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When will oceans boil?
                   The runaway greenhouse instability
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Unidimensional results
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Development of a «generic» global climate model
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Development of a «generic» global climate model
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spectroscopy at
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(100-3000K; 1Pa-100b)

Wordsworth et al. (2011,2013), 
Forget et al. (2013), Charnay et al. 

(2013), Leconte, et al. (2013a)



Unidimensional results
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Unsaturated subtropical regions: radiative fins

Pierrehumbert (JAS; 1995), Leconte et al. (Nature; 2013)

Dry regions subtropical with reduced 
greenhouse effect stabilize the climate

Relative Humidity

Thermal emission



The impact of the Hadley cell
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Large scale cloud pattern on tidally locked planets
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Are exoplanets really synchronized?

Venus is not!



n

! = n

Are exoplanets really synchronized?

Gravitational Tides
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Are exoplanets really synchronized?

Lag angle

Gravitational Tides
Negative torque => Spins down and synchronizes

! ! > n
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Are exoplanets really synchronized?

Thermal atmospheric Tides

Diurnal tide

Semi-Diurnal tide

Gold and Soter (ApJ, 1969), Ingersoll & Dobrovolskis (Nature, 1978),
Correia & Laskar (Nature, 2001; JGR, 2003; Icarus, 2003)
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Are exoplanets really synchronized?

Lag angle

Positive torque => drives away from synchronization

Gold and Soter (ApJ, 1969), Ingersoll & Dobrovolskis (Nature, 1978),
Correia & Laskar (Nature, 2001; JGR, 2003; Icarus, 2003)

Thermal atmospheric Tides
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Are exoplanets really synchronized?

Lag angle
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Ta / ps
Hp

Can it work for exoplanets?

Venus

CO2, 92bars, 700K

Terre

N2, 1bar, 300K

Tides 50 times weaker
(For the same forcing frequency)

in principle yes (Correia et al., A&A, 2008), but...



matm = ps/g

Simulations of the surface pressure field: Numerical model

★ Goal: quantify the torque
➡ need mass redistribution

➡ need surface pressure =>
★ Approach:
➡ Define an atmosphere (ps, Flux, n, ...)
➡ Simulate atmospheric circulation for 

various rotation rates (synodic period)



Simulations of the surface pressure field: Numerical model
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Simulations of the surface pressure field: Numerical model
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matm = ps/g

★ Goal: quantify the torque
➡ need mass redistribution

➡ need surface pressure =>
★ Approach:
➡ Define an atmosphere (ps, Flux, n, ...)
➡ Simulate atmospheric circulation for 

various rotation rates (synodic period)
➡ Quantify the torque



Pressure moment
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dt
= F � �T 4

F �SBT
4

A simple analytical model: periodically heated slab

C
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A simple analytical model: periodically heated slab
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Ta = Im(�p) = Ka
(! � n)/!0

1 + ((! � n)/!0)2

A simple analytical model: periodically heated slab
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Model validation

Leconte et al. (2015, Science)
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Equilibrium spin states
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Figure 2: Equilibrium spin states of the planet. Atmospheric (dashed), gravitational (dotted)
and total (solid) torque as a function of spin rate for three different cases (defined by g , see
Eq. (3)). Arrows show the sense of spin evolution. A: the atmospheric torque is too weak,
only one equilibrium, synchronous spin state exists (red disk). B: bifurcation point (g = 1).
C: the atmospheric torque is strong enough to turn the synchronous spin state in an unstable

equilibrium (red circle) and to generate two new stable, non-synchronous, equilibrium spin
states (one of which is retrograde in the case shown).
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Leconte et al. (2015, Science)

formation. Therefore, if the planet spin comes close to the
1:1 resonance, a weak CMF effect (quantified by a small |
value) in the presence of a faint atmosphere is enough to
allow the crossing of the resonance without capture and to

let the spin evolve, first to a rotation rate ! ! n, and later
into the retrograde final state F0

" (Fig. 6).

Escape probabilities from the resonance. Suppose now,
even if it is not very probable (see Section 4.6.1), that Venus
was captured into the synchronous rotation before the for-
mation of the atmosphere. This requires that the dissipative
torque " is positive (12), but as the atmosphere grows, the
atmospheric torque Z will no longer be zero (123), and "
will decrease. As soon as " becomes negative, Venus will
leave the synchronous state, with two different possible
paths (see Section 2.4), one leading to a direct final state,
with probability P#, and the other to a retrograde one (Fig.
6), with probability P" $ 1 " P#, where P# and P" are
given by Eq. (14). Replacing expressions (118) and (123) in
(14) we have

P" #
1
2 !1 $

|%&2

2' $
2"3%B ( A&/C

) #52 |%&2 ( 1$% .
(126)

If we assume that the planet was captured in the absence
of the atmosphere, then |%&2 ! 2/5 (Eq. (120)) and

P" *
1
2 &1 $

|%&2

2' ' . (127)

When the thermal atmospheric tides reach their present
strength (' $ 1), we find an inferior limit for P" (and a
superior limit for P#):

P# +
1
2 (

|%&2

4 , P" *
1
2 $

|%&2

4 . (128)

As a consequence, the probability of ending in a retro-
grade state is always larger than 50%, independent of the
strength of all the involved effects. Moreover, in the early
stage of the atmosphere formation, for ' , |%&2/2, the
escape probability into a retrograde state is always 100%
(127). Thus, if we assume a slow transition from '(t) $ 0 to
'(t) $ 1, the evolution through a retrograde final state is the
only one possible; i.e., the planet’s spin evolves just as if the
capture into the resonance never occurred.

5. Conclusion

We have revisited here the theory of thermal atmospheric
tides. We confirm that the dense atmosphere of Venus plays
an essential role in the dynamical history of this planet,
imposing some constraints on the spin motion equations
which limit its possible evolutions. We show that there are
only four possible final states for the spin of Venus and that
gravitational and atmospheric tidal phase lags are correlated

Fig. 8. Bifurcation of the equilibrium states at & $ 0° for different stages
of the atmosphere. In the absence of an atmosphere (' $ 0), the only stable
position corresponds to the synchronization (! $ n). For ' $ 0.5n/!s, we
already notice two equilibrium positions, but both corresponding to direct
rotation states. If ' $ n/!s we have a curious situation, where one of the
stable positions corresponds to a planet which does not rotate. As soon as
' ' n/!s, one of the equilibrium positions becomes retrograde. As '
increases, the two equilibria move apart until they stabilize in the final
states of Fig. 6a.

19A.C.M. Correia et al. / Icarus 163 (2003) 1–23

Correia, Laskar, Neron de Surgy (Icarus, 2003)



Critical asynchronous distance
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