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ABSTRACT
We use 3D simulations to study the atmospheric circulation on the first Earth-sized exoplanet
discovered in the habitable zone of an M star. We treat Gliese 581g as a scaled-up version of
Earth by considering increased values for the exoplanetary radius and surface gravity, while
retaining terrestrial values for parameters which are unconstrained by current observations. We
examine the long-term, global temperature and wind maps near the surface of the exoplanet –
the climate. The specific locations for habitability on Gliese 581g depend on whether the
exoplanet is tidally locked and how fast radiative cooling occurs on a global scale. Independent
of whether the existence of Gliese 581g is confirmed, our study highlights the use of general
circulation models to quantify the atmospheric circulation on potentially habitable, Earth-
sized exoplanets, which will be the prime targets of exoplanet discovery and characterization
campaigns in the next decade.

Key words: astrobiology – methods: numerical – planets and satellites: atmospheres.

1 IN T RO D U C T I O N

The next frontier in extrasolar planet hunting is the discovery and
characterization of Earth-sized exoplanets – ‘exo-Earths’. A partic-
ularly promising route is to search for such planets around nearby
M stars. M dwarf stars have several unique attributes that are driv-
ing exoplanet studies and astrobiology, as well as next-generation
interferometry and direct-imaging missions; they constitute at least
72 per cent of nearby stars. As the least massive stars, they have the
greatest reflex motion due to an orbiting exoplanet. Furthermore, the
classical habitable (liquid water) zone around M dwarfs is typically
located in the range ∼0.1–0.2 au, corresponding to orbital periods
of ∼20–50 d – well matched to the capabilities of ground-based
precision-Doppler surveys. With such short periods, hundreds of
cycles of an exoplanet, with a mass of several times that of the
Earth, can be obtained within a decade, realizing factors of at least
10 in increased sensitivity for strictly periodic Keplerian signals and
enabling Doppler reflex barycentric signals as small as 1 m s−1 to
be recovered even in the presence of similar-amplitude stellar jit-
ter and Poisson noise. Although these attributes have only recently
become widely recognized by the astronomical community (Scalo
et al. 2007; Tarter et al. 2007; Charbonneau et al. 2009), many of
the nearest M stars have been prime targets for scrutiny by leading
precision-radial-velocity surveys for over a decade now.

�E-mail: kheng@phys.ethz.ch (KH); vogt@ucolick.org (SSV)
†Zwicky Fellow.

One of the most enticing and proximate exoplanetary systems be-
ing scrutinized is Gliese 581, with at least four exoplanets (Mayor
et al. 2009) orbiting a nearby (6.3 pc) M3V star. Two of the exoplan-
ets announced by Mayor et al. (2009) are apparently ‘super-Earths’
that straddle its habitable zone (Selsis et al. 2007). Recently, Vogt
et al. (2010) announced two more exoplanet candidates orbiting
this star – one with a minimum mass of 3.1 M⊕ (Gliese 581g) and
an orbital distance of about 0.15 au, placing it squarely within the
habitable zone of its parent star. It is generally accepted (Lammer
et al. 2010) that, for stellar masses below 0.6 M�, an Earth-mass
exoplanet orbiting anywhere in the habitable zone becomes tidally
locked1 or spin-synchronized within the first Gyr of its origin, such
that it keeps one face permanently illuminated with the other in
perpetual darkness. Such tidal locking will greatly influence the cli-
mate across the exoplanet and figures prominently in any discussion
of its potential habitability.

Independent of whether the existence of Gliese 581g is eventu-
ally confirmed, such discoveries motivate the study of atmospheric
circulation on exo-Earths using 3D simulations (Showman, Cho &
Menou 2010), which is the focus of the present paper. Our under-
lying philosophy is to use Gliese 581g as a test bed and explore
its atmospheric circulation – in the absence of observational con-
straints, we assume parameter values appropriate to the terres-
trial atmosphere. Unlike in previous work (e.g. Joshi, Haberle &

1 In this paper, we use the terms ‘tidal locking’ and ‘synchronous rotation’
synonymously, but strictly speaking this is only correct for an exoplanet on
a circular orbit, which is our implicit assumption.
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Reynolds 1997; Joshi 2003), we study only the essential dynam-
ics of the atmosphere, choosing not to model the radiative transfer
and atmospheric chemistry, an approach which is commensurate
with the quality of data currently available for Gliese 581g. We
examine a suite of models both with and without the assumption
of tidal locking. By systematically varying a set of physical param-
eters, we determine the major and minor parameters involved. We
are primarily interested in the long-term, quasi-stable, large-scale
circulation patterns – the climate – as opposed to the short-term
temporal variations (the weather; Peixóto & Oort 1984).2 We de-
scribe our methods in Section 2, present our results in Section 3 and
discuss their implications in Section 4.

2 ME T H O D O L O G Y

2.1 The GFDL–Princeton Flexible Modelling System

We implement the spectral dynamical core of the Flexible Mod-
elling System (FMS) developed by the Geophysical Fluid Dynamics
Laboratory (GFDL) at Princeton University (Gordon & Stern 1982;
Anderson et al. 2004; Heng, Menou & Phillipps 2011). Dynamical
cores are codes that deal with the essential dynamics of atmospheric
circulation, treat radiative cooling in a simplified manner (via New-
tonian relaxation) and omit atmospheric chemistry (Held & Suarez
1994). The governing equations solved are the primitive equations
of meteorology, where the key assumption made is that of vertical
hydrostatic equilibrium (Smagorinsky 1963, 1964; Washington &
Parkinson 2005; Vallis 2006). The boundary-layer friction between
the terrestrial atmosphere and surface is treated using a simple linear
prescription known as Rayleigh drag/friction.

Following Held & Suarez (1994) and Heng et al. (2011), the
first tinit = 200 Earth days of the simulations are discarded (unless
otherwise stated); they are then run for trun = 1000 Earth days. Our
results do not depend on the choice of tinit as long as it is chosen
to be long enough that transient features due to initialization have
been disregarded. We have verified this statement by performing
multiple simulations with larger values of tinit and witnessed no
difference in our results. Choosing a larger value of trun allows
zonal-mean flow quantities to be averaged over a longer period of
time, thus producing smoother profiles as functions of latitude and
vertical pressure but otherwise yielding no qualitative difference in
the results.

The numerical resolution adopted is T63L20 (192 × 96 × 20),
which corresponds to a horizontal resolution of about 300 km. By
contrast, the vertical pressure scaleheight is

H = kT

mgp

≈ 60 km

(
T

200 K

) (
m

2mH

gp

14.3 m s−2

)−1

, (1)

where k is the Boltzmann constant, T is the temperature, m is the
mass of the atmospheric molecule(s), gp is the acceleration due to
gravity and mH is the mass of the hydrogen atom. For comparison,
we note that the simulations of Joshi et al. (1997) and Joshi (2003)
use resolutions of T10L10 (32 × 16 × 10) and T21L22 (64 ×
32 × 22), respectively. All of the simulations are started from an
initial state of windless isothermality (vinit = 0, T init = 264 K) and
executed with constant time-steps of �t = 900 s (i.e. ∼105 time-
steps in total). The value of T init was again chosen following Held
& Suarez (1994) and Heng et al. (2011). Our conclusions do not

2 Peixóto & Oort (1984) regard the weather and climate to be initial- and
boundary-value problems, respectively.

depend on this choice as long as quasi-equilibrium is attained. How-
ever, we note that in their simulations of hot Jupiter atmospheres,
Thrastarson & Cho (2010) find the resulting structure of the at-
mospheric circulation to be qualitatively different depending on the
assumed initial conditions. While it is likely that sensitivity to initial
conditions scales with the depth of the atmosphere modelled, we
consider such an exploration to be beyond the scope of our study.

In their simplest form, the primitive equations collectively de-
scribe a frictionless heat engine, where no viscous terms exist to
convert mechanical energy back into heat. This is operationally ac-
complished by the addition of a ‘hyperviscous’ term, which also
ensures numerical stability by quenching small-scale noise accu-
mulating at the (horizontal) grid scale (e.g. Shapiro 1970; Roeckner
& von Storch 1980; Stephenson 1994; Menou & Rauscher 2009;
Heng et al. 2011). Following Held & Suarez (1994), we set the
hyperviscous time-scale to be 0.1 Earth days in a fourth-order hy-
perviscosity scheme.

Readers interested in more technical details of the model are
referred to http://www.gfdl.noaa.gov/fms.

2.2 Held–Suarez forcing

The effects of stellar irradiation and geometry, known as the thermal
forcing, on the atmosphere are encapsulated in the forcing function
T force (Held & Suarez 1994). In the classic Held–Suarez benchmark,
the thermal forcing function is designed to reproduce the observed
large-scale climate patterns on Earth,

Tforce =
[
T0 − �TEP sin2 � − �Tz ln

(
P

P0

)
cos2 �

] (
P

P0

)κ

,

(2)

where T0 = 315 K is the surface temperature at the equator (which
we will scale down later), �TEP = 60 K is the temperature differ-
ence between the equator and the poles, P represents the vertical
pressure and � denotes the latitude. The third term in equation (2)
is a stabilizing term where �Tz = 10 K. Knowledge of the specific
heat capacity at a constant pressure, cp, and the ideal gas constant R
allows for the specification of κ ≡ R/cp . In the absence of obser-
vational constraints, we adopt terrestrial values for these quantities:
cp = 1004.64 J kg−1 K−1, R = 287.04 J kg−1 K−1 and κ = 2/7.
These values are plausible, since cp ∼ 103 J kg−1 K−1 for a wide
variety of known gases and κ = 2/7 has been adopted even for sim-
ulations of hot Jupiters (e.g. Menou & Rauscher 2009; Heng et al.
2011). The surface pressure is initially assumed to be P0 = 1 bar,
but we will explore variations in this parameter in Section 3.5. We
have initially not considered the presence of a tropopause, but this
possibility is examined in Section 3.6.

Thermal forcing for a tidally locked exoplanet can be mim-
icked by replacing the −sin 2� term in equation (2) with
cos(� − 180◦)cos � (e.g. Cooper & Showman 2005, 2006; Menou
& Rauscher 2009; Merlis & Schneider 2010; Heng et al. 2011), such
that the substellar point is located at � = 180◦ and � = 0◦ with �

denoting the longitude. Equation (2) can therefore be modified to

Tforce =
[
T ′

0 + �TEP cos(� − 180◦) cos �

− �Tz ln

(
P

P0

)
cos2 �

] (
P

P0

)κ

, (3)

where T ′
0 is now the surface temperature at the poles. Operationally,

we find that Gliese 581g simulations with �TEP = 60 K and as-
suming tidal locking do not come to quasi-equilibrium within the
duration of the simulations (in the sense that the temperature map
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produced is discrepant from the forcing function), which is contrary
to expectations because radiative cooling occurs quickly and the
global temperature map should simply relax to the thermal forcing
function (in the absence of the initial background flow; Thrastarson
& Cho 2010). We therefore execute several simulations with differ-
ent values of �TEP to investigate this issue. We find that the global
structure of the temperature and wind maps obtained are insensitive
to the choice of �TEP within the range 10–60 K, a point we will
explicitly demonstrate in Section 3.4. For operational reasons, we
therefore select �TEP = 10 K for the tidally locked case because
the simulations do attain quasi-equilibrium. Nevertheless, �TEP is
an unconstrained parameter of the system.

2.3 Physical parameters: scaling

We next scale the value of T0 in equation (2) to one appropriate to
Gliese 581g. Using the scaling

T0 ∝ L1/4a−1/2, (4)

where L is the stellar luminosity and a is the distance from the
star, it follows that T0 = 278 K since Gliese 581 has a luminosity of
0.013L� and a = 0.146 01 au (Mayor et al. 2009; Vogt et al. 2010).
Using this scaled value of T0 and �TEP = 10 K, we get T ′

0 = 268 K.
It is important to note that T0 is not the ‘equilibrium temperature’
(i.e. blackbody equivalent) of the exoplanet (Selsis et al. 2007),
which is estimated to be Teq ≈ 230 K (assuming a Bond albedo of
0.3, typical for Solar system objects; Vogt et al. 2010). It is also
important to note that typical estimates of Teq assume that energy is
not transported from the permanent day to the night side (assuming
tidal locking) of the exoplanet. On Earth, the equilibrium temper-
ature is about 280 K, which is lower than the surface temperature
of 315 K assumed in the Held–Suarez benchmark. The increased
surface temperature is due to a combination of a non-zero surface
albedo and the retention of (re-emitted) long-wave radiation by
greenhouse gases (mostly carbon dioxide and water vapour). Fur-
thermore, the temperature difference between the equator and the
poles is determined by a combination of atmospheric dynamics and
seasonal variations (e.g. Vallis 2006), so the simple scaling in equa-
tion (4) cannot be straightforwardly applied to �TEP. Therefore, we
retain �TEP = 60 K in the case of a hypothetical Gliese 581g with
a rotational period of 1 Earth day.

Only the minimum mass of Gliese 581g is currently known, but
the dynamical stability analyses of Mayor et al. (2009) and Vogt
et al. (2010) – assuming coplanar orbits – restrict 1/sin i to have
upper limits of 1.6 and 1.4, respectively. The mass of the exoplanet
affects the assumed values of the exoplanetary radius,

Rp =
(

Mp

M⊕

)1/3 (
ρp

ρ⊕

)−1/3

R⊕ , (5)

and the surface gravity,

gp =
(

Mp

M⊕

)1/3 (
ρp

ρ⊕

)2/3

g⊕ , (6)

where R⊕ = 6371 km and g⊕ = 980 cm s−2. If Mp = 3.1 M⊕,
then the scaling factor associated only with the mass is 1.46. If we
instead have Mp = 4.3 and 5.0 M⊕ , then the scaling factors are
1.63 and 1.71, respectively.

In the spirit of a scaled-up Earth, we initially assume Gliese 581g
to have the same mass density as that of Earth (ρp/ρ⊕ = 1) and
take the minimum mass to be the actual mass, Mp = 3.1 M⊕ , but
explore the implications of raising the assumed mass to Mp = 4.3 and
5.0 M⊕ in Section 3.2. In Section 3.3, we vary the assumed value

of ρp/ρ⊕ and explore the implications. We may already anticipate
that the flow structure is mainly determined by the rotational rate
(�p) and the details of the gas physics (the frictional and radiative
cooling times).

The observed orbital period of Gliese 581g is 36.562 Earth days
(Vogt et al. 2010). If the exoplanet is tidally locked, then the angular
rotational frequency is �p = 1.989 × 10−6 s−1. In Section 3.7, we
explore the implications of varying the global radiative cooling time
for a tidally locked Gliese 581g – in essence, we are quantifying
the relative importance of cooling versus advection. If we relax
the assumption of tidal locking, then we can explore the effect of
varying the rotational frequency of the exoplanet (Section 3.8). For
example, if Gliese 581g has a rotational period of 1 Earth day, then
�p = 7.292 × 10−5 s−1.

3 R ESULTS

We begin by presenting results from a trio of baseline models, which
we consider to be representative. Subsequently, we present a suite
of simulations in which we systematically vary a set of physical
parameters in order to determine which of them are significant. We
conclude that the major parameters are the radiative cooling time
τ rad and the rotational frequency �p.

3.1 Baseline models

The left-hand panel of Fig. 1 shows the Mollweide projection3 of a
snapshot from the simulation where Gliese 581g is assumed to have
a mass of Mp = 3.1 M⊕ , a mass density of ρp = ρ⊕ , a surface
pressure of P0 = 1 bar and is tidally locked. The Newtonian cooling
time is about 4 d, following the Held–Suarez benchmark for Earth
(see Section 3.7). Since the rotational period of about 37 d is much
longer than the radiative cooling time, the structure of the flow is
sculpted by radiation rather than advection. The flow may also be
modified by unresolved gravity waves (Watkins & Cho 2010). The
relatively fast cooling time implies that the global temperature map
relaxes approximately to the input thermal forcing function.

While such visualizations are aesthetically pleasing, more insight
is provided by looking at the temporally averaged temperature and
wind maps as functions of longitude and latitude – the long-term,
quasi-stable climate. This is shown in Fig. 2, where we contrast
both the tidally locked and non-tidally locked cases. For the tidally
locked case, the permanent day side of the exoplanet is just within
the classical T = 0–100 ◦C habitable temperature range. In the non-
tidally locked case where the rotational period is assumed to be
equal to 1 Earth day, the flow is dominated by advection rather than
radiation with the temperatures at the equator hovering around a few
degrees Celsius. The pair of global temperature maps in Fig. 2 makes
the point that conclusions on the exact locations for habitability on
the surface of an exo-Earth depend upon whether the assumption
of tidal locking is made (see also Section 3.8). Even on the cold
night side, the temperatures are comparable to those experienced
in Antarctica where colonies of algae have been discovered and
analysed (Edwards et al. 2004a,b). All of these statements are made
keeping in mind that temperature is a necessary but insufficient
condition for habitability (see Section 4).

Figs 3 and 4 show the global zonal and meridional wind maps,
respectively. In the case of a tidally locked Gliese 581g, fluid is

3 Pseudo-cylindrical projection of a globe which conserves the area but not
the angle or shape, also called the ‘homalographic projection’.
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Figure 1. Mollweide projection of the temperature and velocity fields near the surface (P = 0.95–1 bar) of Gliese 581g as modelled by our atmospheric
circulation simulations assuming tidal locking. Left: simulation with the fiducial value of the radiative cooling time used in the Held–Suarez benchmark for
Earth. Right: simulation with the radiative cooling time lengthened by the ratio of the orbital period of Gliese 581g to the rotational period of Earth (a factor
of 36.562). Colours denote temperature (in K) and the arrows represent the direction of the velocity field. The resolution adopted is T63L20 (192 × 96 × 20).
The snapshots are taken at 1200 and 3000 Earth days, for the left- and right-hand panels, respectively, after the start of the simulations.

Figure 2. Long-term, global temperature maps (in K) near the surface (P = 0.95–1 bar) of Gliese 581g. Left: with tidal locking. Right: a planetary rotation is
1 Earth day. The substellar point is located at � = 180◦ and � = 0◦. These maps are averaged over 1000 Earth days, where the first 200 d of the simulation
are discarded.

Figure 3. Same as Fig. 2, but for the long-term, global, zonal-wind maps. Contour levels are in units of m s−1.

transported across hemispheric scales at speeds ∼1 m s−1, compa-
rable to typical wind speeds on Earth. The wind patterns have a
slight asymmetry from west to east due to the rotation of the ex-
oplanet. If the exoplanet instead has a rotational period of 1 Earth
day (and is not tidally locked), there is longitudinal homogeniza-

tion of the winds with a counter-rotating jet at the equator and
super-rotating jets at mid-latitude. The meridional wind map is now
characterized by smaller structures. The slightly faster wind speeds
recovered from the simulation with a rotational period of 1 Earth
day are artefacts of assuming a higher value of �TEP (60 versus

C© 2011 The Authors, MNRAS 415, 2145–2157
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Figure 4. Same as Fig. 3, but for the long-term, global, meridional wind maps.

Figure 5. Global, long-term zonal (left) and meridional (right) wind maps for a simulation assuming tidal locking, where the radiative relaxation and Rayleigh
friction times are set to be 36.562 times their original values. The maps are averaged over 1000 Earth days, where the first 2000 d of the simulation were
discarded.

10 K) – nevertheless, the global structure of the wind maps are ro-
bust predictions of the simulations, which we will demonstrate in
Section 3.4.

To further explore the interplay between radiative cooling and
advection, we execute another simulation where the radiative cool-
ing (originally 4 Earth days) and Rayleigh friction (originally 1
Earth day) times are set to be 36.562 times their fiducial values – in
essence, we are scaling by the ratio of the observed orbital period
of Gliese 581g to the rotational period of Earth.4 Basically, we are
exploring the possibility that there is an unidentified cooling mecha-
nism with a time-scale that scales as the rotational period (assuming
tidal locking). The key point is not in finding the exact value of this
lengthening of the cooling time, but that it may well exceed the
rotational period on a tidally locked exoplanet. Due to the longer
cooling time assumed, we now run the simulation for 3000 Earth
days and discard the first 2000 d so as to attain quasi-equilibrium.
The Mollweide snapshot of the temperature and velocity fields, as
well as the long-term wind maps, are shown in the right-hand panel
of Fig. 1 and also in Fig. 5. Since advection occurs somewhat faster
than radiative cooling, zonal winds on the exoplanetary surface de-

4 As an aside, we note that scaling down from Venus is an alternative,
plausible approach since the Venusian orbital period is about 117 d.

velop a stronger east–west asymmetry and there are hints of energy
transport from the permanent day to the night side. The chevron-
shaped feature residing around the substellar point is reminiscent
of that seen at ∼0.1 bar in 3D atmospheric circulation simulations
of hot Jupiters (e.g. Menou & Rauscher 2009; Heng et al. 2011).
Trailing the feature are large-scale vortices spanning about one-
third of the hemisphere in size – their large sizes are a consequence
of the Rossby deformation length-scale being relatively larger due
to the slower rotation of the exoplanet when tidally locked (Cho
et al. 2003). In Fig. 6, we show the zonally and temporally aver-
aged zonal-wind speeds obtained from our trio of baseline models.
The models with tidal locking both have equatorial, super-rotating
winds, where a longer radiative cooling time leads to faster speeds
because of the increased effectiveness of advection. The non-tidally
locked model which assumes a rotational period of 1 Earth day has
a counter-rotating wind at the equator; its faster speed is again an
artefact of assuming a larger value of �TEP. Similar to how the
Rossby length-scale is increased because of slower rotation, the
larger Rhines scale (Showman et al. 2010) in the tidally locked
models results in broader jets across latitude.

The trio of simulations presented here capture the essential
physics of our simple model. In the subsections that follow, we
will explore multiple variations on a theme, so as to ascertain the
major and minor physical parameters involved in determining the

C© 2011 The Authors, MNRAS 415, 2145–2157
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Figure 6. Zonally and temporally averaged zonal-wind speeds near the
surface of Gliese 581g (P = 0.95–1 bar). Positive and negative values
indicate super- and counter-rotation, respectively.

atmospheric dynamics of an exo-Earth. In doing so, we will explic-
itly demonstrate some of the statements made in this subsection.

3.2 Varying the exoplanetary mass Mp

Assuming the exoplanets orbiting Gliese 581 to be in coplanar or-
bits, Mayor et al. (2009) and Vogt et al. (2010) were able to set upper
limits on Mp of 4.3 and 5.0 M⊕ , respectively, using stability analy-

ses that considered four and six orbiting exoplanets. We thus explore
the implications of varying Mp/M⊕ while keeping ρp/ρ⊕ = 1. As
is evident from equations (5) and (6), raising the exoplanetary mass
to the (maximum) values implied by the stability analyses increases
both the radius and the surface gravity, but in these cases by less
than a factor of 2. As shown in Fig. 7, it is therefore unsurprising
that while varying Mp yields minor quantitative differences in the
global wind maps near the surface (P = 0.95–1 bar), the qualitative
features are largely invariant to Mp.

3.3 Varying the exoplanetary mass density ρp

Varying the exoplanetary mass density is slightly different from
varying the mass. Higher exoplanetary masses generally result in
larger radii and higher surface gravities. However, a denser exo-
planet has a smaller radius but higher surface gravity (and vice
versa). To gain some intuition for the possible range of mass densi-
ties involved, we note that Kuiper belt objects have typical densities
∼2 g cm−3 (Fraser & Brown 2010), while the gas giants in our So-
lar system have densities ∼1 g cm−3. By contrast, the Earth has a
density of about 5.5 g cm−3. It is unlikely that ρp can vary by an or-
der of magnitude or more. Thus, we explore the implications when
ρp/ρ⊕ = 1/3 and 3 (i.e. half an order of magnitude lower or higher
than ρ⊕ ) and Mp = 3.1 M⊕ .

Even with marked differences in the radii (6441 versus
13 397.9 km) and surface gravities (690 versus 2970 cm s−2) be-
tween the pair of simulations, the global wind maps in Fig. 8

Figure 7. Same as Figs 3 and 4 but for the tidally locked case with Mp = 4.3 M⊕ (top two panels) and Mp = 5.0 M⊕ (bottom two panels).
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Figure 8. Same as Fig. 7, but for the tidally locked case with ρp = ρ⊕ /3 (top two panels) and ρp = 3ρ⊕ (bottom two panels).

demonstrate that the mass density ρp of the exoplanet is a minor
parameter of the system.

3.4 Varying the equator–pole temperature difference �TEP

As described earlier, the qualitative structure of the global wind
maps is insensitive to the adopted value of the equator–pole tem-
perature difference �TEP. We now demonstrate explicitly that this
is indeed the case. Fig. 9 displays a set of global wind maps from
simulations which assume tidal locking and for �TEP = 20, 30 and
60 K. While the qualitative structures of the wind maps are largely
invariant to the variation of �TEP, the quantitative predictions dif-
fer – larger temperature differences between the equator and the
poles lead to faster winds. It is likely that the equator–pole tem-
perature difference is lower on a tidally locked exoplanet due to
the reduced effect of Coriolis deflection, which is the reason why
we have not tested models with greater values of �TEP. It is still
possible that �TEP > 60 K on exo-Earths in general, which will
have strong consequences on the climate.

Nevertheless, the fact remains that �TEP is an unconstrained
parameter in our models. Until its value can be constrained by
observations, quantitative predictions for the wind speeds cannot
be made (Thrastarson & Cho 2010).

3.5 Varying the surface pressure P0

If Gliese 581g has an atmosphere, it may be thinner or thicker than
that of Earth. For comparison, Venus has a surface pressure of ∼102

bar due to its much thicker atmosphere, while the thin atmosphere
of Mars produces P0 ∼ 10−3 bar. It is therefore conceivable that the
surface pressure P0 spans many orders of magnitude in value for
exo-Earths.

To meaningfully compare simulations with different values of P0

at the same vertical resolution (20 levels), we examine the zonal-
mean zonal-wind profiles as functions of the vertical pressure P and
latitude �. We term such statistically averaged flow quantities the
‘Held–Suarez statistics’ (Held & Suarez 1994; Heng et al. 2011).
Fig. 10 shows results from simulations with P0 = 0.1, 1, 3 and
10 bar. For the range of surface pressures explored, we witness
no qualitative differences in the zonal-mean zonal-wind profiles,
which are characterized by super-rotating, equatorial winds. While
we do not show them, we note that the global wind maps near the
exoplanetary surface are very similar to those previously shown in
Figs 7 and 8.

While variations in the surface pressure appear to have little effect
on the zonal-mean zonal-wind profiles in the range P0 = 0.1–10 bar,
it is possible that the actual surface pressure may be much less (thin
atmosphere) or greater (thick atmosphere) than the range we have
examined.

3.6 The presence or absence of a tropopause

The terrestrial atmosphere closest to the surface may be divided
into two components: the troposphere and the stratosphere. The
stratosphere is the barotropic component, meaning the surfaces of

C© 2011 The Authors, MNRAS 415, 2145–2157
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Figure 9. Same as Figs 7 and 8, but for three values of the equator–pole temperature difference: �TEP = 20 K (top row), �TEP = 30 K (middle row) and
�TEP = 60 K (bottom row).

constant entropy are largely independent of latitude or longitude and
increase with height. By contrast, the surfaces of constant entropy
change with latitude and longitude in the troposphere, making it
the baroclinic component. The height at which the troposphere
transitions into the stratosphere is the tropopause.

To mimic the presence of a tropopause, Held & Suarez (1994)
implemented the following thermal forcing:

T̃force = max {Tforce, Tstrat} , (7)

where T force is given by equation (2) and Tstrat = 200 K is the (con-
stant) stratospheric temperature. To further explore the variations

on a theme associated with the tidally locked models, we use equa-
tion (3) for T force and perform simulations with two different values
of Tstrat. The first retains Tstrat = 200 K as in the case of Earth, while
the second uses equation (4) to scale the value of Tstrat down to
177 K. The point is not in the exact value of Tstrat adopted but rather
the change it causes in the zonal-mean zonal-wind profile.

Fig. 11 shows both the zonal-mean zonal-wind profiles and the
global wind maps produced by the simulations. The zonal-mean
zonal-wind profile is characterized by a super-rotating, equatorial
jet situated at P ≈ 0.2–0.4 bar (for P0 = 1 bar), where a lower
stratospheric temperature corresponds to the jet residing higher up
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Figure 10. Zonal-mean zonal-wind profiles as functions of the vertical pressure P and the latitude �, where tidal locking is assumed. Shown are simulations
with different values of the vertical pressure: P0 = 0.1 bar (top left-hand panel), 1 bar (top right-hand panel), 3 bar (bottom left-hand panel) and 10 bar (bottom
right-hand panel). Contour levels are given in m s−1.

in the atmosphere simply because the tropopause is situated at a
greater height in this case. Interestingly, these differences do not
translate into any qualitative differences for the global wind maps
near the surface (P = 0.95–1 bar) of the exoplanet, leading us to
conclude that the presence of a tropopause does not have a major
effect unless it reaches down to near the surface of the exoplanet.

3.7 Varying the radiative cooling time τ rad

Our dynamical core simulations account for radiative cooling via
the addition of an extra term to the thermodynamic equation (Held
& Suarez 1994),

QNewton = (Tforce − T )

(
1

τrad,d
+ Q

)
, (8)

where

Q ≡
⎧⎨
⎩

0, σ ≤ σb,(
1

τrad,u
− 1

τrad,d

) (
σ−σb

1−σb

)
cos4 �, σ > σb,

(9)

the dimensionless pressure is σ ≡ P/P0 and the quantity σ b is set
to 0.7 following Held & Suarez (1994). In all of the simulations
presented so far, we have kept τ rad,u = 4 Earth days and τ rad,d =
40 Earth days. In this subsection, we explore the implications of
increasing both τ rad,u and τ rad,d by a constant, multiplicative factor.
For convenience, we refer to the fiducial radiative cooling time
simply as τ rad = τ rad,u = 4 Earth days, where it is implied that

τ rad,d/τ rad,u = 10. The damping of low-level winds due to the drag or
friction between the atmosphere and exoplanetary surface is treated
by applying the Rayleigh damping coefficient,

DRayleigh =
{

0, σ ≤ σb,

σ−σb

τfric(1−σb) , σ > σb,
(10)

to the velocity field. The fiducial value of the drag time is τ fric = 1
Earth day. When we increase the radiative cooling time, we apply
the same constant, multiplicative factor to the Rayleigh drag time.

We have chosen the Held–Suarez benchmark as a baseline be-
cause of its simplicity. While there is no strict justification for
extending the Newtonian cooling and Rayleigh drag schemes to
exo-Earths, these are also the simplest schemes one can adopt to
mimic the effects of cooling and drag.

We now explore models where τ rad and τ fric are increased by fac-
tors of α = 3, 10, 30 and 100 while retaining the assumption of tidal
locking. Fig. 12 shows snapshots of the temperature and velocity
fields from simulations that have attained quasi-equilibrium. As α

increases and radiative cooling becomes less efficient, advection be-
comes more effective at transporting parts of the atmosphere heated
by stellar irradiation from the day to the night side. Thus, the sim-
ple picture of segregated hemispheres where one hemisphere is the
permanent day side and the other is the permanent night side starts
to break down, at least from the viewpoint of a temperature map.
Some of these models are refutable, because when astronomical
instrumentation becomes advanced enough to perform direct wind
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Figure 11. Simulations including the presence of a tropopause, where the stratospheric temperature is denoted by Tstrat. The top, middle and bottom panels
show the zonal-mean zonal-wind profiles, zonal-wind maps for P = 0.95–1 bar and meridional wind maps for P = 0.95–1 bar, respectively. The left- and
right-hand columns are for simulations with Tstrat = 200 and 177 K, respectively (see text for details). Contour levels are given in m s−1.

measurements of exo-Earths – such as was done for the hot Jupiter
HD 209458b by Snellen et al. (2010), who measured the CO line
in absorption with the line centre blueshifted by about 2 km s−1 –
the predictions for the recorded spectrum will be different for each
of these scenarios. For example, if advection dominates over radia-
tive cooling and succeeds in the longitudinal homogenization of the
temperature field, then the spectrum will have both blueshifted and
redshifted contributions to the absorption lines obtained from trans-
mission spectroscopy, thus cancelling out the spectral shift from the
line centre.

It remains to be determined, from both theory and observations,
if the radiative cooling and Rayleigh friction times assumed in
our models are consistent with the atmospheric chemistry actually
found on exo-Earths.

3.8 Varying the rotational frequency �p

The axisymmetric thermal forcing described in equation (2) is valid
when the assumed rotational period is less than the orbital period,
e.g. in the second baseline model presented in Section 3.1 with
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Figure 12. Snapshots of the temperature and velocity fields near the surface (P = 0.95–1 bar), taken from simulations where the radiative cooling and Rayleigh
friction time-scales have been increased by factors of α = 3 (top left-hand panel), 10 (top right-hand panel), 30 (bottom left-hand panel) and 100 (bottom
right-hand panel). Colours denote temperature (in K) and the arrows represent the direction of the velocity field. The resolution adopted is T63L20 (192 ×
96 × 20). The snapshots are taken at 3000 Earth days after the start of the simulations.

�p = 7.292 × 10−5 s−1 (1 Earth day). As the last variation on a
theme, we explore models where the assumption of tidal locking
is removed and the rotational period is assumed to be 1, 3, 10
and 20 Earth days (and where τ rad and τ fric have been reverted to
their fiducial values). Since the observed orbital period of Gliese
581g is about 37 d, we can use equation (2) for the thermal forcing
function. Such a parameter exploration of the rotational (and not
orbital) frequency �p is not unreasonable because tidal locking is a
theoretical expectation based on the extrapolation of the properties
of Solar system planets – which may not be representative of the
exoplanets in the Universe at large – and not a direct astronomical
observable.

In this regime of axisymmetric thermal forcing, exoplanets may
be characterized by the thermal Rossby number (Mitchell & Vallis
2010),

Rth = R�TEP

(2�pRp)2
≈ 9 × 10−3

( R
287.04 J kg−1 K−1

�TEP

60 K

)

×
(

�p

7.292 × 10−5 s−1

Rp

9290 km

)−2

, (11)

where R is again the ideal gas constant. Since Rth < 1, a hypo-
thetical Gliese 581g with a rotational period of 1 Earth day has
a counter-rotating, equatorial wind, as shown in the right-hand
panel of Fig. 3 and also in Fig. 6. When the rotational period is
increased to 3, 10 and 20 Earth days, the thermal Rossby num-
ber becomes Rth ≈ 0.08, 0.9 and 4, respectively. In Fig. 13, we

clearly see a transition from equatorial counter-rotation to the be-
ginnings of super-rotation (near the surface; P ≈ 0.8–1 bar) as Rth

is increased – equatorial super-rotation is expected to occur when
Rth � 1 (Mitchell & Vallis 2010). However, even with a rotational
period of 20 Earth days (bottom right-hand panel of Fig. 13), we
are already approaching the limit where the axisymmetric thermal
forcing in equation (2) starts to become invalid and therefore we do
not perform more simulations with even longer rotational periods.
Rather, our results in Fig. 13 are already sufficient to conclude that
the rotational frequency �p is a major parameter of the system.

Finally, we note that equatorial super-rotation has previously
been studied within the context of non-axisymmetric thermal forc-
ing (Suarez & Duffy 1992; Saravanan 1993; Kraucunas & Hartmann
2005; Showman & Polvani 2010). It has also been previously stud-
ied using a more direct, non-axisymmetric momentum forcing (Shell
& Held 2004; Cho et al. 2008).

4 D ISCUSSION

We have presented 3D simulations of atmospheric circulation us-
ing the exo-Earth candidate Gliese 581g as a test bed. Our start-
ing point is a dynamical model that is similar to the Held–Suarez
benchmark for Earth, which is calibrated to reproduce terrestrial
observations of large-scale climate patterns. Using this model as a
baseline, we then present global temperature and wind maps which
assume Gliese 581g to be tidally locked. The salient, qualitative
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Figure 13. Zonal-mean zonal-wind profiles as functions of the vertical pressure P and the latitude �, where the assumption of tidal locking is relaxed. Shown
are simulations with different values of the thermal Rossby number: Rth ≈ 0.009 (1 Earth day rotation; top left-hand panel), Rth ≈ 0.08 (3 Earth day rotation;
top right-hand panel), Rth ≈ 0.9 (10 Earth day rotation; bottom left-hand panel) and Rth ≈ 4 (20 Earth day rotation; bottom right-hand panel). Contour levels
are given in m s−1.

conclusion gleaned from our study is that a ‘dance’ occurs between
the exoplanet and its host star (see also Cho et al. 2008). When
radiative cooling dominates over advection, the star successfully
imprints its thermal signature on the exoplanet, which then resem-
bles a sphere painted ‘half-black and half-white’ (left-hand panels
of Figs 1 and 2) akin to the way one usually visualizes the perma-
nent day and night sides of a tidally locked exoplanet in a cartoon
or schematic diagram. When advection occurs more efficiently than
radiative cooling, the exoplanet leads the dance and smears out the
thermal forcing imposed by the star evenly across longitude (right-
hand panel of Fig. 2). In the intermediate regime between these
two cases, the exoplanet only partially succeeds in the longitudinal
homogenization of temperature, an example of which is shown in
the right-hand panel of Fig. 1. In this case, the simple picture of the
permanent day and night sides becomes more involved.

In the context of the classical 0–100 ◦C range of temperatures
for habitability, our main finding is that the specific locations for
habitability on the surface of Gliese 581g – and exo-Earths in gen-
eral – depend on whether the exoplanet is tidally locked and how
fast radiative cooling occurs on a global scale. A shortcoming of
our approach is that we have neglected the effects of radiative trans-
fer, which may have little effect on the large-scale climate patterns
but will almost certainly alter the absolute values of the temper-
atures – for example, including the effects of CO2 may result in
temperatures warmer than what we find (i.e. the greenhouse ef-

fect). The age-old question of whether an exoplanet is inhabitable
constitutes an active field and a broad range of approaches has
been adopted by various researchers. Selsis et al. (2007) used 1D
radiative–convective atmospheric models to assess the conditions on
Gliese 581c and 581d, and found the latter to be potentially the first
habitable exoplanet discovered. Wordsworth et al. (2011) also used
a 1D radiative–convective scheme, which included CO2 and H2O
clouds, to examine the habitability of Gliese 581d. They found CO2

to be an important ingredient in maintaining global temperatures
above the freezing point of water – increasing the surface gravity
of the exoplanet reduces the CO2 column density, which results in
global cooling of its surface. They also find Rayleigh scattering to
be less important for the redder spectra of M class stars. Wordsworth
et al. (2010) followed up with preliminary results from a 3D cli-
mate model that focused on a pure CO2 atmosphere, using the early
Martian atmosphere as a baseline. They raised the concern that CO2

is able to condense out in the colder regions of the exoplanet and
may lead to (CO2) atmospheric collapse. Dvorak et al. (2010) ex-
amine the interplay between the dynamical stability of systems with
multiple stars and/or exoplanets and their habitable zones. Lammer
et al. (2010) emphasize the coupling between the geophysical ac-
tivity of the exoplanet and the properties of its parent star. Even the
definition of the inner edge of the habitable zone depends on the
amount of cloud cover on the exoplanet (Selsis et al. 2007). Gener-
ally, these studies make the point that an exoplanet found outside of
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the classical habitable zone may not be uninhabitable – conversely,
an exoplanet found within the zone may not be inhabitable. Fur-
thermore, a seemingly inhospitable exoplanetary surface does not
exclude the possibility of subsurface habitability (Gold 1992).

Although Gliese 581 itself is observed to exhibit weak Ca II H &
K emission (Mayor et al. 2009), it is well known that M dwarfs in
general are chromospherically active (Stauffer & Hartmann 1986;
Scalo et al. 2007) and it is likely that stellar activity will modify the
exoplanetary atmosphere away from the terrestrial baseline (Selsis
et al. 2007). It is also plausible that slower rotation results in weaker
magnetospheres, which in turn weakens the ability of the exoplanet
to shield itself from stellar irradiation – in the most extreme case,
no atmosphere may exist at all. One may also study the effects of
atmospheric chemistry, cloud cover, oceans and a hydrological cy-
cle on the atmospheric circulation of exo-Earths (Joshi et al. 1997;
Joshi 2003; Pierrehumbert 2011), but in the absence of observa-
tional constraints on the atmosphere of Gliese 581g we have chosen
to omit these additional details. As such observational constraints
become available, the models should evolve in sophistication to
be commensurate with the astronomical data. When astronomical
instrumentation becomes advanced enough to measure the phase
curves from exo-Earths, then the relative importance of advection
versus radiative cooling may be quantified (Cowan & Agol 2011)
and hence a subset of our models may be verified or refuted.
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