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Model Planet?
• We tend to use Earth as our model for Terrestrial planets despite having 

at least five alternate examples (Mercury, Venus, Moon, Mars, Io — icy 
bodies too?)


• Only one of six with Plate Tectonics


• Only one of six with surface water


• Only one of six with disequilibrium atmosphere


• Only one of six with life


• etc…


• Is there a better choice?



What is the Geography of 
Planetary Outcomes
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Venus, Model Planet
• Rock-Iron mix comparable to other bodies.


• "Normal" tectonic behavior — rigid lid (and heat pipe).


• Geochemical cycling with the interior weak and mostly one-way


• Atmosphere is expected outcome of one-way cycling 


• Extremely stable climate — likely dominant for the vast majority 
of observable lifespan


• Primary atmospheric component resilient to erosion (heavy) 
even in absence of magnetic field



How Far Out can  
Venus be Venus?

4 Yang, Boué, Fabrycky, & Abbot, ApJL, 2014

Fig. 3.— Habitable zone boundaries as a function of stellar type and planetary rotation rate for a 1D radiative-convective model and
for the 3D general circulation model CAM3. Blue line: the 1D outer edge (maximum greenhouse, Kopparapu et al. 2013); green line: the
1D inner edge (runaway greenhouse, Kopparapu et al. 2013); black line: the 3D inner edge for rapidly rotating planets in CAM3 (rotation
period of 1 day); red line: the 3D inner edge for slowly rotating planets in CAM3 (rotation period of 128 days for G and F stars, and
tidally locked with an orbit of 60 days for M and K stars); gray line: the tidal locking radius (Kasting et al. 1993). The CAM3 simulations
used to calculate the 3D inner edge lines are denoted by ⊗. We also plot the inner edge of the habitable zone for rapidly rotating dry
planets (Abe et al. 2011), for Earth obtained in generic-LMD (Leconte et al. 2013b) and CAM3 with a modified radiative-transfer module
(Wolf & Toon 2014). Finally, we plot solar system planets and discovered exoplanets (unconfirmed exoplanets are marked by ∗).

Rp =0.95R⊕, and gp=0.9 g⊕. Our default simulation in
this case uses Earth’s continental configuration with con-
tinents composed of clay and sand (albedo=0.2, thermal
conductivity=0.26 Wm−1 K−1).

3. DRAMATIC EFFECT OF PLANETARY ROTATION

For a given stellar flux (S0), the surface temperature
(TS) of rapidly rotating planets is much higher than that
of slowly rotating planets (Fig. 1a). When we use a sur-
face heat capacity equivalent to 50 m of water (D=50 m),
the global-mean TS decreases by 20 K when we increase
the rotation period (Prot) from 1 day to 256 days, and
then decreases by another 25 K when the planet becomes
tidally locked (Prot=365 days). The primary reason for
this is that the cloud albedo is much higher on slowly
rotating planets (Fig. 1b). If we artificially set clouds
to zero in the model, TS is nearly independent of rota-
tion rate, except for the tidally locked and nearly tidally
locked cases (Fig. 1a). TS is lower in these cases because
a thermal inversion on the nighside leads to a radiator fin
that cools the planet (Yang et al. 2013; Yang & Abbot
2014). If we reduce D to 1 m, the TS distribution is able
to adjust to the moving stellar forcing so that the planet
can behave as if it were tidally locked even when Prot is
decreased to 128 days (Fig. 1). When D=50 m, TS has
a maximum at Prot =4 days that appears to be associ-
ated with a high latitude cloud feedback similar to that
described by Abbot & Tziperman (2008).
There is a dramatic difference between the response of

the planetary albedo to increases in S0 for rapidly and
slowly rotating planets. For rapidly rotating planets, as
S0 increases the planetary albedo first increases, then
decreases (Fig. 1d), leading to a positive feedback near
the runaway greenhouse threshold (Leconte et al. 2013b;
Wolf & Toon 2014). This positive feedback is due to a
combination of decreased cloud reflection and increased
water vapor absorption. In contrast, for slowly rotat-
ing planets, the planetary albedo monotonously increases
with S0, leading to a negative feedback that stabilizes the
climate. For rapidly rotating planets, the atmospheric
circulation is banded and Earth-like. This leads to high
cloud coverage both in a tropical convergence zone as-
sociated with the ascent of the Hadley cells (Fig. 2e)
and at higher latitudes associated with baroclinic ed-
dies (Fig. 2a). The tropical clouds are most important
for planetary albedo because the stellar flux is highest
there. As S0 increases, the equator-to-polar temperature
gradient decreases (Fig. 2c), which weakens the Hadley
cells (Held & Hou 1980), reduces tropical cloud coverage
(Fig. 2c), and decreases the planetary albedo (Fig. 1d).
For slowly rotating planets, a global atmospheric circula-
tion occurs with strong low-level convergence and ascent
in the (slowly moving) substellar region (Fig. 2f) simi-
lar to the circulation on synchronously rotating planets
(Joshi et al. 1997; Showman et al. 2013; Leconte et al.
2013a). This circulation leads to strong convection and
optically thick clouds (Fig. 2b) in the substellar region
(Yang et al. 2013). As S0 increases the circulation weak-
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Thermal Equilibria in 
Planetary Mantles

Heat Transport Efficiency  
Increases with: 
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Heat Pipes: A Universal Stage 
in Terrestrial Planet Evolution

Moore et al., EPSL 2017

He
at

 P
ipe

Temperature

H
ea

t F
lu

x

Plate Tectonics ?
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Cooling Planets Experience 
a Stress Maximum

present

Hadean

Plate Tectonic Transition

Moore and Webb, Nature, 2013



Venus Missed the  
Train to Plate Tectonics

He
at

 P
ipe

Temperature

magma 
ocean

Venus

Earth

Io

Rigid Lid

Convection

stress higher 
at transition

stress lower 
at transition

H
ea

t P
ro

du
ct

io
n 

or
 F

lu
x



Venus’ Atmosphere: 
Robust and Stable

• Escape limited by NO, CO2 cooling (no Magnetic Field  
needed)


• Venus Thermosphere is the coldest part of its atmosphere


• Induced Magnetosphere produces “polar” wind effect


• No effective mechanisms to exchange with solid planet



What is the 
hothouse:goldilocks ratio?

• We will soon be making measurements that address this.


• Our theoretical understanding will be greatly enhanced if 
we can understand the hothouse example next door.

:



Venus as an Exoplanet

Three big things we can learn about 
exoplanets from studying Venus


• The role of tectonics/volcanism in atmospheric & climatic 
outcomes


• The role of atmospheric composition in escape processes


• The importance of stochastic events (giant impacts) in 
shaping planetary destiny


