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Warm 
Neptunes

Hot super-
Earths

Detected exo-atmospheres : Now 

Hot Jupiters 19 chemical species in 35 different 
atmospheres
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63 planets in JWST cycle 1 
As many planets with planned high resolution obs.  
More planets this year than has ever been observed by 
Hubble and Spitzer !  

Warm 
Neptunes

Hot super-
Earths

Hot Jupiters

Detected exo-atmospheres : in 10 years 
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63 planets in JWST cycle 1 
As many planets with planned high resolution obs.  
More planets this year than has ever been observed by 
Hubble and Spitzer !  

Warm 
Neptunes

Hot super-
Earths

Hot Jupiters

Detected exo-atmospheres : in 10 years 

Most likely  
tidally locked



 What a hot Jupiter really look like. 

Rayleigh scattering 
and alkali absorption 

makes clear sky 
deep blue

Reflecting 
clouds on the 

west part of the 
atmosphere

Thermal 
emission 

leaking into 
the optical



 What a hot Jupiter really look like. 

Rayleigh scattering 
and alkali absorption 

makes clear sky 
deep blue

Reflecting 
clouds on the 

west part of the 
atmosphere

Thermal 
emission 

leaking into 
the optical

During eclipse and  
transit we see 
a mix of varied:  
— cloudiness 
— temperature 
— chemistry 

RGB (105,77,94)

best match : eggplant purple




 



 Dynamics equations



 

Rossby Number
Compares 

advection and 
Coriolis term

Large Rossby 

—> Geostrophic balance 


Small Rossby 

—> Coriolis small 


Non dimensional numbers



 



 

Rossby Number
Compares 

advection and 
Coriolis term

Large Rossby 

—> Geostrophic balance 


Small Rossby 

—> Coriolis small 


Deformation radius 
How far gravity waves  

propagate before being 
deflected by Coriolis ? 

Size of 
storms !

Non dimensional numbers



 



 

Rossby Number
Compares 

advection and 
Coriolis term

Large Rossby 

—> Geostrophic balance 


Small Rossby 

—> Coriolis small 


Deformation radius 
How far gravity waves  

propagate before being 
deflected by Coriolis ? 

Size of 
storms !

Rhines scale 
How big turbulent eddies 

become before being 
affected by Coriolis

Size of jets !

Non dimensional numbers



 



 

Jupiter — scaled 
(Young & Read 2017)

Hot Jupiter 
(Hammond & Abbot 2022)

Wavelength (km)



 

Jupiter — scaled 
(Young & Read 2017)

Hot Jupiter 
(Hammond & Abbot 2022)
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Wavelength (km)



 

Jupiter — scaled 
(Young & Read 2017)

Hot Jupiter 
(Hammond & Abbot 2022)

Wavelength (km)
Lrh Lrh



 



 

Usually valid but ….. because exoplanets can be crazy, they are sometimes borderline  ! 

Mainly planets for which the atmosphere is a significant part of their radius. 
See Mayne et al papers 



 General agreement of the *broad* features



 Equatorial superrotation in Hot Jupiters

Kelvin wave 

trapped at +/-Ld latitude 

Rossby wave 

at high latitude

Rossby wave 

at high latitude



 Equatorial superrotation in Hot Jupiters

F = mu × v

< F > = m < uv >

< F > = m < u > < v′ > + m < u′ v′ > + m < u > < v > + m < u′ > < v >

< F > = m < u′ v′ >

Kelvin wave 

trapped at +/-Ld latitude 

Rossby wave 

at high latitude

Rossby wave 

at high latitude

Flux of longitudinal momentum : 



 General agreement of the *broad* features



 Hot Spot shift

Hammond 
& Pierrehumbert 2018

Matsuno-Gill 

pattern 

Eastward 

jet formation

Shifted Matsuno-Gill 

pattern 

Hot spot shift



Thermal emission

Courtesy Tom Louden



Amplitude

Dayside 
temperature map

Dayside is ~ 900°C (1620°F) 
hotter than nightside 

Thermal emission

Courtesy Tom Louden



Offset of the maximum

Dayside 
temperature map

East hotter than west

Thermal emission

Courtesy Tom Louden



 

Qualitatively correct 


Quantitatively wrong



 

Qualitatively correct 


Quantitatively wrong



 

Qualitative behaviour ? 



 Radiative timescale 

F = 4σT3dT E = mcpdT =
P
g

cpdT

E
F

=



 Radiative timescale 

F = 4σT3dT E = mcpdT =
P
g

cpdT

E
F

=

This is valid at the photosphere only !



 



 



 



 

U



 

Helling et al. 2020



 

All hot Jupiters have 
roughly the same nightside 

temperature because of 
the strong temperature 

dependance of the 
radiative timescale to 

temperature ! 
And clouds help…. 

Parmentier et al. 2020



 Temperature and clouds of a Hot Jupiter with SPARC/MITgcm

Global Circulation Model : solves the primitive equation, Euler equation adapted to 
atmospheres

SPARC : solves the radiative energy balance with non-grey, molecular opacities

Parmentier+ in prep.



 

Qualitatively correct 


Quantitatively wrong



 

Qualitatively correct 


Quantitatively wrong



 

Dissipation ? 



 Numerical drag, essential for models ?

Current GCMs equilibrate the winds with 
the numerical drag… And so our wind speed is very uncertain ! 



 

Jupiter — scaled 
(Young & Read 2017)

Hot Jupiter 
(Hammond & Abbot 2022)

Wavelength (km)
Lrh Lrh



 When drag really goes away… 

Skinner et al. 2020

Very high spatial resolution  
—> Less numerical drag  !



 When drag really goes away… 

Observational limit on variability 

Skinner et al. 2020

Agol et al.

Very high spatial 
resolution models 

produces variability 
not seen in HJ !



 

Drag equivalent to  
10 GAUSS

No drag

Parameterizing drag 

Arcangeli et al. 2019



 Drag: exemple of WASP-18b

Arcangeli et al. 2019



 Parameterizing drag 

Komacek et al. 2016



 Parameterizing drag 

Parmentier & Crossfield 2018



 Physical sources of drag

Hydrodynamical : shear instability, Kelvin-Helmoltz instabilities,  
shocks, wave-jet interactions   

Magnetic : Ohmic drag



 Shear & Kelvin Helmoltz instabilities 

Fromang 2018

Kelvin Helmoltz instabilities

Shear instabilities ?

connected to…



 Shear & Kelvin Helmoltz instabilities 

Fromang 2018

Beta plane approximation



 Shear & Kelvin Helmoltz instabilities 

incompressible approximation ?



 Hot Jupiters are conductive ! 



 Ideal MHD

Rogers 2017



 Ideal MHD : depends strongly on magnetic field strength !

Koll & Komacek

Works only for the 
very hot planets… 


unless B>100 Gauss



 

Qualitatively correct 


Quantitatively wrong

Magnetic drag ? 



 Ideal MHD

Rogers 2017

Jet

Restoring force 

Hindle et al. 2022



 Ideal MHD

Armstrong et al. 

Rogers et al. 

But… only 2 planets….  
Maybe instrument systematics 



 

Clouds ? 



 Clouds in HST/WFC3 ?

Deming et al. 2013 

H2O absorption feature

Expected Abundance

Cross-section

If water only is seen then the transmission spectrum is not sensitive (to order 0) to the 
water abundance

Lecavelier Des Etangs et al. 2008, 
Benneke+2012, Griffith+2014, Line+2016, 
Heng+2017

Deming et al. 2013 

Water absorption should 
look like this 
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WASP-43b

HAT-P-11b

XO-1b

HD 97658b

CoRoT-2b

H2O-detection reported
Non-H2O-detection reported

WFC3 modulation in scale heigh units
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Observed

WFC3 feature size in scale height

1:1

Iyer+2016

Clouds in HST/WFC3 ?

Abundance

Cross-section
Lecavelier Des Etangs et al. 2008, 
Benneke+2012, Griffith+2014, Line+2016, 
Heng+2017

If water only is seen then the transmission spectrum is not sensitive (to order 0) to the 
water abundance

Water absorption should 
look like this 

but it does not



 

Deming et al. 2013 

H2O

Clouds in HST/WFC3 ?

Deming et al. 2013 

Water absorption should 
look like this 

but it does not



 

Deming et al. 2013 

it is obscured by H2 
small water abundance 

it is obscured by clouds 
any water abundance 

molecular weight is large 
high water abundance 

There are partial clouds 
at the limb 

any water abundance 

H2

H2O

Clouds in HST/WFC3 ?

Deming et al. 2013 

Water absorption should 
look like this 

but it does not



 

Deming et al. 2013 

it is obscured by H2 
small water abundance 

it is obscured by clouds 
any water abundance 

molecular weight is large 
high water abundance 

There are partial clouds 
at the limb 

any water abundance 

H2O

Clouds in HST/WFC3 ?

Water absorption should 
look like this 

but it does not



 Clouds in GCMs naturally form spatial patterns ! 



 How to form partial clouds ?

(see also Charnay+2016)
Parmentier+ 2013, passive tracers

—Circulation driven partial clouds 
Probably always present,  

enhanced by radiative feedback ?

Lines+2018 radiatively active clouds
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See also: MacDonald+2016, Kempton+2018

Parmentier+2018

West limb at 
nightside 

temperature   
Cloudy

East limb at dayside 
temperature   
Cloudless

—Temperature driven partial clouds 
More important for hot & tidally locked

How to form partial clouds ?



 

Or a combination of both 

How to form partial clouds ?

Lee et al. 2016

Dayside reflected light of HD189733b with MnS as passive tracers SPARC/MITgcm

Mean particle sizes in HD189 
coupled microphysics GCM 
(see also Lines+2017)



 

Offset of the maximum

Dayside 
temperature map

East hotter than west

Courtesy Tom Louden
Thermal emission

Reflected light phase curve : 
negative offset

West cloudier than east
Reflected light Kepler-7b

Demory et al. 2013

Wavelength dependence of the phase curve
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Parmentier et al. 2016

Wavelength dependence of the phase curve
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Parmentier et al. 2016

Wavelength dependence of the phase curve

?



 Wavelength dependence of the phase curve
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Parmentier et al. 2016 Model: Teq=1900K
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Parmentier et al. 2016

Wavelength dependence of the phase curve



 Travel to your nearest Hot Jupiter

Parmentier et al. 2016

Equilibrium temperature

C
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Hot Jupiter daysides as seen by a human eye



 Travel to your nearest Hot Jupiter

Equilibrium temperature
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Large Teq: 
No clouds

Parmentier et al. 2016 Hot Jupiter daysides as seen by a human eye



 Travel to your nearest Hot Jupiter

Equilibrium temperature
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Fully cloudy

Parmentier et al. 2016 Hot Jupiter daysides as seen by a human eye
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Equilibrium temperature
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No clouds

Small Teq:  
Fully cloudy

Observations:
partially cloudy

Parmentier et al. 2016 Hot Jupiter daysides as seen by a human eye
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Parmentier et al. 2016 Hot Jupiter daysides as seen by a human eye



 Travel to your nearest Hot Jupiter

Equilibrium temperature

C
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Large Teq: 
No clouds

Small Teq:  
Fully cloudy

Observations:
partially cloudy

Parmentier et al. 2016 Hot Jupiter daysides as seen by a human eye

Na2S

MnS

Silicates

Al2O3 
Fe 

CaTiO3



 A temperature dependent cloud composition ?
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Parmentier et al. 2016



How nightside clouds affect the circulation ?

Clear atmosphere

Parmentier et al. 2020



How nightside clouds affect the circulation ?

Nightside clouds

Clear atmosphere

MnS  
optical properties  

& abundances 

Cloud base 200mbar

Well mixed vertically

Monosize

Parmentier et al. 2020



How nightside clouds affect the circulation ?

Nightside clouds

Clear atmosphere

Parmentier et al. 2020



How nightside clouds affect the circulation ?

Reduce day/
night  

temperature 
contrast

Does not 
affect hot 
spot shift

Nightside clouds

Clear atmosphere

Parmentier et al. 2020



How nightside clouds affect the thermal phase curve ?

Amplitude increased  
Phase offset reduced  

Parmentier et al. 2020



How nightside clouds affect the thermal phase curve ?

Amplitude increased  
Phase offset reduced  

Phase curve amplitude 
≠ day/night temperature 

contrast on isobars..

Phase curve offset ≠ 
hot spot position

Parmentier et al. 2020



Phase curves are not probing isobars ! 

Parmentier et al. 2022



 Clouds: when small changes have a big impact
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Parmentier & Crossfield. 2017

Inhomogeneous 
clouds allow 
theory and 

observations in 
better agreement

Hypothesis: 

Cloudy nights  
Clear sky days



 JWST will test this before the end of the year !
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To be observed before the end go the month ! 



 

Composition ? 



 Molecular dissociation for hot planets



 Molecular dissociation for hot planets



 

Thermal dissociation and condensation makes 3D chemical patterns ! 

Ultra-hot Jupiters: thermal dissociation

Parmentier+2018



 



 

Mansfield et al. 2020
Roth et al. 2020



 Modelling the high-resolution spectra of 3D exoplanets

Start of the transit:  
Hot part of leading limb

End of transit: 
Hot part of trailing limb 

dominates

Wardenier et al. 2021



 

Almost local 
wind speed 

measurement 
is now 

possible ! 


Measuring *local* wind speed

Wardenier et al. 2021



 Locally measured wind speed on WASP-76b ! 

Gandhi et al. 2022



 

Diversity of circulation ? 



 A diversity of parameters



 Modelling hot Jupiter’s population 

Alexander Roth in prep. 



 

Global Circulation Model : solves the primitive equation, Euler equation adapted to 
atmospheres

SPARC : solves the radiative energy balance with non-grey, molecular opacities

Parmentier+2020

Modelling hot Jupiter’s population 



 

« Redistribution factor » :  how hot is the dayside in terms of T^4 compared to full redistribution 

Modelling hot Jupiter’s population 



 

« Redistribution factor » :  how hot is the dayside in terms of T^4 compared to full redistribution 

Hotter planets are poorer at transporting heat  
But there is an enormous variability ! 

Modelling hot Jupiter’s population 



 



 



 Modelling hot Jupiter’s population 



 

S_H20  
Water index 

Mansfield+2020

Blackbody

Modelling hot Jupiter’s population 



 Modelling hot Jupiter’s population 

Blackbody

S_H20  
Water index 

Mansfield+2020



 Modelling hot Jupiter’s population 



 

Models with TiO/VO 
have inversions and 

S_H2O>0 
In chemical 

equilibrium TiO/VO 
condenses at 

~1600K

Modelling hot Jupiter’s population 



 

Models with TiO/VO 
have inversions and 

S_H2O>0 

Models without TiO/VO 
have no inversions and 

S_H2O<0 

In chemical 
equilibrium TiO/VO 

condenses at 
~1600K

Modelling hot Jupiter’s population 



 

Models with TiO/VO 
have inversions and 

S_H2O>0 

Models without TiO/VO 
have no inversions and 

S_H2O<0 

Water dissociation 
and H-, makes ultra-

hot Jupiters near 
blackbodies at 

1-2microns

In chemical 
equilibrium TiO/VO 

condenses at 
~1600K

Modelling hot Jupiter’s population 



 

Models with TiO/VO 
have inversions and 

S_H2O>0 

Models without TiO/VO 
have no inversions and 

S_H2O<0 

Water dissociation 
and H-, makes ultra-

hot Jupiters near 
blackbodies at 

1-2microns

In chemical 
equilibrium TiO/VO 

condenses at 
~1600K

The models are  
*avoiding*  
the data ! 

Modelling hot Jupiter’s population 



 

Guillot+ 2022 
PPVII chapter

A diversity of condensates ? 



 

 Condensed corner ?

Guillot+ 2022 
PPVII chapter

A diversity of condensates ? 



 

TiO abundance on the dayside of a hot Jupiter

with nightside condensation 

Condensation affects abundances



 

TiO abundance set by 
competition between 


— Settling on the nightside 

— Vertical mixing everywhere

If TiO is trapped in particles 
larger than a few microns, 

there won’t be enough on the 
dayside to form a thermal 

inversion 

TiO abundance on the 
planet dayside 

depends on detailed 
microphysics on the 

planet nightside ! 

Condensation affects abundances



 



Conclusions 

— Large scale day/night heating drive pressure gradient balanced by Coriolis 
(period)/ drag/ advection/wave transport. 


— Radiative cooling important affected by composition/clouds ! 


— Drag mechanisms unclear. Current models equilibrate with either numerical 
drag or parameterised drag 


— No good estimate of actual wind speed despite observations being able to 
measure them directly 


— Spatially varying clouds and composition can change observable. Phase 
curve offset to hot spot offset mapping not immediate ! Eclipse mapping 
solution ?  

— Data is becoming of very good quality, models needs to up their game !



