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Abstract We demonstrate the existence of a global-scale, linear instability in the atmospheres of slowly
rotating and/or small planets that spontaneously emerges and produces momentum convergence at the
equator, thus supporting the development of planetary superrotation. We identify the instability as being
barotropic, ageostrophic in nature, coupling an equatorial Kelvin wave with midlatitude or high-latitude
Rossby waves. This coupling requires a frequency matching of the Doppler-shifted wave components and
moderate spatial overlap between them, which are determined by two nondimensional parameters, the
Rossby and Froude numbers. By diagnosing these parameters, we find that this instability is an essential
and necessary process to obtain superrotation in dry atmospheric, general circulation models with
axisymmetric forcing. The Rossby and Froude numbers for Solar System bodies are consistent with the
presence or absence of superrotation, which suggests that they provide useful diagnostics for predicting
the emergence of superrotation in the atmospheres of terrestrial planets.

1. Introduction

Planetary superrotation commonly refers to atmospheric circulations with persistent zonal mean westerly
winds over the equator. There is a well-developed literature on the mechanism of generating and main-
taining planetary superrotation. Gierasch [1975] suggests some required eddy process to maintain the
momentum surplus at the equator against the poleward momentum transport by the large-scale meridional
circulation, without identifying the underlying eddy activity. Two main categories of mechanisms have been
put forward to characterize the source of this eddy activity. The first category involves the eddy momen-
tum fluxes generated by shear instabilities of the zonal mean winds in atmospheric models with purely
axisymmetric forcing, i.e., nonaxisymmetric eddies are not directly forced. For instance, Williams [2003, 2006]
demonstrates that by moving the jet streams closer to equator, eddy momentum fluxes from the barotropic
instability on the equatorward flank of the jets lead to superrotation in a dry idealized general circulation
model (GCM). Most planet-specific GCMs of Venus and Titan attribute the development of superrotation
to this type of spontaneously emerging barotropic instability of the midlatitude jets [e.g., Lee et al., 2007;
Newman et al., 2011; Lebonnois et al., 2012]. Without identifying a wave excitation mechanism, Imamura et al.
[2004] and Imamura [2006] examine several types of equatorial waves (which refer to a set of normal-mode
solutions to the linearized, 𝛽-plane shallow water equations [Matsuno, 1966]) in a GCM with Venus-like
zonal mean winds and find that a couple of them produce equatorial momentum convergence. Fruman et
al. [2009] find that artificially initialized equatorial mixed Rossby-gravity waves can become unstable and
yield an equatorward momentum flux. Iga and Matsuda [2005] also demonstrate that in a uniform-depth,
shallow water model with Venus-like zonal mean zonal winds, an unstable Rossby-Kelvin mode emerges
with an equatorward eddy momentum flux.

The second category of mechanisms involves directly generating eddy activity through nonaxisymmetric
forcing. Different types of longitudinally varying forcing have been tested in nonlinear simulations. Several
examples of time varying forcing that successfully produce superrotation include the following: random,
small-scale forcing in the shallow water system [Scott and Polvani, 2008]; stationary heating on the equator
in a two-layer, primitive-equation model [Saravanan, 1993; Shell and Held, 2004]; radiative heating in GCMs
of tidally locked exoplanets [Showman and Polvani, 2010, 2011]; equatorial convection in GCMs of gas giants
[Schneider and Liu, 2009; Lian and Showman, 2010; Liu and Schneider, 2011]; and zonally propagating tropical
heating in a dry, terrestrial GCM [Arnold et al., 2012].

The Rossby number, usually defined as Ro = U0∕fL, represents the relative importance between the
advection and rotation dynamics, where U0 and L are the characteristic velocity and length scales of the

WANG AND MITCHELL ©2014. American Geophysical Union. All Rights Reserved. 1

http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-8007
http://dx.doi.org/10.1002/2014GL060345


Geophysical Research Letters 10.1002/2014GL060345

phenomena of interest, and f = 2Ω sin𝜑 is the Coriolis parameter for a planet with rotation rate Ω. More
specifically, Ro ≪ 1 indicates geostrophic or gradient-wind balanced dynamics, while Ro ∼1 indicates more
complicated dynamics that may, for instance, involve fast, unbalanced dynamics (i.e., gravity waves) coupled
with slow, balanced dynamics (e.g., Rossby waves). On Earth, both regimes coexist with Ro ∼1 very near
the equator and Ro ≪ 1 at middle and high latitudes (as it is on Jupiter and Saturn). On Titan and Venus,
the large-Ro regime dominates the entire globe. Equatorial superrotation is therefore intrinsically a large-Ro
phenomenon, suggesting its mechanism may involve the coupling of fast and slow dynamics.

Motivated by this, Mitchell and Vallis [2010] demonstrate that by increasing a single parameter, the thermal
Rossby number RoT = RT0ΔH∕(2Ωa)2 (where R is the gas constant, T0 is the global average temperature, ΔH

is the equator-to-pole temperature gradient, and a is the planetary radius); global atmospheric simulations
with axisymmetric forcing pass from an Earth-like atmosphere for RoT ≪ 1 to superrotating one like Titan
and Venus for large RoT > 1. It is demonstrated in both Mitchell and Vallis [2010] and Potter et al. [2014] that
the generation of superrotation involves a global mode that appears to couple Rossby and Kelvin waves. In
this paper, our two primary motivations are (1) to identify the instability that generates spontaneous (i.e.,
unforced) superrotation in global simulations and (2) to develop a simple diagnostic for classifying planetary
circulation regimes, in particular the emergence of superrotation. In section 2, we describe our model of lin-
ear instability analysis in planetary atmospheres. In section 3, we identify the nature and parameter regime
of this instability. In section 4, our diagnostic parameters are evaluated for the idealized GCM simulations
from Mitchell et al. [2014] and several terrestrial bodies in Solar System, and compared with the theory from
the linear analysis in section 3. We conclude with a discussion in section 5.

2. Linear Instability Analysis

In order to explore the instability that may converge zonal momentum toward equator, we start from a
linear instability analysis of idealized shear flows with various Ro based on the wind profiles from the numer-
ical simulations in Mitchell and Vallis [2010]. The Eliassen-Palm flux (the divergence of which represents the
acceleration of the zonal mean winds [Andrews and McIntyre, 1976]) from the Titan-like simulation in Mitchell
and Vallis, [2010, Figure 7, middle plot] has shown that the acceleration of equatorial zonal winds is mainly
caused by the horizontal momentum convergence in the spin-up stage. This indicates that the instability
that induces the eddy momentum transport is mostly barotropic, i.e., the instability occurs primarily due
to the meridional shear rather than the vertical shear. Therefore, we examine a series of barotropic, merid-
ional shear flows U(𝜑). As in the simulations, the idealized meridional shear profiles are angular momentum
conserving near the equator and their magnitude vanishes close to the poles. The analytical form of U(𝜑) is

U(𝜑) =

{ Ωa sin2 𝜑

cos𝜑
|𝜑| ≤ 𝜑0

Ωa sin2 𝜑

cos𝜑
e−𝛼(|𝜑|−𝜑0)2 |𝜑| > 𝜑0 ,

(1)

where 𝜑 is the latitude, Ω and a are the planetary angular velocity and radius, respectively, and 𝛼 is a factor
that controls the decay of the profile toward the poles, whose value depends on 𝜑0. Here we introduce an
important varying parameter 𝜑0 representing the latitude beyond which the shear profile is no longer angu-
lar momentum conserving (i.e., the winds are modified by a Gaussian roll-off beyond 𝜑0), which determines
both the latitudinal location and the magnitude of the maximum winds.

We examine the linear instabilities of the above U(𝜑) profiles in linearized, hydrostatic, Boussinesq equations
(considering small density variation compared to the reference state, 2.4.2 in Vallis [2006]) in spherical coor-
dinates. In order to apply our linear theory to a large range of general cases, we study the problem in a set
of nondimensional equations. The variables are scaled as follows:

(x, y, z, t) ∼ (a, a,H, 1∕2Ω), (u, v,w) ∼ (U0,U0,U0H∕a), p ∼ 2ΩU0𝜌0a, (𝜃, T) ∼ 2ΩU0a∕R,

where u and v (w) are horizontal (vertical) velocities, p is pressure, 𝜃 and T are potential temperature
and temperature, respectively, 𝜌0 is the average atmospheric density, and R is the gas constant. Here the
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characteristic velocity scale U0 is defined by the maximum of the meridional shear U(𝜑). With these scalings,
the nondimensional, linearized equations are

𝜕u′

𝜕t
+ Ro

(
U

cos𝜑
𝜕u′

𝜕𝜆
+ v′ 𝜕U

𝜕𝜑

)
− (sin𝜑 + RoU tan𝜑)v′ + 1

cos𝜑
𝜕p′

𝜕𝜆
= 0

𝜕v′

𝜕t
+ Ro

U
cos𝜑

𝜕v′

𝜕𝜆
+ (sin𝜑 + RoU tan𝜑)u′ +

𝜕p′

𝜕𝜑
= 0

𝜕p′

𝜕z
− T ′ = 0

1
cos𝜑

𝜕u′

𝜕𝜆
+ 1

cos𝜑
𝜕

𝜕𝜑
(v′ cos𝜑) + 𝜕w′

𝜕z
= 0

𝜕T ′

𝜕t
+ Ro

U
cos𝜑

𝜕T ′

𝜕𝜆
+ Buw′ = 0 ,

(2)

where 𝜆 is the longitude. There are two nondimensional, control parameters in (2), the Rossby number and
the Burger number:

Ro =
U0

2Ωa
, Bu =

( NH
2Ωa

)2

, (3)

where N is the Brunt-Väisälä frequency, denoting the background stratification. Bu represents the impor-
tance of the stratification compared to the rotation. By varying 𝜑0, we obtain a series of meridional shear
profiles with different U0 and Ro. We can independently vary Bu to control the relative importance of the
background stratification.

Assuming the nondimensional perturbation variables are normal-mode solutions,

{u′, v′,w′, p′, T ′} ∼ {û, v̂, ŵ, p̂, T̂}(𝜑)eik𝜆+𝜎̃t sin(mz) ,

where k and m are the zonal and vertical wave numbers of the perturbations, respectively, the equation (2)
becomes an eigenvalue problem in y that can be solved numerically, with 𝜎 = Real(𝜎̃) the growth rate and
𝜔 = −Imag(𝜎̃) the frequency of the mode. The meridional boundary conditions are set as v′ = 𝜕u′∕𝜕y =
𝜕w′∕𝜕y = 𝜕p′∕𝜕y = 𝜕T ′∕𝜕y = 0 at the poles. The vertical boundary conditions are set as w′ = 𝜕u′∕𝜕z =
𝜕v′∕𝜕z = 𝜕p′∕𝜕z = 𝜕T ′∕𝜕z = 0 at the top and bottom boundaries, therefore the values of m can only be
integer multiples of 𝜋.

By conducting the linear instability analysis on the global meridional shear flow U(𝜑) with varying 𝜑0

and Bu, we aim to address the following questions: (1) What is the instability that converges the zonal
momentum toward equator? (2) What is the parameter regime for the occurrence of the instability?

In the Titan-like simulation of Mitchell and Vallis [2010] (Figures 9 and 14), a global mode with zonal wave
number around 1 is responsible for equatorial momentum convergence leading to superrotation, so we let
k = 1 in our linear analysis. Due to the ambiguity of the vertical scale of the mean flow U(𝜑) (i.e., there is
no clear definition for the vertical scale of U(𝜑)), H and m are both determined by the vertical scale of the
perturbations and hence are not independent. Since H can be varied with Bu, we choose to fix m = 𝜋 (the
first baroclinic mode) in the eigenvalue problem. In the next section, we will discuss the linear solutions and
address the above questions.

3. Barotropic, Rossby-Kelvin Instability

By solving the normal-mode solutions to (2), we find two types of instability in the examined U(𝜑). The first
one is the classic barotropic instability that relates to the inflection points (where potential vorticity gradi-
ent changes sign [Rayleigh, 1880]) in the meridional shear, which does not lead to an equatorward zonal
momentum transport. The other one is a type of barotropic, ageostrophic instability that does not exist
in the quasi-geostrophic regime; we call it Rossby-Kelvin (RK) instability. The eddy momentum flux of the
RK instability converges at the equator; and therefore, this instability acts as a potential mechanism for
equatorial superrotation.
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Figure 1. (a) The longitude-latitude pattern for pressure perturbation (red represents positive, blue represents negative)
and wind anomalies (vectors) of an unstable Rossby-Kelvin mode from our linear analysis with Bu = 0.8 and 𝜑 = 50◦

(Ro = 0.43 and Fr = 1.12, 𝜑0 denoted by red line in Figure 1c), and the associated mean background meridional shear
U(𝜑) (white line, scaled by U0). (b) The potential vorticity gradient PV𝜑 of the mean shear used in our linear analysis
(scaled by 2Ω). (c) The zonal momentum acceleration of the linear, unstable mode (Figure 1a) as a function of latitude
(scaled by 4aΩ2). (d) The 700 hPa geopotential height perturbation (color) and wind anomalies (vectors) of the mode
accelerating the equatorial zonal winds, and vertical and zonal mean zonal wind (white line) (both) from the Titan-like
simulation of Mitchell and Vallis [2010].

The perturbation pattern of an unstable RK mode and the mean meridional shear (scaled by U0) is shown in
Figure 1a. Figure 1b shows the potential vorticity (PV) gradient of U(𝜑) (scaled by 2Ω) for the mean shear,

PV𝜑 = 𝜕

𝜕𝜑

[
2Ω sin𝜑 − 1

a cos𝜑
𝜕

𝜕𝜑
(U cos𝜑)

]
. (4)
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The zonal momentum acceleration of the mean winds by the unstable perturbations (scaled by 4aΩ2) is
shown in Figure 1c. It is calculated as

acceleration = 1
a2 cos2 𝜑

𝜕

𝜕𝜑

(
−a cos2 𝜑u′v′

)
. (5)

The RK mode is a global mode that couples the equatorial Kelvin wave and the midlatitude or high-latitude
Rossby waves. In the coupled mode, the Rossby waves reside in the jet region, where the PV gradient is
nonzero; and the Kelvin wave is trapped near the equator, where PV gradient is zero. The perturbations of
the RK instability prominently accelerate the zonal mean winds near the equator, i.e., in the Kelvin wave
component region. The unstable RK mode pattern in our linear analysis (Figure 1a) is very similar to the
mode that accelerates the zonal winds at the equator in the Titan-like simulation of Mitchell and Vallis [2010]
(Figure 1d). The mode shown in Figure 1d is filtered for zonal wave number 1 and frequency 0.6 day−1, and
the mean wind and temperature profiles have Ro = 0.43 and Bu = 0.8. For this pair of Ro and Bu, the
unstable RK mode in our linear analysis has a frequency around 0.5 day−1, which is consistent with the sim-
ulation. The consistency in both the pattern and the frequency confirms the role of RK instability in leading
to equatorial superrotation. Note that the idealized midlatitude or high-latitude jets in the linear analysis are
much sharper than the ones in the numerical simulation; and therefore, the Rossby wave components in our
theoretical experiments appear in a much narrower latitudinal band than in the simulations.

By varying 𝜑0 and Bu, we find this RK instability in a variety of parameter regimes, with similar perturba-
tion patterns to Figure 1a, but different meridional scales of the Kelvin wave component and locations of
the Rossby wave components. The growth rate of this instability as a function of Bu and 𝜑0, and the mode
pattern for several particular Bu and 𝜑0 pairs is shown in Figure 2. With the locations of the midlatitude or
high-latitude jets fixed, the RK instability only occurs within a certain range of Bu. For instance, the modes
in Figures 2b and 2d both have 𝜑0 = 60◦ but with different Bu. Both modes have Rossby waves residing at
∼60◦, but the strength of the instability (growth rate) is different. The meridional scale of the Kelvin wave
component is mainly determined by the equatorial deformation radius. In 𝛽-plane, linearized Boussinesq
equations with zero mean winds, a Kelvin wave is trapped along the equator within an equatorial deforma-
tion radius,

√
2N∕(𝛽m), where m is the vertical wave number of the wave. By comparing with (3), we see

the trapping of the equatorial Kelvin wave is controlled by Bu. When the deformation radius is small and the
midlatitude or high-latitude jets are far from equator, the coupling between the Rossby waves and Kelvin
wave is weak and hence the instability is weak. By comparing the modes in Figures 2c and 2d, which have
the same Bu, we find that when the jets are shifted closer to equator, the coupling becomes stronger.

The equatorward eddy momentum flux makes the RK instability an essential and necessary process leading
to planetary superrotation in global simulations with only axisymmetric forcing. The global simulations are
characterized by several important nondimensional parameters such as the Rossby, Froude, Burger, Ekman,
Prantl numbers, etc. For the purpose of classifying planetary circulation regimes, we now investigate the
parameter regimes for the occurrence of the RK instability. The physical interpretation of this instability can
be described as a coupling of equatorial Kelvin wave and midlatitude or high-latitude Rossby waves. The
condition for their resonant coupling is that the two types of waves have the same frequency. As a measure
of this effect, we define the Froude number as

Fr =
U0∕ cos𝜑max

Ueq + NH∕m
=

Ro∕ cos𝜑max

Ueq∕(2Ωa) +
√

Bu∕m
, (6)

where Ueq is the value of the equatorial wind (zero for U(𝜑) in (1)) and 𝜑max is the latitude for the maxi-
mum zonal winds. Fr is simply the ratio of the Doppler-shifted frequency of the midlatitude or high-latitude
Rossby waves to that of the equatorial Kelvin wave. According to the physical interpretation of the RK insta-
bility, we expect the resonant coupling to occur in a certain range of Fr. For an unstable, coupled RK mode,
the frequencies of the two types of waves coincide exactly, and their ratio is unity. However, the estimated
Fr in (6) is not unity due to the ambiguity of the frequency of a Rossby wave in a smoothly varying merid-
ional shear. As an approximation, we neglect the small, westward intrinsic component in the Rossby wave
frequency and use the maximum wind to represent the Doppler-shift by the jet, so the instability can occur
for a range of Fr.
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Figure 2. (a) The growth rate 𝜎 (scaled by 2Ω) of the linear Rossby-Kelvin instability as a function of Bu and 𝜑0. The
longitude-latitude pattern (color: pressure perturbation, vector: wind anomalies) of the RK mode for the three (Bu, 𝜑0)
pairs denoted by the crosses in Figure 2a. (b) Bu = 1, 𝜑0 = 60◦ , and 𝜎∕2Ω = 0.18; (c) Bu = 0.3, 𝜑0 = 50◦ , and 𝜎∕2Ω = 0.20;
(d) Bu = 0.3, 𝜑0 = 60◦ , and 𝜎∕2Ω = 0.02. The two black lines that enclose nonzero growth rate in Figure 2a are contours
for Fr about 1 and 3, respectively.

Figure 3 shows the growth rate of the RK instability (scaled by 2Ω) and the zonal momentum acceleration at
the equator by the unstable perturbations (scaled by 4aΩ2) as a function of (Ro, Fr). The RK mode is almost
stable for small Ro planets (Earth-like), and its strength increases as Ro increases. For each Ro, the instability
only occurs within a band of Fr roughly between 1 and 3; as Ro increases, the band becomes narrower. The
two black lines that roughly enclose the positive growth rate on a (𝜑0, Bu) space in Figure 2a are for constant
values of Fr of about 1 and 3, which demonstrates the utility of Fr in characterizing the resonant coupling
of the RK mode. The zonal momentum acceleration at the equator (Figure 3b) occurs over the same range
of positive growth rate: A stronger RK instability has a more efficient momentum transport toward equator,
and hence possibly leads to more robust superrotation.

4. Simulation Diagnostics for Nondimensional Parameters

In section 3, we identified the RK instability as a possible mechanism to accelerate zonal winds at the equa-
tor and examined the parameter regime for its occurrence. Furthermore, we confirmed that the pattern
and frequency of the RK mode are consistent with those of the mode that accelerates the equatorial winds
in the Titan-like simulation of Mitchell and Vallis [2010]. In order to investigate whether the above theory
is generally predictive of the circulation regimes supporting superrotation, we diagnose the characteris-
tic, nondimensional parameters from idealized simulations as well as planetary wind and static stability
measurements, and compare them with the predicted parameter range for the RK instability. In the linear
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Figure 3. The (a) growth rate 𝜎 and (b) zonal momentum acceleration at equator of the Rossby-Kelvin instability on a
(Fr, Ro) space. The growth rate 𝜎 is scaled by the rotation rate 2Ω, and the zonal momentum acceleration is scaled
by 4aΩ2.

instability analysis in sections 2 and 3, the mean wind at the equator, Ueq, is zero; while in realistic global
circulations, the equatorial wind is commonly nonzero and sometimes comparable to the phase speed of
the Kelvin wave. We diagnose U0, 𝜑max, and Ueq based on the vertical and zonal mean zonal winds, and cal-
culate N from the globally averaged value of stratification, H as the scale height and m = 𝜋 as the vertical
wave number.

The diagnosed Ro and Fr from the idealized global simulations with five thermal Rossby numbers from
Mitchell et al. [2014] and from a simulation of Titan’s climate and reanalysis data for Earth and Mars are
shown in Figure 4. We use National Centers for Environmental Prediction/National Center for Atmospheric
Research (NCEP/NCAR) Reanalysis data set for Earth, Mars Analysis Correction Data Assimilation (MACDA,
MGS/TES v1.0) data set from NERC Centres for Atmospheric Science (NCAS) British Atmospheric Data
Centre for Mars [Montabone et al., 2011], and a realistic global simulation data for Titan [Mitchell et al., 2011;
Mitchell, 2012]. Note that the RoT in Mitchell et al. [2014] is defined as RoT = (RT0ΔH)∕(2Ωa)2 with fixed T0,
ΔH, Ω, and varying a, while our definition here is different: Ro = U0∕2Ωa with U0 the maximum zonal wind.
For the simulations, we plot a series of (Fr, Ro) values from the mean states averaged in time bins of 90 days
over the full 1080 days starting from a state of rest. The nonsuperrotating cases (RoT = 0.02 and RoT =0.08)
have small Ro, and the RK instability is too weak to accelerate the equatorial winds. As RoT increases, the cir-
culation starts to fall in the right (Fr, Ro) regime for the RK instability, and equatorial superrotation develops.
The figure clearly shows a positive correlation between the magnitude of the equatorial winds (a superro-
tation index) and the growth rate of the RK instability, which confirms that the RK instability is an essential
process leading to superrotation in global simulations with axisymmetric forcing. In the intermediate RoT

simulations (1.3 and 3.1), there is weak superrotation and the instability occurs intermittently throughout
the time evolution. However, in the simulation with RoT = 10.5, this instability strongly accelerates equa-
torial winds in the spin-up stage, while the instability is very weak in the steady state (Ueq is large so Fr
becomes small), indicating some other processes play an important role in the maintenance of superrota-
tion in this case. The disappearance of the RK mode after the circulation reaches steady state is also shown
in Figure 13 of Mitchell and Vallis [2010].

The diagnosed Ro and Fr from reanalysis data for Earth and Mars, and the 3-D simulation for Titan are also
shown in Figure 4. The parameters are calculated from the annual-mean wind and temperature profiles of
the steady state data. Earth and Mars have a global circulation without superrotation, and their bulk (Fr, Ro)
fall in the regime where the RK instability does not occur. The (Fr, Ro) for Titan falls in the regime close to
that for the steady state circulation of the RoT = 10.5 simulation, where RK instability does not occur either.
The Titan model lies at the end of the progression shown for the RoT = 10.5 case, suggesting it spins up by
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Figure 4. A scatterplot of diagnosed Ro and Fr from numerical simulations in Mitchell et al. [2014] (color symbols), the
reanalysis data for Earth and Mars, and the realistic 3-D simulations for Titan (black symbols) overplotted on the theo-
retical growth rate values (black contours, scaled by 2Ω) of the Rossby-Kelvin instability as in Figure 3a. The Ro and Fr
calculated from numerical simulations are based on the mean states averaged over every 90 days of 1080 day integra-
tions (dashed lines demonstrate progression in simulated time), and those from realistic planetary data with seasons
(black symbols) are based on the annual-mean winds and temperature profiles and the characteristic physical parame-
ters of the planets. For the diagnostics from idealized simulations (color symbols), the colors of the markers represent the
magnitudes of the zonal winds at the equator, and the marker types represent different RoT cases as labeled.

the same mechanism. As discussed above, the RK instability is responsible for the spin-up of this strongly
superrotating circulation but not necessarily for the maintenance of it.

5. Conclusion

We have demonstrated the existence of a global-scale, linear instability for moderate-Ro (0.1–1) plane-
tary atmospheres that spontaneously emerges and produces momentum convergence at the equator,
thus supporting the development of superrotation. We identify the instability as being barotropic,
ageostrophic in nature (a meridional shear instability) that couples the equatorial Kelvin wave with mid-
latitude or high-latitude Rossby waves (Figure 1). This coupling requires (1) a frequency matching of the
Doppler-shifted wave components and (2) moderate spatial overlap between them. These two conditions
are determined by the bulk Froude number, Fr (Figure 3), and the combination of the jet location 𝜙0 and the
Burger number Bu (Figure 2), respectively. Because Ro, Bu, and Fr are not independent, the primary control
parameters for this instability are just Ro and Fr.

By diagnosing these nondimensional parameters in GCM simulations, we demonstrate that the
Rossby-Kelvin instability is an essential and necessary process to obtain superrotation in dry atmospheric,
global simulations with axisymmetric forcing (Figure 4). The strength of the equatorial superrotation is pos-
itively correlated with the strength of the Rossby-Kelvin instability. However, this instability is not sufficient
for the occurrence of superrotation. As shown in Dias Pinto and Mitchell [2014], the strength of Hadley cell
also has significant influence on the equatorial superrotation. Though the rising component transports
momentum upward at the equator, the poleward component of the Hadley cell removes eastward zonal
momentum from the equator, which acts against the eddy momentum transport by the Rossby-Kelvin
instability. It is shown that if the Hadley cell is strong enough in large-Ro simulations, the superrotation dis-
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appears. Baroclinic instability, with eddy momentum flux toward midlatitude, also plays an opposing role
to the Rossby-Kelvin instability. Mitchell et al. [2014] have shown that superrotation only occurs in idealized
simulations when the baroclinic super criticality is not large.

The values of Ro and Fr for Solar System bodies (Earth, Mars, and Titan) are also estimated in our work, and
their values are consistent with the presence of superrotation on Titan and the absence of it on Earth or Mars
(Figure 4). This result suggests that the Ro and Fr provide useful diagnostics for predicting the emergence of
superrotation in the atmospheres of terrestrial planets.
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