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Introduction:  Clouds pose a quandary for infer-

ences about the habitable zone (HZ). They depend on 
the 3-dimensional atmospheric circulation, they have 
competing cooling/warming effects that differ by cloud 
type and environment, and their response to external 
changes is uncertain even for Earth [1]. 1-dimensional 
models of exoplanet and deep past Earth climates have 
treated clouds in many ways - ignoring them, repre-
senting only the albedo effect by increasing the surface 
albedo, or specifying a vertical distribution of clouds.  

3-dimensional general circulation models (GCMs) 
are potentially useful tools for addressing questions 
about planetary habitability. However, the uncertain-
ties in representing cloud feedbacks in GCMs in envi-
ronments far from those for which the models were 
designed has led to doubts about their utility [2]. These 
doubts must be balanced against the advantages of 3-
dimensional models for habitability studies. 

Here we discuss a philosophy for using 3-dimen- 
sional models to address the uncertainty that clouds 
pose while exploiting what such models do well.  We 
use the Resolving Orbital and Climate Keys of Earth 
and Extraterrestrial Environments with Dynamics 
(ROCKE3D) GCM, a generalized version of the God-
dard Institute for Space Studies GCM that is routinely 
used to simulate current, future and recent past Earth 
climates [3].  

 Example - inner edge of the HZ: We consider a 
thought experiment carried out with several GCMs [4, 
5, 6]  that increase insolation to determine the moist 
greenhouse or runaway greenhouse limit.  Loosely, this 
is also a proxy for whether ancient Venus, whose ele-
vated D/H ratio may imply an early ocean [7], may 
have been habitable under the faint young Sun. None 
of these studies reached an insolation equal to that of 
early Venus (~40% higher than modern Earth) before 
the GCM either failed or was unable to reach equilibri-
um given Earth’s rotation period.  In [6], though, in-
creasing rotation period to > 16 d allowed the GCM to 
equilibrate at a habitable global mean temperature.   

ROCKE3D results: Fig. 1 is the ROCKE3D GCM 
analog of Fig. 1c of [6]. The baseline model warms 
rapidly as insolation rises at 1 d rotation period and 
current Earth CO2 concentration, similar to behavior 
seen in [6]. For pre-industrial CO2 and different cloud 
parameter settings a much cooler climate occurs, pos-
sibly capable of reaching early Venus insolation levels 
with moderate temperatures. However, for 64 d rota-

tion period or more, the climate stabilizes at moderate 
temperatures due to the onset of a subsolar-antisolar 
circulation with thick high dayside clouds that block 
sunlight, as also found by [6].  This similarity suggests 
robust rather than model-dependent behavior. It ap-
pears to arise for a fundamental dynamical reason: 
When the rotation period exceeds the atmospheric ra-
diative relaxation time, large day-night temperature 
contrasts arise. This does not ensure that the cloud re-
sponse is robust, but simulations in which convection 
is not allowed to transport ice particles upward to 
thicken high clouds (a process responsible for 80% of 
cloud ice in the Earth GCM) are only slightly warmer. 

Such a framework – multiple modeling groups per-
forming similar experiments, parameter dependence 
testing, structural model changes in parts of the model 
that matter, and results with a basis in fundamental 
dynamical processes – can provide a path forward for 
the use of 3-D models to gain insights into the true 
nature of the HZ that will otherwise not be possible.  

 
Figure 1:  Surface temperature vs. insolation for 

different rotation periods. Solid lines: Baseline GCM 
with 400 ppm CO2. Dashed line: Alternate version 
with 285 ppm CO2 and different cloud settings. Cir-
cles: Without convective ice upward transport. 

References: [1] Del Genio A. D. (2013) Compara-
tive Climatology of Terrestrial Planets, pp. 3-17, U. of 
Arizona Press. [2] Goldblatt C. and Zahnle K. J. 
(2011) Clim. Past, 7, 203-220. [3] Schmidt G. A. et al. 
(2014) JAMES, 6, 141-184. [4] Leconte J. et al. (2013) 
Nature, 504, 268-271. [5] Wolf E. T. and Toon O. B. 
(2014) GRL, 41, 167-172. [6] Yang J. et al. (2014) Ap. 
J. Letters, 787, L2. [7] Donahue, T. M. et al. (1982) 
Science, 216, 630-633.  

7061.pdfAstrobiology Science Conference 2015 (2015)


