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Case studies - examples for our own Solar System and beyond…

Course overview
What - and how - do we know about

the composition of planetary atmospheres?
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Planetary spectra
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From blackbody radiation…
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OpacitiesSpectroscopy and Composition 141

For a given electronic transition, the spectra consist of a series of bands, with 
each band corresponding to given values of υ″ and υ′, and to all possible values 
of J″  and  J′.  The selection rules determined by quantum mechanics indicate the 
numbers permitted for the transitions. The whole molecular spectra is formed by 
the vibration–rotation bands denoted as branches (O, P, Q, R, S) with peaks cor-
responding to transitions ΔJ = −2, −1, 0, +1, +2 and a band structure that depends on 
the rotational symmetry of the molecule. In Figure 3.19, we show schematically the 
energy level structure for a molecule and in Figures 3.20 and 3.21 the simulations 
of pure rotational and rotational–vibrational spectra, respectively. In Figures 3.22 
through 3.28, we present a selection of representative spectra at high spectral resolu-
tion to show the band structure (in absorption cold temperatures and in emission hot 
temperatures) in planetary atmospheres.

3.4.4 SPECIAL CASES

3.4.4.1 Overtones Bands
Anharmonic oscillations of the atoms in a molecule (large displacements that give 
rise to deviations from the harmonic oscillator) relax the selection rules for dipolar 
electric transitions to Δυ = ±2, ±3, …, and give rise to the so-called overtone bands 
for which |Δυ| > 1.

3.4.4.2 Inversion Bands
The inversion band of ammonia (a trigonal pyramidal molecule) observed in the 
microwave spectra is the most interesting case of inversion bands for planetary atmo-
spheres and occurs when the N-atom transits above and below the plane formed by 
the three hydrogen atoms (quantum mechanic tunnel effect). The vibration energy 

E Rotational
levels Eℓ

Rotational
levels Eℓ

Upper electronic
level Ee

Vibrational
levels Eυ

Vibrational
levels Eυ

Lower electronic
level Ee

ED
∆Ee

r
r0

Transition

FIGURE 3.19 Rotational and vibrational energy levels of a molecule associated to two elec-
tronic states. A transition between two rotovibrational levels is indicated.
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Opacities
Grimm et al. [2021]
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Opacities
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Opacities
Coles et al. [2019]



Observations
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Terrestrial planets
adapted from Hanel [1992]
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FIGURE 3.7 The re!ected spectra of Jupiter, Saturn, Titan, Uranus, and Neptune. 
Absorption bands due to methane are centered around the wavelengths 619 nm, 725 nm, 
890 nm, and 1.1 μm. (From Karkoschka, E., Icarus, 133, 134, 1998. With permission.)
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FIGURE 3.6 A detailed visible and near infrared spectrum of Jupiter. The thermal spec-
trum begins to dominate the re!ected one longward of about 3 μm. Data for the visible 
spectrum taken from Karkoschka (1998) and by Baines and Orton for the near infrared. 
(Courtesy of K. Baines.)
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CH4 absorption bands Karkoshka [1994]

Giant planets
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Saturn (compared to Jupiter) 
 

 

 
Fig. 5: Spectra of Jupiter and Saturn recorded with the IR interferometer of Voyager. 

 

Qu.) What are some key differences and similarities between these spectra? 

 

 

 

 

 

 

 

 

 

Qu.) Why do we see abundant NH3 absorption in Jupiter’s spectrum at 850-1000 cm-

1 (11.8-10 microns) but not in Saturn’s spectrum? Instead we see PH3. (Hint: vapor 

pressure). 

 

 

 

 

 

 

 

 

Qu.) Are there CH4 clouds in the stratospheres of Jupiter or Saturn? 
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6 Chapitre 1. L’atmosphère de Titan

Voyager 1/ IRIS (1980)
Latitude = 5° S

(Résolution : 4 cm   )

ISO/SWS (1997)
Disque

(Résolution : 0,5 cm  )

Cassini/CIRS (2004)
Latitudes = 4°-21° N

(Résolution : 0,5 cm  )
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Fig. 1.1: Spectres Voyager 1/IRIS (InfraRed Interferometer Spectrometer) (1980), ISO/SWS
(Infrared Space Observatory/Short Wavelength Spectrometer) (Janvier 1997) et Cassini/CIRS
(Composite InfraRed Spectrometer) dans la gamme 7-30 µm, présentés dans leurs résolutions
originelles. Les observations Voyager correspondent à un échantillon centré autour de 5°S de
latitude, les observations Cassini à une moyenne de 427 échantillons localisés entre 4°-21°N
alors que les observations ISO sont moyennées sur l’ensemble du disque (Coustenis et al. (2003);
Flasar et al. (2005)).

Titan
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Titan
Hörst et al. [2017]
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Origin of atmospheres
(in a nutshell)
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Burrows et al. [2001]

Elemental abundances
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Thermal structure
of the solar nebula.

(Albarède [2009])

Planet Formation
526

Figure 13.13 Flow chart of major reactions during fully equili-
brated cooling of solar nebula material from 2000 to 5 K. The 15
most abundant elements are listed across the top, and directly
beneath are the dominant gas species of each element at 2000 K.
The staircase curve separates gases from condensed phases.
(Barshay and Lewis 1976)

Figure 13.14 Thermochemical equilibrium stability !elds for con-
densed material in a solar composition medium. The species dia-
grammed are in primarily solid form below the lines and primarily
gaseous at higher temperatures. The dashed lines are estimated
temperature–pressure pro!les for the circumsolar and circumjo-
vian disks. (Prinn 1993)

oxide (Fe+ H2O → FeO+ H2) at ∼500 K. Reactions
between FeO and compounds like enstatite and forsterite
form olivines and pyroxenes of intermediate iron content
(e.g., (Mg, Fe)2SiO4; (Mg, Fe)SiO3).

Water plays an extremely important role below 500 K,
and condenses as pure water-ice at temperatures below

200K.Assuming equilibrium ismaintained, ammonia and
methane gas condense as hydrates and clathrates, respec-
tively (NH3·H2O, CH4·6H2O), at temperatures somewhat
lower than that at which ice condenses. At temperatures
of below ∼40 K, CH4- and Ar-ices form.

13.4.3.2 Disequilibrium Processes
Reactions such as CO+ 3H2 → CH4 + H2O, N2 + 3H2

→ 2NH3, and the formation of hydrated silicates are ther-
modynamically favored at low temperatures, but they have
high activation energies. Such reactions are kinetically
inhibited because they take a very long time to reach
equilibrium, longer than nebular evolution allows. (These
reactions are more likely to proceed to equilibrium at the
higher densities believed to characterize circumplanetary
nebulae.) As equilibrium cannot be assumed, the conden-
sation sequence at low temperatures is quite uncertain. If
equilibrium ismaintained, water vapor reacts with olivines
and pyroxenes to form hydrated silicates (e.g., serpentine
Mg6Si4O10(OH)8, talc Mg3Si4O10(OH)2) and hydroxides
(e.g., brucite Mg(OH)2). Although hydrated silicates are
plentiful in some meteorites (§8.5), most of the hydrated
silicates seen in meteorites appear to have formed by ice-
bearing asteroids after accretion, rather than by hydration
reactions within the protoplanetary disk. The ‘nonequilib-
rium’ species CO and N2 can form clathrates with water-
ice below ∼60 K, and they can be physically ‘trapped’ in
water-ice if it is cold enough. At T ! 25 K, CO and N2

condense into ice.
The time required to reach equilibrium at the low gas

densities (ρ ! 10−9 g cm−3) and low temperatures of outer
regions characteristic of protoplanetary disks is likely
longer than cooling and condensation times, andmay even
exceed the lifetime of the disk. Thus, many chemical reac-
tions may be kinetically inhibited from reaching (or even
closely approaching) equilibrium, and the chemistry in
the outer nebula depends on the kinetics of the reactions
involving interstellar medium constituents. At the onset of
gravitational collapse, roughly 40% of the carbon in the
interstellarmedium is in the formof dust and∼10% is con-
tained in PAHs (polycyclic aromatic hydrocarbons), while
most of the gas-phase C is in the form of CO molecules.
The interstellar nitrogen is expected to be gaseous N2, but
a significant fraction of the nitrogen is also present as NH3.
It is feasible that CO andN2 in the cold outer regions of the
protoplanetary disk never converted to CH4 and NH3, and
similarly it may be possible that interstellar grains never
evaporated. Thus, NH3 and CH4 in cometary ices might
be of interstellar origin.

We have seen in §8.7, §10.3, and §10.4 that the D/H
ratio� in�meteorites� and� comets� is�much� higher� than� the�
protosolar�value,�as�is�the���N/��N�ratio�in�meteorites.�The

Condensation sequence of most abundant elements
in the solar nebula.

(Barshay and Lewis [1976])

Temperature and condensation
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Oberg et al. [2011]

C/O ratio
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Figure 2.1 shows the enrichment factors of the heavy 
elements and He in the atmospheres of Saturn and 
Jupiter relative to their protosolar values (all ratioed to 
H). Here we use Asplund et al. (2009) compilation of 
photospheric elemental abundances (their table 1), as 
they represent an improvement over previous 
conventional standards (e.g. Anders and Grevesse, 
1989; Grevesse et al., 2005, 2007) and result from the 
use of 3D hydrodynamic model of the solar 
atmosphere, nonlocal thermodynamic equilibrium 
effects, and improved atomic and molecular data. The 
photospheric values are then converted to protosolar 
elemental abundance (see table footnote). The latter 
account for the effects of diffusion at the bottom of the 
convective zone on the chemical composition of the 
photosphere, together with the effects of gravitational 
settling and radiative accelerations. According to 
Asplund et al. (2009), the protosolar metal abundances 
relative to hydrogen can be obtained from the present 
day values increased by +0.04 dex, i.e. ~11%, with an 
uncertainty of ±0.01 dex; the effect of diffusion on He 

is very slightly larger: +0.05 dex (±0.01). Lodders et al. 
(2009) suggest a slightly larger correction of +0.061 
dex for He and +0.053 dex for all other elements. 
Previously, Grevesse et al. (2005, 2007) used the same 
protosolar correction of +0.05 dex for all elements (dex 
stands for “decimal exponent”, so that 1 dex=10; it is a 
commonly used unit in astrophysics). 
 
Figure 2.1 is based on protosolar correction to Asplund 
et al. (2009) photospheric abundances, while Table 2.1 
lists planetary elemental enrichment factors also for 
Lodders et al. (2009) protosolar values. Whereas the 
difference between the enrichment factors based on 
Asplund et al. and Lodders et al. values is at most 10-
15% for most elements, Asplund et al. estimate nearly 
30% greater enrichment for Ar/H compared to Lodders 
et al. (Table 2.1). 
 
The difference in Jupiter’s Ar enrichment factors based 
on Asplund et al. (2009) and Lodders et al. (2009) can 
be traced back largely to the choice of O/H employed 

Figure 2.1. Abundances of key elements in the atmospheres of Saturn (brown dots, and label S) and Jupiter (black squares) 
relative to protosolar values derived from the present-day photospheric values of Asplund et al. (2009). Only C/H is presently 
determined for Uranus and Neptune, though poorly; its best estimate from earth-based observations is shown. The values are 
listed in Table 2.1. All values are ratioed to H (multiply by 2 for ratio to H2). Direct gravitational capture would result in solar 
composition, i.e. no volatile enrichment, hence they would all fall on the horizontal line (normalized to solar) in the middle of the 
figure. Only He, C, N, S and P have been determined for Saturn, but only C/H is robust for the well-mixed atmosphere (see text). 
The Jupiter values are from the Galileo probe mass spectrometer (GPMS), except for N/H that was measured by both the GPMS 
[J(M)] and from attenuation of the probe radio signal through the atmosphere [J(R)]. For Ar, enrichments using both Asplund et 
al. [J(A)] and Lodders et al. [J(L)] solar values are shown. O/H is sub-solar in the very dry entry site of the Galileo Probe at 
Jupiter, but was still on the rise at the deepest level probed. Helium is depleted in the shallow troposphere due to condensation 
and differentiation in the planetary interior. Ne was also depleted in Jupiter as neon vapor dissolves in helium droplets. 
 

adapted from Atreya et al. [2016]

Atmospheres of giant planets
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Krissansen-Totton and Fortney [2022]

Atmospheres of terrestrial planets
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Three planetary classes to rule them all ?

Atmospheres of the Solar System
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Other planetary systems contain planets
very different from ours (hot Jupiters, super-Earths, mini-Neptunes, iron planets. . .)

Exo-atmospheres
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https://exoplanetarchive.ipac.caltech.edu



Chemical diversity of
planetary atmospheres
Eric Hébrard

Exo-atmospheres
Credits: Vivien Parmentier, @V_Parmentier
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Gao et al. [2021]

  H2O(g) ⟶  H2O(s,l)
  2Mg(g) + 3H2O(g) + SiO(g) ⟶  Mg2SiO4(s,l) + 3H2(g)

Exo-atmospheres
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Exo-atmospheres
Marley and Robinson [2015]
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How to explain the deviations from chemical composition observed in planetary atmospheres?
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How to explain the deviations from chemical composition observed in planetary atmospheres?

Temperature
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Elemental composition

Chemical 
Equilibrium Dynamics
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Photochemistry



Chemical diversity of
planetary atmospheres
Eric Hébrard

Distance along reaction coordinate

Po
te

nt
ial

 e
ne

rg
y

A + BC
reactants

ABC#

A + BC
products

Endothermic reaction Exothermic reaction

for spontaneous reaction

Thermodynamics
Can a reaction occur ?
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Unimolecular : 1 molecule falls apart
A → products

Rate : _________
Rate constant unit : s-1

Bimolecular : 2 molecules collide and react
A + B → C + D

Rate : _____________________________
Rate constant unit : cm3 molecule-1 s-1

Termolecular : 3 molecules collide “simultaneously” and react
A + B + M → AB + M

Rate : ___________________________
Rate constant unit : cm6 molecule-2 s-1

General form : aA + bB → cC + dD Rate :                                                 (molecule cm-3 s-1)  

Ele
m

en
ta

ry
 re

ac
tio

ns
Thermodynamics

How fast does a reaction occur ?
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Half-life = t1/2 = time for concentration of species to fall to 1/2 present value
Natural lifetime = “lifetime” = τ = time for concentration of species to fall to 1/e of present value

Note that lifetime of species does not depend on its own concentration

Unimolecular : 1 molecule falls apart
A → products

Bimolecular : 2 molecules collide and react
A + B → C + D

Termolecular : 3 molecules collide “simultaneously” and react
A + B + M → AB + M

Half-lives and lifetimes
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Old CFC = CFC-11 = CFCl3
New(ish) HCFC = HCFC-21 = CHFCl2

Assumptions:
(1) Lifetimes determined by reaction with hydroxyl radical (OH)

(2) Typical concentration of OH in troposphere : [OH] ~ 1 x 106 molecule cm-3

(3) Rate coefficients at room temperature :
kCFC-11 < 5.0 x 10-18 cm3 molecule-1 s-1 and kHCFC-21 = 2.5 x 10-14 cm3 molecule-1 s-1

Lifetimes :
τCFC-11 = 1 / k[OH] = 1 / (5.0x10-18 x 106) = 2x1011 s = 6340 years
τHCFC-21 = 1 / k[OH] = 1 / (2.5x10-14 x 106) = 4x107 s = 1.2 years

Half-lives and lifetimes
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Collision theory
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A + BC ⇄ ABC# → AB + C
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Transition State Theory
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Species Dissociation energy threshold
(eV)

Dissociation wavelength threshold
(nm)

CO 11.11 111.6

N2 9.76 127.0

CO2 5.46 227.0

O2 5.12 242.1

H2O 5.12 242.1

H2 4.48 276.7

CH4 4.45 278.5

NH3 3.9 317.8

Dissociation limit
Continuum  

Photodissociation
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A + hν → B + C

Rate :                                            (molecule cm-3 s-1)  

Photolysis rate (s-1)

σA(λ) – wavelength-dependent cross section of A (cm2 molecule-1) 

ΦA(λ) – wavelength-dependent quantum yield for photolysis

F(λ) – spectral actinic flux density (photons cm-2 s-1)

Photodissociation rates
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A + hν → B + C

Rate :                                            (molecule cm-3 s-1)  

Photolysis rate (s-1)

σA(λ) – wavelength-dependent cross section of A (cm2 molecule-1) 

ΦA(λ) – wavelength-dependent quantum yield for photolysis

F(λ) – spectral actinic flux density (photon cm-2 s-1)

Number of excited molecules proceeding by pathway i
Total number of photons absorbed

E.g. :       NO3 → NO3
* → NO2 + O 
→ NO + O2
→ NO3

Photodissociation rates
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Important chemical cycles
(for terrestrial planets)
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O3 → O2 + O (λ < 1100 nm)          J2Photodissociation :

Recombination : O + O2 + M → O3 + M                  k1

O2 → O + O (λ < 240 nm)             J1Photodissociation :

Recombination : O + O3 → O2 + O2                        k2

• Ozone (O3) formation usually mediated by aerosols (Mars)
• Spatial distribution of ozone on Earth due to dynamics.

Ozone cycle
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Disagreement with the observed 
low abundances of CO and O2

+ 
CO2 stability problem

Recombination : CO + O + M → CO2 + M 
O + O + M → O2 + M

(spin-forbidden)

CO2 → CO + O (λ < 169 nm)Photodissociation :

2CO2 → 2CO + O2

CO cycle



Venus

Credits : ESA/VIRTIS/INAF-IASF/Obs. de Paris-LESIA/Universidad del País Vasco
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Recombination : OH + H + M → H2O + M

O2 → O + O (λ < 240 nm)Photodissociation :

Oxidation : CO + OH → CO2 + H

Fundamental role of H2O, even at low abundances

Recombination : CO + O + M → CO2 + M 
O + O + M → O2 + M

(spin-forbidden)

CO2 → CO + O (λ < 169 nm)Photodissociation :

• If H2O is present, this limits the amount of CO (almost non-existent on Earth)
• Mars and Venus have a lot less H2O than Earth, and a lot more CO (though still 

small compared to CO2)
• Spatial distribution of CO gives info on dynamics.

H2O → OH + H (λ < 210 nm)

H2O

CO2 CO

OHH

CO cycle

CO2 CO
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Recombination : OH + H + M → H2O + M

O2 → O + O (λ < 240 nm)Photodissociation :

H2O → OH + H (λ < 210 nm)

Oxidation : CO + OH → CO2 + H

Recombination : CO + O + M → CO2 + M 
O + O + M → O2 + M

(spin-forbidden)

CO2 → CO + O (λ < 169 nm)Photodissociation :

O + O2 + M → O3 + M
H + O3 → OH + O2
CO + OH → CO2 + H
CO + O → CO2

H + O2 + M → HO2 + M
O + HO2 → OH + O2
CO + OH → CO2 + H
CO + O → CO2

2 x (H + O2 + M → HO2 + M)
HO2 + HO2 → H2O2 + O2
H2O2+ h" → OH + OH
2 x (CO + OH → CO2 + H)
2CO + O2 → 2CO2

HOx radicals used as catalysts in the recombination of CO and O

CO cycle on Mars

H2O

CO2 CO

OHH

CO2 CO
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Recombination : OH + H + M → H2O + M

O2 → O + O (λ < 240 nm)Photodissociation :

H2O → OH + H (λ < 210 nm)

Oxidation : CO + OH → CO2 + H

Recombination : CO + O + M → CO2 + M 
O + O + M → O2 + M

(spin-forbidden)

CO2 → CO + O (λ < 169 nm)Photodissociation :

Cl radicals used as catalysts in the recombination of CO and OAerosols used as heterogeneous catalysts

Cl + CO + M → ClCO + M (chloroformyl radical)

ClC(O)O2 + O → CO2 + O2 + Cl
ClCO + O2 + M → ClC(O)O2 + M (peroxycholorformyl radical)

CO + O → CO2

CO + O + aerosol → CO2 + aerosol

H2O

CO2 CO

CO2 CO

OHH

CO cycle on Venus
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• Major source of SO2 is volcanic outgassing 
• SO2 is an important greenhouse gas
• H2SO4 aerosols have an anti-greenhouse effect
• Applications : Earth, Venus, early Mars(?)

Sulfur cycle

SO2

SO2 SO3 H2O

H2SO4 Clouds 

Oxydation : SO2 + O + M → SO3 + M

Condensation : SO3 + H2O → H2SO4 (aerosols)
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SO2

SO2 SO3 H2O

H2SO4 Clouds 

CO2 → CO + O (λ < 169 nm)Photodissociation :

Recycling : H2SO4 → SO3 + H2O

SO3 + CO → SO2 + CO2 H2O

CO2 CO

CO2 CO

SO3SO2

H2SO4

Oxydation : SO2 + O + M → SO3 + M

Condensation : SO3 + H2O → H2SO4 (aerosols)

?
Credits : Venus Express/ESA

Sulfur cycle on Venus


