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When planets on highly non-circular orbits are considered,
we expect many of the general predictions based on the broad
regimes of rotation rate for circular orbits to be extensible. In
the limit of slow rotation, the pseudo-synchronous rotation
(PSR) rate (Hut 1981) effectively approximates spin–orbit
synchronization around the time of periastron, when stellar
forcing is maximal. The physicality of this predicted rate relies
on certain assumptions, including a constant tidal lag, and its
applicability to terrestrial planets is still debated. Makarov &
Efroimsky (2013) make the case that the only stable
equilibrium states for terrestrial systems are spin–orbit
resonances, for example the 3:2 spin–orbit resonance seen in
Mercury. Acknowledging this, in the calculations performed
herein we adopt pseudo-synchronization primarily as an
example of a rotation rate that for most eccentricities will be
much slower than an Earth-like rotation. In contrast, for a much
faster rotation like Earth’s, we expect that strong east–west
winds induced by planetary rotation will homogenize tempera-
tures in longitude on timescales shorter than the rate of change
in instellation due to the eccentric orbit6.

With current observational limitations in mind, here we seek
to understand the time variation of surface and atmospheric
temperatures on Earth-like planets with contrasting rotation
rates and orbital shapes. Our goal is to determine whether the
effects of rotation and orbit on incident radiation could induce a
response that would lead to observable differences, thereby
indirectly providing a method for estimating the rotation rate
when only eccentricity is constrained a priori. In the scenarios
explored here we assume zero obliquity; unlike Earth, the
primary driver of seasonal variations will be eccentricity rather
than axial tilt. To pursue our goal we adapt a class of 3D
models, often referred to as general circulation models
(GCMs), which are most often used to simulate Earth’s
atmosphere. These GCMs allow for analysis of the effects of
various properties of the planetary system on the evolution of
climate (e.g., O’Gorman & Schneider2008; Wolf &
Toon 2013, 2014, 2015). Such models have also been
developed for other terrestrial planets in the solar system,
particularly Venus and Mars(e.g., Rossow1983; Barnes et al.
1993, 1996; Haberle et al.1993; Barnes & Haberle1996;
Forget et al.1999, 2013; Lebonnois et al.2010; Zalucha et al.
2010), and have been used to explore large-scale atmospheric
circulation under differences in atmospheric composition,
rotation rate, and surface gravity.

Beyond the solar system, GCMs now have a considerable
history of use for possible planetary scenarios in other stellar
systems. Signi� cant modi� cations have been undertaken by
numerous groups to accommodate unfamiliar orbital and
surface conditions. Joshi et al.(1997) present an early example
of a GCM applied to a hypothetical extrasolar planet, exploring
the consequences of putting an Earth-like planet on a short-
period, spin-synchronous orbit around a late-type star. Follow-
ing this, Merlis & Schneider(2010) used a GCM to model an
“aquaplanet,” an Earth-like planet with its entire surface
covered by water, with results discussed above. Such works
adopt the complex representations of physics operating below
the GCM grid scale(e.g., precipitating atmospheric convection
and radiative transfer), originally developed for Earth, to
predict the behavior of exoplanet atmospheres.

Both Joshi et al.(1997) and Merlis & Schneider(2010)
assume a stable ocean cover for their initial conditions. The
validity of this assumption is studied explicitly through the
de� nition and continual re� nement of the habitable zone(HZ),
which is the range of star–planet separations for which a planet
with an Earth-like mass, radius, and atmospheric composition
and surface pressure can plausibly support liquid water oceans
on its surface. The foundational works for our current HZ
de� nition rely primarily on a 1D radiative–convective climate
model (Kasting et al.1993; Kopparapu et al.2013). These
idealized 1D models make some assumptions most relevant for
Earth, but subsequent efforts by a wide range of researchers
have extended the range of theoretical habitability, in both
model complexity and parameter space(see review by
Ramirez2018). Leconte et al.(2013) demonstrated that 3D
modeling is necessary to account for large-scale contrasts in
surface temperature due to inef� cient or non-isotropic energy
redistribution; these conditions expand the range of stellar
� uxes where a runaway greenhouse effect may be prevented.
Also using 3D modeling, Yang et al.(2013) showed that
accounting for cloud distribution and dynamics further
expanded the parameter space where climates could be
habitable, particularly for slowly rotating planets. More
recently, Way et al.(2018) explored the effects of ocean heat
transport, which is known to be a signi� cant mechanism for
energy transport on Earth, for a range of rotation rates and
stellar� uxes.

Most relevant to our study are works that explored effects of
orbital eccentricity, such as the interplay of obliquity and
eccentricity using climate models of intermediate complexity
(Linsenmeier et al.2015), and using GCMs to explore the
possible limitations of assumptions for sustained ocean cover
(Bolmont et al.2016), as well as non-terrestrial atmospheric
properties and stellar types(Shields et al.2016). GCMs have
also been used under similar water-rich conditions to study
changes in stellar luminosity due to spectral types(Shields
et al. 2013, 2014) or evolution(Wolf & Toon 2015), and the
work of Ramirez & Kaltenegger(2016) complements this
analysis with a combination of stellar and planetary mass-loss
models, accounting for physical mechanisms that may be
relevant for potentially habitable planets orbiting a variety of
host stellar types. Taken together, these previous studies
provide a wide range of theoretical predictions for the
conditions governing the possible existence and persistence
of liquid water oceans on terrestrial-size planets. While our
purpose is not to make a critique or re� nement of the currently
de� ned HZ, and while we limit ourselves to a solar-type host
star of constant luminosity, we introduce these studies here to
place a precedent for the range of orbital con� gurations
currently thought to support ocean-covered planets.

The two primary parameters we vary are orbital eccentricity
and rotation period, both of which have undergone substantial
study in recent literature, especially for close-in giant planets. A
signi� cant amount of work has been done to model the
atmospheric response of highly eccentric Hot Jupiters, given
their much more favorable observability when compared with
planets on Earth-like orbits. Langton & Laughlin(2008) made
foundational hydrodynamic simulations of the upper atmo-
spheres of known Hot Jupiters with orbital eccentricities as
high ase�= �0.93 (HD 80606 b), and demonstrated that the
intense stellar forcing during periastron passage was the
primary driver of atmospheric dynamics. For a similar set of

6 For a review of the circulation of Earth’s atmosphere, see Schneider(2006).
For a recent review of the circulation of tidally-locked planets, see
Pierrehumbert & Hammond(2019).
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eccentric planets, Cowan & Agol(2011) characterized the
predicted phase variations from the orbital and viewing
geometry and bulk atmospheric dynamics and radiative
transfer, an analysis that was extended to predict thermal
timescales for planets on Earth-like orbits in Cowan et al.
(2012). Kataria et al.(2013) presented the� rst fully 3D
simulations for eccentric Hot Jupiters, and incorporated both
the mean-� ux normalization and PSR assumptions that we
adopt here. They found that both planets on eccentric orbits
and those on circular orbits exhibit qualitatively similar
atmospheric features, such as equatorial jets and day–night
temperature differences. These features depend largely on the
rotation rate, which sets the strength of the Coriolis forces.
Furthermore, they demonstrated that the viewing geometry, in
particular the longitude of periastron, has a major effect on the
observed shape and offset of thermal phase variations.

While GCMs can be used to explore a range of interesting
and hypothetical atmospheric dynamics that might occur on
exoplanets, we would like to go beyond this to make testable
predictions. Here we focus on predictions that might be veri� ed
through broadband photometry, which generally offers a
greater photon count than spectroscopy and therefore is
invaluable for studying small, warm-to-cool, and therefore
faint exoplanets. Many giant planets on extremely short orbits
have been observed indirectly via transits and secondary
eclipses, and in some cases have been examined over
signi� cant fractions of their orbits(see recent reviews by
Parmentier & Cross� eld 2018 and Kreidberg2018). While
transit detections have substantially increased the population of
known extrasolar planets, secondary eclipse measurements
provide a complementary set of data that helps constrain major
properties of planets’ emissions. From the depth of a planet’s
eclipse we can infer the temperature of its illuminated
hemisphere, which gives clues to the atmospheric conditions.
A key instrument for observing secondary eclipses has been
the Spitzer Space Telescope’s Infrared Array Camera(Werner
et al. 2004), which has four photometric bands spanning
3.6–8.0� m. The majority ofSpitzersecondary eclipses and
phase curves observed withSpitzer were made during the
“warmSpitzer” phase, with only the 3.6 and 4.5� m remaining
operational; a summary of these measurements and references
can be found in Adams & Laughlin(2018). In some opportune
casesSpitzerhas been able to observe planets over full orbits in
some combination of these bands, providing a temporal
connection between night-side observations of a planet in
transit and day-side observations of it in eclipse.

Taking inspiration from these past analyses, as well as
current observational techniques, here we generate predictions
of eclipse depths and phase photometry from an exoplanet
GCM. We begin by describing our assumptions for both orbital
eccentricity and planetary rotation rate, along with relevant
background, in Section2. In Section3 we describe the GCM
we employ, and how we use it to simulate observable
quantities. We present our results in Section4, focusing on
both the internal properties of the planetary atmospheres and
the consequent observables.

2. Assumptions of Rotation and Orbit

2.1. Orbital Eccentricity

Numerous HZ planets are known to have nonzero orbital
eccentricity(Adams & Kane2016). The role of the Lidov–Kozai

mechanism(Kozai 1962; Lidov 1962) in increasing the orbital
eccentricity of terrestrial planets is explored in Spiegel et al.
(2010), and subsequently in works such as Georgakarakos
et al.(2016), Way & Georgakarakos(2016), and Deitrick et al.
(2018). The process allows for the existence of highly eccentric
Earth-sized planets with neighboring giant planets; orbital
resonances between the planets and their mutual proximities
are the two critical components to the mechanism’s ef� ciency
(Murray & Dermott1999).

Williams & Pollard(2002) argue that the instellation time-
averaged over an orbit is the primary determinant of whether
liquid water can be sustained on a terrestrial planet’s surface.
For eccentric orbits the mean-� ux approximation(MFA) � xes
the time-averaged instellation over an orbit to that of a
reference planet on a circular orbit. When comparing the� ux F
with that of Earth, as a function of the stellar luminosityLå,
semimajor axisa, and eccentricitye,
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where the reference values for Earth are taken to be
F� �= �1360 W mŠ2, Le �= �3.83�× �1026W, and a� �= �1 au.
Angle brackets denote a time average over an orbit. Barnes
et al.(2008) use the conclusion of Williams & Pollard(2002) to
de� ne an“eccentric HZ” by scaling the semimajor axisa with
eccentricity according to the MFA(Equation(1)). All models
presented here have their semimajor orbital axes(and by
extension their orbital periods) set according to this approx-
imation. Table1 lists these values for a range of eccentricities.

2.2. Rotation Rate

Analogous to the synchronous limit for circular orbits, Hut
(1981) presents a limiting rotation rate based on a tidal
evolution argument for binary systems with eccentric orbits.
The PSR period is calculated from this pseudo-synchronous
rate, and may be written in units of the orbital period as
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In the limit of a circular orbit e 0�l( ), the spin frequency
matches the orbital frequency, with a ratioP P 1PSR orb�l . As
e 1�l , this ratio approaches zero. For modest eccentricities the
ratio is of order unity; here we consider such cases of rotation
rate as characteristic“slow” rotators.7 For higher eccentricities
the ratio decreases precipitously, but only reaches periods as
short as an Earth day under the MFA fore�> �0.99 (Figure1,
Table1). Therefore, for all eccentricities modeled in this work,
we use an Earth-like rotation period as characteristically“ fast”
rotation for comparison.

The sub-stellar longitude for a planet with zero obliquity is
given by

t t t t t t 30 rot 0 0� ƒ � ƒf f w n n� � � � � � � � � �( ) ( ) ( ) [ ( ) ( )] ( )

7 Venus is an example of a terrestrial-sized slow rotator in our own solar
system, with a rotation period� 116 Earth days and an orbital period of� 224
Earth days, giving a spin–orbit rate ratio in the neighborhood of 2:1(Bengtsson
et al.2013).
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wheref å is the sub-stellar longitude, initialized to t0�ƒf ( ) at time
t0, � rot is the angular rate of rotation, and� is the true anomaly
of the orbit. At high eccentricities, the sub-stellar point on the
planet’s surface exhibits a reversal of its direction of motion
around periastron. This effect is due to the relation between the
planet’s rotation rate and the variable rate of change in true
anomaly, and is also referred to as“optical libration.” Works
such as Selsis et al.(2013) and Bolmont et al.(2016) have
demonstrated that, for models with planets on eccentric orbits
and spin–orbit synchronization, the sub-stellar point will librate
over an orbit, preventing perpetual day and night sides.
Figure 2 shows this effect on the sub-stellar longitude as a
function of eccentricity for PSR. The rate of change in anomaly
n� at periastron, relative to the mean motionn�� �2� / Porb, is
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This evaluates to 5 fore�= �0.6, compared with roughly 4 for
� rot/ n under PSR. This transient increase in the rate of change
in true anomaly causes it to exceed the rotation rate around
periastron, during which time the sub-stellar point reverses
direction from its otherwise westward motion.8 While this
effect can greatly expand the range of illuminated longitudes at
high eccentricities for� rot/ n�= �1, for pseudo-synchronization
the range of this motion is limited to a few degrees around the
sub-stellar longitude around periastron, remaining close to an
approximation of tidal locking. The resulting effect is that a
signi� cant fraction of the period of greatest instellation is spent
concentrated on a con� ned set of longitudes, rather than
distributed nearly uniformly as in the fast-rotation case. This
concentration of stellar heating drives strong thermal and

dynamical responses in the atmosphere, whose observable
effects we detail in Section4.

3. Model Details

The National Center for Atmospheric Research(NCAR)
Community Atmospheric Model(CAM) is a global model
designed to simulate Earth’s atmosphere(Neale et al.2010),
and is the atmospheric component of the fully coupled
Community Earth System Model(CESM). The physical
evolution of the atmosphere in CAM is represented by the
Navier–Stokes equations under the approximations of vertical
hydrostatic equilibrium and a shallow aspect ratio of the� ow,
which together constitute the primitive equations. The primitive
equations are implemented in a� nite-volume dynamical core
that uses horizontally Eulerian and vertically Lagrangian
discretization to account for the grid-scale motions of dry air
(Lin & Rood 1996, 1997), with additional conservation
equations for water. The dynamical core conserves mass,
momentum, and total energy with numerics that ensure
physical tracers(e.g., water vapor) remain non-negative at
each time step(Neale et al.2010). A suite of sophisticated

Figure 1. The theoretical pseudo-synchronous rotation period matches the
synchronous period(orbital period) for a circular orbit, and remains of the order
of the orbital period until very high eccentricity, where the ratio(shown in
black) drops precipitously ase 1�l . Here we assume that the orbital period
scales with the mean-� ux approximation(Equation(1)), which preserves the
orbit-integrated instellation as eccentricity is changed. The ratio corresponding
to a rotation period of one Earth day is shown as the curve in blue, labeled as
� . The values of eccentricity corresponding to spin–orbit resonances of 3:2
(e�= �0.285), 2:1 (e�= �0.392), 3:1 (e�= �0.519), and 4:1 (e�= �0.595) are
marked.

Figure 2. Eccentric orbits have periodically varying rates of change in the
planet’s orbital anomaly, with a maximum rate at periastron. For slow enough
rotation (e.g., pseudo-synchronization), there exists a region of time around
periastron where the instantaneous change in anomaly exceeds the rotation rate,
causing the sub-stellar point on the planet’s surface to move eastward rather
than westward. This region is broad and the effect minor for nearly circular
orbits, but narrow and increasingly intense at higher eccentricity. The plots
show the movement of the sub-stellar longitude relative to its periastron
position, both for one full orbit(top) and for a small region of orbital phase
space around periastron(bottom), to show the effects at high eccentricity.

8 This also happens, for example, on Mercury, whose moderate orbital
eccentricity of� 0.2 and spin–orbit rate ratio of 3:2 cause this effect.
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Figure 9.Simulated light curves for a viewing geometry such that the orbit is seen edge-on, and the planet transits during periastron. Each 3�× �3 grid represents one of
the two orbital eccentricities. The light curves are plotted for each of the nine MIRI bands of the upcomingJames Webb Space Telescope. Within each plot, the light
curve with plus-sign markers shows Earth-like(fast) rotation, and the curve with diamond markers shows pseudo-synchronous(slow) rotation. The solid color lines
are the averages over the� nal 10 orbits, and the surrounding shaded region represents the range of� uxes over the orbits.
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