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Introduction: Just as the previous 20 years has witnessed
the discovery and characterization of extrasolar giant planets
(EGPs), the next 20 years will herald the discovery and charac-
terization of extrasolar terrestrial planets. To date, over 50 su-
per Earths have been confirmed from groundbased and space-
based planet searches, including planets that are Earth sized [1]
and planets that orbit within the classical habitable zones (HZ)
of their stars [2]. For observationally favorable candidates,
such as super Earths orbiting M dwarfs [3], atmospheric char-
acterization has already begun [4], placing constraints on the
atmospheric composition of these objects. Methods that are
used today for EGPs to obtain dayside infrared spectra, map
the day-night temperature pattern [5], and constrain cloudi-
ness and albedo will be extended to the characterization of
smaller planets in coming years. This observational vanguard
will continue over the next decade with attempts to determine
the composition, structure, climate, and habitability of these
worlds.

This observational tide provides motivation for under-
standing the circulation regimes of extrasolar terrestrial plan-
ets. Fundamental motivations are threefold. First, we wish to
explain current and future spectra, lightcurves, and other obser-
vations. Second, the circulation—and climate generally—play
a key role in shaping the habitability of terrestrial exoplanets,
a subject of crucial importance in understanding our place in
the Cosmos. Third, the wide range of conditions experienced
by exoplanets allows an opportunity to extend our theoreti-
cal understanding of atmospheric circulation and climate to a
much wider range of conditions than encountered in the solar
system.

Here we survey the basic dynamical principles governing
the atmospheric circulation of terrestrial exoplanets, discuss
the interaction of their circulation with global-scale climate
feedbacks, and briefly review the specific circulation models of
terrestrial exoplanets that have been published to date. Much
of our goal—particularly with the review chapter accompa-
nying this talk—is to provide a resource summarizing basic
dynamical processes, as distilled from not only the exoplanet
literature but also the solar system and terrestrial literature, that
will prove useful for the next generation of researchers hoping
to understand these fascinating atmospheres.

Overview of Dynamical Fundamentals: Key to understand-
ing atmospheric circulation is understanding the extent to
which rotation dominates the dynamics, as quantified by the
Rossby number, Ro = U/fL, where U is a characteristic
horizontal wind speed, f is the Coriolis parameter, and L is a
characteristic horizontal scale of the flow (∼103 km or more
for the global-scale flows considered here). When Ro ∼ 1
or greater, rotation plays a modest role, whereas Ro � 1 is
rotationally dominated. These two regimes define the “trop-
ics” and the “extratropics” respectively; the boundary between

them occurs at latitudes ∼ 20–30◦ on Earth and Mars. How-
ever, characterizable terrestrial exoplanets will often be close
to their stars and tidally locked, implying slow rotation rates.
As a result, many of these exoplanets will exhibit Ro ∼ 1 ev-
erywhere and will thus, dynamically, be “all tropics” worlds.

Tropical regime: We focus on the processes controlling tem-
perature since this shapes remote spectral observations. In the
slowly rotating regime, adjustment of the thermal structure by
gravity waves is a key process that shapes the horizontal tem-
perature contrasts. When moist convection, day-night heating
gradients, or other processes generate horizontal temperature
variations, the resulting pressure gradients lead to the radia-
tion of gravity waves. The horizontal convergence/divergence
induced by these waves adjusts air columns up or down in
such a way as to flatten the isentropes and therefore erase the
horizontal temperature constrasts. This process, which is es-
sentially the non-rotating endpoint of geostrophic adjustment,
largely explains the small horizontal temperature contrasts in
the tropics; the resulting dynamical regime is often called the
“weak temperature gradient” or WTG regime [6]. The Hadley
cell helps mute the temperature contrasts with latitude and can
potentially lead to a wider tropical belt than would occur oth-
erwise. On slowly rotating planets—including Venus, Titan,
and tidally locked super Earths—these wave-adjustment and
Hadley-cell processes will not be confined to low latitudes but
will act globally to mute horizontal temperature contrasts.

Understanding the conditions under which the WTG regime
breaks down is critical for understanding the atmospheric sta-
bility, climate, and habitability of exoplanets. Synchronously
rotating planets exhibit permanent day and night sides, and
for the atmosphere to remain stable against collapse, it must
remain sufficiently warm on the nightside [7]. Because the
wave-adjustment mechanism requires the propagation of grav-
ity waves, the timescale to adjust the temperatures over a plan-
etary radius a is essentially the gravity wave propagation time,
i.e., τ ∼ a/NH , where N is the Brunt-Vaisala frequency and
H is a scale height. This yields τ ∼105 sec. On planets with
radiative time constants ≤ 105 sec, the waves are damped, the
WTG regime breaks down, and large day-night temperature
differences may occur. Earth, Venus, and Titan are safely out
of danger, but Mars is transitional, and any exoplanet whose
atmosphere is particularly thin and/or hot is also at risk. Note
that this timescale comparison differs from the typical compar-
ison of radiative and advective timescales; when wind speeds
are comparable to wave speeds, the two estimates yield simi-
lar predictions, but regimes may exist where the wave speeds
significantly exceed the advection times, in which case the
predictions differ. Additional work is needed to clarify the
conditions necessary for WTG breakdown.

Recent theoretical work suggests that many tidally locked
terrestrial exoplanets will exhibit equatorial superrotation. Nu-
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merical models starting in the early 1990s demonstrated that
the existence of sufficiently strong zonally asymmetric tropi-
cal heating/cooling anomalies drives equatorial superrotation
[8], and terrestrial exoplanet models (as well as their gas-giant
cousins) have continued to consistently exhibit such superro-
tation [7, 9–11]. Showman & Polvani [12] showed that such
superrotation results from standing, planetary-scale Rossby
and Kelvin waves forced by the day-night heating gradient;
the eastward phase offset of the Kelvin waves, and the west-
ward phase offsets of the Rossby waves, leads to a character-
istic tilt of the eddy velocity pattern that fluxes eddy angular
momentum from high latitudes to the equator, thence driving
equatorial superrotation. When advection and radiative time
constants are similar, the superrotation displaces the hottest re-
gions eastward of the substellar point, a phenomenon already
observed on the hot Jupiter HD 189733b [5]. Similar behavior
may occur on many super Earths.

Extratropical regime: When Ro � 1, geostrophic bal-
ance prevails, and the atmosphere can therefore support larger
horizontal pressure and temperature contrasts [13]. An atmo-
sphere with a hot equator and cold poles will, in geostrophic
balance, exhibit net eastward windflow in the midlatitude up-
per troposphere. In radiative equilibrium, this flow is generally
baroclinically unstable; the resulting eddies flux heat poleward
and control the resulting equator-to-pole temperature contrast.
Moreover, these instabilities generate Rossby waves, and the
propagation of these Rossby waves away from the genera-
tion latitude causes a flux of eddy angular momentum into
the wave-generation latitude. The resulting eastward accelera-
tions induce the so-called “eddy driven” jet in the midlatitudes
of Earth and Mars, and the same will be true on rapidly ro-
tating exoplanets. On planets that are sufficiently large and/or
rapidly rotating, this baroclinic zone breaks up into multiple
strips of instabilities and therefore multiple eastward jets in
each hemisphere.

In the context of exoplanets, one would like a predictive
theory for the equator-to-pole heat flux—and therefore the
equator-to-pole temperature difference—as a function of at-
mospheric mass, rotation rate, incident stellar flux, and other
parameters. Significant work has been devoted to this problem
(see reviews in [14, 15]), and a variety of prescriptions have
been suggested, but as yet there exists no consensus. Part of
the difficulty is that the thermal cycle is coupled to the cycles
of angular momentum transport and PV transport and cannot
be understood in isolation; solving this problem may be tanta-
mount to developing a predictive theory of the full atmospheric
circulation. Additional work in the area is warranted.

Interaction of atmospheric circulation with climate: The
inner and outer edges of the classical habitable zone (HZ)
are shaped by global-scale climate feedbacks, and these are
affected by the circulation; as a result, the HZ boundaries de-
pend on the atmospheric circulation. The classical outer edge
of the habitable zone is often defined, for CO2/N2-type atmo-
spheres, as the conditions under which CO2 cloud formation
initiates, leading in extreme cases to freeze-out of the CO2

portion of the atmosphere, thence greatly reducing the green-
house effect. Similarly, a planet with a significant H2O or CO2

reservoir is subject to entering a glaciated Snowball state that
may severely limit habitability. This process initiates in the
coldest regions (poles and, on synchronously rotating planets,
the nightside), and therefore depends on the equator-pole or
day-night temperature differences.

The inner edge of the HZ is usually defined by the runaway
greenhouse limit. This has been explored almost exclusively
in 1D models holding the relative humidity fixed; in reality,
dynamics controls the relative humidity and may influence
the conditions for runaway initiation. Moreover, even if the
global-mean atmospheric water-vapor abundance is large, the
existence of localized dry regions (analogous to Earth’s sub-
tropics) could promote escape of longwave radiation to space,
potentially modifying the conditions under which the runaway
occurs [16, 17]. The study of these dynamical-climate feed-
backs is in its infancy.

Review of atmospheric circulation models: A variety of
studies have been published exploring the circulation patterns
likely to emerge on terrestrial exoplanets. [7] and [18] initiated
this line of work with pioneering models of synchronously ro-
tating terrestrial planets in the HZ of M dwarfs, which exhibited
atmospheric superrotation and showed that atmospheric col-
lapse on the nightside is unlikely if the atmospheric surface
pressure exceeds ∼0.2 bar. [19, 20] explored the circulation
on hypothetical Earths with large obliquities or orbitale ec-
centricities. More recently, [9] compared the circulation of
synchronously locked aquaplanets assumed to have rotation
rates of 1 and 365 days; the rapidly rotating case exhibited
a banded flow with midlatitude jets and weak equatorial su-
perrotation, whereas, in the slowly rotating case, the Coriolis
forces were so weak that the circulation to leading order was
cylindrically symmetric about the substellar-antistellar axis.
Interestingly, both models exhibited relatively warm the sur-
face temperatures on the nightside, indicating that day-night
heat transport was efficient in both cases. [21] explored the
thermal phase curves and detectability of non-transiting super
Earths, while [10] explored how the circulation influences the
width of the HZ in models that included cloud formation and
CO2 condensation. We will review these studies further in our
talk and chapter.
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