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Giovanni Domenico Cassini’s 
drawings of bands and a 

“permanent spot” on Jupiter



Future Observations
will reveal the depth of 
zonal and vortical flows

Saturn: Cassini Proximal (Late 2016 - 2017)

Jupiter: Juno (Orbit insertion July 4, 2016)

Guillot et al., 2004



Outline

Part IIa (Pretty deep): Zonal flows on Jupiter, Saturn, and in 
models of rotating convection for incompressible and 
compressible fluids 

• The scale of bands and the effect of spherical geometry.

Part IIb (Relatively shallow): Storms and vortices on giant 
planets.  

•Modelling the coexistence of zonal jets and vortices: The role of 
outer boundary stability conditions 

Part I (Very deep): Rotating convection, Jupiter’s interior and 
the jovian dynamo.  



From Busse, J. Fluid Mech., 1970

Strong rotation: axially aligned flow structures (Taylor columns)

Columnar flow in deep rotating convection 



Numerical dynamo driven by columnar convection 
and laboratory rotating convection

Rotating convection, cylindrical “gravity”
Cardin and Olson (1992)

Side views

Dynamo: E = 10-4, Pm = 1, Ra = 10Rac



Busse-Taylor columns organize the flow 
and the magnetic field of a dynamo



Interior of Jupiter 

The radius coordinate is not displayed here but scales linearly from
the center to the pressure level of 1 bar. In both of the models the
core consists of rocks, J4 /10

!4 ¼ !5:84, Ȳ ¼ 27:5%, and T1 ¼
170K. There is no degree of freedom inmodel J11b, and the only
degree of freedom in model J11a, Pm, is set to 4 Mbar in order to
give Zmol > 1. The three most important differences are (1) the
steep onset of dissociation and ionization of H atoms with the
PPT in model J11b whereas LM-REOS yields a smooth increase
of dissociation; (2) a high transition pressure of 4 Mbar in model
J11a, well beyond the location of the PPT in SCvH-ppt; (3) a ra-
tio of heavy elements Zmol : Zmet of 4:3 in model J11b compared
to 1:6 with LM-REOS. It is interesting to note that once neutral
H and He+ are formed in the SCvH-ppt model, they are almost
immediately ionized further, whereas the fraction of ionized He
of only 6% in the deep interior in model J11a is not resolved.

For model J11a, an ASCII data table containing the profiles of
pressure, temperature, density, composition, and the figure func-
tions along the radius is available in the electronic edition of the
Astrophysical Journal. A shortened version of this data table is
shown in Table 4, where the five rows, from top to bottom, present
the 1 bar–level surface, the transition from the outer to the inner
envelope, and the layer transition from the inner envelope to the
core.

5. EVALUATION OF THE NEW RESULTS

In x 5 we discuss to what extent the new results for Mc, Zmet,
Zmol, and Pm obtained by using LM-REOS are in agreement with

experimental EOS data (e.g., principal Hugoniot curve), evolu-
tion theory, element abundances, and H/He phase separation.

5.1. Core Mass Mc

Saumon & Guillot (2004) found that H-EOS with a small
maximum compression ratio of only 4 along the Hugoniot curve
can yield small core masses lower than 3 M# and comment that
the apparent relation between the stiffness along the principal
Hugoniot and the coremassmay be not unique. In the same sense,
our H-REOS reproduces the maximum compression ratio of 4.25
as derived from shock wave experiments, but the core masses
range up to 7 M#.
To understand the indirect effect of the compressibility ! of

hydrogen on the core mass, we study in particular its impact in
the deep interior (!met), around the layer boundary between the
envelopes (!m), and in the outer molecular region (!mol). The
core mass depends essentially and directly on the mass density
"met in the deep interior: the higher "met, the lower Mc. Clearly,
"met can be enhanced either by !met or by Zmet. For example, the
case of a smaller !met leading to a smaller "met occurs with LM-
REOS. Furthermore, Zmet is diminished by both !m, which re-
duces the need for metals in order to adjust J2, and the Zmol chosen
to reproduce J4. Finally, Zmol decreases with !mol, for instance in
the case of SCvH-ppt. Due to this propagation of effects, the
behavior found in Saumon & Guillot (2004) may correspond
to the coincidence of a small !m and a large !met between 5 and
15 Mbar (see Fig. 1 in Saumon & Guillot 2004). In agreement
with Saumon & Guillot (2004) we conclude that the compress-
ibility along the principal Hugoniot curve, which is restricted to
densities below about 1 g cm!3, does not determine the core mass
alone. Experimental data for the hydrogen EOS off the principal
Hugoniot curve, i.e., near the isentrope, are in this context urgently
needed. For this, new experimental techniques such as reverber-
ating shock waves or precompressed targets can be applied.

5.2. Abundance of Metals Zmet

In our new Jupiter models with LM-REOS, Zmet is enriched
over solar abundance by a factor of 5–10 and exceeds Zmol by a
factor of 4–30. This feature is consistent with the standard giant
planet formation scenario, the core accretionmodel (Alibert et al.
2005; Pollack et al. 1996), where the planet grows first by ac-
cretion of planetesimals onto a solid core embryo. If the core has
grown such that surrounding nebula gas is attracted, an envelope
forms and the planet grows by accretion of both gas and plan-
etesimals, either sinking toward the core (Pollack et al. 1996) or
dissolving in the envelope. If the luminosity of the envelopes

Fig. 11.—Schemes of Jupiter models satisfying the same constraints; left,
model J11a, right,model J11b. At the layer boundaries the values of pressure and
temperature are given. The abundances of metals and of chemical species along
the radius are indicated by gray scales. An arc segment corresponds to 100% in
mass. For model J11a, an ASCII data table containing the profiles of pressure,
temperature, density, composition, and the figure functions along the radius can
be found in the electronic edition of the Astrophysical Journal.

TABLE 4

Jupiter Model J11a

m

(M#)

(1)

P

(Mbar)

(2)

l

(R̄J)

(3)

T

(K)

(4)

"
(g cm!3)

(5)

Y

(%)

(6)

Z

(%)

(7)

XH2

(8)

XHe

(9)

XHeþ

(10)

s2
(11)

s4
(12)

s6
(13)

317.8336........... 1.0000E!06 1.00000 1.7000E+02 1.6653E!04 23.307 2.072 1.0000 1.0000 0.0000 !4.501E!02 1.984E!03 !2.470E!04
..
. ..

. ..
. ..

. ..
. ..

. ..
. ..

. ..
. ..

. ..
. ..

. ..
.

223.6070........... 3.9998E+00 0.72384 8.8682E+03 1.3239E+00 23.307 2.072 0.0095 1.0000 0.0000 !3.522E!02 1.062E!03 !1.742E!04

223.5810........... 4.0013E+00 0.72380 8.8694E+03 1.5253E+00 24.476 16.616 0.0095 1.0000 0.0000 !3.522E!02 1.062E!03 !1.744E!04
..
. ..

. ..
. ..

. ..
. ..

. ..
. ..

. ..
. ..

. ..
. ..

. ..
.

2.75441............. 3.8385E+01 0.08426 1.8571E+04 4.3293E+00 24.476 16.616 0.0000 0.9405 0.0574 !1.160E!02 1.063E!04 !7.278E!06

2.75308............. 3.8393E+01 0.08426 1.8572E+04 1.8037E+01 0.000 0.000 0.0000 0.0000 0.0000 !1.160E!02 1.063E!04 !7.278E!06

Notes.—Table 4 is published in its entirety in the electronic edition of theAstrophysical Journal. A portion is shown here for guidance regarding its form and content.
Column headings from left to right: mass coordinate, pressure, level coordinate (radius; see eq. [8]), temperature, mass density, mass fraction of helium, mass fraction of
metals (H2O), particle fraction of H2 molecules with respect to the H subsystem, particle fraction of neutral He (col. [9]) and of singly ionized He (col. [10]) with respect
to the He subsystem, and cols. (11)–(13): the dimensionless figure functions s2; s4; s6.
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Nettelmann et al., (2008): 
Ab-initio equation of state

Constraints on deep-seated zonal winds inside Jupiter and Saturn 655

Fig. 1. Electrical conductivity and magnetic diffusivity distributions inside giant planets: (a) Jupiter; (b) Saturn. Values of conductivity and magnetic diffusivity are plotted in
the left and right panels, respectively. Solid lines depict mean value; dashed lines bound the range of uncertainties.

tribution, which we have neglected, from impurities x in addition
to that from hydrogen:

ne = nH2 exp
!

− E g

2K B T

"
+

#

x

nx exp
!

− Ex

2K B T

"
, (2)

where nx and Ex express the number density of the electrons
and the energy gap due to an impurity. Alkali metals are sources
of small band gap impurities. They may also contribute to the
radiative opacity thus insuring adiabaticity (Guillot et al., 2004;
Guillot, 2005). The mixing ratio of an alkali metal in the interior
of a giant planet is presumably similar to that determined from its
cosmic abundance. With these abundances, a band gap of a few
electron volts would lead to a conductivity of 10−6 ∼ 10−4 S m−1

at T ∼ 1000 K, significantly above the value due to hydrogen in
the outer shells of giant planets.

In magnetohydrodynamics it is conventional to characterize
the electrical conductivity σ in terms of the magnetic diffusiv-
ity λ = (µ0σ )−1, where µ0 is the magnetic permeability. Fig. 1
shows that the electrical conductivity of hydrogen decreases expo-
nentially outward from the metallic conducting region. Therefore,
the magnetic diffusivity increases exponentially outward. The scale
height of magnetic diffusivity

Hλ(r) = λ(r)
dλ(r)/dr

(3)

is shown in Fig. 2.

3. Ohmic dissipation based on inward extrapolation of the
external magnetic field

We approximate the planet’s magnetic field as axisymmet-
ric; Jupiter’s dipole tilt is about 10◦ and Saturn’s less than 0.1◦

(Connerney, 1993). Then we evaluate the azimuthal component of
the magnetic field produced by differential rotation acting on the
poloidal components. The maximum penetration depth is that of
the level above which the associated Ohmic dissipation matches
the planet’s net luminosity, L.

To proceed, we need to know the poloidal magnetic field above
the maximum penetration depth. Here we assume that it can be
determined by inward extrapolation of the planet’s external mag-
netic field. This assumption is appropriate provided the magnetic
Reynolds number based on the convective velocity field, Rc

m , re-
mains small down to the maximum penetration depth, which our
estimates suggest it does.3

Lack of accurate magnetic field measurements at high latitudes
close to Jupiter and Saturn makes the inward extrapolation of their
external magnetic fields somewhat uncertain. Thus we cannot ex-
clude the possibility that where Rc

m ≫ 1 the magnetic field might
be closely aligned with the rotation axis. This possibility is exam-
ined in Section 4.

3.1. Derivation of Ohmic dissipation

The time evolution of the magnetic field satisfies

∂B
∂t

= ∇ × (U × B) − ∇ ×
$
λ(r)∇ × B

%
, (4)

where U and B denote velocity and magnetic field. We work in
spherical coordinates and set U = Uφeφ = r sin θΩeφ . The genera-
tion of toroidal field from poloidal field is described by

∂ Bφ

∂t
= r sin θ

!
∂Ω

∂r
Br + 1

r
∂Ω

∂θ
Bθ

"
+ 1

r
∂

∂r

!
λ

∂

∂r
(rBφ)

"

+ λ

r2

∂

∂θ

!
1

sin θ

∂

∂θ
(sin θ Bφ)

"
. (5)

We seek a steady-state solution noting that Bφ scales propor-
tional to λ−1, and Hλ is much smaller than the length scale for
the meridional variation of Uφ and B . Thus we neglect r−1∂/∂θ
with respect to ∂/∂r, which is equivalent to assuming that jr ≪ jθ .4

3 An axisymmetric poloidal field is invariant under differential rotation.
4 A toy problem illustrating the effects that Hλ ≪ Hρ has on j is presented in

Appendix A.

Liu et al., 1998:
Electrical conductivity in 
the molecular envelope





perturbation. Time stepping was carried out for greater than
1000 rotations, whichwas sufficient to achieve a quasi‐steady
state in the kinetic and magnetic energy time series. The
spatial resolution of these full‐sphere calculations is defined
by the maximum spherical harmonic degree (lmax = 200) and
by the grid, which has 17 radial levels in the inner core and
65 radial levels in the fluid outer core. No hyperdiffusivity
was used for these runs.
[8] To explain the relationship between the magnetic and

flow fields in our models, and to estimate the depth to which
fast zonal flow may exist in giant planets, we estimate bal-
ances between rotational (Coriolis) and magnetic (Lorentz)
forces, and magnetic diffusion, which drive and resist large
scale flows in spherical shells. We neglect buoyancy for this

discussion because it acts radially, and we are mainly inter-
ested in horizontal motions. The magnetic Reynolds number

Rm ¼ VL
!

ð1Þ

is best understood as the ratio of inertially driven magnetic
induction to magnetic diffusion timescales. Thus magnetic
field induction overtakes diffusion for Rm > 1, and Rm scales
the local magnetic field generation. Via the omega effect,
azimuthal differential rotation can act upon the poloidal
component of the magnetic field Bp to amplify the azimuthal
component B" ∼ RmBp [Roberts, 2007]. Whereas the char-
acteristic length L of planetary dynamos is the radial extent
of entire metallic region, the characteristic length of the

Figure 2. Results from the numerical model. (a–c) Snapshots of the magnetic field scaled by the upper color bar, are
shown in model units B/

ffiffiffiffiffiffiffiffiffiffiffiffi
#$!W

p
(see also equation (4)). Azimuthal averages of the radial component Br are shown in

Figures 2a and 2b for cases rm = 0.7 and rm = 0.9 respectively. In Figure 2c, Br is shown near the outer surface for rm = 0.8
in Mollweide projection. Radii rm and ri = 0.35 are indicated in Figure 2a and 2b, and in Figure 2c, where the intersections
of the tangent cylinders for those radii with the outer boundary are shown. (d and e) Meridional snapshots of " ‐ averaged
azimuthal velocity V", in units of Ro for rm = 0.7 and rm = 0.9, each scaled by the color bar to the right. (f) V" near the outer
surface for the rm = 0.8 case. The velocities for Figure 2f are obtained by using the color scale for e multiplied by 10. (g) The
three velocity profiles correspond to (h) the three electrical conductivity profiles. (i) The major force balances: Rm, ARs,
A, and L (see text), averaged over time and 8 for the rm = 0.8 case. We refer to the radii bounded by the dashed lines in
Figure 2i as the planetary tachocline (see also Figure 3).
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Variable conductivity σ(r) dynamo:  
High σ inside rm,  expon. decreasing σ outside rm.

Heimpel and Gómez Pérez, 2011

Radial magnetic field 

Azimuthal (zonal) flow velocity 



Jupiter vs compressible dynamo model
(anelastic dynamo code Magic, E=10−5, Pr=1, Pm=0.6 

Jupiter radial magnetic field

Model field

Higher res model

Flow field (deeper = slower) Magnetic field (deeper = stronger)

Radial magnetic field at r=0.87 Azimuthal magnetic field at r=0.87

Gastine et al., 2014



Part IIa Zonal flows

NASA Movie PIA02863
(Cassini flyby of Jupiter: Oct 31-Nov 9, 2000)



Conservation of potential vorticity 
Topographic effect

R.L. Stewart, 2004

For inviscid flow:
Π = (ωz + f)/H.

The motion of fluid 
columns conserves 

Π

Leads to a topographic 
parameter 

β = - 2Ω(dH/dx)/H

ω2>ω1

ω1
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Figure 1: Experimental and numerical devices. a, Schematic of the experimental device. The tank is
1.37 m high by R = 0.5 m in radius and is spun at up to 75 revolutions per minute (⌦ = 7.85 rad/s) with
' 400 L of water such that Ro ' 10�3, Re ' 4 ⇥ 103 (E ' 2.5 ⇥ 10�7), with a mean zonostrophy index
R

�

= 4.8. The free surface of the fluid has a depth h(r) ranging from h

min

= 20 cm to h

max

= 90 cm with
a depth at rest h

o

= 50 cm (cf. Online Methods for more details). b, Direct numerical simulation of the
experiment. Sidecut snapshot at t ' 1000 rotations showing the instantaneous non-dimensional azimuthal
velocity field at Ro ' 10�3, Re ' 103 (E = 10�6), corresponding to a mean zonostrophy index R

�

= 4.

the zonostrophy index R
�

22 [see online Methods for details on its calculation]. This index is78

the ratio of the Rhines scale and the dissipation scale L
✏

' (✏/�3
)

1/5, where ✏ is the energy79

dissipation rate through the system17. Simplistically, R
�

represents the strength of the zonal80

flows relative to the strength of the underlying mixing. If mixing effects are strong (large81

L
✏

), the zonal jets tend to be undulatory and unsteady in time, or fail to form altogether. As82

L
✏

is decreased, at a given value of L
Rh

, quasi-steady zonal jets are predicted to become the83

prevalent fluid motion in the system17;23. Such flows, argued to exist at R
�

& 2.5, are in the84

4

Laboratory zonal jets
(Cabanes et al., 2016, in review)

DNS, Ben Favier

- 0.015 0.015

0 0Cylindrical radius r/R

-0.02

0

0.02

0 10.2 0.4 0.80.6

a b

c d

Figure 2: Polar view and profiles of zonal velocity. a, Southern polar view of Jupiter atmosphere
from Cassini spacecraft mission (Credit: NASA/JPL/Space Science Institute). b, Experimental polar view
of 4900 Lagrangian tracks, collected between 4900 and 5350 rotations. Tracks are colored based on their
instantaneous zonal velocity, red (blue) being prograde (retrograde). Radial velocity component of the tracks
are reported in Extended Data Figure 2b. The data free spot is due to lightening reflection in the device.
c, Experimental polar view of the time-averaged zonal velocity field computed from the 4900 Lagrangian
tracks in b. Acquisition and time-averaging procedure are detailed in online Methods. d, Radial dependence
of the mean zonal velocity hU

'

i/⌦R (thick red line) and the root-mean-square (rms) velocity averaged in
azimuth u

rms

/⌦R (dashed blue lines) computed from the results presented in c). Calculation method is
given in online Methods. Black curves are Rhines velocity U predictions using the characteristic jet width
value obtained from the mean red curve peak to peak distance L

Rh

/R ' 0.17.

times (see also Extended Data Movie 1). This instantaneous signature is novel in a rapidly-114

rotating turbulent jets experiment and has not yet been attained in numerical models of115

deep jet generation with boundary dissipation. Compiling all the velocity data in Figure 2b116

yields the time-averaged zonal velocity field map shown in Figure 2c, revealing strong zona-117

tion. We calculate the surface average of the zonostrophy index in our experiment, yielding118

R
�

= 4.8, confirming the relevance of our experiment to the gas giants zonostrophic regime119

where R
�

' 5. We report in Figure 2d the profile of time and azimuthal averaged zonal120
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Spherical Shell Rhines Scale
Outside TC Inside TC

(Notes: 1. Scaling discontinuity across TC;   2.  λ depends on U)



Heimpel,  Aurnou & Wicht., 2005

Zonal flow in spherical shells: Reynolds stress spins 
columnar convection (Busse columns) into zonal flows.

Busse, 1976



Jupiter Saturn Numerical model

Heimpel,  Aurnou & Wicht,  2005

Jupiter & Saturn winds, and numerical model
Model: E=3x10-6,  Ra=5.6 x 108,  Pr=0.1,  ri/ro=0.9, 8-fold symmetry 
Boussinesq approximation. 
Constant top-bottom temperature difference drives convection.  
Free-slip top and bottom boundary conditions  



Anelastic model (Magic) with E=3 x 10
-6

, Ra=1.5 x 10
9

, 
Nρ=5, Pr=0.1,  and ri/ro=0.85. Comparison of zonal 

flow to cloud layer zonal wind of Saturn.   
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high viscosity or weak rotation lower viscosity or strong rotation

Figure 2: Zonally averaged azimuthal velocity in the meridian plane for the numerical models of Tab. 1. Velocities are expressed in Rossby number units (i.e.
u�/⌦r

o

) and colorscales are centered around zero: prograde (retrograde) jets are rendered in red (blue). In all cases, the prograde contours have been truncated in
amplitude to emphasize the structure of the secondary jets.

Figure 3: Surface zonal flow profiles of the numerical models of Tab. 1 (expressed in units of Ro = u�/⌦r

o

). The grey lines correspond to the snapshots displayed
in Fig. 2, while the black lines correspond to time-averaged zonal flows. On each panel, the location of the tangent cylinder is marked by the two horizontal dashed
lines.

4

Why do we need high resolution models?
 Well-defined multiple jets inside the tangent cylinder (Nρ 

= 5,  r
i
/r

o 
= 0.85) 



Part IIb: Jets, Vortices and Storms

NASA Movie PIA02863



Vortices on Jupiter and Saturn
Jupiter Great Red Spot and White Ovals Saturn “Storm Alley”



Saturn’s great storm of 2010/2011

Dec 5, 2010

NASA Cassini images PIA12824 and PIA12826

Feb 25, 2011



Anticyclonic vortex initiated Saturn GWS 

2009; Asay-Davis et al., 2009; Sussman et al., 2010), highest wind
speeds within the AV, which exceeded 120 m s!1, are detected in
an outer annular region. For these images, the limb of the planet
could not be used to navigate the images, thus the pointing infor-
mation of the spacecraft was used to navigate the images. The
worst-case uncertainty in the wind magnitude arising from image
navigation is ±16.5 m s!1.

Fig. 6b shows the relative vorticity derived from the wind field
presented in Fig. 6a, showing that the relative vorticity reached

!6 " 10!5 s!1 in the vortex’s annular region. To fill missing vectors
and alleviate the effects of spurious measurements, the wind field
was smoothed over 6 vector grids (2.3! in both latitude and longi-
tude) before calculating the curl of the field. Note that the image
navigation uncertainty can only introduce uniform offset in the
wind vectors, and does not severely impact the vorticity measure-
ments. We estimate that the uncertainty in the relative vorticity
values that have been masked by the smoothing is ±1 " 10!5 s!1.

Between December 24, 2010 and June 14, 2011, the AV main-
tained a mean drift speed of !0.85! day!1 (!8.4 m s!1); Table 2
chronologically lists the longitudes of the center of the AV. The
best-fit function that expresses its eastward System III longitude
hAV as a function of Julian day can be written as

hAVðtJulianÞ ¼ !0:85ðtJulian ! 2;455;000Þ þ 540: ð3Þ

During this time, the drift rate fluctuated between !0.6! day!1

and !1.4! day!1. The AV motion deviated from this linear fit after
September 2011 as will be noted later.

Fig. 7 presents the cross-sectional wind profiles of the AV on
January 11, 2011. The north–south cross-section of the eastward
wind component through the AV’s central longitude (54!) is shown
in Fig. 7a, demonstrating that the tangential wind speed reached
+100 m s!1 at the north side of the AV’s annular region. The wind

Fig. 5. Full-longitude mosaic of Saturn’s northern mid-latitudes on January 11, 2011. The red, green and blue color channels are assigned to images acquired using CB2, MT2
and MT3 filters, respectively – the color scheme is described in the main text. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Table 1
Longitude vs. time of the head of storm.

Year/month/fractional day East longitude (!) West longitude (!)

2010/12/05.9 114.1 245.9
2010/12/24.6 62.5 297.5
2011/01/02.5 37.1 322.9
2011/01/11.8 7.30 352.7
2011/02/04.4 302.9 57.1
2011/02/25.8 242.8 117.2
2011/03/08.0 212.8 147.2
2011/04/22.5 94.4 265.6
2011/05/05.2 55.4 304.6
2011/06/14.2 298.6 61.4

K.M. Sayanagi et al. / Icarus 223 (2013) 460–478 465

(shown in Fig. 3a). The clouds to the west of the head maintained
the pre-storm morphology until the tail completed its circumprop-
agation of the latitude zone. The head appears bright in all of CB2,
MT2 and MT3 images and thus appears white in Fig. 4. The sharp
edge of the head is accompanied by a dark outlining region imme-
diately outside of the head as can be seen in Fig. 5. This darkening
is most pronounced in MT2 and MT3, and the geometry of the
darkening is inconsistent with any possible shadows cast by the
storm clouds on surrounding cloud deck at a lower altitude. The
dark region may indicate the descending circulation that surrounds
the intense updraft of the cumulous storm.

3.4. Formation of a large anticyclonic vortex

The AV formed between December 5 and 24. On December 24,
(Fig. 4 panel 2010-12-24), the AV had a roughly circular core that
appeared particularly bright in MT3 (blue in Figs. 4 and 5). The core
had a diameter of approximately 4250 km and was centered at 76!
longitude and 33!N latitude. By January 11, the AV measured
11,000 km by 12,000 km in the north–south and east–west dimen-

sions (Fig 4 panel 2011-01-11 and Fig. 5), a size that rivaled Jupi-
ter’s Oval BA (Simon-Miller et al., 2006). The AV’s blue hue in
Figs. 4 and 5 indicates clouds that reside at a higher altitude than
the surrounding clouds that appear white. Sánchez-Lavega et al.
(2011) determined that the top of the clouds in the storm’s head,
which appear white in Fig. 4, reached !150 mbar, and we interpret
that the core of the AV extended to a higher altitude.

Earth-based observations measured the size of the dark oval
that seems to correspond to the core of the AV. Infrared mages cap-
tured on January 19 at the VLT showed the dark oval’s meridio-
nal " zonal size to be 5500 " 4000 km (Fletcher et al., 2011),
while Hubble Space Telescope observation in visible wavelengths
on March 12 showed the size to be 6000 " 7800 km (Sánchez-Lav-
ega et al., 2012).

Fig. 6a presents wind vectors within the AV on January 11, 2011,
demonstrating that the vortex has an anticyclonic circulation. We
deduced the wind field in the vortex using TRACKER3. Supplemen-
tary Movie 1 also shows the cloud motion within the AV. Similar to
large anticyclones on Jupiter (Dowling and Ingersoll, 1988; Simon-
Miller et al., 2006; Choi et al., 2007; Cheng et al., 2008; Hueso et al.,

Fig. 4. Cloud morphology before, during and after the storm. The panel IDs denote the image acquisition dates. Each panel is a latitude–longitude projected mosaic and shows
20.5–38.9!N planetocentric latitude. The width of the entire figure represents 200! of longitude. Mosaics are cropped to highlight the spacing between the head (marked with
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(shown in Fig. 3a). The clouds to the west of the head maintained
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on March 12 showed the size to be 6000 " 7800 km (Sánchez-Lav-
ega et al., 2012).

Fig. 6a presents wind vectors within the AV on January 11, 2011,
demonstrating that the vortex has an anticyclonic circulation. We
deduced the wind field in the vortex using TRACKER3. Supplemen-
tary Movie 1 also shows the cloud motion within the AV. Similar to
large anticyclones on Jupiter (Dowling and Ingersoll, 1988; Simon-
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Figure 11: (a) Sketch of the radial profile of R∗ in strongly stratified models.
rmix corresponds to the radius at which R∗ = 1. It marks the tentative limit
between the buoyancy-dominated region (R∗ > 1) and the rotation-dominated
region (R∗ < 1), both emphasised by a grey-shaded area. (b) Radial profile of
R∗ for various numerical simulations with Nρ = 5 and E = 3 × 10−4.

5.2. Zonal flows in the transitional regime

The transition to regime II happens when rmix reaches ap-
proximately mid-depth, where an abrupt transition to a retro-
grade equatorial jet takes place. The parameter space, where
the transitional regime with two distinct types of convection co-
exists, is therefore quite narrow. Strong stratification is required
and R∗m has to be neither too small nor too large, typically in the
R∗m ≃ 0.1 − 0.5 range.
Figure 14 shows the surface zonal flows for numerical mod-

els that lie in this specific range of parameters. Typical for
numerical simulations at moderate Ekman numbers (here E =
3 × 10−4) that are still in the R∗m < 1 regime, a large pro-
grade equatorial jet is flanked by two weaker retrograde jets at
higher latitudes (±60◦). Due to the aspect ratio of the spherical
shell considered in this study (η = 0.6), the prograde equato-
rial wind extends up to mid latitudes of ±50◦. For R∗m = 0.128
(green line), the zonal wind maximum is reached at the equa-
tor, similarly to Boussinesq models (e.g. Heimpel et al., 2005).
However, when increasing R∗m, the center of the main equato-
rial jet decreases until eventually a dimple appears flanked by
two maxima. The width of the dimple further grows with R∗m
while the central flow amplitude decreases reaching approxi-
mately ±25◦ latitude and 20% of the maximum zonal wind am-
plitude just before the transition to regime II (see the inset in
Fig. 14). Such a pronounced dimple has also been observed in
the anelastic models by Kaspi et al. (2009) who also employed
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Figure 12: Sketch illustrating the transitional regime in strongly stratified mod-
els.

strong density contrasts (see Fig. 13 in their study).
Following the sketch displayed in Fig. 12, this dimple can

be directly related to the transition between rotation-dominated
and buoyancy-dominated regions. As already shown in Fig. 13,
rmix separates these two regions and thus allows us to roughly
estimate the typical latitudinal extent of the dimple via a simple
geometrical relation (see Fig. 12)

cos θdimple ∼
rmix
ro
. (24)

This simple expression thus relates the latitudinal extent of the
observed surface zonal flows to the transition radius between
the two distinct internal dynamical regimes. Although this ex-
pression is rather crude in predicting the exact width of the dim-
ple (see the two magenta lines in Fig. 14), it can be used as an
order of magnitude estimate of its latitudinal extent.

5.3. A dimple in the equatorial zonal band of Jupiter

A similar dimple exists on Jupiter (Fig. 15) and extends
roughly between ±7◦ latitude. The amplitude of the equato-
rial wind decreases by roughly 30% at the equator. Is Jupiter’s
dimple the surface expression of an internal regime transition?
From Eq. (24) with θdimple ∼ 7◦, we can speculate that the mix-
ing radius rmix would lie around 500 km below the 1 bar level.
To evaluate the plausibility of this scenario, we try to

establish the value R∗surf of Jupiter using the scaling laws
by Christensen (2002); Christensen and Aubert (2006) and
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Depth and strength of static stability 
in Jupiter’s deep atmosphere 

• Magalhaes et al., 2002: Static 
stability layer reaches to maximum 
depth of Galileo probe (~ 22 bar, 
~150km).    

“Regions with static stability 0.1–0.2 
K/km are found at 0.5–1.7 bars, 3–8.5 
bars, and 14–20 bars. Between these 
layers, regions of weaker static 
stability are present.” 

420 MAGALHÃES, SEIFF, AND YOUNG

Jupiter’s atmosphere is evaluated by fitting Eq. (33) at each
observation time to all points within a box of some specified
altitude width about each measurement. Note that our approach
allows for slowly varying g, R, and m/CDA. Since we are inter-
ested in the mean large-scale (“background”) lapse rate, the as-
sumption of a constant lapse rate and CDA within each marching
box is appropriate. As we have already discussed, our assump-
tion of constant CDA seems to be a very good one. Effectively,
the procedure yields the values of CDA and dT/dz that give
the best fit to T (t) over the fixed box interval. Note that CDA
enters only to the −0.5 power in the coefficient a in Eq. (5), and
therefore the solutions are not highly sensitive to the absolute
value of CDA. We have chosen a box width of 50 km. Some-
what smaller box sizes show more small-scale structure but yield
similar results for the “background” values over 50-km length
scales.

Figure 7 displays the background static stability as a func-
tion of pressure at the PES derived from T1 data alone and

FIG. 7. Static stability as a function of pressure at the PES derived from T1
data alone with the assumption of zero vertical wind. Lapse rate is derived by
using T data within a box of 50-km altitude width centered at each data point
and the assumptions of equilibrium descent of the probe, hydrostatic balance,
and zero vertical wind, as described in the text. Effects of two assumptions for
the para-H2 fraction are shown.

FIG. 8. Effects of vertical winds wA on static stability derived from T1
data alone. Effects of constant wA = 0, ±1 m s−1, and ±3 m s−1 on the static
stability from T1 are illustrated.

with the assumption of zero vertical wind. The effects of two
assumed para-H2 fractions are shown. The uncertainty enve-
lope includes uncertainty in the adiabat as well as uncertainty
in the lapse rate derived from the fits to T1. Both the adiabat
based on a para-H2 fraction f p = 0.29 and the equilibrium adi-
abat show static stabilities ∼0.2 K km−1 at p < 1 bar. A re-
gion of weak static stability is evident from p ∼ 3 bars to p ∼
8 bars. A narrow statically unstable region is evident at p ∼
10 bars followed by a region of increased static stability cen-
tered near p ∼ 20 bars. However, we note that errors begin to
diverge and become consistently larger than the computed val-
ues of static stability at pressures greater than about 18–20 bars,
due to the fact there is no data beyond 22 bars. Therefore, we do
not consider the values of static stability at p > 18–20 bars to be
meaningful.

Figure 8 illustrates the effects of vertical winds (wA) on the
static stability derived from T1 data alone. Constant vertical
winds wA = 0, ±1 m s−1, and ±3 m s−1 have been included
in the derivation of the static stability. Vertical wind effects in-
crease with increasing pressure since the descent velocity of
the probe decreases with increasing pressure and hence the
constant wind is a larger fraction of the descent velocity. The



Jupiter anticyclones, visible and 5 micron IR.   

vations at 5 lm of that portion of Jupiter’s disk that contains the
ovals. As these observations were obtained with the AO system
on the 10-m Keck telescope at essentially the diffraction limit of
the telescope, our data show the previously seen structure around
the GRS in incredible detail. Clearly, the 5-lm ring around the GRS
is not a simple ring.

Figs. 12 and 13 contain several panels to facilitate a comparison
of differently sized ovals at different wavelengths. The 5-lm mo-
saic in July 2006 (Fig. 12) was confined to the GRS and Oval BA,
which were passing each other during that period, as they do every
2 years. Fig. 12c shows the 5-lm mosaic superposed on a compos-
ite image constructed from data at 1.58 and 1.65 lm. As these
images were taken only slightly earlier on the same night, the rel-
ative positions of the vortices had not changed much between
exposures.

Six different panels from the May 2008 data are shown in
Fig. 13. The 5-lm mosaic in panel (b) covers a much larger area

on Jupiter than in 2006. As in Fig. 12c, we superpose this mosaic
on a composite image constructed from data at 1.58 and 1.65 lm
in panel (f), while panel (e) shows a color composite HST image
of the same area, taken only a day earlier. All five ovals are sur-
rounded by a ring of bright 5-lm emission, and are themselves
‘cold’, i.e., the center of the vortices contain clouds dense enough
to block any outgoing thermal radiation. Although this is seen for
all vortices, there is a difference between the two large ovals, the
GRS and BA, and the smaller Ovals 2, A5, and A6. The 5-lm bright
rings tightly surround the periphery of these smaller ovals, while
the GRS and Oval BA are characterized by turbulent regions with
areas that are bright at 5 lm. Several sharply defined emission
strands are visible on the south side of the GRS and Oval BA. These
strands, as well as the detailed morphology of the 5-lm emission
in the turbulent areas, vary over time. Variability in 5-lm emission
maps has also been seen in images at lower spatial resolutions
(e.g., Fletcher et al., 2010). A comparison of the 5-lm images with

Fig. 13. (a) False-color composite Keck AO image of Jupiter in May 2008, with the satellite Europa in the upper right corner. This image is constructed from images at 1.58
(red), 1.29 (green), and 1.65 (blue) lm. The image was sharpened using the RegiStax software, developed by Cor Berrevoets. As in Fig. 12, high altitude haze above the polar
hood makes the planet blue here. (b) Mosaic of the area outlined on the composite image at a wavelength of 5 lm. Individual images were deprojected before mosaiced
together. (c) and (d) Detailed view of the tiny ovals south of Ovals A5 and A6. Panel (c) shows part of a 502 nm image (from Fig. 5); panel (d) shows part of panel (b). In
addition to Ovals A5 and A6 we indicate five regions (1–5) to guide the reader towards ovals and features seen both at visible and 5-lm wavelengths. (e) Close-up view of the
larger ovals, constructed from deprojected HST images at 673, 502 and 410 nm, using red, green and blue colors for the different filters, respectively. (f) The 5-lm image (in
orange) superposed on a composite Keck image at 1.58 lm (green) and 1.65 lm (blue). Although the time between the 1.58/1.65 and 5-lm images was very short, Ovals A5
and A6 had moved slightly compared to the ovals closer to the equator.
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Interpretation of Jupiter vortices observations

Jupiter’s thermal 5-lm emission. We show that all ovals with
diameters <5000–6000 km are surrounded by annular rings that
are bright at 5 lm and dark/blue in the visible (Fig. 13). As the
brightness temperatures in these rings range from 225 to 250 K,
the data indicate cloud-free regions down to at least 4, if not 5–
7 bar, i.e., to within the water–ice cloud, while the center of the
vortices rise up to well above the tropopause. Below (Section 5.1)
we suggest that these 5-lm rings form part of the secondary circu-
lation in a vortex. Although there is 5-lm emission around the
largest vortices, Oval BA and the GRS, the morphology of these
emissions is distinctly different from that of the smaller ovals,
and we argue below that the 5-lm emission near Oval BA and
the GRS are not part of their secondary circulations.

The radii of the largest of the 5-lm annuli, !2500–3000 km, are
of order 1–2 times the Rossby deformation radius, LR, which is
!2300 km at !23!S and varies with latitude h as 1/jsinhj if the
thermal structure is constant (Shetty et al., 2007). The radii of
the smaller 5-lm rings at J 50!S are also [1–2LR, as well as the
radius of the distinctly red annulus of Oval BA (!1.5LR), and the in-
ner core of the GRS, often characterized by an anomalous coloring
with respect to the rest of the GRS. In the following subsection we
tie these radii to a model of the vertical (secondary) circulation in a
vortex. We then use the resulting model to derive the radial mixing
time in a vortex to get a handle on the mechanism that produces
the red color in Oval BA’s annulus. Section 5.2 summarizes our
findings on Oval BA. Since the GRS is very different, and we do pro-
vide additional observational evidence for this, Section 5.3 pro-
vides a short discussion of the GRS.

5.1. General vortex structure and dynamics

Based upon Voyager IRIS observations, Conrath et al. (1981)
show that the temperature at the top of the three large white ovals
(i.e., those that later merged to become Oval BA) and the GRS (100–
400 mbar) is slightly (!1–6 K) lower than the ambient value at the
same pressure level (similar results have later been obtained from
mid-IR ground-based data; e.g., Cheng et al., 2008; Fletcher et al.,
2010). They explain this via adiabatic cooling of parcels of air that
rise upwards, driven by an energy source such as latent heat re-
lease of condensation. It is not explained, however, why the cores
of these clouds do not warm up due to this heat release, as we see
on Earth (Kuo, 1965). In the following we agree with the overall
picture that rising motions in a subadiabatic atmosphere cool;
however, we think that the reason air is rising is baroclinic forcing,
as explained below.

All jovian anticyclones in which the velocities have been mea-
sured (GRS, Oval BA and its predecessors) have Rossby numbers
less than unity:

R0 ¼
U
fcL

< 1;

with U the primary, azimuthal velocity of the oval, fc the Coriolis
parameter, and L the oval’s mean radius, defined as the radius of
the potential vorticity anomaly. Hence, these ovals must be in geo-
strophic balance. The smaller vortices are most likely in geostrophic
balance as well, with equivalently small Rossby numbers. The mean
radius for these ovals is that of the 5-lm bright rings. Although L is
often smaller for these high latitude ovals, fc is larger since these
ovals are at higher latitudes. For example, the radius L for Oval A5
is similar to that of Oval BA, and L for Oval A6 is !1.5 times smaller.
However, at these latitudes, fc is larger by about 20%, so the product
fcL is not very different for Oval BA than for Ovals A5 and A6. While
we do not know U, it is hard to imagine that U would be much larger
for the small ovals than the larger ones, and thus R0 must be small
for all ovals. This means that all anticyclones have anomalously
high pressures in their centers to balance, in the horizontal direc-
tions, the Coriolis force (see sketch in Fig. 16a and b). Geostrophic
balance also implies that at the top of the vortex, where by defini-
tion the horizontal velocity goes to zero, the pressure is equal to the
ambient value. Since the temperature at the top of the vortices is
lower than the ambient temperature at the same pressure level,
the density in the vortex must be higher than in the ambient atmo-
sphere. In the vertical direction, this anomalously high density at
the top of the vortex balances the anomalously high pressure at
the vortex center (Fig. 16) through hydrostatic equilibrium. As radi-
ation from the surroundings (ultimately from the Sun) tends to
warm up the cool parcel at the top of the vortex to the temperature
of the ambient gas, its density will be decreased. This imbalance re-
sults in gas being pushed (baroclinically) upward to the top of the
anticyclone by the high pressure in the vortex center. A parcel cools
as it rises adiabatically regardless of whether the surrounding
atmosphere is subadiabatic or superadiabatic. If the environment
is subadiabatic, the rising parcel will be cooler than the ambient
gas when it arrives at the higher elevation. If the ambient atmo-
sphere is superadiabatic (unstable to convection) it will be warmer.
If the parcel arriving at the top of an anticyclone were warmer than
the ambient gas at that elevation, equilibrium would not be re-
stored. Hence the data show that the atmosphere is subadiabatic.

Clouds can form when the partial pressure of the gas from
which they are created exceeds its critical value for a phase transi-

Oval BA

Cloud Sheet
(high pressure)

Adiabatic cooling
(core)

Adiabatic
warming

(red annulus)

Great Red Spot

Cloud Sheet
(high pressure)

Adiabatic
cooling

(main vortex)

Adiabatic
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(sub-vortex)

Small
Anticyclone

Cloud Sheet
(high pressure)
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(vortex)Adiabatic
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a b c

Fig. 16. Sketch of the circulation in three vortices: (a) a small oval (radius of the 5-lm rings <3000 km, and the radius of the clouds that make the oval visible in HST data is
roughly half this number); (b) Oval BA, where the clouds extend well beyond the potential vorticity boundary, i.e., the radius of the clouds is >3000 km; (c) the Great Red Spot.
Primary circulations are counterclockwise along isobaric contours in a horizontal plane; they are measured in the cloud sheet, as indicated. At present, wind velocity fields
can only be measured in the larger anticyclones (BA, GRS). The secondary circulation is primarily in the vertical direction, as indicated by the arrows. The pressure at the
center of the vortex (near 2 bar; Section 5.1) is anomalously high, as indicated. (The web version of this article contains color.)
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Fig. 3. Velocity, relative vorticity, total kinetic energy, and eddy kinetic energy for day 2, where !u is the zonal mean velocity, averaging over all the points in the mosaic at that latitude.
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Jupiter radial vorticity at cloud level
note: Jovian Day = 9:55:30, Ω = 1.8e-4 



Local stability parameter R(r) and stability field Υ(r, θ,φ,t)
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Outer & inner boundary and meridional slices of flow fields:
a, Axial vorticity; b & c, zoom-in details of a large vortex; 
d, Eastward zonal velocity  (Magic on MP2, Compute Canada)
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Figure 4 | Dynamics of a large anticyclone. a, Illustration of layer stability and vortex flow. b,c, 3D visualization of model vortex from two di�erent view
angles. Colours show low (blue) and high (red) values. Entropy fluctuation images at ro (b) and 0.993ro (b and c). Streamlines show vortex structure.
Arrows, scaled by radial velocity, show non-zonal flow. d–f, Latitudinal profiles of entropy in model units (d); radial velocity in Ro units (e); radial vorticity in
⌦ units (f). Profile interface at r/ro '0.995. As this is a southern hemisphere vortex, positive radial vorticity is anticyclonic. Outer boundary (r/ro = 1) radial
velocity is zero.

of deep axial vorticity and shallow radial vorticity coincides near
the poles. Deep axial convective columns or plumes are therefore
strongly coupled to the shallow layer and excite smaller but
strong anticyclones in the polar regions of our model. This may
explain why small, strong vortices are found in the polar regions
of Jupiter2.

Figure 3b,c zoom in on a large model anticyclonic vortex.
It is located just inside (poleward) the tangent cylinder in the
westward anticyclonic zone, south of the equatorial jet. Similarly
Jupiter’s Great Red Spot, and Saturn’s ‘storm alley’, which occurs at
⇠41� latitude South and hosts some of the largest vortices on that
planet, occur in the first anticyclonic zone away from the equatorial
jet16. Furthermore, Saturn’s Great Northern Storm of 2010/2011
occurred at a latitude of ⇠38�, near the first westward jet north
of the equator28. The tendency of larger anticyclones to form in
anticyclonic belts is consistent with the occurrence of the larger gas

giant anticyclones. However, compared to observations of Jupiter3,
our model vortices have much shorter lifetimes, which probably
results from the high viscosity we must adopt for computational
reasons. After a large vortex forms it can travel roughly 30 degrees in
longitude before it breaks up or dissipates. Given the Rossby number
(Ro' 3⇥ 10�3) of the first westward anticyclonic zone (Fig. 2a),
this corresponds to roughly 25 rotational periods (days) on the
model planet. Vortex life cycles may be viewed as movies in the
Supplementary Information.

Figure 4 shows details of the model vortex described above.
Latitudinal profiles of radial vorticity, radial velocity and entropy
are plotted for the vortex, which is centred on �29� latitude.
In the convective interior the plume has higher entropy than
the background fluid. This can be seen in Fig. 4d at radii of
r/ro =0.995 and r/ro =0.992 (green and red profiles), near and
below the interface between convective and stably stratified regions,
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of deep axial vorticity and shallow radial vorticity coincides near
the poles. Deep axial convective columns or plumes are therefore
strongly coupled to the shallow layer and excite smaller but
strong anticyclones in the polar regions of our model. This may
explain why small, strong vortices are found in the polar regions
of Jupiter2.

Figure 3b,c zoom in on a large model anticyclonic vortex.
It is located just inside (poleward) the tangent cylinder in the
westward anticyclonic zone, south of the equatorial jet. Similarly
Jupiter’s Great Red Spot, and Saturn’s ‘storm alley’, which occurs at
⇠41� latitude South and hosts some of the largest vortices on that
planet, occur in the first anticyclonic zone away from the equatorial
jet16. Furthermore, Saturn’s Great Northern Storm of 2010/2011
occurred at a latitude of ⇠38�, near the first westward jet north
of the equator28. The tendency of larger anticyclones to form in
anticyclonic belts is consistent with the occurrence of the larger gas

giant anticyclones. However, compared to observations of Jupiter3,
our model vortices have much shorter lifetimes, which probably
results from the high viscosity we must adopt for computational
reasons. After a large vortex forms it can travel roughly 30 degrees in
longitude before it breaks up or dissipates. Given the Rossby number
(Ro' 3⇥ 10�3) of the first westward anticyclonic zone (Fig. 2a),
this corresponds to roughly 25 rotational periods (days) on the
model planet. Vortex life cycles may be viewed as movies in the
Supplementary Information.

Figure 4 shows details of the model vortex described above.
Latitudinal profiles of radial vorticity, radial velocity and entropy
are plotted for the vortex, which is centred on �29� latitude.
In the convective interior the plume has higher entropy than
the background fluid. This can be seen in Fig. 4d at radii of
r/ro =0.995 and r/ro =0.992 (green and red profiles), near and
below the interface between convective and stably stratified regions,

4 NATURE GEOSCIENCE | ADVANCE ONLINE PUBLICATION | www.nature.com/naturegeoscience

LETTERS NATURE GEOSCIENCE DOI: 10.1038/NGEO2601

Ra
di

al
 v

or
tic

ity

−1.0

−0.5

0.0

0.5

1.0

f

r/ro = 1
0.998
0.995
0.992
0.988

Ra
di

al
 v

el
oc

ity
 (×

10
−3

)

−1.5

34° S 32° S 30° S 28° S 26° S 24° S

−1.0

−0.5

0.0

0.5

1.0

1.5

2.0

Latitude

En
tr

op
y

4.9

5.0

5.1

5.2

5.3

5.4

5.5

e

d

Rising plume

Falling cold
perimeter

Convective layer
Stably stratified layer

z

a

b

c

X
Y
Z

Z
X Y

Figure 4 | Dynamics of a large anticyclone. a, Illustration of layer stability and vortex flow. b,c, 3D visualization of model vortex from two di�erent view
angles. Colours show low (blue) and high (red) values. Entropy fluctuation images at ro (b) and 0.993ro (b and c). Streamlines show vortex structure.
Arrows, scaled by radial velocity, show non-zonal flow. d–f, Latitudinal profiles of entropy in model units (d); radial velocity in Ro units (e); radial vorticity in
⌦ units (f). Profile interface at r/ro '0.995. As this is a southern hemisphere vortex, positive radial vorticity is anticyclonic. Outer boundary (r/ro = 1) radial
velocity is zero.

of deep axial vorticity and shallow radial vorticity coincides near
the poles. Deep axial convective columns or plumes are therefore
strongly coupled to the shallow layer and excite smaller but
strong anticyclones in the polar regions of our model. This may
explain why small, strong vortices are found in the polar regions
of Jupiter2.

Figure 3b,c zoom in on a large model anticyclonic vortex.
It is located just inside (poleward) the tangent cylinder in the
westward anticyclonic zone, south of the equatorial jet. Similarly
Jupiter’s Great Red Spot, and Saturn’s ‘storm alley’, which occurs at
⇠41� latitude South and hosts some of the largest vortices on that
planet, occur in the first anticyclonic zone away from the equatorial
jet16. Furthermore, Saturn’s Great Northern Storm of 2010/2011
occurred at a latitude of ⇠38�, near the first westward jet north
of the equator28. The tendency of larger anticyclones to form in
anticyclonic belts is consistent with the occurrence of the larger gas

giant anticyclones. However, compared to observations of Jupiter3,
our model vortices have much shorter lifetimes, which probably
results from the high viscosity we must adopt for computational
reasons. After a large vortex forms it can travel roughly 30 degrees in
longitude before it breaks up or dissipates. Given the Rossby number
(Ro' 3⇥ 10�3) of the first westward anticyclonic zone (Fig. 2a),
this corresponds to roughly 25 rotational periods (days) on the
model planet. Vortex life cycles may be viewed as movies in the
Supplementary Information.

Figure 4 shows details of the model vortex described above.
Latitudinal profiles of radial vorticity, radial velocity and entropy
are plotted for the vortex, which is centred on �29� latitude.
In the convective interior the plume has higher entropy than
the background fluid. This can be seen in Fig. 4d at radii of
r/ro =0.995 and r/ro =0.992 (green and red profiles), near and
below the interface between convective and stably stratified regions,
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of deep axial vorticity and shallow radial vorticity coincides near
the poles. Deep axial convective columns or plumes are therefore
strongly coupled to the shallow layer and excite smaller but
strong anticyclones in the polar regions of our model. This may
explain why small, strong vortices are found in the polar regions
of Jupiter2.

Figure 3b,c zoom in on a large model anticyclonic vortex.
It is located just inside (poleward) the tangent cylinder in the
westward anticyclonic zone, south of the equatorial jet. Similarly
Jupiter’s Great Red Spot, and Saturn’s ‘storm alley’, which occurs at
⇠41� latitude South and hosts some of the largest vortices on that
planet, occur in the first anticyclonic zone away from the equatorial
jet16. Furthermore, Saturn’s Great Northern Storm of 2010/2011
occurred at a latitude of ⇠38�, near the first westward jet north
of the equator28. The tendency of larger anticyclones to form in
anticyclonic belts is consistent with the occurrence of the larger gas

giant anticyclones. However, compared to observations of Jupiter3,
our model vortices have much shorter lifetimes, which probably
results from the high viscosity we must adopt for computational
reasons. After a large vortex forms it can travel roughly 30 degrees in
longitude before it breaks up or dissipates. Given the Rossby number
(Ro' 3⇥ 10�3) of the first westward anticyclonic zone (Fig. 2a),
this corresponds to roughly 25 rotational periods (days) on the
model planet. Vortex life cycles may be viewed as movies in the
Supplementary Information.

Figure 4 shows details of the model vortex described above.
Latitudinal profiles of radial vorticity, radial velocity and entropy
are plotted for the vortex, which is centred on �29� latitude.
In the convective interior the plume has higher entropy than
the background fluid. This can be seen in Fig. 4d at radii of
r/ro =0.995 and r/ro =0.992 (green and red profiles), near and
below the interface between convective and stably stratified regions,
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 Mira (Argonne) running Rayleigh with 131072 cores 
(lmax+1=1024, 384 radial,1.8e9 grid points in spherical shell) 

Radial Vorticity at outer boundary (Color saturation: -1.0 < Wr < 1.0)



Zoom in of radial vorticity. Outer boundary 
region of first anticyclonic shear zone



 Preliminary Rayleigh run on Mira with ri/ro = 0.95, 
E= 3 x 10-5, Nρ = 7 (density drop of 1097)  

Radial Vorticity



Why do we need High Performance 
Computing (Rayleigh/Mira)?

• Scale separation: Dynamo region ~ 10 x Jets region ~ 
10 x Vortices region. (~ 10 density scale heights from 
planet center to 1 bar cloud level.)

• Low viscosity planetary fluids. (Multiple jets form at 
low Ro and high Re. That means we need low E and 
High Ra).

• Long-lived vortices favoured by strong stable 
stratification and large density contrast. 

• Long time scale for formation and evolution of jets 
and vortices



Some questions for the near future

• Why do both poles of Saturn have cyclonic vortices? And what 
about the hexagon? What will Juno show us at Jupiters poles?

• Do the magnetic fields of Jupiter (dipolar but complex) and Saturn 
(nearly axisymmetric) relate to the hemispheric asymmetry 
(Jupiter) or symmetry (Saturn) of their zonal flow profiles?

• How has Jupiter’s great red spot persisted for hundreds of years?

• Will Cassini - Juno - Rayleigh - Mira - CIG help answer these 
questions? Yes!



Thanks!



Internal entropy sources/sinks

LETTERS NATURE GEOSCIENCE DOI: 10.1038/NGEO2601

Methods
Governing equations.We consider numerical simulations of a compressible fluid
in a spherical shell rotating at a constant rotation rate ⌦ about the z-axis.

The anelastic approximation allows the incorporation of density stratification
while filtering out fast acoustic waves. In our anelastic formulation, entropy serves
as the single fluctuating thermodynamic variable31,32. We adopt a dimensionless
formulation using the ⌦�1 as the time unit, and the shell thickness d= ro � ri as the
reference length scale. Density, temperature and gravity are non-dimensionalized
using their values at the outer boundary ro. The hydrostatic and adiabatic reference
state is given by dT̃/dr=�Dig . Assuming an ideal gas leads to a polytropic
equation of state given by ⇢̃ = T̃ m,m=2 being the polytropic index used here. We
assume that the mass is concentrated in the inner part, such that g /1/r 2 provides
a good first-order approximation of the gravity profile in the molecular envelope of
a giant planet9,32. This leads to the following background temperature T̃ and
density ⇢̃ profiles

T̃ (r)= Di
(1�⌘)2 r

+1� Di
1�⌘

and ⇢̃(r)= T̃ m (4)

where Di is the dissipation number expressed by

Di= god
cpTo

=⌘(eN⇢ /m �1) (5)

where go and To are the reference gravity and temperature at the outer boundary,
respectively, N⇢ = ln ⇢̃(ri)/⇢̃(ro) is the number of density scale heights of the
background density profile ⇢̃(r), and ⌘= ri/ro is the radius ratio of the
spherical shell.

The equations that govern compressible convection under the anelastic
approximation are given by

r ·(⇢̃u)=0 (6)

@u
@t

+u ·ru+2ez ⇥u=�r p
⇢̃

+Ra⇤ r 2o
r 2
ser + E

⇢̃
r ·S (7)

⇢̃T̃
✓

@s
@t

+u ·rs
◆

= E
Pr

h
r ·
⇣

⇢̃T̃rs
⌘

+H
i
+ EDi

Ra⇤ Q⌫ (8)

where u, p and s are velocity, pressure, and entropy, respectively, and H is an
entropy source or sink. The traceless rate-of-strain tensor S is given by

Sij =2⇢̃
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where �ij is the identity matrix. Q⌫ is the viscous heating contribution expressed by

Q⌫ =2⇢̃


eijeji � 1
3
(r ·u)2

�
(10)

The system of equations (6)–(8) is controlled by three non-dimensional numbers:
the Ekman number E=⌫/⌦d2; the Prandtl number Pr=⌫/ and the modified
Rayleigh number Ra⇤ =�go�i/cp⌦2, where �i is the entropy gradient dsc/dr at ri ,
the inner boundary radius. We have used constant entropy flux and free-slip
velocity boundary conditions at both spherical shell boundaries ri and ro. The
entropy flux boundary conditions perturb the adiabatic background state, yielding
positive (superadiabatic) buoyancy and convection at the inner boundary and
throughout most of the volume of the spherical shell, and stable (subadiabatic)
stratification in a shallow layer near the outer boundary. The conductive entropy
profile may be obtained from the entropy equation by solving

r ·
⇣

⇢̃T̃rs
⌘

=�H (11)

with the chosen boundary conditions. The value of the volumetric entropy sink H
is set to balance the entropy flux boundary conditions such that heat conservation
is ensured. The relationship between the local stability parameter (1) and Ra⇤,
which is an input parameter to the numerical code, is

R(r)= g (r)�(r)
go �i

Ra⇤ (12)

In this study we set E=3⇥10�6, Pr=1 and Ra⇤ =0.048. As discussed in the text
and illustrated in Fig. 1, the forcing throughout the shell depth, which is
characterized byR(r), is determined by the volumetric entropy sink H and the
entropy flux boundary conditions. Where � =dsc/dr is negative,R is a local
Rayleigh number (or, in the parlance of atmospheric science,

p
R is a local

convective Rossby number), which scales the strength of convection11. On the other
hand, stable stratification occurs where dsc/dr is positive, with a Brunt–Väisälä
frequency N such that

N 2 =|R|⌦2 (13)

and a Rossby deformation length

Ld =H⇢̃

p |R| (14)

where H⇢̃ =�1/(dln ⇢̃/dr) is the density scale height.

Code availability. The numerical simulations have been computed using the
benchmarked33 anelastic version of the code MagIC (refs 32,34), which has its
origins in Glatzmaier’s original stellar dynamo code35. MagIC is free software
licensed under the GPLv3 and can be freely downloaded from
https://github.com/magic-sph/magic.

Numerical modelling. Computational limitations require us to use thermal
di�usivity and viscosity that is several orders of magnitude greater than that of
giant planets9,32. Furthermore, these high di�usivities require heat flow far in excess
of planetary values to reproduce a planet-like relationship between flow velocities
and rotation rate. However, previous studies in which cases with di�erent
viscosities were compared21, and in which heat transport (Rayleigh–Nusselt
number) scaling relations were derived from a large number of cases32, indicate
that our models are in a flow regime comparable to the giant planets.

The system of equations (6)–(8) is solved using a poloidal–toroidal
decomposition of the mass flux:

⇢̃u=r⇥(r⇥W r̂)+r⇥Z r̂ (15)

The poloidal and toroidal potentialsW and Z , as well as s and p, are expanded in
spherical harmonic functions up to degree and order `max in colatitude ✓ and
longitude �, and in Chebyshev polynomials up to degree Nr in radius. The
numerical truncation considered here is Nr =288 and `max =768. To save
computational resources, we use four-fold (ms =4) symmetry. This enforced
symmetry may influence the dynamics of the solution at high latitude and cause
the flow to become more axisymmetric. However, because compressible convection
in the rapidly rotating regime is dominated by small-scale structures, this
assumption is not considered to have a strong e�ect on the solution9,11.

Despite the large grid sizes employed here, the convergence of these numerical
models still requires the use of hyperdi�usivity. This means that the di�usive
terms entering in equations (7) and (8) are multiplied by an operator of the
functional form

d(`)=
 
1+↵


`�1

`max �1

��
!

(16)

Here, d(`) is the hyperdi�usivity function that depends on the spherical harmonic
degree `, ↵=120 is the hyperdi�usion amplitude and � =3 is the hyperdi�usion
exponent36. Hyperdi�usion can potentially introduce anisotropy between the
horizontal and the radial directions as d(`) depends on the horizontal scale only,
and it yields artificial viscous heating that can a�ect the heat transport balance.
However, the amplitude of hyperdi�usion employed here is moderate, so that it acts
mainly as a low-pass filter on the small-scale flow structures. As a reliability check,
the initial amplitudes of hyperdi�usion have been reduced stepwise when the
simulations reached a statistically steady state, without qualitatively a�ecting
the results.
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Methods
Governing equations.We consider numerical simulations of a compressible fluid
in a spherical shell rotating at a constant rotation rate ⌦ about the z-axis.

The anelastic approximation allows the incorporation of density stratification
while filtering out fast acoustic waves. In our anelastic formulation, entropy serves
as the single fluctuating thermodynamic variable31,32. We adopt a dimensionless
formulation using the ⌦�1 as the time unit, and the shell thickness d= ro � ri as the
reference length scale. Density, temperature and gravity are non-dimensionalized
using their values at the outer boundary ro. The hydrostatic and adiabatic reference
state is given by dT̃/dr=�Dig . Assuming an ideal gas leads to a polytropic
equation of state given by ⇢̃ = T̃ m,m=2 being the polytropic index used here. We
assume that the mass is concentrated in the inner part, such that g /1/r 2 provides
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a giant planet9,32. This leads to the following background temperature T̃ and
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where Di is the dissipation number expressed by
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where go and To are the reference gravity and temperature at the outer boundary,
respectively, N⇢ = ln ⇢̃(ri)/⇢̃(ro) is the number of density scale heights of the
background density profile ⇢̃(r), and ⌘= ri/ro is the radius ratio of the
spherical shell.
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the inner boundary radius. We have used constant entropy flux and free-slip
velocity boundary conditions at both spherical shell boundaries ri and ro. The
entropy flux boundary conditions perturb the adiabatic background state, yielding
positive (superadiabatic) buoyancy and convection at the inner boundary and
throughout most of the volume of the spherical shell, and stable (subadiabatic)
stratification in a shallow layer near the outer boundary. The conductive entropy
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which is an input parameter to the numerical code, is
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In this study we set E=3⇥10�6, Pr=1 and Ra⇤ =0.048. As discussed in the text
and illustrated in Fig. 1, the forcing throughout the shell depth, which is
characterized byR(r), is determined by the volumetric entropy sink H and the
entropy flux boundary conditions. Where � =dsc/dr is negative,R is a local
Rayleigh number (or, in the parlance of atmospheric science,

p
R is a local

convective Rossby number), which scales the strength of convection11. On the other
hand, stable stratification occurs where dsc/dr is positive, with a Brunt–Väisälä
frequency N such that

N 2 =|R|⌦2 (13)

and a Rossby deformation length
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where H⇢̃ =�1/(dln ⇢̃/dr) is the density scale height.

Code availability. The numerical simulations have been computed using the
benchmarked33 anelastic version of the code MagIC (refs 32,34), which has its
origins in Glatzmaier’s original stellar dynamo code35. MagIC is free software
licensed under the GPLv3 and can be freely downloaded from
https://github.com/magic-sph/magic.

Numerical modelling. Computational limitations require us to use thermal
di�usivity and viscosity that is several orders of magnitude greater than that of
giant planets9,32. Furthermore, these high di�usivities require heat flow far in excess
of planetary values to reproduce a planet-like relationship between flow velocities
and rotation rate. However, previous studies in which cases with di�erent
viscosities were compared21, and in which heat transport (Rayleigh–Nusselt
number) scaling relations were derived from a large number of cases32, indicate
that our models are in a flow regime comparable to the giant planets.

The system of equations (6)–(8) is solved using a poloidal–toroidal
decomposition of the mass flux:
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The poloidal and toroidal potentialsW and Z , as well as s and p, are expanded in
spherical harmonic functions up to degree and order `max in colatitude ✓ and
longitude �, and in Chebyshev polynomials up to degree Nr in radius. The
numerical truncation considered here is Nr =288 and `max =768. To save
computational resources, we use four-fold (ms =4) symmetry. This enforced
symmetry may influence the dynamics of the solution at high latitude and cause
the flow to become more axisymmetric. However, because compressible convection
in the rapidly rotating regime is dominated by small-scale structures, this
assumption is not considered to have a strong e�ect on the solution9,11.
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functional form

d(`)=
 
1+↵


`�1

`max �1

��
!

(16)

Here, d(`) is the hyperdi�usivity function that depends on the spherical harmonic
degree `, ↵=120 is the hyperdi�usion amplitude and � =3 is the hyperdi�usion
exponent36. Hyperdi�usion can potentially introduce anisotropy between the
horizontal and the radial directions as d(`) depends on the horizontal scale only,
and it yields artificial viscous heating that can a�ect the heat transport balance.
However, the amplitude of hyperdi�usion employed here is moderate, so that it acts
mainly as a low-pass filter on the small-scale flow structures. As a reliability check,
the initial amplitudes of hyperdi�usion have been reduced stepwise when the
simulations reached a statistically steady state, without qualitatively a�ecting
the results.
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convection in the outermost layers. Simulations at low E and
Pr ¼ 0:03 were performed by Glatzmaier (Stanley and Glatzmaier,
2010) for a Jupiter model: dipolar fields were obtained, though
the generated field pattern was not very Jupiter-like.

The new features of this model compared with previous anelas-
tic work (Gastine et al., 2012; Duarte et al., 2013) are (i) the refer-
ence state model is based on a Jupiter model (French et al., 2012)
rather than a polytropic state; this reference state is broadly simi-
lar to other existing models (Hubbard, 1968; Hubbard and Marley,
1989; Guillot, 1999). (ii) there is a uniform specific entropy source
rather than basal heating; (iii) a different range of parameter space
was explored, in particular the Prandtl number was varied and
more strongly driven models were investigated. Basal heating
may be appropriate for geodynamo models where compositional
convection is occurring, but in Jupiter the bulk of the heat flux
comes from the cooling of the hydrogen/helium envelope and
not from the small core. Many different runs of this model, some
with a combination of internal and basal heating, were performed,
but only a few are discussed in detail here. Stable dipolar solutions
were found when basal heating dominates, as also found by Duarte
et al. (2013), but with a uniform specific entropy source, dipole
dominated solutions were found only at low Prandtl number, so
this is where our results are focussed. The anelastic version of
the Leeds dynamo code (see e.g. Gubbins et al., 2007) was used,
which has passed the anelastic dynamo benchmark test (Jones
et al., 2011). The simulations required substantial computational
resources. Most runs confirmed the view that dipolar runs are hard
to find (Gastine et al., 2012; Duarte et al., 2013). While the precise
form of the convection and magnetic field patterns do depend on
the reference state model, the switch to the new reference state
does not appear to change the general picture dramatically,
because our runs with basal heating gave similar results to those
of Duarte et al. (2013), who used a polytropic model. As expected,
the switch to a uniform entropy source makes dipolar fields even
harder to find. The enhanced convection in the outer regions gen-
erated more magnetic activity there (Gastine et al., 2012; Duarte
et al., 2013), and this activity is typically small-scale and cannot
co-exist with a dipolar field. Consistent with previous work
(Gastine et al., 2012) we found small-scale dynamos, hemispheri-
cal dynamos (Grote and Busse, 2000) in which the generated field
is predominantly in one hemisphere, and Parker dynamo waves
(Parker, 1979) in various regions of the parameter space. It is not
computationally possible to extend the model to the surface of
Jupiter, because the convection becomes very small-scale near
the surface, demanding very small time-steps and a massive reso-
lution requirement. The model has therefore been cut off at r ¼ rcut ,
3000 km below the surface, above which the electrical conductiv-
ity is essentially zero.

2. Equations of the model

The Lantz–Braginsky–Roberts anelastic dynamo equations
(Braginsky and Roberts, 1995; Lantz and Fan, 1999; Jones et al.,
2011) were used in a spherical shell between the core radius rc

and the cut-off radius rcut .
The usual form of the equation of motion in dimensional form is

(e.g. Jones et al., 2011),

@u
@t
þðu $rÞu¼ 1

!q j&B'2X&uþFm'
rp0

!q 'rU0'q0rU
!q ; ð2:1Þ

and a perfect gas is often assumed, but the metallic hydrogen in the
dynamo region of Jupiter means that the gas is far from perfect.
Here u is the velocity in the rotating frame, j is the current density,
B is the magnetic field, X is the rotational angular velocity, p is the

gas pressure (including that coming from electron degeneracy in
the metallic hydrogen region), q is the density and U the
gravitational potential. The equilibrium state is assumed to be
spherically symmetric for simplicity, but no symmetry is assumed
for the disturbances (denoted by primes) produced by the convec-
tion. As usual in the anelastic approximation these disturbances
are assumed not to alter the equilibrium density and pressure sig-
nificantly (e.g. Lantz and Fan, 1999), and since the convective veloc-
ity in Jupiter is always much less than the sound speed this is a
reasonable assumption. Hence the gravitational acceleration of
the equilibrium state is g ¼ 'gr̂ ¼ 'rU and U is decomposed into
UþU0. We now put this equation into Lantz–Braginsky–Roberts
form without assuming a perfect gas: see also (Ingersoll and
Pollard, 1982; Braginsky and Roberts, 1995; Kaspi et al., 2009).
Define p̂ ¼ p0=!qþU0, so

'rp0

!q 'rU0 ' q0
!q rU ¼ 'rp̂' r̂

p0

!q2

d!q
dr
þ

!gq0
!q

! "
; ð2:2Þ

overbars denoting equilibrium state values. Now

q0 ¼ @q
@S

# $

p
S0 þ @q

@p

# $

S
p0 ¼ @q

@S

# $

p
S0 þ d!q

d!p

# $
p0; ð2:3Þ

since the basic state is close to adiabatic, so making use of the
hydrostatic equation d!p=dr ¼ 'g!q,

@u
@t
þ ðu $rÞu ¼ 1

!q j& B' 2X& uþ Fm 'rp̂' r̂
gS0

!q
@q
@S

# $

p
: ð2:4Þ

We can rewrite this in a more useful form using Maxwell’s thermo-
dynamic relations. The enthalpy H ¼ U þ p=q can be expressed in
differential form as dH ¼ TdSþ dp=q:. So

@H
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p
¼ T;

@H
@p

# $
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¼ 1
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Again using the hydrostatic equation and the fact that the reference
state is close to adiabatic,

g
!q
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 !
; ð2:6Þ

so the equation of motion in final form is
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þ ðu $rÞu ¼ 1
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The equations are scaled using the units

t ¼ d2

gm
t(; r ¼ 1

d
r(; where d ¼ rcut ' rc; !q ¼ qm !q(; ð2:8Þ

B ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xqml0gm

p
B(; S0 ¼ DSS(; T ¼ TmT(; ð2:9Þ

where rcut ¼ 6:7& 107 m is the cut-off radius, rc is the core radius,
and the subscript m denotes values at the midpoint
r ¼ rm ¼ ðrc þ rcutÞ=2. The small entropy drop across the layer is
DS. The equation of motion (2.7) becomes, dropping the *,

1
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The entropy equation is

DS
Dt
¼

Pm
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Jones 2014 
Energy Equation
with constant heating H

Heimpel et al.,  2015  
Energy Equation
with density dependent 
heating H

Both of these are options in Magic & Rayleigh


