 2016, A&A
Turbet et al. 2018, A&A
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29Turbet et al. 2016, A&A
Turbet et al. 2018, A&A
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30Turbet et al. 2016, A&A
Turbet et al. 2018, A&A
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Liquid water production at the 
edge of nightside glaciers



Artist’s view (Credit: Beau.TheConsortium)



34Turbet et al. 2016, A&A
Turbet et al. 2018, A&A
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35Turbet et al. 2016, A&A
Turbet et al. 2018, A&A
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36Turbet et al. 2016, A&A
Turbet et al. 2018, A&A
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37Turbet et al. 2016, A&A
Turbet et al. 2018, A&A
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SURFACE TEMPERATURES OF PROXIMA B

Turbet et al. 2016, A&A.
Turbet et al. 2018, A&A



44Turbet et al. 2016, A&A
Turbet et al. 2018, A&A
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SYNCHRONOUS ROTATION   (Proxima b / TRAPPIST-1e)



Trappist Habitable Atmospheres Intercomparison (THAI) project

LMD-G

Reflected stellar radiation

24
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Ts
Mea
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22

ROCKE-3D

Outgoing thermal radiation

LMD-G

CAM

ROCKE-3D

UM Met Office

UM Met Office

Fauchez, Turbet 
et al. 2020

TRAPPIST-1e
Present day

Earth
atmosphere, 
aquaplanet

CAM



47Turbet et al. 2016, A&A
Turbet et al. 2018, A&A
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SYNCHRONOUS ROTATION   (Proxima b / TRAPPIST-1e)

Turbet et al. 2016, A&A
Turbet et al. 2018, A&A 48



DIRECT IMAGING AND 
HRHC TECHNIQUE

THERMAL PHASE CURVE 
AND SECONDARY ECLIPSE

DENSITY MEASUREMENTS

TRANSMISSION SPECTROSCOPY



MASS/RADIUS OF TRAPPIST-1 PLANETS

Grimm et al. 2018
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MASS/RADIUS OF TRAPPIST-1 PLANETS

Turbet et al. 2020a

d

h

e

f

b

c

g



MASS/RADIUS OF TRAPPIST-1 PLANETS

d

h

e

f

b

c

g



MASS/RADIUS OF TRAPPIST-1 PLANETS

Grimm et al. 2018
Agol et al., in prep
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MASS/RADIUS OF TRAPPIST-1 PLANETS

Agol et al., in prep
Turbet et al. 2020b
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MASS/RADIUS OF TRAPPIST-1 PLANETS
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MASS/RADIUS OF TRAPPIST-1 PLANETS
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MASS/RADIUS OF TRAPPIST-1 PLANETS
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NASA GSFC

TRANSIT SPECTROSCOPY 



Turbet et al. 2020b

Based on the work of 
De Wit et al. 2016, 2018
Gillon et al. 2017
Delrez et al. 2018
Ducrot et al. 2018, 2020

TRANSMISSION SPECTRA 
OF TRAPPIST-1 PLANETS



TRAPPIST-1
planets

James Webb 
Space Telescope





TRAPPIST-1e
Modern Earth-like atmosphere

Fauchez, Turbet et al. 2019



Flat!

TRAPPIST-1e
Modern Earth-like atmosphere

Fauchez, Turbet et al. 2019



TRANSMISSION SPECTROSCOPY 
FOR TRAPPIST-1 PLANETS WITH JWST

Wavelength (microns) Wavelength (microns)

Fauchez, Turbet et al. 2019



Detectability (SNR > 5)

Visibility thresholds

Fauchez, Turbet et al. 2019



SECONDARY ECLIPSES WITH JWST IN 2021+

Morley et al. 2017
Lincowski et al. 2018
Lustig-Yaeger et al. 2019
Fauchez et al. 2019
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THERMAL EMISSION SPECTRUM DURING SECONDARY ECLIPSE

TRAPPIST-1b with 90bar CO2 atmosphere
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THERMAL EMISSION SPECTRUM DURING SECONDARY ECLIPSE

TRAPPIST-1b with 90bar CO2 atmosphere
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THERMAL EMISSION SPECTRUM DURING SECONDARY ECLIPSE

TRAPPIST-1b with 90bar CO2 atmosphere
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THERMAL EMISSION SPECTRUM DURING SECONDARY ECLIPSE

TRAPPIST-1b with 90bar CO2 atmosphere
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THERMAL EMISSION SPECTRUM DURING SECONDARY ECLIPSE

TRAPPIST-1b with 90bar CO2 atmosphere
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THERMAL EMISSION SPECTRUM DURING SECONDARY ECLIPSE

TRAPPIST-1b with 90bar CO2 atmosphere
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THERMAL EMISSION SPECTRUM DURING SECONDARY ECLIPSE

TRAPPIST-1b with 90bar CO2 atmosphere
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THE AILES FOURIER TRANSFORM SPECTROSCOPY 
EXPERIMENTAL SETUP Turbet et al. 2019b, 2020c

Tran, Turbet et al. 2018, 2019
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FTS MEASUREMENTS OF CONTINUUM ABSORPTION 
IN CO2-RICH ATMOSPHERES
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THE CAVITY RING DOWN SPECTROSCOPY (CRDS) 
GRENOBLE EXPERIMENTAL SETUP

Threshold

Frequency scan

Laser OFFLaser ON

COMPLEAT Project – Credit: D. Mondelain and A. Campargue



DIRECT IMAGING WITH E-ELT IN 2030+
(or maybe - and hopefully ! – before using the HCHR technique)

Turbet et al. 2016
Meadows et al. 2016
Lovis et al. 2017
Boutle et al. 2017



Direct imaging of Proxima b 
using the European “Extremely 
large telescope” (E-ELT)

(diameter 39 m ; 2024+)



SYNTHETIC SPECTRA FOR DIRECT IMAGING OF PROXIMA B

Turbet et al. 2016, A&A

Synchronous rotation mode and 
Earth-like oceans/atmosphereH2O

H2O
+

CO2

H2O
+

CO2

H2O





DIRECT IMAGING OF PROXIMA B ON THE VLT?!
Lovis et al. 2017

High-contrast High-resolution technique

RISTRETTO
(high-resolution spectrograph) and

Snellen et al. 2015

SPHERE or other imager



USING HIGH-RESOLUTION 
TO FURTHER REDUCE THE PLANET/STAR CONTRAST



HIGH-RESOLUTION SPECTRA 
OF PROXIMA (the star) AND PROXIMA B

Lovis et al. 2017



DETECTABILITY OF 
PROXIMA B IN REFLECTED LIGHT

Lovis et al. 2017
Based on Turbet et al. 2016

SNR=5

dry planet with CO2 atmosphere

synchronous Earth-like planet

Earth- like planet in 3:2 resonanceVenus-like atmosphere
with aerosols


