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Ultracool atmospheres (M dwarfs,  brown dwarfs) are 
complex — planetary atmospheres are more complex 

NASA
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(Sub-) stellar atmosphere modelling
★ independent Variables 

(minimal):

• effective temperature     Teff

• surface gravity      g(r) = GM/r2

• mass M or radius R or luminosity                     

L = 4 π R2 σ Teff
4 

• composition (“metallicity”)
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(Sub-) stellar atmosphere modelling

• convection   ➙  
  (micro-) turbulence & mixing

• rotation

• chemical peculiarities 
 
➙ self-contained and internally consistent structure in 1D
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(Ultra)cool Atmospheres — Molecular Bands

• Line strengths ➙	 gf, Abundances

• Line shapes

• Line numbers

• Line distribution

Importance of molecular bands dependent on

Bands with complex spectra 
(polyatomic molecules)              
produce strongest  blanketing effects.



transitions were taken from Smith et al. [140,141]. For the pentad, about 500 prior measurements [138] were used along
with approximately 3800 predicted values for gair, n, and d of the n3 transitions from Antony et al. [142]. Scaled
N2-broadening from Frankenberg et al. [132] were inserted from 5860 to 6184 cm!1 and a few hundred values for gair, were
entered between 5560 to 5860 cm!1 [143]. The value for the parameter n was set either to a default constant (0.75 below
5860 cm!1 or 0.85 above 5860 cm!1) unless direct measurements were available [143].

There are a number of ongoing and recent studies [143,144] which can further improve the near-IR parameters
(4800–7700 cm!1). It is expected that an interim update of this region and a new semi-empirical list of the octad will be
available within one year. Finally, the list described here is tailored for Earth remote sensing and will be inadequate to
interpret high-temperature spectra (e.g. [145]). More extensive calculation of weaker transitions and partition functions
[146] can be found at http://icb.u-bourgogne.fr/OMR/SMA/SHTDS. As usual, the predicted values beyond the range of
measurements are expected to become very inaccurate because of extensive rovibrational interactions.

Most of the parameters for the monodeuterated form of methane, CH3D, were retained from HITRAN2004. For the 2008
modifications, the positions and intensities of the far-IR (rotational) transitions were replaced with improved predictions,
and a total of nine new bands were added at three different wavelengths (8, 2.9 and 1.56mm). The far-IR prediction, based
on the frequency analysis of Lattanzi et al. [147], was obtained from the JPL and Cologne Molecular Spectroscopy databases
[148,149]. Because 13CH3D was detected in Titan’s atmosphere [150], this species was added to the database for the first
time. The prediction of the 13CH3D triad (n6, n3 and n5) near 8mm used a program written for C3v molecules by Tarrago and
Delaveau [151]. This prediction was based on the position analysis by Ulenikov et al. [152] and employed the transition-
moment parameters of the 12CH3D isotopologue from Brown et al. [153]. Six new 12CH3D vibrational bands were also added
in the near-IR, using the analyzed positions and line intensities of n2+n3, n2+n5, n2+n6, n3+2n6 and 3n6 at 2.9mm by Nikitin
et al. [154] and empirical measurements of 3n2 at 1.56mm reported by Boussin et al. [155]. The values for gair and gself were
generally obtained using empirical formulae obtained from 12CH3D triad measurements [1,156]. However, gair, gself, and d
values observed by Boussin et al. [155] were used for 3n2. The temperature dependence of the half-widths, n, was crudely
estimated in all bands using CH4 values averaged by J [1]. The new mid- and near-IR parameters are considered to be
preliminary and so rather conservative accuracies were set; this certainly indicates that additional laboratory and
theoretical studies are needed.

2.7. O2 (molecule 7)

The line positions, intensities, and pressure-broadening parameters (gair, gair, and d) of the oxygen A-band
(b1Sþg  X3S!g ) near 13100 cm!1 were modified for all three isotopologues (16O2, 16O18O, and 16O17O). The 16O2 line
positions and pressure shifts in HITRAN2004 in this region were replaced with values from Robichaud et al. [157] and
intensities and the self- and air-broadened half-widths from Robichaud et al. [158]; these measurements obtained for the P
branch using cavity ringdown spectroscopy [159] were extrapolated to the R branch. The value of the temperature

ARTICLE IN PRESS

Fig. 2. Polyad energy-level structure for 12CH4.

L.S. Rothman et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 110 (2009) 533–572542
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Molecular Bands — Methane
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Molecular line blanketing: Methane
• 30 Mio. lines computed with the STDS program 

 (Université de Bourgogne) — 2013 update: 80 Mio.

• Vibrational and rotational states up to ~ 8000 cm-1

• Completeness: ~50% (mid-IR) - 10% (H-band) - 0% (Y/J) 
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Non-equilibrium Chemistry

• Nitrogen- and Carbon chemistry is inhibited by slow reaction steps  
breaking up the C=O and N≡N bonds:

• N2  ⟷ NH3 : limited by N2 + H2 ⇌ 2 NH  

K = 8.45 x 10-8 x e(-8151/T)     (Lewis & Prinn 1980)

• CO ⟷ CH4 : limited by H2 +CH3O ⇌ CH3OH + H  

K = 1.77 x 10-22 x T-3.09 e(-3055/T)     (Visscher, Moses & Saslow 2010)

• CO ⟷ CO2 : limited by CO + H2O ⇌ CO2 + H2  

K = 6.44 x 103 x T-3.09 e(33889/T)     (Graven & Long 1954)
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Model atmospheres — molecular opacity
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Turbulence & Mixing in Cool 

• τmix = Hp/v  or   D = v⋅Hp    to be compared to

• dust formation and sedimentation timescales



  CO5BOLD 2D-Hydrodynamic Simulation of       1600 K L dwarf atmosphere
with Forsterite (Mg2SiO4) cloud model

Freytag et al. 2010
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Mixing and Diffusion - a closer Look

convective 
overshoot and 
gravity wave 

excitation 
dominant in  

brown dwarfs

Freytag et al. 2010
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Chemistry across the L-T transition

• Change in carbon chemistry   -    CO- to CH4-dominated

• Reaction rates matter!
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Chemistry across the L-T transition

• Change in carbon chemistry   -    CO- to CH4-dominated

• Reaction rates matter!
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Chemistry across the L-T transition

• Change in carbon chemistry   -    CO- to CH4-dominated

• Reaction rates matter!

King      
et al.  
2010
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Molecular Line Profiles
• Molecular line data for stellar atmosphere calculations:

• Extensive data available from spectroscopy line lists (HITRAN 
and others)

• Often damping widths and shifts included, sometimes 
temperature dependence

• Challenges:

• Most data for Earth and outer planets' atmosphere studies 
  ➙ line lists complete only at 296 K 
  ➙ damping constants at low temperatures

• Most experimental measurements for N2 and O2 as perturbers

• Generalisation for large theoretical line lists required
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0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

F
�

⇥1012

�4

�3

�2

�1

0

1

2

3

�
l
(e

V
)

Luhman 16B



Derek Homeier   Mixing in Substellar Atmospheres    Exoplanetary Atmospheres and Habitability   Nice, 12 Oct. 2015 
2015

Spectral Shapes of Cool Atmospheres
M-L-T-(Y?)-dwarfs

• Effects of dust and transition from CO- to CH4-chemistry 
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Condensation

• cloud opacity changes spectral energy distribution

• depletion changes gas phase composition ➙ changes spectra as well

King et al. 2010
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Condensation

•depletion and accurate broadening theory important  
— Allard et al. in prep.

7000 8000 9000 10000 11000 12000 13000

� (Å)
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Modeling the atmospheric circulation of super Earth GJ 1214b
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Summary 
•  We present three-dimensional circulation models 

coupled with non-grey radiative transfer for GJ 1214b, a 
super Earth detected by the MEarth survey [1] 

•  We compare atmospheric compositions with low (i.e., 
hydrogen-dominated) and high (water-dominated) mean-
molecular weights  

•  We find that differences in circulation and temperature 
structure yield observable differences in emergent flux 
spectra and lightcurves with orbital phase 

•  Therefore, we suggest more observations at and near 
secondary eclipse to constrain atmospheric composition 

Background and Motivation 
•  Follow-up observations of GJ 1214b in transmission favor a mostly flat 

spectrum, consistent with multiple compositions (e.g.,[2-9], Fig. 1) 
•  Atmosphere could be have a high mean-molecular weight (MMW), e.g. 

water-dominated 
•  Could also be hydrogen-dominated (solar or enhanced metallicity) with 

clouds or hazes with various particle size and altitudes (e.g 10) 
Atmospheric composition will have implications for global temperature 

structure and circulation 
How do we break the degeneracy in atmospheric composition? 
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Theoretical lightcurves and spectra 
•  50x solar atmosphere has very little flux variation with orbital phase at 

most wavelengths (Fig 3 and 4, left panels) 
•  For water-dominated atmosphere, differences in flux variation inside and 

outside water wavelength bands 
! Within water bands, observations probe lower pressures, larger day-

night temperature variations, yielding larger variations with orbital 
phase (Fig 3-5, bands b, d, e and f) 

! Outside of water bands, observations probe higher pressures, hence 
small flux variations with orbital phase (Fig 3-5, bands a and c) 

•  Can therefore break the degeneracy in determining atmospheric 
composition of GJ 1214b by observing planet in emission 

 
 

 
 
 

Simulation details 
•  Assume observed system parameters of GJ1214 A/b  
•  Horizontal resolution of C32 (�64×128 in latitude and longitude) 
•  Vertical pressure range from 200 bar to 20 μbar split into 76 or 40 levels 

with even log spacing 
•  Planet is assumed to synchronously rotate its host star 
•  Model atmospheric compositions of 1×, 30x, 50x solar (H2-dominated), 

99% CO2/1% H2O, and 99% H2O/1% CO2 and 50% CO2/50% H2O  

Model Setup  
Substellar Planetary Atmospheric and Radiation Circulation (SPARC) 
Model  
•  Couples MITgcm with radiative transfer model developed by [12] 

(see [11] for full description)  
•  MITgcm([13]) 

!  Solves 3D primitive equations  
! Cubed-sphere geometry 

•  Radiative Transfer ([12])  
! Adapted from multi-stream RT  
    model by Marley and McKay (1999) 
!  Plane-parallel, two-stream 
! Opacities binned using correlated-k method [14]  

 

Circulation and Temperature Structure 
•  For both H2- and H2O-dominated atmospheres, the circulation is dominated by 

eastward jets at the midlatitudes and the equator with peak speeds > ~1 km/s 
(Fig 2) 

•  However, the changes in opacity and composition yield differences in the 
magnitude/extent of jets and the global temperature structure  
!  Shallower atmospheric heating associated with increased opacity lead to 

shallower jets in the 50x solar case, where day-night forcing is larger 
!  Stronger day-night forcing implies stronger superrotation and hence, 

magnitude of equatorial jet in 50x solar case greater than 1x solar case (Fig 2, 
top row) 

!  Both hydrogen-dominated atmospheres have smaller day/night temperature 
variations (~50 K) than water-dominated atmosphere (~100s K), particularly 
at photospheric levels (Fig 2, bottom row) 

 
 

GJ 1214 A/B [1] 
Stellar Parameters 
Stellar type =  M 
MS = 0.153 MSun 
RS = 0.21 RSun 
Teff = 2949 K 

Planetary Parameters 
RP = 0.245 RJ, 2.7 RE 
a = 0.0143 AU 
Torb = 1.58 d 
g = 8.93 m s-2 

synchronous rotation 
 
 
 

Figure 4: Emergent flux density as a function of wavelength for a 50x solar (right column) and water-
dominated (right column) atmosphere at six orbital phases: transit, when night- side is visible (black 

line); 60� after transit (red line); 120� after transit (green); secondary eclipse, when the dayside is 
visible (dark blue); 60� after secondary eclipse (light blue); and 120� after secondary eclipse 

(magenta). These phases are illustrated in the inset figure, shown in the bottom right of each panel. 
Black horizontal lines indicate the wavelength bands chosen for lightcurves plotted in Figure 5. [15] 

 

Figure 2: Top row: Zonal-mean zonal wind averaged over a full orbit for 1x solar (left column), 50x solar 
(middle column) and water-dominated (right column) atmospheric compositions.  Zonal-mean 

isentropes are overplotted in red. Middle row: Wind and temperature profiles at 1mbar for each 
atmospheric composition.  The black line denotes the longitude of the substellar point.  Bottom row: 

wind/temperature profiles at 30 mbar, approximately the level of the IR photosphere.  [15] 

Figure 1: Summary of previous transit 
observations of GJ 1214b. [5] 

Figure 6: τ=1 pressure level as a  function of wavelength for 50x solar and water-dominated 
compositions.  The colorscale denotes a maximum day-night temperature, computed by taking 
the weighted-average temperature at each longitude band, then taking the difference between 

the maximum and minimum temperatures on the dayside and nightside, respectively. [15] 

Figure 5: Planet/star flux ratio as a function of orbital phase for the wavelength bands indicated 
in Fig 3.  An orbital phase of 0.0 denotes transit, while 0.5 denotes secondary eclipse.  [15] 
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Fig. 3. Comparisons of our results with the previous ob-
servational studies and the cloudless atmospheric models by
Miller-Ricci & Fortney (2010). The gray solid line represents
the water-dominated (vapor) atmosphere model, and the gray
dotted line does the hydrogen-dominated (Solar composition)
model. The upper figure shows 1-2.5 µm wavelength region
and the lower one does 0.6-4.5 µm region.

Rp/Rs,H=0.1146±0.0014,Rp/Rs,K=0.1158±0.0006, re-
spectively. Thus our radius ratios in JHKs bands are all
consistent with Bean et al. (2011) within a square-root of
sum of squares of both 1σ errors. Our radius ratios in
J and H bands are also in agreement with Berta et al.
(2012), who conducted spectro-photometry in the band-
pass between 1.1 and 1.7 µm using the Wide Field Camera
3 (WFC3) onboard the Hubble Space Telescope.
On the other hand, our radius ratio in Ks band appears

inconsistent with the previous measurements in the same
band by Croll et al. (2011) (Rp/Rs,Ks = 0.1199± 0.0008)
and de Mooij et al. (2012) (Rp/Rs,Ks = 0.1189± 0.0015).
Especially, our result (Rp/Rs,Ks =0.1146± 0.0010) differs
about 4σ (1σ here is a square-root of sum of squares of
both 1σ errors) from that by Croll et al. (2011). The
discrepancy cannot be explained by stellar flux variability
in Ks band (∆(Rp/Rs,Ks) ∼ 0.00057) nor 30% additional
systematic errors due to the fixed parameters. Thus we
do not confirm a deeper transit in Ks band and we have
no clear explanation for this discrepancy at this point in
time. Further transit observations in Ks band would be
necessary to solve this enigma.

5.3. Possible Origins of Water-Dominated Atmospheres

The investigation of planetary atmospheres provides
a crucial clue to learn the bulk composition of super-
Earths like GJ1214b, which also gives important con-
straints on formation processes of such planets. Only with
its measured mass and radius, we are unable to distinguish
whether GJ1214b is a rocky planet with a thick H/He at-
mosphere or a water-dominated atmosphere (Rogers &
Seager 2010; Nettelmann et al. 2011). Transmission spec-
troscopy is thus an important key to discriminate the at-
mospheric nature of transiting planets. As discussed ear-
lier, our finding as well as some of the previous studies
(e.g., Bean et al. 2011; Désert et al. 2011; Berta et al.
2012) support a possibility of a water-dominated atmo-
sphere for GJ1214b. Then, how can such atmospheres
form?
According to detailed modeling of the internal structure

by Nettelmann et al. (2011), however, two-layer models
(a water envelope on top of a rock core) which are con-
sistent with GJ1214’s age would have unreasonably high
water-to-rock ratio. To fix this problem, a small amount of
H/He, which accounts for several percent of the planet’s
total mass, must be incorporated in the water envelope
(see Figure 4 of Nettelmann et al. 2011). In other words,
GJ1214b is a Uranus/Neptune-like planet whose atmo-
sphere is heavily polluted by water.
Such properties of GJ1214b are qualitatively consistent

with recent theories of planet formation. GJ1214b is or-
biting close to its host star, in contrast to Uranus and
Neptune. Its current location was too hot for icy build-
ing blocks to exist in the proto-planetary disk where the
planet was born. Therefore, provided GJ1214b contains a
significant amount of water, it is reasonable to think that
the planet has experienced orbital migration.
One possible mechanism for migration is angular-

momentum exchange with the proto-planetary disk (i.e.,
the type-I migration; Ward 1986). Recent N -body simu-
lations of planetary accretion with the effect of the type-
I migration have demonstrated that water-rich proto-
planets of super-Earth-size can form in the vicinity of the
central star (Ogihara & Ida 2009). As the proto-planets
are embedded in the disk, they also capture the ambi-
ent H/He disk gas naturally. A proto-planet with mass
similar to that of GJ1214b can gain H/He atmosphere
comparable in mass with that predicted by Nettelmann
et al. (2011), although it depends on values of several pa-
rameters (Ikoma & Hori 2012). Then, bombardments of
smaller planetary embryos and/or other proto-planets rich
in water can heavily pollute the H/He atmosphere by wa-
ter during and after the migration.
Another possibility is that a Uranus/Neptune-like

planet that had formed beyond the snow line has migrated
by gravitational scattering or by long-term interaction
with outer gravitationally perturbing objects. Beyond the
snow line, icy planetesimals are sufficiently available for
polluting H/He atmospheres. Indeed, the metallicity of
the atmospheres of Uranus and Neptune are known to be
significantly super-solar (Hubbard et al. 1995), which sug-
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Vertical velocities 
Recent observations have shown that the transmission spectrum of GJ 1214b is 
extremely flat, ruling out a high-MMW atmosphere and most consistent with an 
atmosphere with clouds [16].  With particle terminal fall velocities in the ~1-10 m/s 
range, vertical velocities must be equal or greater in magnitude to keep these 
particles aloft.  Figure 3 plots the vertical velocities for a 50x solar atmosphere as a 
function of latitude and longitude at pressure levels of 10 mbar and 1 bar.  Peak 
velocities at these pressure levels exceed 20 and 1 m/s, respectively, suggesting it 
is possible to transport and maintain cloud condensates at low pressures.  

 
 

 
 
 

Figure 3: Vertical velocity (in ms-1) 
at 10 mbar (left) and 1 bar (right) 

for a 50x solar atmosphere, 
plotted as a function of latitude 

and longitude.   Positive 
(negative) values denote upward 
(downward) motion.  Note that 
each plot has an independent 

colorscale.   
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Exoplanets — Irradiation and Circulation

• General Circulation models predict vertical wind components
Kataria et al. 2014   GJ 1214b
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Mixing and Diffusion - a closer Look

convective 
overshoot and 
gravity wave 

excitation 
dominant in  

brown dwarfs
— but in planets 

too inefficient 
(Schwarzschild 

boundary @ τ ≳ 100  
 

 ➙ 

global circulation 
important! Freytag et al. 2010
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Clouds in Brown Dwarfs and Planets
240 K

➙ deep silicate 
clouds

water ice, 
ammonium 

hydrosulphide 
clouds  

➙

quenching of CO, 
NH3 in non-CE     

(cf. Visscher      
et al. 2010)➙

more vigorous 
mixing supports 

thicker and 
higher clouds, 
less depletion

Teff=260 K
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Clouds in Brown Dwarfs and Planets
240 K

Teff=260 K

modelling mixing 
based on 

extrapolation of 
RHD simulations 
+ GCM models

(Parmentier et al.
Kataria et al.)
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Clouds in Brown Dwarfs and Planets
240 K
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Clouds in hot Neptunes and super-Earths
240 K
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Clouds affect carbon/oxygen chemistry
240 K

WASP 43b

sequestration 
of oxygen in 
deep silicate 

clouds!

— cf. also talk 
by T. 

Kopytova 

➙

–0.1 dex O

1 x solar
10 x solar 
(dashed)
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Clouds in Brown Dwarfs and Planets
240 K
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Clouds in hot Neptunes and super-Earths
240 K GJ 436b transit models and WFC3 observations (Knutson et al. 2014)
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Conclusions

• Cloud modelling successful in brown dwarfs

• Impact also on measured gas phase composition and 
thermal structure (evolution boundary!)

• Peculiarities of planetary atmospheres (mixing, 
nucleation processes) yet to be consistently implemented

• For mature, irradiated planets connection to circulation 
models essential

NASA
Merci pour votre attention!


