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Introduction:  The potential habitability of detect-

ed exoplanets is typically assessed using the concept of 
equilibrium temperature (Te) based on cloud-free 1-D 
models with assumed albedo equal to Earth’s (0.3) to 
determine whether a planet lies in the habitable zone 
[1].  Incident stellar flux appears to be a better metric 
for stars unlike the Sun [2]. These estimates, however, 
ignore the effect of clouds on planetary albedo and the 
fact that the climates of synchronously rotating planets 
are not well predicted by 1-D models [3]. Given that 
most planet candidates that will be detected in the next 
few years will be tidally locked and orbiting M stars, 
how might the habitable zone be tailored to better in-
form characterization with scarce observing resources? 

Methods: We use the ROCKE-3D general circula-
tion model (GCM) [4] to simulate two very different 
types of potentially habitable planets.  We use availa-
ble information about Proxima Centauri b [1] to repre-
sent cool, weakly-irradiated M-star planets. Our exper-
iments include Earth-like and elevated greenhouse gas 
atmospheres, synchronously rotating and 3:2 spin-orbit 
resonance planets, aquaplanets and planets with land 
and ocean, and oceans ranging from fresh to hyper-
saline [5]. For warm, highly-irradiated planets, we 
simulate a hypothetical ancient Venus orbiting a young 
Sun [6] and a planet orbiting an M star modeled loose-
ly after Kepler-1649b [7] but with weaker instellation 
(1.4 x Earth-Sun) and artificially slower rotation (50 d 
period) than the actual detected planet to keep its tem-
peratures moderate.  Simulations use a dynamic ocean 
to achieve more realistic day-night differences than do 
slab ocean models [5].  All simulations produce stable 
surface liquid water over some fraction of the planet. 

Results:  For 10 Proxima Centauri b simulations 
(e.g., Fig. 1, left), actual Te values based on emitted 
longwave radiation range from 234-242 K (vs. 255 K 
for Earth), but the habitable fractions of the planets 
range from 20-87%.  None of the simulated planetary 
albedos (range .16-.26) are as high as Earth’s 0.3 albe-
do used to define the nominal habitable zone. This is 
primarily due to the greater absorption of starlight by 
the atmosphere for cool stars whose instellation is 
mostly in the near-IR, where H2O and CO2 absorb 
strongly. This was noted by [2], but their albedos are 
much lower because they ignore clouds. 

For ancient Venus with a land-ocean configuration 
based on observed D/H and topography [6], we simu-
late Te = 254 and 263 K for cases with 1.5 and 2.4 x 
Earth’s solar irradiance, respectively. These corre-
spond to surface temperatures of 11°C and 42°C, and 
albedos of 0.52 and 0.67. The higher albedos result 
from thick dayside clouds that consistently arise in 
GCM simulations of slowly rotating planets [6, 8, 9, 
10, 11]. For the modified Kepler-1649b (Fig. 1, right), 
with an aquaplanet surface and instellation 1.4 x 
Earth’s but for an M star, the equilibrium temperature 
is 265 K, very similar to the warmer Venus case, but 
with an albedo much lower (0.42) and a surface tem-
perature much higher (59°C).  In all cases the albedo is 
much higher than the 0.3 value for Earth. 

Our results and others [6, 8, 9, 10] suggest that the 
nominal habitable zone boundaries should be modified 
to account for (a) albedos higher than Earth’s for plan-
ets inside the tidal locking radius, and (b) albedos low-
er than Earth’s for planets orbiting cool stars, so that 
promising candidates for characterization by future 
observations are not needlessly excluded from consid-
eration. The expanding record of exoplanet GCM sim-
ulations can provide useful guidance for this. 
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Fig. 1. Planetary albedo maps for (left) Proxima Cen-
tauri b and (right) modified Kepler-1649b simulations. 
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