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Winds on Jupiter

Zones :  
- Reflective white bands of low temperatures, and 
elevated aerosol opacities
- Anti-cyclonic vorticity

Belts : 
- Darker bands of warmer temperatures, and 
depleted aerosols
- Cyclonic vorticity

Cloud movie taken by 
Cassini spacecraft during 
its Jupiter flyby



Eddy momentum transport on Jupiter
Salyk et al. (2006)

Analysis of Cassini imaging data

High positive correlation between eddy 
momentum flux, <uʹvʹ>, and the variation of 
zonal velocity with latitude, du/dy, was found.



Thunderstorms on Jupiter

Lightning storms on the night side of Jupiter along 
with clouds dimly lit by moonlight from Io 
(taken by Galileo spacecra>)

On Jupiter, energy is transferred from the warm 
interior of the planet to the visible atmosphere to 
feed thunderstorms. Lightning occurs in the low-
pressure regions.

Becker et al. (2020)



Superrotation on the gas giants

(Sánchez-Lavega 2000) 

angular momentum conserving 
zonal velocity curve of a fluid 
parcel beginning at rest at the 
equator and moving poleward 

(Porco et al. 2003) 



Modeling Jupiter and Saturn's zonal flows 

• Shallow models 
• The dynamics are shallow, such as on a terrestrial planet
• The strong east-west flows can result from 2D geostrophic turbulence 

and/or baroclinic instability

• Deep models
• the observed jets are the surface manifestaJon of convecJve columns 

originaJng from the hot interiors



Two-dimensional turbulence

• Small eddies tend to organize large eddies as time passes
• Turbulent energy cascade toward large scales (smaller wavenumber k)

log k

Lo
g 

E(
k)

Enstrophy (z2) 
cascade

Energy cascade

Energy spectrum

large scale small scale

time = 10.87           time = 75.45

stream 
function 

Y

vorticity 
ζ

Lilly (1969)



Rhines scale

• Vorticity equation

• Rhines scale

Upward cascade of turbulence energy stops at smaller scales (k < kb) 
à This transition scale corresponds to the width of the jets.
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linearization



Shallow-water turbulence on the giant planets 
• Forcing are given to the vor.city field as a small-scale, random process, or 

eddies are generated by baroclinic instability 
• Inverse energy cascade generates mul.ple jets on the order of the Rhines scale
• The simulated equatorial flow is mostly retrograde

Vorticity field

Jupiter (Ro=0.002) Saturn (Ro= 0.013) 

Zonal velocity

Jupiter              Saturn             Uranus/Neptune

Scott & Polvani (2007) 



Deep models: Taylor–Proudman theorem

• In a fluid that is steadily rotated, the fluid velocity will be uniform along any 
line parallel to the axis of rotaJon.

Momentum equation in rotational frame

Assuming non-compressivity and d/dt=0, the 
curl is applied to give

Taking z-axis along the planet’s rotational axis,

Busse (1994)

z



Thermal Rossby wave 

The columns are Xlted because the thermal Rossby wave has the 
tendency to propagate faster on the outside than on the inside.
A prograde differenXal rotaXon on the outside with a retrograde 
one near the inner cylinder must thus be expected.

Busse (2002)
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Reynolds stresses
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Quasi-geostrophic vorticity equation

Vorticity changes with time through
- advection of absolute vorticity (             ) by geostrophic wind ( ) 
- vertical divergence (horizontal divergence)

: geostrophic vorticity

𝜍𝜍! + 𝑓𝑓 𝑣⃗𝑣!

Holton (2004)

w : VerXcal velocity in p-coordinate 

𝜕𝜕𝜔𝜔
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> 0



Showman et al. 2011

Observation Model Zonal velocity

Heimpel et al. 2005

u' 

v⊥' 

Reynolds stresses
u' v⊥' >0 

Deep models



Modeling of Jupiter 
Schneider & Liu, 2009

Rossby waves generated by intrinsic convecJve heat fluxes 
are responsible for the equatorial superrotaJon

baroclinic eddies generated by 
differenJal radiaJve heaJng are 
responsible for Jupiter’s off-equatorial 
jets 

zonal velocity



Doppler tracking of Juno spacecraft 

• The spacecraft acts as a test particle falling in the gravity field of the planet. Jupiter’s 
gravity is inferred from range-rate measurements between a ground antenna and the 
spacecraft during perijove passes. 

• The ground station transmits carrier signals, and the on-board translator lock the incoming 
carrier signals and retransmit them back to the ground. The range-rate (Doppler) 
observable is obtained by comparing the transmitted and received frequencies. 

• Spherical harmonics representation of planetary gravity fields is determined by the density 
distribution inside the body. 

Less et al. (2018)



Less et al. (2018)



Kaspi et al. (2018)

The observed jet streams, as they 
appear at the cloud level, extend 
down to depths of thousands of 
kilometres beneath the cloud level, 
probably to the region of magneJc 
dissipaJon at a depth of about 3,000 
kilometres



Difference between Jupiter and Saturn

• According to gravity measurements by the Cassini spacecraft, Saturn's jets extend to about 
three times the depth of Jupiter's (Jupiter: 3000 km vs. Saturn: 9000 km). This is believed to 
correspond to depths where the atmosphere becomes conductive, causing Ohmic resistance.

• The latitudes at which equatorial super-rotation exists are <13° on Jupiter and <31° on Saturn. 
These transition latitudes correspond to where a line extended from the depth where 
conductivity occurs intersects the surface in the direction of the rotational axis.

(Porco et al. 2003)       (Sánchez-Lavega 2000) 

Helled (2019)



Equatorial superrotation in the Sun

Rot. rate = 25 days on the equator
36 days near the poles

Numerical modeling (Miesch 2000)

VerJcal velocity 
at r = 0.95 R⊙

Equatorward angular momentum transport 
by slant convecJon ?

Rotation rates revealed by 
helioseismology




