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Equatorial 
superrotation

(~12°N/S)



Jupiter zonal wind
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Extratropical jets
(~8° spacing)
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• Emit more energy than they receive from the sun

• Internal heat flux can generate convection

• Differential solar radiative heating from above

Energy budget of giant planets

Equator  pole pole 



(Salyk et al. 2006)

Eddy angular momentum flux on Jupiter



• Eddy AM fluxes imply energy transfer from eddies to 
mean flow of order 10-5 W m-3 in upper tropospheres 
of Jupiter (Salyk et al. 2006) and Saturn (Del Genio et al. 2007)

• Eddy AM fluxes per unit volume cannot extend over 
more than O(10 km) depth for total transfer not to 
exceed 10 -1 W m-2

Eddy angular momentum fluxes (per unit volume) cannot 
extend unabatedly over great depth and must have 

baroclinic structure

Energetic constraint from AM fluxes

(Liu and Schneider 2010)



(Busse, 1983)

Ω
Insulating

Electrically
conducting

Existing deep-flow models

• Rotating Rayleigh-Benard 
convection (Busse 1976)

• Zonal winds extend along 
cylinders through insulating 
layer: O(107 km) depth

• Eddy AM fluxes per unit volume 
roughly constant along cylinders 
(Kaspi et al. 2009)

With observed upper-tropospheric AM fluxes, eddy-mean 
flow energy transfer at least O(106) too large 



Jupiter Simulation

(Heimpel et al. 2005)

Zonal wind in deep-flow model

Internal heat flux at least O(106) larger than observed; unclear what 
accounts for differences between super- and subrotating planets



NASA’s Juno spacecraft is en route to Jupiter

Goal is to measure composition and temperature structure 
below clouds through gravity and microwave measurements

Need to go back to basics to disentangle dynamical from 
compositional effects...



Hide’s theorem and superrotation

If there is any (radial) viscous dissipation of angular 
momentum, 

with                                            interior extrema of 
angular momentum are impossible in steady, 
axisymmetric flow. 

Therefore, 

M

(Hide 1969; Schneider 1977)



Direction of eddy angular momentum flux

• Eddy AM flux into equatorial region (as observed on 
Jupiter and Saturn) is necessary to generate and 
maintain equatorial superrotation

• Generally in rapidly rotating atmospheres, eddy AM 
fluxes are directed from wave dissipation regions into 
wave generation regions (Held 1975, 2000; Rhines 1994)

Wave source in equatorial region can lead to 
superrotation



Scales of waves on Jupiter
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• Gravity wave speed:

(Ingersoll & Kanamori 1995)

• Midlatitude Rossby radius:

• Equatorial Rossby radius:

c⇡ 450ms�1

c/ f ⇠ 2000km

p
c/b⇠ 10,000km ⇠ 8�



Generation of equatorial waves by convection

Thermodynamic balance in equatorial region (Charney 

1963):

Sufficiently strong convective heating leads to 
divergence:

Divergence is source of rotational flow (Sardeshmukh & 

Hoskins 1988):

Convective heating at weak stratification generates Rossby 
waves that propagate out of equatorial waveguide



Uniform convection generates equatorial 
Rossby waves, which transport angular 

momentum toward equator
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Uniform convection generates equatorial 
Rossby waves, which transport angular 

momentum toward equator
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Test ideas with giant planet GCM

• Ideal-gas atmosphere in thin shell with rotation 
rate, gravitational acceleration, gas constant, etc. of 
planet

• Scattering gray radiative transfer 

• Up to T213 horizontal resolution, 30 vertical 
levels

• Imposed uniform heat flux at lower boundary

• Rayleigh drag at artificial lower boundary at 3 bar 



Mean meridional circulations

Prograde jets

Retrograde jets

Coupling to 
magnetic field

(Schneider & Liu 2009)



Modeling of deep MHD drag in thin shell
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Model momentum dissipation as Rayleigh drag

(Liu et al. 2007)

(Busse, 1983)
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Simulated zonal wind in upper troposphere

Zonal wind (m/s) 

Zonal wind (m s-1) 
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Divergence (Jupiter upper troposphere)

(Schneider & Liu 2009)



Rossby wave source (Jupiter troposphere)

(Schneider & Liu 2009)



Jupiter 

Saturn 

Uranus 

Neptune 

u  T, N 

(Liu & Schneider 2010)



Temperature: Comparison with observa4ons 

(Simon‐Miller et al. 2006; Fletcher et al. 2007) 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Why are Jupiter and Saturn superrota2ng? 

‐‐‐ strong internal heat flux (5.7 W m‐2 on Jupiter and 

2.01 W m‐2 on Saturn) generates convec2on. 

(Liu & Schneider 2010)



prograde retrograde 

(Schneider & Liu 2009)



Jupiter control simula0ons 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•  Width of the equatorial jet 

is set by the equatorial 

Rossby radius: 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•  By vorEcity mixing argument, 

strength of the equatorial jet 

increases with width: 

Saturn 

Jupiter 

Why is Saturn’s equatorial jet stronger and 
wider than Jupiter’s?

(Schneider & Liu 2009)



Why is Uranus subrota/ng? 

 ‐‐‐ Almost no internal heat flux (0.042 W m‐2), 

the atmosphere is stably stra/fied.  

u  T, N 

(Liu & Schneider 2010)



How about Neptune? 

 ‐‐‐ Has significant internal heat flux (0.43 W m‐2), the 

atmosphere is neutrally straDfied below tropopause.  

u  T,N 

(Liu & Schneider 2010)



Zonal wind   Neptune control simula3on 

(a)  (b) 

(a) Neptune’s insola3on and Saturn’s internal heat flux 2.01 W m‐2 

(b) Uniform insola3on and Neptune’s internal heat flux 0.43 W m‐2 

(Liu & Schneider 2010)



Zonal wind  

Instantaneous zonal wind and rela1ve vor1city 

Jupiter Saturn Uranus Neptune 

(Liu & Schneider 2010)





Polar jets and waves

(NASA/JPL, VIMS Team, University of Arizona, 
http://apod.nasa.gov/apod/ap070403.html)



Eddy length scales (Jupiter simulation)

(Schneider & Liu 2009)



EKE spectrum and flux (Jupiter simulation)

(Schneider & Liu 2009)



EKE spectrum and flux (Jupiter simulation)

(Schneider & Liu 2009)

These are testable predictions



Predictions for Juno

(Liu et al. 2011)

Predictions of Thermal and Gravitational Signals of Jupiter’s Deep Zonal Winds 5
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FIGURE 2: Entropy gradient perpendicular to the spin axis ∂s′/∂r⊥ (left), corresponding zonal wind u (middle), and shear of the
zonal wind ∂u/∂z in the direction of the spin axis (right), all for a cut-off radius rc = 0.84RJ .

most of the zonal wind shear will be concentrated in
the outer few percent of Jupiter’s radius, irrespective of
where substantial dissipation occurs. Thus, the value of
the entropy gradient perpendicular to the spin axis (9) is
not very sensitive to the chosen cut-off radius. Whether
rc = 0.9RJ or to rc = 0.84RJ is used changes the
integral

∫ zR
zc

αsg sinφ′ dz by less than 15% when cylin-
ders intersecting midlatitudes in the upper troposphere
are considered. The corresponding change in the entropy
gradient perpendicular to the spin axis (9) likewise is less
than 15%. See Fig. 2 for an illustration.
These expectations are borne out more precisely by

calculations of the entropy gradient perpendicular to the
spin axis (9) as a function of r⊥ (expressed as latitude
in the upper troposphere) for different cut-off radii rc
(Fig. 3a). Since αs is positive, going downward in the
direction of the spin axis (i.e., at fixed r⊥), the en-
tropy gradient ∂s′/∂r⊥ has the same sign as the upper-
tropospheric zonal wind. Going downward in the direc-
tion of the spin axis where the observed zonal wind is

prograde, entropy increases with cylindrical radius r⊥;
the opposite holds where the observed zonal wind is ret-
rograde. The entropy gradient vanishes going downward
from where the observed zonal wind vanishes (Fig. 2).
As can be seen in Fig. 3, entropy gradients correspond-
ing to shallowly confined zonal winds are larger than
those corresponding to deeply penetrating zonal winds.
In the equatorial region where the cylindrical radius

r⊥ is greater than the cut-off radius rc (outside the tan-
gent cylinder), the zonal wind shear in the direction
of the spin axis and the entropy gradient perpendicu-
lar to it are not well constrained. Zonal winds within
that region still connect with the flow at depth along
surfaces of constant angular momentum per unit mass,
which are approximately cylinders concentric with the
spin axis. But these cylinders no longer intersect a re-
gion of substantial MHD drag. The arguments we pre-
sented hence do not constrain the zonal wind shear and
the entropy gradient in that region (corresponding to lat-
itudes |φ| < arccos(rc) in the upper troposphere); we
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(Liu et al. 2011)
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most of the zonal wind shear will be concentrated in
the outer few percent of Jupiter’s radius, irrespective of
where substantial dissipation occurs. Thus, the value of
the entropy gradient perpendicular to the spin axis (9) is
not very sensitive to the chosen cut-off radius. Whether
rc = 0.9RJ or to rc = 0.84RJ is used changes the
integral

∫ zR
zc

αsg sinφ′ dz by less than 15% when cylin-
ders intersecting midlatitudes in the upper troposphere
are considered. The corresponding change in the entropy
gradient perpendicular to the spin axis (9) likewise is less
than 15%. See Fig. 2 for an illustration.
These expectations are borne out more precisely by

calculations of the entropy gradient perpendicular to the
spin axis (9) as a function of r⊥ (expressed as latitude
in the upper troposphere) for different cut-off radii rc
(Fig. 3a). Since αs is positive, going downward in the
direction of the spin axis (i.e., at fixed r⊥), the en-
tropy gradient ∂s′/∂r⊥ has the same sign as the upper-
tropospheric zonal wind. Going downward in the direc-
tion of the spin axis where the observed zonal wind is

prograde, entropy increases with cylindrical radius r⊥;
the opposite holds where the observed zonal wind is ret-
rograde. The entropy gradient vanishes going downward
from where the observed zonal wind vanishes (Fig. 2).
As can be seen in Fig. 3, entropy gradients correspond-
ing to shallowly confined zonal winds are larger than
those corresponding to deeply penetrating zonal winds.
In the equatorial region where the cylindrical radius

r⊥ is greater than the cut-off radius rc (outside the tan-
gent cylinder), the zonal wind shear in the direction
of the spin axis and the entropy gradient perpendicu-
lar to it are not well constrained. Zonal winds within
that region still connect with the flow at depth along
surfaces of constant angular momentum per unit mass,
which are approximately cylinders concentric with the
spin axis. But these cylinders no longer intersect a re-
gion of substantial MHD drag. The arguments we pre-
sented hence do not constrain the zonal wind shear and
the entropy gradient in that region (corresponding to lat-
itudes |φ| < arccos(rc) in the upper troposphere); we

Distinctly measurable gravity signal



• Off-equatorial jets are baroclinically generated; 
equatorial superrotation generated by convection

• Internal heat flux destabilizes deep layer and 
increases baroclinicity

• Convection generates equatorial divergence and 
Rossby waves, leading to superrotation

• Momentum dissipation by coupling to magnetic field

• No strong turbulence (inverse cascade) necessary

• Theory leads to concrete predictions of gravity and 
temperature signature (Juno measurement)

Conclusions
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