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Plan

• Local and global super-rotation in atmospheres around rapidly 
rotating planets
• Earth

• Troposphere?
• Stratosphere & Mesosphere

• Mars
• Global middle atmosphere
• Tidal jets

• Gas and ice giants
• Equatorial jets



Earth - Annual mean
[zonally averaged] circulation
[As observed - ERA40 
- Kallberg et al. 2004]
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Where do we observe super-rotation (and 
how strong)?
• Earth’s troposphere

• Equatorial values of s < 0 
most of the time

• Mass-weighted 
(compressible) global values 
of S ~ 0.010-0.017 

• Magnitudes ~ 0.01
• Earth’s stratosphere & 

Mesosphere
• Annual mean equatorial !𝑢 

westward except around 0.1 
and 10-3 hPa

• NB Eddy driven!

Data credit: Randal et al [2004] 
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Why doesn’t Earth’s troposphere super-rotate 
(locally)?
• Eddy-driven jets mostly 

driven by (westward-
propagating) Rossby 
waves
• Origin of Rossby waves?

a) Baroclinic instability in 
mid-latitudes
• Forces waves in mid-

latitudes [Eastward forcing]
• Waves dissipate in tropics 

[Westward forcing]

Image credit: Mitchell et al. [2019]

20 Mitchell, Birner, Lapeyre, Nakamura, Read, Riviere, Sánchez-Lavega & Vallis

DEC−FEB  1979−2013

−50 0 50
Latitude

0

5

10

15

20

P
se

u
d

o
h

e
ig

h
t 

(k
m

)

40 m
2
 s

−2

Figure 2.14 Climatological-mean EP flux vector F (arrows) and its
divergence in the meridional plane for the months of December
through February. The EP flux divergence is computed as the eddy
flux of quasigeostrophic PV times cosine of latitude, except that the
Coriolis parameter in (2.29) is assumed a function of latitude. (✓0 is
global horizontal average of potential temperature.) The contour
interval is 10�5ms�2; positive values are in red and negative values
in blue. The vertical component of F is multiplied by
1.4⇥ 106/p(hPa) and the magnitude of the EP flux is scaled to the
length of the arrows. The vertical axis is pressure pseudoheight
�H log(p/p0), H = 7km, p0 = 1000hPa. Based on the European
Centre for Medium-Range Weather Forecasts ERA-Interim reanalysis.

also pockets of positive EP flux divergence in the troposphere,
e.g., at the poleward flank of the subtropical jet both at the
tropopause level and mid troposphere (Birner et al., 2013). This
implies the existence of internal wave sources, see section 1.4.6
for more details.

On short timescales one might expect that the mean flow ac-
celerates where the EP flux is divergent, but this is not neces-
sarily the case because the wave forcing is partially balanced
by the Coriolis torque of the residual circulation. Ignoring the
external forcing and using (2.28), one may rewrite (2.23) as

@ū
@t

� f0v̄
⇤ = v0q0

qg. (2.30)

For a given wave forcing on the right-hand side, which term on
the left-hand side dominates? This is the so-called Kuo-Eliassen
problem (Kuo, 1956; Eliassen, 1962): the answer depends on
the vertical-to-horizontal length scales of wave forcing (the re-
gion in which the right-hand side of (2.30) is significant) rela-
tive to the Prandtl ratio (f0/N , where N is the Brunt-Väisälä
frequency). If the former exceeds the latter, @ū/@t dominates.
If the opposite is true, the wave forcing projects more on �f0v̄

⇤

and the mean flow only changes slowly. In other words, the
mean flow responds more sensitively to a deep (tall) forcing
than a shallow (flat) forcing. The Rossby wave amplitude pene-
trates deep into the winter stratosphere whereas it remains rela-
tively flat in the upper troposphere, so the waves are much more
effective at altering the mean flow in the stratosphere than in
the troposphere (Pfeffer, 1987; Nakamura and Solomon, 2010,
2011).

Of course the first term on the left-hand side of (2.30) van-
ishes upon time averaging (denoted below by angle bracket), so

the time-mean wave forcing must be balanced by the time-mean
torque of residual circulation even in the stratosphere (ignoring
gravity wave drag and other nonconservative torques):

�f0

⌦
v̄⇤↵ =

⌦
v0q0

qg

↵
. (2.31)

In both hemispheres the time-mean residual circulation is pole-
ward where the time-mean eddy PV flux (EP flux divergence)
is negative and equatorward where it is positive. See, for exam-
ple, Fig.1 of Birner (2010) in which the streamlines of resid-
ual circulation show an equatorward “bend” at the poleward
flank of the subtropical jet where the time-mean eddy PV flux is
positive. As we will see below, a nonzero time-mean eddy PV
flux cannot be sustained by conservative dynamics and requires
sources and sinks of wave activity.

2.4.4 Finite-amplitude wave activity density and
eddy-mean flow interaction

In the foregoing section, the EP flux was equated with the flux
of wave activity density (or minus pseudomomentum density)
at small amplitude [(2.27)], but what exactly is wave activity?
Nakamura and Zhu (2010a) defines quasigeostrophic wave ac-
tivity density A as
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1
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where Lx is the length of the zonal channel (latitude circle). The
first integral in (2.32) is performed over the horizontal domain
D1 in which PV exceeds a certain value Q, qqg � Q. The shape
of this domain is unsteady even if Q is fixed because the PV
contour qqg = Q is constantly deformed by the flow. Whereas
the second integral is performed over a fixed domain D2 north
of latitude y. The value of Q is chosen for each time and pres-
sure level such that D1 and D2 cover the same area. This makes
Q a monotonically increasing function of y on each pressure
surface. In (2.33), D̄1 and D̄2 denote domains outside of D1

and D2.
Rewriting (2.32) as (2.33), one sees that A � 0 because the

integrand of the first term in (2.33) is everywhere equal to or
greater than that of the second term, while the area of the inte-
gral is the same (Fig.2.15). A vanishes only if the PV contour
qqg = Q coincides with the latitude line at y, so A may be
seen as an amplitude norm of ‘eddy,’ defined in terms of the
meridional displacement of PV contours from zonal symmetry.
Put another way, it quantifies the amount of PV substance ‘ex-
changed’ across the latitude line per unit length.

Note that eddy amplitude is arbitrary here—the Q contour
can take any shape—but for small-amplitude conservative ed-
dies it is shown (Nakamura and Zhu, 2010a) that A approaches
the familiar linear expression

A =
q0

qg
2

2@q̄qg/@y
+O(↵3), (2.34)



Why doesn’t Earth’s troposphere super-rotate 
(locally)?
• Eddy-driven jets mostly 

driven by (westward-
propagating) Rossby waves
• Origin of Rossby waves?

a) Baroclinic instability in 
mid-latitudes

b) Tropical divergence from 
deep convection
• Waves launched in tropics 

[Eastward forcing]
• Waves dissipate in mid-

latitudes [Westward forcing]

• !"
!#
≈ 𝑆 = −𝜵. 𝒗𝝌𝜁

• [Sardashmukh & Hoskins 
1988]

Image credit: Sardeshmukh & Hoskins  [1988]



Why doesn’t Earth’s troposphere super-rotate 
(locally)?

• Origin of Rossby waves?
a) Baroclinic instability in mid-

latitudes
b) Tropical divergence from 

deep convection

• Transition to equatorial 
super-rotation as tropical 
heating is increased
• Suarez & Duffy [1992]
• 2-level PE numerical model
• Additional tropical heat 

source (~Q0 sin 2l) 

Image credit: Suarez & Duffy [1992]
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Barotropic  Baroclinic



Why doesn’t Earth’s troposphere super-rotate 
(locally)?

Image credit: Arnold et al. [2012]

• Origin of Rossby waves?
a) Baroclinic instability in 

mid-latitudes
b) Tropical divergence from 

deep convection

• Transition to super-
rotation as tropical 
heating is increased
• Non-zonal heating anomaly 

in n-level PE model (CAM)
• Strong bifurcation 

associated with equatorial 
Rossby wave resonance?



Where do we observe super-rotation (and 
how strong)?
• Earth’s troposphere

• Equatorial values of s < 0 
most of the time

• Mass-weighted 
(compressible) global values 
of S ~ 0.010-0.017 

• Magnitudes ~ 0.01
• Earth’s stratosphere & 

Mesosphere
• Annual mean equatorial !𝑢 

westward except around 0.1 
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• NB Eddy driven!
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Data credit: Randal et 
al [2004] 
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Where do we observe super-rotation (and 
how strong)?
• Earth’s troposphere

• Equatorial values of s < 0
• Mass-weighted 

(compressible) global values 
of S ~ 0.010-0.017 

• Magnitudes ~ 0.01

• Earth’s stratosphere
• Equatorial values of s range 

over ±0.14 due to Quasi-
Biennial Oscillation and 
Semi-Annual oscillations

• NB Eddy driven!

Equatorial Local Super-rotation

1960 1965 1970 1975 1980
Year

1000

100

10

1

Pr
es

su
re

 (h
Pa

)

1985 1990 1995 2000 2005
Year

1000

100

10

1

Pr
es

su
re

 (h
Pa

)



Laboratory experiments: Internal wave 
streaming with standing wave forcing
• Analogue of the Earth’s QBO
• Plumb & McEwan [1978]

• Interaction of standing internal 
gravity waves with mean flow 
(forced from below – or above)
• Super-position of clockwise and 

anticlockwise moving waves
• Leads to oscillating mean 

azimuthal flow as either 
travelling wave accelerates zonal 
flow
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Laboratory experiments: Internal wave 
streaming with standing wave forcing
• Analogue of the Earth’s QBO

• Plumb & McEwan [1978]
• Interaction of standing internal 

gravity waves with mean flow 
(forced from below – or above)
• Super-position of clockwise and 

anticlockwise moving waves
• Leads to oscillating mean azimuthal 

flow as either travelling wave 
accelerates zonal flow
• NB Needs a minimum forcing 

amplitude



Laboratory experiments: Internal wave 
streaming with standing wave forcing
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Figure 2.38 Schema of the evolution of the QBO with gravity-wave
forcing from below, following an initial perturbation illustrated in
Figure 2.37. (Adapted from Plumb (1984).) The solid lines show the
mean flow and the wavy lines indicate the propagation of gravity
waves. Horizontal double arrows indicate wave forcing and single
arrows indicate viscous relaxation. The panels are at successive times,
with the top four panels showing a half cycle, and panels (d), (e) and
(f) are mirror images of (a), (b) and (c). Wave-induced acceleration of
the mean flow occurs preferentially near critical levels where u = c.
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Figure 2.37 Schema of the initial instability leading to the QBO.
(Adapted from Plumb (1984).) The solid lines show the zonal flow, the
wavy arrows indicate the gravity-wave penetration from below and the
double arrows indicate wave-induced acceleration. Initially, as in the
left panel, a small eastward perturbation is added to a stationary mean
flow. The eastward moving wave is preferentially absorbed and the
perturbation is amplified and then descends, with the right panel
showing the zonal flow at the successive times indicated, with the
gravity wave penetration illustrated at t = 3. After the flow develops
an eastward component the westward wave penetrates higher before
being absorbed, inducing a westward flow aloft that then itself
descends, making the eastward anomaly thinner. Subsequent stages
and the development of a periodic oscillation are illustrated in Figure
2.38.

ward anomaly completely, with the flow becomes entirely west-
ward, as illustrated in panel (b) of Figure 2.38. A high level
eastward anomaly is then created (panel (c) of Figure 2.38), de-
scending and squeezing the westward anomaly, and a mirror
image of the first stage takes place. The entire cycle repeats it-
self and an oscillation is born, with the period of the oscillation
being determined by the strength of the gravity waves and the
rate of dissipation: stronger gravity waves lead to a faster ac-
celeration of the mean flow and so a greater rate of descent and
so a shorter period. Finally, note that the waves need not have
speeds symmetric on either side of zero, +c and �c. Suppose,
for example, the wave speeds were both positive, a and b say.
The mean flow could accelerate to an average value of (a+b)/2,
with the flow then oscillating between a and b in a fashion sim-
ilar to the symmetric case.

2.8 Conclusions

In this chapter, we have somewhat ambitiously undertaken a
comprehensive review of jet phenomenology and theory on
Earth, Mars, Venus and Titan. Earth may, in fact, be unique
among them in featuring two mechanisms for zonal jet forma-
tion, which are at times well separated in latitude. We summa-
rized the development of the basic theory underlying the mech-
anisms for generating baroclinic and barotropic jets. For Earth’s
atmosphere, relatively new phenomena are being uncovered in
the data, in particular the presence of zones of up-gradient PV
transfer near the subtropical jet, which have been attributed to
the non-linearities associated with baroclinic wave breaking.
This development has forced theorists to go beyond classical
descriptions of wave-mean flow interaction that rely on linear
wave dynamics. The phenomenology of variations in Earth’s jet
streams were also reviewed. These different modes of variabil-
ity are excited at very different time scales (weekly, monthly,
seasonal, annual, decadal, centennial), and as a result there is
a wide variety of factors and mechanisms that have been pro-
posed to explain their onset, persistence and decay. The phe-
nomenon of equatorial superrotation opens a new category of
wave-mean flow interaction, with eddy stirring mechanisms po-
sitioned directly over the equator. This momentum source can
be due to the convergence of vertical fluxes of eddy momentum,
as in the Earth’s QBO, or meridional fluxes. This and other phe-
nomenologies of zonal jets on the terrestrial planets in the Solar
System offer new laboratories for applying and testing theories
developed for Earth.

Of all of them, the Martian atmosphere comes closest to
exhibiting combinations of sub-tropical and mid-latitude jet
stream processes that are at least qualitatively similar to what
we find on Earth. It remains to be explored in detail, however,
whether, and if so how, many of the complex mechanisms re-
viewed above for maintaining and steering Earth’s jet streams
operate differently under Martian conditions, especially when
eddies reach large amplitudes. The upper atmosphere of Venus
superrotates by a factor 60-80 relative to Venus’ surface rota-
tion. With a 90-bar atmosphere of CO2 shrouded with a thick
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No mean flow    Mean flow develops and feeds back onto waves
[Credit Otobe et al. 2018]
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Figure 2.38 Schema of the evolution of the QBO with gravity-wave
forcing from below, following an initial perturbation illustrated in
Figure 2.37. (Adapted from Plumb (1984).) The solid lines show the
mean flow and the wavy lines indicate the propagation of gravity
waves. Horizontal double arrows indicate wave forcing and single
arrows indicate viscous relaxation. The panels are at successive times,
with the top four panels showing a half cycle, and panels (d), (e) and
(f) are mirror images of (a), (b) and (c). Wave-induced acceleration of
the mean flow occurs preferentially near critical levels where u = c.

          

u

 b)a)

+ c+ c − c− c

u

z

z

Figure 2.37 Schema of the initial instability leading to the QBO.
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being absorbed, inducing a westward flow aloft that then itself
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and the development of a periodic oscillation are illustrated in Figure
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anisms for generating baroclinic and barotropic jets. For Earth’s
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the non-linearities associated with baroclinic wave breaking.
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descriptions of wave-mean flow interaction that rely on linear
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a wide variety of factors and mechanisms that have been pro-
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tion. With a 90-bar atmosphere of CO2 shrouded with a thick



Laboratory experiments: Internal wave 
streaming with standing wave forcing

=

= . · �

11 12 13 14 15
0

2

4

6

8

Forcing amplitude (mm)

A
2
 (

m
m

/s
)2

 

 

A2

Linear fit

= . · �

11 11.5 12 12.5 13 13.5 14 14.5 15
0

2

4

6

8

10

12

Forcing amplitude (mm)

A
2
 (

m
m

/s
)2

 

 

A2

Linear fit

=)

• Onset of mean flow oscillation 
as wave forcing amplitude is 
increased depends on 
parameters (e.g. N2)
• Small N2 -> SUB-critical Hopf
• Larger N2 -> SUPER-critical Hopf
• [Semin et al. 2018]
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• Mars atmosphere

• Annual mean zonal wind 
exhibits midlatitude 
westerly jets and mostly 
easterly flow in the tropics
• Weak westerly flow on the 

equator below 20 km 
altitude
• Local super-rotation s 

peaks at around 0.03
• Seasonal variations?
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Local super-rotation

3000 3200 3400 3600 3800
Time (sol)

0.0

0.1

0.2

0.3

S m
0

Local super-rotation

200 300 400 500 600 700
LS (deg)

0.0

0.1

0.2

0.3

S m
0

Global super-rotation

3000 3200 3400 3600 3800
Time (sol)

0.00

0.02

0.04

0.06

S 0

Global super-rotation

200 300 400 500 600 700
LS (deg)

0.00

0.02

0.04

0.06
S 0

MY28         MY29



Super-rotation in the Martian 
atmosphere
• Local super-rotation s 

peaks at around the 
equinoxes [LS ~ 0o and 
180o]
• [Lewis & Read 2003]

centered around the time of the equinoxes (LS = 0! and LS =
180!), the flow can be westerly over the equator. This
immediately indicates that the atmosphere in the equatorial
region is rotating more rapidly than would be possible by
redistribution of angular momentum from an initially solid-
body rotation state and thus shows the presence of local
superrotation.

[13] The axial angular momentum per unit mass of the
atmosphere, m, is given by

m ¼ !a2 cos2 fþ ua cosf; ð4Þ
where ! is the planetary rotation rate, a is the planetary
radius (3396 km), u is the zonal wind, and f is the latitude.
Global superrotation, S, can be defined as the mass-weighted

Figure 1. Zonal-mean zonal wind, "u (upper panel), and local super-rotation index, s (lower panel), on
the 136 Pa pressure surface under the Viking dust scenario. The wind has been smoothed in time to
remove any variations with periods of less than 5 days for clarity. In this and future plots, positive
contours are shown as solid, the zero contour is dotted, and negative contours are dashed. Only positive
values of s are contoured, with an interval of 0.02.
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integral of m over the whole volume of the atmosphere,
compared with the same integral for an atmosphere at rest,
denoted M0,

S ¼
ZZZ

ma2 cosfdldfdp=g
! "

=M0 " 1; ð5Þ

where l is longitude, p is pressure, and g is gravitational
acceleration. It is then possible to define a local superrotation
index, based on the specific angular momentum derived
from the zonal-mean zonal wind, !u,

s ¼ m="a2 " 1; ð6Þ

with s > 0 indicating local superrotation.

[14] The lower panel of Figure 1 contours positive values
of s on the 136 Pa pressure surface and indicates that
superrotation indeed occurs for large parts of the Martian
year within 20! of the equator, peaking at the equinoxes with
s = 0.073. This surface is close to the peak of the westerly
equatorial jet; in fact the maximum local superrotation seen
on any level is s = 0.077. The global superrotation measured
at this season is S = 0.045, about three times higher than that
calculated for Earth [Read, 1986a]. The variability in dust
loading with time of year in the Viking scenario (equation
(1)), in combination with the variation in solar heating
resulting from the ellipticity of the Martian orbit, accounts
for much of the asymmetry in the zonal wind with time of

Figure 2. As Figure 1 but for the Viking % 5 dust scenario.
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Figure 2.6 Comparison of the zonal-mean zonal wind in a model
simulation, using the UK version of the LMD Mars GCM with the
normal diurnal cycle (upper panel), one with diurnally-averaged
insolation (middle panel) and the difference between them (lower
panel). Regions in which local super-rotation s > 0 are shaded. Both
use a strongly dusty scenario and a time average has been taken
following northern autumn equinox, LS = 180� � 210�. Figure taken
from Lewis and Read (2003) with permission.

one or other of the two thermally-direct Hadley cells such that
air rises in the summer hemisphere and descends during win-
ter. This has the effect of strengthening the westerly jet stream
in the winter hemisphere, especially around solstice, but re-
versing the zonal winds in the summer hemisphere to become
easterlies, much as occurs seasonally in the Earth’s stratosphere
(cf Mitchell et al., 2014a). A notable feature of the meridional
overturning circulation outside the equinoxes is the presence of
strong north-south flow crossing the equator. This would nor-
mally be inhibited on a flat planet, but the presence of large
amplitude topography spanning the equator on Mars tends to
facilitate equator-crossing flows by concentrating it into intense
western boundary currents (Joshi et al., 1994, 1995), much as
found in the Earth’s oceans (also cf the monsoonal Somali Jet
close to the east African highlands in the Earth’s atmosphere;
Anderson (1976)). The relatively strong ellipticity of Mars’ or-
bit, and the difference in altitude of the surface in the two hemi-
spheres, both contribute to making the seasons somewhat asym-
metric (e.g. Joshi et al., 1995; Richardson and Wilson, 2002), so
that southern summer (when perihelion occurs) tends to be short

but intense but northern summer is relatively cool and long-
lived.

This impression that the main zonal jets on Mars are princi-
pally the result of angular momentum transport by the merid-
ional overturning circulation is further confirmed from a con-
sideration of the eddy fluxes of momentum and heat. Baro-
clinic instabilities developing in association with surface merid-
ional temperature gradients in the vicinity of the sub-tropical jet
streams in the Earth’s atmosphere tend to concentrate angular
momentum into sharpened secondary eddy-driven jet streams
at mid-latitudes. On Mars, however, the principal mid-latitude
instabilities of the westerly zonal jets tend to have a more mixed
baroclinic-barotropic character (Barnes et al., 1993), which
tends to flatten and weaken the jets and spread them in lati-
tude. This may be a consequence of the Rossby deformation
radius on Mars being of around the same size as on Earth and
therefore larger relative to the underlying planet (and the width
of the zonal jet). Theoretical studies (e.g. Held and Andrews,
1983) suggest that the sense of momentum transport reverses
under such circumstances, eliminating the eddy-driven compo-
nent of the jets.

The tropics are much less prone to the spontaneous develop-
ment of large scale flow instabilities. However, in the presence
of large quantities of suspended mineral dust, the diurnal ther-
mal tides may be amplified, even at relatively low altitudes, to
the point where nonlinear interactions may lead to the forma-
tion of significant eddy-driven jet flows. Figure 2.6 illustrates
an example from a model simulation using the UK version of
the LMD Mars GCM (Forget et al., 1999; Lewis and Read,
2003) with a large concentration of suspended dust in the at-
mosphere, at a time of year close to northern autumn equinox.
The top panel shows the full pattern of zonal wind while the
middle panel shows the result of a simulation (Lewis and Read,
2003) in which the diurnal cycle of solar heating was suppressed
and only latitude-dependent diurnally-averaged heating was ap-
plied. The lower panel shows the difference between the two.
In both cases, shading indicates where the index of local super-
rotation

s =
m

⌦a2
� 1 (2.1)

(where m is the zonal mean absolute angular momentum per
unit mass) is positive. Fig. 2.6(a) clearly shows a region of
strong super-rotation associated with westerly flow close to the
equator at low levels with a diurnal cycle active, but which dis-
appears when the diurnal cycle is suppressed. Thus, the diurnal
tide is shown to be capable of generating strong zonal super-
rotation (with wind speeds of up to 30 m s�1 in the case il-
lustrated) through nonlinear eddy-zonal flow interactions. This
would appear to be a clear case of zonal flow generation via the
mechanism analyzed by Fels and Lindzen (1974). Even with-
out diurnal effects, however, some local super-rotation occurs
near the top of the model domain in Fig. 2.6(b). This would
appear to be the result of other transient planetary waves prop-
agating towards the equator and dissipating near the top of the
model, where dissipation processes are artificially enhanced in
a ‘sponge layer’. Even so, the properties of the Martian atmo-
sphere will tend to result in enhanced radiative damping effects
on waves and eddies and the breaking of tides, gravity and plan-
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Flat topography

maximum solar heating is higher in the atmosphere, the
cells appear to form a quadrupole pattern with horizontal
convergence and vertical divergence at around 10 km
altitude over the equator. The pattern of four cells in the
meridional circulation appears to be induced by the pres-
ence of atmospheric tidal components, forced most strongly,
symmetrically about the equator at equinox. In experiments
without tidal forcing, shown in the following section, the
meridional circulation tends to be dominated by a single cell
at most times of year.
[18] The equinoctial regime is transitional, as the atmos-

phere switches from a northern summer to winter solsticial
circulation, with the larger, northern hemisphere (clockwise)
cell growing to dominate the cross equatorial circulation as
time progresses. The relative strengths of the northern and
southern hemisphere cells in Figure 5 are sensitive to the
averaging period chosen. As observed by Haberle et al.
[1993], the intensity of the Hadley circulation in the model
is very sensitive to the subsolar latitude, where heating is a
maximum [Schneider, 1983; Lindzen and Hou, 1988].
Figure 6 shows the meridional circulation from the northern
hemisphere summer period, dominated by a single, anti-
clockwise cell which grows in intensity with dust loading
and circulates around the region of the equatorial jet. A
single, dominant Hadley cell is more typical of the Martian
circulation at most times other than close to equinox [e.g.,
Haberle et al., 1993; Forget et al., 1999].

4. Tidal Forcing

[19] Wilson and Hamilton [1996] describe an experiment
in which removing the diurnal cycle from their model
resulted in no westerly flow over the equator. In this section,
results from a series of similar experiments are described in
which both the diurnal tide and model topography are
removed, alone and in combination, to isolate the contribu-
tion of tidal components. As noted earlier, nonaxisymmetric
processes are required to explain super-rotation. The obser-
vation that superrotation in this model increases with dust
loading, and therefore with increased diurnal forcing indi-
cates the likelihood of tidal forcing being a major factor.
Planetary waves might also play a role, but baroclinic waves
tend to become weaker at high dust loading as the atmos-
phere becomes more stably stratified, in contrast to the
strengthening seen in the equatorial jet.
[20] In order to investigate this hypothesis, the present

GCM was run again, under Viking ! 5 dust conditions
which would normally lead to a strong westerly jet but with
the solar heating averaged around latitude circles in order to
remove the diurnal tide. The amplitude of the various tidal
components at one height in a model with a diurnal cycle is
illustrated in Figure 7. The case with both full topography
and a diurnal cycle shows strong diurnal, semidiurnal, and
higher harmonic components propagating toward the west,
and a strong eastward propagating wavenumber one, Kelvin
mode. Without a diurnal cycle (not shown) there are only
very weak modes with periods of around one day; these
have amplitudes two orders of magnitude smaller than they
do in the presence of a diurnal heating cycle.
[21] The zonal wind as a function of latitude and height is

shown in Figure 8 for experiments both with and without
diurnal tides. It is clear that when the diurnal cycle is

removed there is no evidence of any superrotation in the
atmosphere below 60 km, in contrast to the distinct westerly
flow seen in the presence of a diurnal cycle, confirming the
importance of tides in producing this zonal-mean wind
[Wilson and Hamilton, 1996].
[22] It is important to note that the global atmospheric

superrotation in the case without tides, S = 0.058, is the
same as that in the case with tides under the same Viking !
5 dust loading conditions, despite the maximum local
superrotation being weaker, s = 0.100, and occurring only
in the upper atmosphere. The tides can redistribute angular
momentum and create a strong local maximum in the
equatorial westerly jet but do not alter the integrated
atmospheric total axial angular momentum.
[23] Large differences are seen in the upper atmosphere of

Figure 8, principally where the midlatitude westerly jets fail

Figure 7. Amplitude spectrum in frequency-zonal wave-
number space of the temperature signal at the equator on the
25 Pa pressure surface (about 32 km altitude) for the Viking
! 5 scenario with a full diurnal tide. The upper panel shows
the results from the full GCM and the lower panel results
from a model with no topography and uniform surface
properties but still forced with a diurnal cycle. Negative
frequencies correspond to westward propagation. The
contour interval is 1 K and modes with amplitudes greater
than 0.5 K are labeled.
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A super-rotating SAO in the Martian atmosphere
• A semi-annual oscillation in !𝑢 is 

seen in reanalyses of 
observations of the Martian 
middle and lower atmosphere 
[Ruan et al. 2019 Icarus]
• Seen between ±40o latitude
• Wind doesn’t always reverse
• Diagnose forcing using TEM 

equation for zonal momentum

10o-40oN

10oN-10oS

10o-40oS

!𝑢 (m s-1)

[Ruan et al. 2015]



• Diagnose forcing using TEM equation for 
zonal momentum

• Forcing similar to Earth SAO
• Westward phase dominated by horiz. adv. [1]
• Eastward phase dominated by Kelvin modes
• Plus important role for thermal tides & 

stationary waves

A super-rotating SAO in the Martian atmosphere

1.             2                 3            4

1   2

3  3 (stationary)

3 (transient)          3 (Thermal tides)

3 (Kelvin)   4

[Ruan et al. 2015]
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Figure 4.12 Jupiter zonal wind profiles. Red is from Voyager data
(Limaye, 1986), black (Garcı́a-Melendo et al., 2011a) and blue (Porco
et al., 2003) are from Cassini data, and green is from HST data
(Garcıa-Melendo and Sánchez-Lavega, 2001).

Figure 4.13 Saturn zonal wind profile. Green represents Voyager data
(Sánchez-Lavega et al., 2000); black is Cassini imaging data in the
continuum (350–500 mbar); red is Cassini imaging data in the
strongly absorbing methane band at 890-nm (60–250 mbar)
(Garcı́a-Melendo et al., 2011b).

There are other alternatives to direct image correlation.
Those tested in Jupiter are: A streamline method applying
one-dimensional correlation over streamlines (Sussman et al.,
2010); Advection Corrected Correlation Image Velocimetry
(ACCIV), which has been tested successfully in Jupiter images
separated by 10 hr (Asay-Davis et al., 2009). Larger time dif-
ferences at high spatial resolution are not possible due to the
strong distortion of cloud features in the turbulent atmospheres
of Jupiter and Saturn in those time scales. The fluid dynamics
literature is very rich in iterative image deformation methods
used in image velocimetry applications and the interested reader
is referred to Scarano (2002) and references therein. Globally,
two-dimensional correlation methods give a greater number of
wind vectors than cloud tracking, although results generally re-
quire very high-quality data and averages along a latitude band
are usually necessary to measure the zonal winds with the high-
est possible precision.

4.7 Jupiter and Saturn: Mean wind at cloud level

4.7.1 Upper cloud level

Jupiter has between 7 and 8 jets per hemisphere at the nominal
ammonia cloud level (⇠ 700 mbar) as shown in Figure 4.12.
Its distribution is not symmetrical and is dominated by a strong
equatorial jet with maximum velocities of 140 m s�1. A par-
ticular feature of Jupiter’s zonal wind system is the presence
of a strong eastward jet at 24�N with measured maximum ve-
locities between 120 ms�1 and 180 ms�1 (Maxworthy, 1984;
Limaye, 1986; Simon, 1999; Garcıa-Melendo and Sánchez-
Lavega, 2001; Asay-Davis et al., 2011; Barrado-Izagirre et al.,
2013; Sánchez-Lavega et al., 2017; Tollefson et al., 2017).
There is not a southern counterpart for the 24�N jet, only a ⇠60
ms�1 jet at -27�S, very close to the location where the GRS sits
(-23�). Perhaps the GRS presence accounts for the wind profile
asymmetry at ⇠ ±24� latitudes, but it is unknown. Before the
Cassini encounter with Jupiter in 2000, the equatorial jet always
presented, from manual and automatic wind speed retrievals, an
asymmetric double peaked structure with maximum velocities
of 140m/s at �7�S, and 100m/s at 7�N. Detailed analysis of
spacecraft and ground based images after year 2000 showed that
Jupiter’s equatorial jet is actually symmetric with maximum
velocities of 140 m/s, but that the apparent asymmetry of the
equatorial jet is due to the superposition of the westward phase
velocity of a trapped Rossby wave (Asay-Davis et al., 2011;
Garcı́a-Melendo et al., 2011a; Barrado-Izagirre et al., 2013).

The first detailed zonal profiles for Saturn were retrieved
from Voyager data at optical wavelengths (Ingersoll et al., 1984;
Sánchez-Lavega et al., 2000). The use of broadband color filters
did not allow an accurate determination of the pressure level
that corresponded to the wind retrievals, but probably they were
close to the 500–700 mbar level (probably the upper top of the
ammonia cloud) (Pérez-Hoyos and Sánchez-Lavega, 2006a).
HST observations produced partial data which was difficult to
interpret due to the presence of strong convective activity at the
north equatorial region (Sánchez-Lavega et al., 2003). Cassini
orbital insertion around Saturn in 2004 allowed to retrieve de-
tailed measurements of Saturn’s wind profile from pole to pole
at several well defined wavelengths, from the thermal infrared
at 5 µm, to the main methane absorption bands and their adja-
cent continuouums. This was followed by soundings of Saturn’s
zonal wind profile until the present time.

Figure 4.13 summarizes the obtained zonal winds for Sat-
urn from Voyager and Cassini data in optical wavelengths at
the cloud-top level. Saturn shows an almost symmetric distri-
bution of about six jet streams in each hemisphere. In contrast
with Jupiter, Saturn’s equatorial jet is more intense and broader,
with wind speeds that reach 400 m/s at the ammonia cloud level
(⇠ 500 mbar) according to measurements derived from Cassini
data since 2005 (Garcı́a-Melendo et al., 2011b). Measurements
made during the Voyager fly-bys reveal that the equatorial jet
was possibly stronger then, with a peak velocity close to 500
m/s. Saturn’s wind distribution has other unique features not
found in Jupiter’s zonal wind system. While both planets have
similar broad eastward equatorial jets with a double symmetric
peak structure, Saturn’s equatorial jet is more complex with the
presence of an equatorially centered, narrow peaked jet that in-
creases in intensity with altitude (Garcı́a-Melendo et al., 2010).
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(Limaye, 1986), black (Garcı́a-Melendo et al., 2011a) and blue (Porco
et al., 2003) are from Cassini data, and green is from HST data
(Garcıa-Melendo and Sánchez-Lavega, 2001).

Figure 4.13 Saturn zonal wind profile. Green represents Voyager data
(Sánchez-Lavega et al., 2000); black is Cassini imaging data in the
continuum (350–500 mbar); red is Cassini imaging data in the
strongly absorbing methane band at 890-nm (60–250 mbar)
(Garcı́a-Melendo et al., 2011b).

There are other alternatives to direct image correlation.
Those tested in Jupiter are: A streamline method applying
one-dimensional correlation over streamlines (Sussman et al.,
2010); Advection Corrected Correlation Image Velocimetry
(ACCIV), which has been tested successfully in Jupiter images
separated by 10 hr (Asay-Davis et al., 2009). Larger time dif-
ferences at high spatial resolution are not possible due to the
strong distortion of cloud features in the turbulent atmospheres
of Jupiter and Saturn in those time scales. The fluid dynamics
literature is very rich in iterative image deformation methods
used in image velocimetry applications and the interested reader
is referred to Scarano (2002) and references therein. Globally,
two-dimensional correlation methods give a greater number of
wind vectors than cloud tracking, although results generally re-
quire very high-quality data and averages along a latitude band
are usually necessary to measure the zonal winds with the high-
est possible precision.

4.7 Jupiter and Saturn: Mean wind at cloud level

4.7.1 Upper cloud level

Jupiter has between 7 and 8 jets per hemisphere at the nominal
ammonia cloud level (⇠ 700 mbar) as shown in Figure 4.12.
Its distribution is not symmetrical and is dominated by a strong
equatorial jet with maximum velocities of 140 m s�1. A par-
ticular feature of Jupiter’s zonal wind system is the presence
of a strong eastward jet at 24�N with measured maximum ve-
locities between 120 ms�1 and 180 ms�1 (Maxworthy, 1984;
Limaye, 1986; Simon, 1999; Garcıa-Melendo and Sánchez-
Lavega, 2001; Asay-Davis et al., 2011; Barrado-Izagirre et al.,
2013; Sánchez-Lavega et al., 2017; Tollefson et al., 2017).
There is not a southern counterpart for the 24�N jet, only a ⇠60
ms�1 jet at -27�S, very close to the location where the GRS sits
(-23�). Perhaps the GRS presence accounts for the wind profile
asymmetry at ⇠ ±24� latitudes, but it is unknown. Before the
Cassini encounter with Jupiter in 2000, the equatorial jet always
presented, from manual and automatic wind speed retrievals, an
asymmetric double peaked structure with maximum velocities
of 140m/s at �7�S, and 100m/s at 7�N. Detailed analysis of
spacecraft and ground based images after year 2000 showed that
Jupiter’s equatorial jet is actually symmetric with maximum
velocities of 140 m/s, but that the apparent asymmetry of the
equatorial jet is due to the superposition of the westward phase
velocity of a trapped Rossby wave (Asay-Davis et al., 2011;
Garcı́a-Melendo et al., 2011a; Barrado-Izagirre et al., 2013).

The first detailed zonal profiles for Saturn were retrieved
from Voyager data at optical wavelengths (Ingersoll et al., 1984;
Sánchez-Lavega et al., 2000). The use of broadband color filters
did not allow an accurate determination of the pressure level
that corresponded to the wind retrievals, but probably they were
close to the 500–700 mbar level (probably the upper top of the
ammonia cloud) (Pérez-Hoyos and Sánchez-Lavega, 2006a).
HST observations produced partial data which was difficult to
interpret due to the presence of strong convective activity at the
north equatorial region (Sánchez-Lavega et al., 2003). Cassini
orbital insertion around Saturn in 2004 allowed to retrieve de-
tailed measurements of Saturn’s wind profile from pole to pole
at several well defined wavelengths, from the thermal infrared
at 5 µm, to the main methane absorption bands and their adja-
cent continuouums. This was followed by soundings of Saturn’s
zonal wind profile until the present time.

Figure 4.13 summarizes the obtained zonal winds for Sat-
urn from Voyager and Cassini data in optical wavelengths at
the cloud-top level. Saturn shows an almost symmetric distri-
bution of about six jet streams in each hemisphere. In contrast
with Jupiter, Saturn’s equatorial jet is more intense and broader,
with wind speeds that reach 400 m/s at the ammonia cloud level
(⇠ 500 mbar) according to measurements derived from Cassini
data since 2005 (Garcı́a-Melendo et al., 2011b). Measurements
made during the Voyager fly-bys reveal that the equatorial jet
was possibly stronger then, with a peak velocity close to 500
m/s. Saturn’s wind distribution has other unique features not
found in Jupiter’s zonal wind system. While both planets have
similar broad eastward equatorial jets with a double symmetric
peak structure, Saturn’s equatorial jet is more complex with the
presence of an equatorially centered, narrow peaked jet that in-
creases in intensity with altitude (Garcı́a-Melendo et al., 2010).

Jupiter !𝑢      Saturn !𝑢 

[Credit, Sanchez-Lavega et al. 2019]



Where do we observe super-rotation 
(and how strong)?
• Jupiter’s atmosphere

• Giant planet (a ~ 11.aEarth) 
rotates rapidly (trot = 9.926 
hours)

• Multiple eastward and 
westward zonal jets in each 
hemisphere at cloud tops

• Strong (>100 m s-1) eastward 
equatorial jet

• Local super-rotation at cloud 
tops peaks at around smax = 
+0.006 at the equator
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Figure 4.24 Neptune wind results from Voyager radio measurements
(Lindal et al., 1990), cloud tracking in Voyager 2 images (Limaye and
Sromovsky, 1991), cloud tracking in HST images (Sromovsky et al.,
2001b), and recent work by Karkoschka (2011). The dashed curves
trace the Sromovsky et al. (1993) 6th order even fit to Voyager wind
speeds. The solid blue curve is a new Fourier cosine series fit given in
the text. Red open circles are from the binned results of Fry and
Sromovsky (2004).

Figure 4.23 1989 Voyager 2 images of Neptune (N up) with clear and
orange filters, illustrating major cloud features, of which only the SPF
seems to still be present. Credit: NASA/JPL.

generating many bright cloud features that were of decent con-
trast even over the limited wavelength range of the Voyager
cameras. The first results, published by Smith et al. (1989), es-
tablished the existence of the retrograde equatorial motions as
well as a mid-latitude jet, but were somewhat misleading in two
respects: (1) the largest wind speeds were obtained from un-
reliable cloud targets with large uncertainties, and (2) the mo-
tions of clouds in the region of the south polar feature were as-
signed the group velocity rather than the velocity of individual
cloud features, which were not resolved in the early measure-
ments. The follow up paper by Hammel et al. (1989) fixed the
first problem, but the second wasn’t fixed until the more de-
tailed analysis of high-resolution Voyager images by (Limaye
and Sromovsky, 1991), which showed that the South Polar Fea-
tures appeared nearly stationary at low resolution, but at high
spatial resolution individual cloud elements were seen to form

at one edge of the region of formation, move rapidly through
that region, and dissipate as they exited the region. These clouds
were also clouds that cast shadows, suggestive of strong vertical
convection. This work provided the most detailed wind data set,
and currently remains so.

The Voyager wind results for Neptune are plotted as zonal
drift rate in �/h vs. planetographic latitude in Fig. 4.24A and
zonal wind speed in m/s in panel B. Other major data sets,
to be discussed in the following are also shown. These are
all measured relative to a longitude system rotating with a
period of 16.11 hours (Warwick et al., 1989), and conversion
between longitudinal drift rate and wind speed assumes 1-
bar radii of RE=24764 km and RP =24341 km (Lindal et al.,
1990). These are consistent with the current IAU working
group recommendations (Archinal et al., 2011). The two fits
shown were to the zonal wind speeds to avoid the extremely
sharp change in angular rates near the south pole. The dashed
curves are from Sromovsky et al. (1993) and the solid curves
fit the observations using a cosine series expansion of the
form U(�) = ⌃8

i=1Ci cos(i✓) where ✓ denotes planetographic
latitude and C = [4139.5488, �13797.876, 20514.559,
�20444.367, 14329.830, �6936.2231, 2081.4494, �289.73850]
in units of m/s. This fit was forced to nearly zero wind speed at
the south pole by adding artificial points of zero wind speed at
both poles and providing very high weights by assigning very
low errors. It also added a representativeness error of 20 m/s to
reduce the impact of very accurate long-term tracking results
(see discussion of Uranus error modifications). This fit did not
include constraints from any recent Keck observations.

Additional work with the Voyager imaging data by Sro-
movsky (1991) and Sromovsky et al. (1993) identified a num-
ber of long-lived features that had cyclical latitudinal mo-
tions and variable longitudinal drift rates. The Great Dark Spot
(GDS), drifted in latitude and varied its longitudinal drift rate
to roughly, but not exactly, match the mean zonal wind profile
inferred from tracking small-scale features. A smaller dark spot
(DS2) oscillated in latitude and longitude, and also followed a
variable drift rate that deviated somewhat from the mean zonal
wind profile. The latitudinal excursions of these two dark spots
trace out a zonal speed profile that seems to be an attenuated
version of that established by tracking small cloud features. One
interpretation, i.e. that these are wave features generated by (and
moving with) circulation features at deeper levels of the atmo-
sphere, contradicts the inference from Voyager IRIS observa-
tions that the zonal winds decline with altitude rather than in-
crease, although IRIS senses much higher altitudes than reached
by either the small or large cloud features that were tracked.

An especially interesting result obtained by Sromovsky et al.
(1993) is that the region of South Polar Feature (SPF) forma-
tion and the central longitude of the dark spot DS2 oscillation,
though separated by 20� of latitude, remain at opposite sides of
the planet in phase locked synchronous rotation. Because of the
long period of observation, this complex had a very well defined
rotation rate of 15.9699±0.0002 hr, based mainly on the more
accurate DS2 observations. This is 200 times more accurate
than the initial determination of the radio period of 16.11±0.05
hr (Warwick et al., 1989). It seemed unlikely that these two
structures could be phase-locked unless they were both con-
nected to the interior, leading Sromovsky and Limaye (1992) to
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Figure 4.21 Adopted zonal wind profile (solid curve) from
Sromovsky et al. (2015), which combines Keck results from
2012-2014 and new results from a reanalysis of 1986 Voyager images
by Karkoschka (2015). The open circles are binned results of
Sromovsky et al. (2015). Open squares are winds derived from
discrete feature tracking by Karkoschka (2015). The dashed line is the
adopted profile reflected about the equator. Figure is adapted from
Sromovsky et al. (2015).

measured features do not all represent the same atmospheric
level, or (3) the tracked cloud features are not always at the
same latitude as the circulation feature that is moving with the
zonal flow. Examples of the latter possibility are the compan-
ion clouds to Neptune’s Great Dark Spot, which traveled with
the spot even though separated by nearly 10� in latitude (Sro-
movsky et al., 1993). Less extreme examples have also been
seen on Uranus (Hammel et al., 2009; de Pater et al., 2011).
If highly accurate measurements are included, and weighted by
their estimated accuracy, they can dominate the fit, leading to
unreasonable variations in regions where there are less accurate
measurements. Since these high accuracy measurements clearly
do not all follow the mean flow, Sromovsky et al. (2012b) added
an additional uncertainty to characterize their deviations from
the mean flow. This was done by root sum squaring the esti-
mated error of measurement with an additional error of rep-
resentation. The size of the representation error was adjusted
to make the �2 value of the complete asymmetric fit approxi-
mately equal to the number of degrees of freedom (number of
measurements minus the number of fitted parameters). This rep-
resentative error was approximately 0.1�/h for both the 2009-
2011 and 2007-2011 data sets. Sromovsky et al. (2015) obtained
values between 0.125�/h and 0.147�/h, depending on which
near-equatorial data sets were included.

The current best estimate for the zonal wind profile of Uranus
is the composite profile shown in Fig. 4.21 from Sromovsky
et al. (2015). The profile was constructed starting with a sym-
metric 10 term Legendre fit (up to 18th order) to their 2012-
2014 data set, consisting of over 850 wind measurements sam-
pling latitudes from 47�S to 85�N. To this they added a mid-
latitude asymmetry function fit to a data set including observa-
tions back to 1997. For latitudes south of 47�S, they adopted
the same profile adopted by Karkoschka (2015), which is based
on his reanalysis of 1986 Voyager images. This combination,

shown as the solid curve in Fig. 4.21, is available in tabular
form at 1� intervals (Sromovsky et al., 2015). The dotted curve
is the reflection of the solid curve about the equator, revealing
small mid-latitude and large high-latitude asymmetries between
hemispheres. The open circles in the figure are the results of av-
eraging the 2012-2014 results in 2� latitude bins. The dispersion
of the binned results near the equator are a result of differences
between the motions of waves and the motions of small discrete
features.

4.11.3 Symmetry properties

Sromovsky et al. (2012b) provided individual fits to the 2009
and 2011 data sets combined and for the 2007, 2009, and 2011
data sets combined. They showed that these data sets alone
cannot distinguish between symmetric and asymmetric mod-
els. They also combined the data from 1997 through 2005 (see
Sromovsky et al., 2009, and references therein), selecting only
those with wind errors < 10 m/s and latitude errors  0.5�, and
then combined these with the high-accuracy winds from 2007-
2011, which yielded a total of 125 observations (127, including
synthetic polar points). A comparison of the asymmetry proper-
ties of the 2007-2011 observations and those of the earlier ob-
servations shows that the new fits are more symmetric than prior
fits. Although the new observations makes the entire data set
somewhat more symmetric, the remaining asymmetry is better
defined. The 2012-2014 symmetry results of Sromovsky et al.
(2015), shown in Fig. 4.22, don’t change this picture very much.
It is not clear whether the true asymmetry of the zonal winds
has changed slightly or whether the new observations are just
sampling a different statistical variation in target motions. The
better definition of asymmetry obtained from the larger com-
bined data set depends on the earlier observations, which are
better distributed in latitude and contribute more measurements
in the southern hemisphere. The Berg feature is responsible for
many of those observations; as it traveled from 33-34�S to 8�S
(Sromovsky et al., 2009; de Pater et al., 2011), it provided sam-
ples of drift rates within that range, though unfortunately sam-
pled too sparsely to provide a detailed profile. It is clear that
because high-accuracy winds do not always represent the mean
zonal flow with similar accuracy, the asymmetry information in
a sparsely sampled data set can easily be misleading. With the
large numbers of samples obtained by combining all observa-
tions from 1997 onward, this is less of a concern.

Combining observations between 1997 and 2005 with those
up to 2011 provides an approximate representation of the cir-
culation pattern near the 2007 equinox (the mean year of these
observations is ⇡2006). If the asymmetry is actually a long-
delayed seasonal effect (with a phase shift near 90�), then
it should be reflected about the equator at the prior equinox,
and near the midpoint of the transition in 1986, when Voyager
observations were made. However, Sromovsky et al. (2012b)
found that the 1986 Voyager measurements were not measur-
ably different from their grand average profile, nor from the
2007 equinox results alone (Sromovsky et al., 2009). This fur-
ther enhances the probability that the mid-latitude asymmetry
may be a relatively stable feature over a long period, perhaps
more than a uranian year. While this seems to violate our ex-
pectations of symmetry in the annual average (over the uranian
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FIG. 1. DIAG RAMhiATIC DRAWING OF THE PHYSICAL SITUATION AT THE EQUATOR, SHOWING THE 

ATMOSPHERIC TEMPERATURE DISTRIBUTION AND THE CHARACTER OF THJ3 INTERNAL KELVIN WAVE 

PROPAGATING TO THE “EAST.” 

The motion producing the waves is assumed to be in the troposphere while the visible clouds which 
are observed to convect at -100 m/set extend a small distance into the stratosphere. C,, and C, 

are the wave phase and group velocities, respectively, and 3. its horizontal wavelength. 

that in thii region the temperature is almost con- 
stant or may even be inverted, i.e. temperature in- 
creasing with height. It is, therefore, stably strat- 
ified. Observations also show that the troposphere 
acts as a source for wave motions that can then 
propagate within this stably stratified fluid, suitably 
modified by the effects of the Earth’s rotation. 
Observations and theory show that the dominant 
wave forms in equatorial regions are a prograde 
Kelvin wave,* symmetric about the equator and a 
retrograde mixed Rossby-gravity* wave, asymmetric 
about the equator. Under certain circumstances 
these waves are able to bring about a redistribution 
of mean momentum in order to produce prograde 
and retrograde jets. As described in Holton (1975), 
one can think in terms of these waves carrying 
vertical eddy momentum flux which can be deposited 
mean flow or, alternatively, in terms of a Reynolds 
stress that acts to accelerate a mean flow. However, 
this can only happen in the presence of dissipation or 
a critical level.7 For a non-dissipative system, it 

* See Matsuno (1966) for a detailed description of these 
waves. Briefly the Kelvin wave is the gravest, symmetric 
equatorially trapped mode while the mixed Rossby- 
gravity wave is the gravest, equatorial antisymmetric 
mode. 

i Where the wave speed equals the local mean flow 
velocity, i.e. the Doppler shifted frequency goes to zero. 

can be shown that the waves do not affect the mean 
flow, except to second order (i.e. form a Stokes’ 
drift). 

A first attempt to model the Q.B.O. used the idea 
of critical levels at which momentum flux of many 
waves could be absorbed. More recently this idea 
has been abandoned in favour of dissipation over a 
whole range of depths, for only two waves, resulting 
in a decay of the waves and the deposition of their 
eddy momentum to the mean flow. This is particu- 
larly successful as the wave speed and mean flow speed 
approach one another because then the dissipation 
mechanism has longer to act and the wave is greatly 
modified over one period. Radiative damping seems 
to be the most probable mechanism to account for 
the dissipation and it forms the basis for the most 
recent theory of Holton and Lmdzen. 

This very brief synopsis of the formation of 
mean flows by the convergence of wave momentum 
flux necessarily glosses over many important details 
which we hope will become clearer on reading the 
following sections, but which can be best understood 
by going to the original references. One particularly 
glaring omission is a discussion of the wave sources, 
but this by itself is a complex problem, the resolution 
of which has not yet been forthcoming. That there 
are wave sources is not in doubt since they are 
observed at the tropopause but there seems, at first 
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TABLE 3 

g = 25 m/secP 
S = 0.14 x 10-P[m 
W=2.3 x 104m 
k. = I.5 x 10-8/m 
kl = 1.5 x 10-*/m 

C,’ = 4.6 x  lo* m/set and 8 x 10’ m/set 
Cr’ = -2.6 x lo* m/se& and -6 x lO*m/sec 

@ = 4 X 10-la/m/sec 
3.16 x  10-r < a < 3.16 x 10-6/sec 

-2<A<O 
lo-‘m c L, < lOm* 

5 X 10-Sm/sec < U, < 5 x lo-rm/sec* 

* In order to limit the parameter ranges still further not 
all possible combinations of U, and L, were taken. A 
stability argument, which follows, was used to restrict 
the choices. 

As can be seen we have assumed that the two 
waves have the same wavelength and that they 
propagate in opposite directions at speeds appro- 
priate to the observed width and velocity. Clearly 
many refinements can be added, in particular 
observations suggest that the wave numbers probably 
are not the same and that both a and K should be 
functions of height. In the Earth’s atmosphere the 
two waves have neither the same wavelength nor the 
same magnitude of phase speed and best agreement 
with observations is found when a is a function of 
height. Obviously it is premature to try to quantify 
all of these effects at the present time. As more 
information becomes available, the range of the 
study can be narrowed to take them into account. 
Our present purpose is only to present a reasonable 
first model and show what consequences arise from 
it. Only the future can tell what the final values of 
the disposable parameters are likely to be. 

It is also possible to argue crudely about limits 
on the values for U, and Ld based on a stability 
criterion. We assume that the shear layers created 
by the waves will adjust themselves so that any 
instability that is formed will create disturbances or 
turbulence that will then limit the magnitude of the 
mean shear. That is, in some sense we create a self- 
limiting system. The most likely criterion is that the 
Richardson number (gs)/(XJ/a~)~ will always be 
greater than a. A representative value for XJ/az is 
UJL, in our system, although we should in a more 
retied model compute local values and adjust the 
parameters at every stage. For this first model the 
simplest approach is called for, so that 

For our assumed values this gives 

UO 
L, 

w 5 x 10~slsec. (15) 

Our initial calculations have been limited to this 
value in the preliminary exploration. 

RESULTS 

Presentation of the results of the numerical 
calculations is simplified by the appearance of a 
variable that reduces all of the curves to a one 
parameter family, for each value of A. This 
parameter LcUcaa (= Kc?) only appears because of 
the other restrictions we have placed on the problem 
and is ltet to be regarded as a universally valid 
quantity under other more general circumstances. 

Figures 2,3 and 4 show the velocity pro&s in real, 
physical coordinates as functions of A and Ka2. 
Several general points can be made. Large values 
of Kaa result in a very weak jet, sometimes with 
maximum velocities below the observed 100 m/set 
value. As Ka2 decreases, the value of the maximum 
velocity increases until it approaches closely to the 
Kelvin wave phase speed. At this point the Kelvin 
wave momentum is almost all absorbed and the 
mixed Rossby-gravity wave momentum can begin 
to produceanegativevelocitygradient and eventually 
a retrograde flow at high altitudes. 
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A JET muwrmri OF 12,000 km, i.e. C,’ = 460 m/see, 

c,’ = -260 m/s=. 
In this case there is no stress at the tropopause so that 
the underlying fluid need have no net velocity. For seven 
values of Ka*: (1) 5 X 10-lB; (2) 5 x 10-r’; (3) 
5 x 10-l*; (4) 5 x 10-l’; (5) 5 x lo-“; (6) 5 x lo-“; 

(7) 5 x 10-e. 
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Substituting the values above into the original
Held–Hou model leads to predictions for the edge
latitude of the Hadley circulation and the wind speed at
this location as shown in Table 1. For Jupiter, the width
FHH is close to the observed location of the peak winds,
which is encouraging. However, the wind speed U is
somewhat higher than the observation and further
adjustment of parameters might be needed for them to
match. For Saturn, the theoretical width is too narrow
to explain the width of the broad equatorial jet, and if
we increase the width by adjusting the parameters, we
would get a unrealistically high wind speed following the
Eq. (2). For both cases, the equatorial wind is zero by
assumption.

In summary, the direct application to Jovian and
Saturnian atmospheres appears to be overly simplistic,
although Held–Hou model predicts reasonable width
for the Hadley-type circulation of Jupiter.

2.3. Results from the modified Held–Hou model

The generalised model discussed in Section 2.1 allows
for the possibility of non-zero wind at the equator. We
can now estimate the cell width from (15) and wind
speed from (6). For Jupiter, we obtain 5! and 150m s"1;
respectively, when we assume the equatorial wind speed
is 70m s"1 (Fig. 2). For Saturn, with 200m s"1 wind at
the equator, the generalised model predicts the max-
imum winds of # 270m s"1 located at 4:8! off the
equator. If we assume a 400m s"1 wind at the equator,
however, the solution disappears unless we adjust some
other parameters. For example, if we assume DyEP ¼
300K; the model predicts 440m s"1 peak winds at just
3:8! latitude. We must remember, however, that the
peak wind is always off the equator as far as the
generalised model holds and that the model simply fails

otherwise, indicating the absence (or insignificance) of a
Hadley-type circulation.

At this point, therefore, we conclude that the
redistribution of angular momentum by a Hadley-type
circulation could be a plausible explanation for the
broad equatorial jet with shoulders on Jupiter. Although
it cannot explain the origin of the strong westerlies at the
equator, the wind profile for "5!ofo5! agrees reason-
ably well with the observed Jovian winds. The much
weaker off-equatorial peaking of the winds on Saturn,
however, would suggest that Hadley circulation trans-
ports are much less significant than on Jupiter.

3. Mechanistic wave-zonal flow model

The previous section considered a simple scaling
theory, based on a highly idealised atmospheric struc-
ture and angular momentum transport, to estimate the
likely size of a putative Hadley circulation in the tropical
zones of Jupiter and Saturn. But to take this further, it is
necessary to consider a more detailed dynamical model
which can account in more quantitative detail for the
processes involved in angular momentum transport by
axisymmetric flows and eddies near the equator. The
first model we consider is a simplified 2D model of the
zonally symmetric circulation on an equatorial b-plane,
originally developed in the context of the terrestrial
QBO by Li et al. (1997) and later adapted to simulate
the Jovian QQO by Li and Read (2000).

3.1. Model formulation

The model solves the fully time-dependent, zonally
symmetric primitive equations on the equatorial b-
plane. Following Li et al. (1997) and Li and Read
(2000), these equations can be written as

ut þ v&ðuy " byÞ þ w&uz " X

¼ r"1
0 r ) Fþ

q
qz

nV
qu
qz

! "

, ð16Þ

byuþ Fy ¼ 0, ð17Þ

Fz "H"1Ry expf"kz=Hg ¼ 0, ð18Þ

v&y þ
1

r0
ðr0w

&Þz ¼ 0, ð19Þ

yt þ v&yy þ w&yz

¼ Q" r"1
0 ½r0ðv0y

0yy=yz þ w0y0Þ+z. ð20Þ

In the above, u is the zonal mean zonal velocity, F is the
geopotential height variable, r0ðzÞ and y0ðzÞ are the
reference density and potential temperature profiles, H
is the pressure scale height, R the gas constant ð¼
3:71, 103 JK"1 kg"1Þ and k ¼ R=cp ¼ 0:303 (where cp
is the specific heat capacity of the atmosphere at
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constant pressure), and nV is the vertical diffusion
coefficient. To a large extent vertical diffusion is
included for pragmatic numerical reasons, but can also
be regarded as a simple parametrisation of weak small-
scale mixing in the real atmosphere. The vector field F is
known as the Eliassen–Palm (or simply EP) flux and its
components ð0;F ðyÞ;F ðzÞÞ are defined as

F ðyÞ # r0ðuzv0y
0=yz $ v0u0Þ, (21)

F ðzÞ # r0fðf $ uyÞv0y0=yz $ w0u0g, (22)

while the flow field ð0; v%;w%Þ is known as the residual
mean meridional circulation, whose components are
defined by

v% # v$ r$1
0 ðr0v0y

0Þz (23)

and

w% # wþ ðv0y0=yzÞy. (24)

Introductory discussion of the significance of these
terms are available in textbooks by Holton (1992),
Andrews et al. (1987) and Pedlosky (1982).

From the continuity equation, we can simplify the
equations by introducing a residual mean meridional
mass streamfunction ~w defined by

r0v
% ¼ $

q~w
qz

, ð25Þ

r0w
% ¼

q~w
qy

. ð26Þ

Axisymmetric meridional Hadley circulations may be
driven in this system by a suitable form of Q in Eq. (20).
In the present work, we use a diabatic source term for
potential temperature of the form

Q ¼ mðTeqðy; zÞ $ TÞ expfkz=Hg, (27)

with a relaxation timescale of tr ¼ 1=m ¼ 1:2( 107 s:
The form of Teqðy; pÞ used in the simulations presented
below is illustrated in Fig. 3 in effective latitude and
pressure coordinates, and shows a region of heating
close to the equator and cooling on either side, localised
in altitude to the upper troposphere.

The basic state reference profile y0 represents a change
in static stability from N2 ¼ 10$5 s$2 in the troposphere
to N2 ¼ 10$4 s$2 in the stratosphere via a piecewise
constant profile of N2; linked by a region around the
tropopause where N2 varies linearly with height. The
effective profile of T ref ðpÞ for Jupiter is shown in Fig. 4a.
The flow was solved in a domain of width 3:72( 107 m;
centred on the equator and equivalent to a range in
latitude on Jupiter of )15*; and over the height range
0–240 km, where z ¼ 0 km is at a pressure of 10 bar and
a temperature of 330K. A pressure scale height of 22 km
is assumed throughout (typical of Jupiter’s upper
troposphere/lower stratosphere). Free-slip boundary
conditions were used at the top and side boundaries

and non-slip at the bottom, and each run was initialised
from an isothermal state at rest. The typical grid
resolution was 101 ( 51 points in latitude and height,
respectively, with a timestep of 0.1 days.

Eddy forcing was introduced as described by Li et al.
(1997) and Li and Read (2000), by applying a
perturbation in F at the lower boundary and computing
the corresponding eigenmode structure within the
instantaneous zonal mean flow simulated explicitly in
the model. The eddy forcing for the following timestep
in the run was computed by diagnosing the EP flux
divergence r + F from the eigenmode structure calcula-
tion at each timestep. The resulting forcing thus
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divergence. This might be expected to occur in a real
atmosphere where the jet begins to invade the region in
which the Kelvin wave itself is generated, as occurs, for
example, near the tropical tropopause in the Earth’s
atmosphere during appropriate phases of the QBO
(e.g., Andrews et al., 1987).

3.4. Example 3: combined Hadley–Kelvin forcing

In the third example, we combine the two cases above
in a simulation which includes both the Kelvin wave
forcing of Example 2 and the thermally driven Hadley
circulation in the upper troposphere, as in Example 1.
As suggested in the introduction, the effect (see Fig. 7a)
is to produce a prograde zonal jet with complex
structure, but which clearly combines features of both
the idealised examples described above.

The resulting ū exhibits strong westerly flow on the
equator itself, again peaking at around p ! 1 bar and
decaying with height above and below. But the
latitudinal structure of the jet is quite different from

that of the Kelvin-only case in Fig. 6a. In particular, the
zonal velocity maximum is now split into two separate
peaks displaced either side of the equator, with a local
minimum along a horizontal plane on the equator itself.
This clearly reflects the perturbing influence of the
thermally direct meridional circulation in transporting
angular momentum, injected from below by the
dissipating Kelvin wave, upwards and polewards. The
resulting double-peaked form of the jet in latitude
persists over a wide range of altitude, indicating that this
general profile is a general feature of jets which result
from such a combination of angular momentum forcing.

The meridional circulation (Fig. 7b) also appears as a
combination of the two cases shown above, with a pair
of thermally direct cells in w in the upper troposphere
and a strong pair of indirect cells (driven by the
dissipating Kelvin mode) underneath. The resulting
circulation has the form of vertically stacked cells with
strong poleward or equatorward flow near the bottom
of the domain and at altitudes of p ! 1 bar and (more
weakly at) 100 hPa.
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Fig. 6. Latitude–height maps of zonal velocity (a) and meridional
streamfunction (b) from a simulation of a flow using the mechanistic
model of Li et al. (1997) and Li and Read (2000), for the pure Kelvin
wave forcing scenario.
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streamfunction (b) from a simulation of a flow using the mechanistic
model of Li et al. (1997) and Li and Read (2000), for the combined
Hadley–Kelvin forcing scenario.
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Fig. 10. Evolution of mean zonal winds in GCM experiments: Top, middle and bottom panels show the evolution in the case of Kelvin-only, Hadley-only and combined forcings at 12, 24, 60, and
102 months after the thermal forcing was imporsed.
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mechanism for the quasi-biennial oscillation observed in
the terrestrial stratosphere (e.g., see Baldwin et al.,
2001).

In the forcing region, retrograde winds appear which
are not present in the results of the 2D model
experiment. These retrograde winds are not unexpected
for the GCM experiment, however, since prograde
momentum is drawn from the initially stationary mean
flow by the locally forced, upward-propagating Kelvin
wave. The retrograde flow did not appear in the 2D
experiment, because the wave was forced at the lower
boundary itself (and the boundary condition was non-
slip in the Jupiter cases).

The presence of a retrograde jet at deep levels may
appear to conflict with the vertical wind profile observed
by the Galileo Probe. In our experiment, however, the
forcing level was set to represent approximately the
pressure levels where water clouds are expected. But
because it descended in an anomalous region of down-
welling within a large-scale wave pattern (Showman and
Ingersoll, 1998), the Galileo Probe did not appear to
have reached the bottom of the water cloud level in the
anomalous hot spot during the observation. In any
event, the wave forcing may well take place at a greater
depth in Jupiter itself.

4.4. Combined forcing

The last experiment incorporated both Kelvin-wave
and Hadley-type forcing; the forcing regions with
imposed thermal anomaly were vertically stacked with-
out overlap by the choice of parameters discussed
above.

For the first 24 months, the wind structure in the
troposphere was essentially a simple superposition of a
pair of off-equatorial jets due to the Hadley-type
circulation and a narrow equatorial jet induced by the
Kelvin wave, as shown in Fig. 10i and j.

Fig. 11 shows the meridional profiles of the mean
zonal winds at the cloud top level for both 2D and 3D
experiments, together with the observed cloud-top winds
from Cassini. As in the 2D model, the result of this case
with the combined forcing is essentially a simple
superposition of the winds obtained for the Hadley
and Kelvin forcing separately. A closer inspection
reveals, however, that the location of the peaks of the
off-equatorial jets are slightly closer to the equator in
the case of combined forcing. This is consistent with the
presence of a non-zero zonal wind at the equator near
the bottom of the model, as found in the modified
Held–Hou model discussed in Section 2.

However, the later stage of development is a different
story. Minor interactions between the Kelvin-induced
jet and Hadley-induced jets, which had started earlier,
became strongly apparent in month 24, especially near
the cloud-top level, and a retrograde flow started to

appear just above the tropopause as seen in Fig. 10j.
Then, both the prograde and retrograde winds in the
vicinity of the tropopause started to grow slowly but
steadily. They eventually became the most prominent
features of the entire domain and the region of the
retrograde winds reached the artificially placed north
and south boundaries as shown in Fig. 10k and l.

Interestingly, recent observations by Cassini space-
craft has revealed the thermal signature of the presence
of a similar pair of strong retrograde jets immediately
above the tropopause. The stratospheric gradient winds,
which were calculated from the measured temperature
and the cloud-top wind, show such jets off the equator
(Flasar et al., 2004).

For a simple model with continuous forcing, the
dissipation mechanism may play an important role. In
our GCM, however, only simple relaxation schemes are
implemented for both velocity and temperature and the
thermal relaxation for the Hadley forcing is enhanced in
the present model for computational efficiency. There-
fore further investigations are needed to fully analyse
this phenomenon.

We have repeated the experiments with reduced drag
coefficients in both troposphere and stratosphere. The
winds in the stratosphere is very sensitive to the drag
coefficient. This is reasonable because the stratospheric
winds are due to the unintentional noises such as the
leakage of waves through troposphere and intermittent
noises generated between the off-equatorial jets as we
saw in the preceding cases. However, little difference
was observed in the troposphere, which supports the
plausibility of this mechanism as the origin of the cloud-
top winds.

Fig. 12 shows maps in the latitude–height plane of
Ertel’s potential vorticity (EPV) and the local (zonal
mean) Richardson number, computed from the GCM
experiment with both Hadley and Kelvin forcing at a
time when the tropospheric winds were approximately
equilibrated. EPV is a conserved dynamical quantity in
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Figure 4.29 Atmospheric flow on the giant planets in
three-dimensional circulation models from Lian and Showman (2010).
The globes depict the zonal wind (given in scale bars in ms�1) for
simulations of Jupiter (top row), Saturn (middle row), and a case
representing Uranus and Neptune (bottom row). Left column shows an
oblique view and right column shows the view looking down over the
north pole. In these models, the circulation is driven by large-scale
latent heating associated with condensation of water, which is
assumed to be 3, 5, and 30 times solar in the Jupiter, Saturn, and
Uranus/Neptune models, respectively. Consistent with observations,
numerous zonal jets including equatorial superrotation emerge in the
Jupiter and Saturn models, while a broad jet pattern including
equatorial westward flow and high-latitude eastward flow emerges on
Uranus and Neptune. These are the first models to self-consistently
capture the dichotomy in equatorial jet direction between
Jupiter/Saturn on the one hand, and Uranus/Neptune on the other, in
the context of a single model.

damping under Jovian conditions. They argued that the defining
ingredient allowing the eastward jet in their model is the use of
a radiative rather than frictional damping, but this is inconsis-
tent with the results of Showman (2007), who found westward
equatorial jets in models that were radiatively damped. It seems
likely that particular combinations of both forcing and damping
are necessary. However, the specific dynamical mechanism that
allows the emergence of the eastward equatorial jet in the Scott
and Polvani (2008) model remains to be identified, and it is not
clear from their model why one would expect eastward equato-
rial flow on Jupiter and Saturn but westward equatorial flow on
Uranus and Neptune. Future work would be useful to clarify the
mechanisms controlling the equatorial jet in the shallow-water
system and to assess its relevance to the equatorial jets on the
four giant planets.

The stability of the zonal jets is an intriguing topic that re-
mains incompletely understood. At most latitudes, the observed
zonal-jet patterns on Jupiter and Saturn have remained remark-
ably constant in time, exhibiting little change in the speed or
latitudes of the jets between the Voyager flyby and Cassini ob-
servations (Figure 4.13). The main exception is Saturn’s broad
equatorial jet –which seems to have exhibited a slowdown be-
tween the Voyager and Cassini eras– although a few of Jupiter
and Saturn’s off-equatorial jets have also exhibited modest
changes. This overall constancy of the zonal jets on decadal
timescales argues that the jets are dynamically stable or perhaps
close to neutral. In this regard, a puzzling observation is that, at
certain latitudes, the zonal-mean value of (� � Uyy) changes
sign on both Jupiter and Saturn, implying that the jets violate
the barotropic stability criterion. Calculation of Ertel’s potential
vorticity (PV) is more difficult because it requires knowledge of
thermal structure in addition to vorticity. Nevertheless, recent
data analyses by Read et al. (2009) show that the meridional
gradient in zonal-mean PV seems to exhibit sign changes at sev-
eral latitudes, implying that the jets violate the Charney-Stern
stability criterion for baroclinic instability as well. Technically,
since these are only necessary (but not sufficient) conditions for
instability, violation of these stability criteria does not imply
the fluid is unstable, but rather simply that the stability criterion
provides no information. Nevertheless, numerical simulations
of atmospheric turbulence using 2D and shallow-water models
generally produce jet profiles that are stable against these crite-
ria, which suggests that the violation of the criteria on Jupiter
and Saturn is a real issue that needs explaining.

Dowling (1993, 1995a,b, 2014) and Read et al. (2009) ar-
gue that Jupiter and Saturn are close to neutrally stable with
respect to another stability criterion due to Arnol’d, despite
the observed sign reversals in the meridional PV gradient. One
way that a flow can be stable in the presence of sign rever-
sals of the PV gradient is if the zonal jets are underlain a non-
zero zonal flow in the deeper troposphere. In the context of a
1.5-layer shallow water model, this would be equivalent to as-
suming the abyssal layer contains non-zero zonal jets, which
then influence the stability properties of the overlying weather
layer. Indeed, if the jets in the weather layer are neutral to
Arnol’d’s second stability criterion, it is possible to infer the
structure of the jets in the underlying abyssal layer from the ob-
served jet properties, given information (or plausible assump-
tions) about the vertical stratification (Dowling, 1993, 1995a).
Thus, these stability-criterion arguments provide tentative evi-
dence that the off-equatorial zonal jets (to which Arnol’d’s sta-
bility theorems apply best) extend at least some considerable
distance into Jupiter’s interior. Nevertheless, these 1.5-layer sta-
bility arguments have yet to address the question of whether or
how the required abyssal-layer jets are stable; thus, rather than
solving the stability puzzle, these investigations are essentially
shifting the puzzle down one layer deeper into the atmosphere.
Lian and Showman (2008) presented 3D turbulent models of
tropospheric dynamics in which the jets tend toward neutrality
with respect to Arnol’d’s second stability criterion, including
in some cases reversals in the sign of the PV gradient. This is
encouraging, but more work is needed in this area.

Ingersoll and Pollard (1982) suggested a modified stability
criteria due to the interior dynamics being controlled by con-
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Figure 4.31 Snapshots in the equatorial plane of two anelastic, 3D
simulations illustrating how the correlation between the convective
velocity components depends on the supercriticality (from Showman
et al., 2011b, Fig. 5). Each slice shows half of the equatorial plane of
one simulation (note however that the simulations each span 360 of
longitude). Color depicts streamfunction and arrows denote velocity
component in the equatorial plane. The left simulation is weakly
supercritical; the strong correlation between outward and eastward
velocity components is obvious. The right simulation is strongly
supercritical; the correlation between the outward and eastward
velocity components is weaker because of the complex, turbulent
convective structure. In both cases the momentum flux convergence
leads to equatorial superrotation.

Figure 4.30 Zonal winds in a three-dimensional model of convection
in a thin spherical shell from Heimpel et al. (2005). The ratio of the
inner and outer radii in the model is 0.9. The model is Boussinesq and
thus ignores the increase of mean density with depth that occurs on the
giant planets. Equatorial superrotation and multiple off-equatorial jets
emerge, qualitatively similar to those on Jupiter.

shells under strongly nonlinear conditions relevant to the giant
planets. Most such models to date have been Boussinesq models
that adopt a constant basic-state density and an incompressibil-
ity continuity equation, r·v = 0. Over the past five years, how-
ever, several authors have investigated anelastic models, which
allow the basic-state density to vary radially and adopt a con-
tinuity equation r · (⇢̄v), where ⇢̄ is the specified basic-state

density that is a function of radius. Both classes of model filter
acoustic waves from the dynamics, which is reasonable under
Jovian conditions.

Published Boussinesq models of convection in rotating spher-
ical shells applicable to the giant planets are generally per-
formed with constant-temperature boundary conditions (hot at
the inner boundary, cold at the outer boundary) and also as-
sume that the thermal expansivity and other fluid properties are
constant with radius. When the Rayleigh number (vigor con-
vection) is sufficiently large and the Ekman number is suf-
ficiently small, these models produce strong zonal flow with
speeds that significantly exceed the convective velocities. When
carried out in spherical geometry, the equatorial surface flow
is eastward in these models, consistent with Jupiter and Sat-
urn but inconsistent with Uranus and Neptune. Early models
adopted a thick shell, with an inner-to-outer radius ratio of
0.7 or less (e.g., Christensen, 2001, 2002; Aurnou and Olson,
2001)). These thick-shell models generally produce only a few
zonal jets with an equatorial jet that is much wider than those
on Jupiter and Saturn. The equatorial jet width in these models
is directly controlled by the shell thickness; at the equator, the
zonal-wind speed varies smoothly from a peak eastward speed
at the outer boundary to a peak westward speed at the inner
boundary, which means that the latitude of the westward jet
closest to the equator is equal to the latitude at which the so-
called “tangent cylinder” outcrops at the surface.

Motivated by this, Heimpel et al. (2005) and Heimpel and
Aurnou (2007) showed that, if the shell is thin (with an inner-
to-outer radius ratio of ⇠0.9), then the equatorial jet width is
comparable to those on Jupiter and Saturn, and the flow inside
of the tangent cylinder organizes into multiple zonal jets. The
similarity of these zonal-flow profiles to those on Jupiter and
Saturn is a major success (see Figure 4.30). Still, the fact that the
flow behavior is so strongly controlled by the lower boundary—
a boundary that does not exist on Jupiter and Saturn—raises
some questions about the extent to which these exquisite results
carry over to Jupiter and Saturn themselves. These models also
naturally produce a greater heat flux at the poles than at low
latitudes, which may help explain the near-constancy of the total
(solar + interior) heat flux with latitude on Jupiter and Saturn
(Aurnou et al., 2008).

On Jupiter and Saturn, the mean density varies by more than
four orders of magnitude from the 1-bar level to the deep inte-
rior, and this density variation almost certainly will exert impor-
tant effects on the dynamics. Recently, several anelastic models
have been published that incorporate radial density variations
and explore their role in controlling the jet properties. These
models started with two-dimensional models in the equatorial
plane, whose goal is to understand how the compressibility
helps control the emergence of differential rotation (Evonuk and
Glatzmaier, 2004, 2006, 2007; Glatzmaier et al., 2009) These
studies have suggested a mechanism for differential rotation
where local generation of vorticity is produced by the expan-
sion of convectively rising fluid and contraction of sinking fluid.
Conservation of potential vorticity governs the rate at which
vorticity is produced as fluid rises and sinks in the stratified den-
sity field.

Kaspi (2008) developed the first 3D anelastic general circu-
lation model for giant planets. The model, based on the non-
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Figure 4.31 Snapshots in the equatorial plane of two anelastic, 3D
simulations illustrating how the correlation between the convective
velocity components depends on the supercriticality (from Showman
et al., 2011b, Fig. 5). Each slice shows half of the equatorial plane of
one simulation (note however that the simulations each span 360 of
longitude). Color depicts streamfunction and arrows denote velocity
component in the equatorial plane. The left simulation is weakly
supercritical; the strong correlation between outward and eastward
velocity components is obvious. The right simulation is strongly
supercritical; the correlation between the outward and eastward
velocity components is weaker because of the complex, turbulent
convective structure. In both cases the momentum flux convergence
leads to equatorial superrotation.

Figure 4.30 Zonal winds in a three-dimensional model of convection
in a thin spherical shell from Heimpel et al. (2005). The ratio of the
inner and outer radii in the model is 0.9. The model is Boussinesq and
thus ignores the increase of mean density with depth that occurs on the
giant planets. Equatorial superrotation and multiple off-equatorial jets
emerge, qualitatively similar to those on Jupiter.

shells under strongly nonlinear conditions relevant to the giant
planets. Most such models to date have been Boussinesq models
that adopt a constant basic-state density and an incompressibil-
ity continuity equation, r·v = 0. Over the past five years, how-
ever, several authors have investigated anelastic models, which
allow the basic-state density to vary radially and adopt a con-
tinuity equation r · (⇢̄v), where ⇢̄ is the specified basic-state

density that is a function of radius. Both classes of model filter
acoustic waves from the dynamics, which is reasonable under
Jovian conditions.

Published Boussinesq models of convection in rotating spher-
ical shells applicable to the giant planets are generally per-
formed with constant-temperature boundary conditions (hot at
the inner boundary, cold at the outer boundary) and also as-
sume that the thermal expansivity and other fluid properties are
constant with radius. When the Rayleigh number (vigor con-
vection) is sufficiently large and the Ekman number is suf-
ficiently small, these models produce strong zonal flow with
speeds that significantly exceed the convective velocities. When
carried out in spherical geometry, the equatorial surface flow
is eastward in these models, consistent with Jupiter and Sat-
urn but inconsistent with Uranus and Neptune. Early models
adopted a thick shell, with an inner-to-outer radius ratio of
0.7 or less (e.g., Christensen, 2001, 2002; Aurnou and Olson,
2001)). These thick-shell models generally produce only a few
zonal jets with an equatorial jet that is much wider than those
on Jupiter and Saturn. The equatorial jet width in these models
is directly controlled by the shell thickness; at the equator, the
zonal-wind speed varies smoothly from a peak eastward speed
at the outer boundary to a peak westward speed at the inner
boundary, which means that the latitude of the westward jet
closest to the equator is equal to the latitude at which the so-
called “tangent cylinder” outcrops at the surface.

Motivated by this, Heimpel et al. (2005) and Heimpel and
Aurnou (2007) showed that, if the shell is thin (with an inner-
to-outer radius ratio of ⇠0.9), then the equatorial jet width is
comparable to those on Jupiter and Saturn, and the flow inside
of the tangent cylinder organizes into multiple zonal jets. The
similarity of these zonal-flow profiles to those on Jupiter and
Saturn is a major success (see Figure 4.30). Still, the fact that the
flow behavior is so strongly controlled by the lower boundary—
a boundary that does not exist on Jupiter and Saturn—raises
some questions about the extent to which these exquisite results
carry over to Jupiter and Saturn themselves. These models also
naturally produce a greater heat flux at the poles than at low
latitudes, which may help explain the near-constancy of the total
(solar + interior) heat flux with latitude on Jupiter and Saturn
(Aurnou et al., 2008).

On Jupiter and Saturn, the mean density varies by more than
four orders of magnitude from the 1-bar level to the deep inte-
rior, and this density variation almost certainly will exert impor-
tant effects on the dynamics. Recently, several anelastic models
have been published that incorporate radial density variations
and explore their role in controlling the jet properties. These
models started with two-dimensional models in the equatorial
plane, whose goal is to understand how the compressibility
helps control the emergence of differential rotation (Evonuk and
Glatzmaier, 2004, 2006, 2007; Glatzmaier et al., 2009) These
studies have suggested a mechanism for differential rotation
where local generation of vorticity is produced by the expan-
sion of convectively rising fluid and contraction of sinking fluid.
Conservation of potential vorticity governs the rate at which
vorticity is produced as fluid rises and sinks in the stratified den-
sity field.

Kaspi (2008) developed the first 3D anelastic general circu-
lation model for giant planets. The model, based on the non-



Jupiter’s Quasi-Quadrennial Oscillation (QQO)
• Discovery in 1991 by Glenn 

Orton & colleagues of 
temperature !𝑇  oscillations 
in Jupiter’s stratosphere 
• Period ~ 4 Earth years
• Analogue of QBO in 

Earth’s stratosphere?
• Oscillations driven by upward 

propagating equatorially 
trapped waves?

• IRTF observations over 
11years of T at ~20 hPa

• See Orton et al. (1991) 
Science & Leovy et al. 
(1991) Nature



Jupiter’s Quasi-Quadrennial Oscillation (QQO)

• IRTF observations over 
11years of T at ~20 hPa

• See Orton et al. (1991) 
Science & Leovy et al. 
(1991) Nature

TEXES IRTF temperature measurements
[Credit: Giles et al. 2020]



Models of QBO and QQO
• Quasi-linear wave models
• (a) analytical and 
• (b) numerical mechanistic models of 

equatorial waves and QBO-like 
oscillations

• Based on TEM formalism
• Solve for structure of equatorial 

waves with !𝑢(𝑦, 𝑧)
• Evolve !𝑢(𝑦, 𝑧) with time in response 

to ∇.(EP flux) due to each wave mode

Oscillation period 𝜏 ≈ 𝐴!".$
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TEXES IRTF temperature measurements
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Saturn’s Equatorial Oscillation (SEO)
• Discovered in 2008 by Orton et al. 

(2008 Nature) in IRTF measurements 
of stratospheric temperatures  
• Period ~15 Earth years [~ 0.5 Saturn 

years]
• a semi-annual oscillation cf SAO?

• Confirmed in detailed Cassini 
observations [Guerlet et al. 

   (2020) JGR]
• Driven by equatorial waves?

• Only n=1 equatorial Rossby mode 
identified in observations…..



QQO in GCM simulations?



QQO in GCM simulations?

• Wave modes in the stratosphere (p<1 bar) include (Young & Read 2023 Icarus submitted)



Newly discovered Jovian stratospheric jet
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An intense narrow equatorial jet in Jupiter’s 
lower stratosphere observed by JWST
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Patrick M. Fry8, Glenn S. Orton9, Sandrine Guerlet2,10, Patrick G. J. Irwin    11, 
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Vincent Hue13, Amy A. Simon    14, Statia Luszcz-Cook    15,16 & Kunio M. Sayanagi17

The atmosphere of Jupiter has east–west zonal jets that alternate as a 
function of latitude as tracked by cloud motions at tropospheric levels. 
Above and below the cold tropopause at ~100 mbar, the equatorial 
atmosphere is covered by hazes at levels where thermal infrared 
observations used to characterize the dynamics of the stratosphere lose 
part of their sensitivity. James Webb Space Telescope observations of Jupiter 
in July 2022 show these hazes in higher detail than ever before and reveal the 
presence of an intense (140 m s−1) equatorial jet at 100–200 mbar (70 m s−1 
faster than the zonal winds at the cloud level) that is con#ned to ±3° of the 
equator and is located below stratospheric thermal oscillations that extend 
at least from 0.1 to 40 mbar and repeat in multiyear cycles. This suggests that 
the new jet is a deep part of Jupiter’s Equatorial Stratospheric Oscillation and 
may therefore vary in strength over time.

Jupiter and Saturn atmospheres have zonal jets with broad prograde 
winds in their equatorial regions1,2. The winds are best observed at 
cloud-top levels but extend 3,000 km deeper in Jupiter3,4 and 8,000 km 
in Saturn5,6. Above the cloud level, wind speeds decay with increasing alti-
tude to nearly zero values at 20 mbar in most of Jupiter’s mid-latitudes7–9. 
However, this pattern of vertical decay is spectacularly broken in Saturn’s 
equator, where an intense (400 m s−1) and narrow (5° width) jet is observed 
tracking the motions of high-altitude hazes at the 50–60 mbar level10,11.

In the equatorial regions of both planets, temperature retrievals 
through infrared spectroscopy, in combination with the thermal wind 

relationship12,13, reveal the presence of intense stratospheric eastward 
and westward winds alternating in direction as a function of altitude 
in the 0.1–40.0 mbar region8,14,15. The perturbations to the equatorial 
stratospheric temperatures and inferred thermal winds vary periodi-
cally on multiyear timescales15–18, sharing characteristics with similar 
phenomena on Earth, such as the quasi-biennial oscillation (QBO) and 
semi-annual oscillation (SAO)12,19. Like their terrestrial counterparts, 
Jupiter and Saturn’s equatorial stratospheric oscillations form a ver-
tical pattern of temperature and wind perturbations that gradually 
descends over time20–23. Jupiter’s equatorial stratospheric oscillation 
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Summary

• Super-rotation on Earth troposphere is weak, mainly because eddy 
forcing dominated by midlatitude baroclinic instability
• Could be accelerated by enhanced divergent generation of Rrossby 

waves in tropics 
• Role of thermal tides affect super-rotation of Mars lower atmosphere
• Quasi-biennial/QQ oscillations in stratospheres due to upward 

propagating waves
• Equatorial jets opn gas giants? 
• Several different possible mechanisms…


