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In the near-future, new space telescopes like JWST,
LUVOIR, and HabEx will begin attempting to character-
ize the atmospheres of potentially habitable planets. This
will require a significant amount of time and resources for
even a single planet, which makes it essential to priori-
tize observations by those most-likely to have detectable
life. Here we present a Bayesian method to estimate the
probabilities that specific exoplanets are currently in the
2 Gy continuous habitable zone (CHZ2) the approximate
time it took life on Earth to significantly oxygenate the
atmosphere. We introduce the use of statistics of a 3D
planetary general circulation model (GCM) perturbed pa-
rameter ensemble (PPE) to estimate these probabilities,
replacing prior 1D model estimates.

In prior work (Truitt et al., 2020), by considering the
orbital radius of a potentially habitable planet and com-
paring measured host star properties to those from stellar
evolution models, they fit a habitable zone (HZ) evolution
model and determine the probability that a given planet is
in CHZ2. They used only the measured stellar mass and
metallicity to constrain the fit to habitable zone models
over the full main sequence lifetime. We have added a
stellar age prior to the Bayesian calculation, allowing us
to determine the current probability that a specific radius
is in the CHZ2 for ≥2 Gy by considering the current age
of the star, the time at which a telescope would observe it.

We first used this Bayesian method, relying on the HZ
definitions from Kopparapu et al. (2013, 2014), to deter-
mine the probability that 9 potentially habitable exoplan-
ets, as well as Venus, Earth, and Mars, are currently in the
CHZ2, the results of which have been submitted for pub-
lication. A sample of these results are shown in Figure 1
for Venus, Earth, and Mars with and without the age prior,
as well as for Kepler-442b. Kopparapu et al. (2013, 2014)
used a 1D cloud-free radiative-convective climate model
to determine the inner and outer edge of the HZ for a 0.1,
1, and 1.5 M⊕ planet as well as a Recent Venus/Early
Mars optimistic case. These models have been widely
used in the exoplanet community and offer exact defini-
tions for the inner and outer edge of the HZ. Although 1D
models benefit from their relative simplicity and fast equi-
libration times, they are unable to properly account for

clouds, surface variations, atmospheric and oceanic heat
transport, and orbital variables that would lead to uncer-
tainty in habitability estimates. For these reasons, general
circulation models (GCM) present a means to more rigor-
ously constrain the variability of habitable atmospheres.

We have incorporated a new HZ model using results
from Kiang et al. (2022 (in prep)). The authors use the
ROCKE-3D GCM (Way et al., 2017) to model a PPE of
land-planet atmospheres. They randomly sample 11 vari-
ables, including stellar effective temperature (Teff ), in-
stellation (S0X ), CO2 pressure, and additional planetary
orbital, atmospheric, and surface parameters, for Earth-
size planets in circular orbits. By performing a multi-
variate regression on the output model atmosphere val-
ues, they provide predictive equations with uncertainty
estimates of the planetary surface temperature (Tsurf ) in
terms of Teff and S0X , with other perturbed parameters
imposing uncertainties in those predictions. Using out-
puts from the Tycho stellar evolution models, we use these
equations to model Tsurf as the star evolves. Excluding
the planetary parameters in the regression quantifies their
role as unknowns for exoplanets observed with near-term
missions, providing an associated standard error for each
regression coefficient. This enables us to propagate an er-
ror through the Bayesian HZ model and place confidence
bounds on the probability of any given orbital radius be-
ing in the CHZ2. The results of this analysis demonstrate
a framework using GCM PPE’s to prioritize future obser-
vations.
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Figure 1: P(CHZ2) for the Sun without age (left), with age (middle), and for Kepler-442 with age (right).
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