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Abstract: The persistence and symmetry of cyclones around the poles of Jupiter are unknown. In the present investigation, inspired by
cyclones at the South Pole of the Earth, we propose a mechanism that provides an explanation for this problem. The negative
temperature gradient with respect to latitude may play an important role here. This temperature gradient is induced by solar radiation
because of the small axial inclination of Jupiter. Our numerical simulations suggest that cyclones in the polar regions of Jupiter may be
modulated or controlled by the radially directional Rayleigh–Taylor instability, driven by centrifugal force and the negative temperature
gradient along the latitude.
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 1.  Introduction
The  Juno  probe  (Bolton  et  al.,  2017; Connerney  et  al.,  2017),

equipped with infrared (Jovian Infrared Auroral Mapper, or JIRAM;

Adriani  et  al.,  2017)  and  visible  (JunoCam; Hansen  et  al.,  2014)

cameras, revealed unprecedented views of Jupiter’s polar regions

(Adriani et al., 2018). Eight cyclones appear around the north polar

cyclone, and five cyclones appear around the south polar cyclone.

These cyclones have preserved their individual morphologies over

several  months.  Saturn,  the  sister  planet  of  Jupiter,  on  the  other

hand,  has  only  a  single  cyclone at  each of  its  poles.  What  causes

the  difference  in  the  polar  region  cyclones  between  these  two

planets has recently attracted considerable attention.

β

Because of the turbulent characteristics of flow, cyclones at higher

latitudes  are  expected from the transition of  axisymmetric  zones

and  belts  as  the  latitude  increases.  The  effect  (Rhines,  1975)

would predict  the motion of  cyclones toward the poles (Shapiro,

1992; O’Neill et al., 2015) and the merger of cyclones, as on Saturn.

Several authors have carried out investigations of vortices. Theiss

(2006) studied the formation of a vortex caused by suppression of

a  generalized  Rhines  effect  at  the  polar  region. Afanasyev  and

Huang YC (2020) simulated the polarward translation of  vortices.

Reinaud and Dritschel (2019) investigated the stability and nonlin-
ear evolution of vortices.

For cyclones in Jupiter’s polar region, the reasons for their persis-
tence,  close  clustering,  and  symmetry  around  each  of  the  poles
are  still  not  clear.  It  is  noteworthy  that  cyclones  also  cluster
around the South Pole of the Earth, where the Antarctic continent
is  fully  surrounded by ocean.  Thus,  there  may be some similarity
between the cyclones of Jupiter and those of the Earth.

The symmetry of cyclones around the poles reminds us that some
quantity  or  boundary  of  domain  must  exist  that  is  symmetric
around the poles.  Inspired by cyclones around the South Pole  of
the Earth, we speculate that this quantity is the negative gradient
of  temperature  along  the  latitude.  This  negative  temperature
gradient  is  due  to  solar  radiation,  a  heat  source  that  has  been
ignored in previous studies.

Some basic  conditions may exist  in  the Jovian polar  regions that
contribute  to  the  development  of  a  centrifugal  force-driven
Rayleigh–Taylor  instability.  First,  Jupiter  spins  at  a  period  of  10
hours,  and  the  centrifugal  force  points  radially  outward.  Second,
the  spin  axis  is  nearly  perpendicular  to  the  ecliptic  surface.  The
component  of  solar  radiation  perpendicular  to  the  surface  of
Jupiter is a cosine function of latitude. The resulting temperature
gradient  is  a  negative  sine  function  of  latitude.  The  maximum
temperature gradient is in the polar regions, where the sine func-
tion reaches one as the latitude approaches 90°.

In  this  article,  we  numerically  investigate  the  formation  of
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cyclones in the polar regions of Jupiter. The mathematical formu-
lation is described in Section 2. The results are provided in Section
3,  and  finally,  a  discussion  and  the  conclusions  are  presented  in
Section 4.

 2.  Mathematical Formulation

ri

To  emphasize  the  key  factors  that  may  modulate  or  control  the
pattern of cyclones, we simplify the geometry to a two-dimensional
problem (Zhang KK et al., 1999; Chen CX and Zhang KK, 2002). The
plane under consideration is perpendicular to the angular velocity
of Jupiter (Figures 1 and 2). For the symmetry of the problem, we
focus  on  an  annulus  with  an  inner  boundary  at  and  an  outer

roboundary at .

ηBy defining , the ratio of the radius of the inner boundary to the
outer boundary, as

η =
ri
ro
,

the inner boundary and the outer boundary can be expressed as

ri =
η

1 − η
, ro = 1

1 − η
,

ri rowhere  and  are now dimensionless.

The momentum equation is

ρ
duuu
dt

= −∇p + μ∇2uuu + 2ρuuu × Ω + ρΩ2rrr, (1)

ρ uuu p μ
Ω rrr

where  is density,  is velocity,  is pressure,  is dynamic viscos-
ity,  is the angular velocity of Jupiter, and  is the distance from
the axis of rotation of Jupiter.

The heat transfer equation is

DT
Dt

= κ∇2T, (2)

T κwhere  is temperature,  is thermal diffusivity, and the derivative
on the  left  side  is  a  material  derivative.  By  expressing  the  back-
ground velocity and temperature with the subscript 0, the velocity
and temperature can be written as

uuu = UUU0 + VVV, T = T0 + θ, (3)

VVV θwhere  is  the  velocity  perturbation  and  is  the  temperature
perturbation.

ΔUUU0

The background velocity is set to be a super-rotating flow with a
velocity  difference  between  the  outer  boundary  and  the
inner boundary, and it satisfies

∇2UUU0 = 0.

In  addition,  the  background  temperature  is  set  to  be  radially
dependent and satisfies

∇2T0 = 0,

with  a  higher  temperature  at  the  outer  boundary  and  a  lower
temperature at the inner boundary.

By  employing  the  Boussinesq  approximation,  the  momentum
equation can be written as

∂VVV
∂t

+UUU0 ⋅ ∇VVV+ VVV ⋅ ∇UUU0 + VVV ⋅ ∇VVV = −∇π+ v∇2VVV+ 2VVV× kkkΩ − αθΩ2rrr, (4)

π v kkk
α

where  is the modified pressure,  is the kinematic viscosity,  is
the unit vector of the angular velocity, and  is a thermal expansion
coefficient. The heat transfer equation can be written as

∂θ
∂t

+ UUU0 ⋅ ∇θ + VVV ⋅ ∇T0 + VVV ⋅ ∇θ = κ∇2θ. (5)

In writing the dimensionless equations, we let

x → xd, t = td2

κ , θ = θΔT0, (6)

d ΔT0where  is  the  gap  of  the  annulus  and  is  the  background
temperature  difference  between  the  outer  boundary  and  the

 
Figure 1.   Schematic diagram showing the calculated domain on

Jupiter. The large circle represents Jupiter. The vertical straight line

through the center of the large circle represents the spin axis of

Jupiter. The region between the two concentric circles around the

spin axis is the calculated domain. The circle with an arrow represents

the spin direction of Jupiter.
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Figure 2.   Schematic diagram showing the calculated domain on

Jupiter from a bird’s-eye view above the polar region. The two

concentric circles without arrows represent the calculated domain.

The circles with four arrows represent the cyclones. The circle with an

arrow represents the spin direction of Jupiter. The polar coordinate

system is used.
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inner  boundary.  The  quantities  on  the  left  sides  of  Equation  (6)
have dimension, and the quantities on the right sides of Equation
(6) are dimensionless.

The dimensionless momentum equation is then

1
Pr

(∂VVV
∂t

+ VVV ⋅ ∇VVV) + 1
Pr

ΔŨ0 (1 +
1
lnη

ln
r0

r ) 1
r
∂VVV
∂φ

−
1
Pr

ΔŨ0
Vr

lnη
1
r êeeφ

= −∇π′ + ∇2VVV +
d2

v 2VVV × kkkΩ − Raθrrr, (7)

π′ êeeφ
ΔŨ0

where  is  the further  modified pressure,  is  the unit  vector  of

the  azimuthal  direction,  and  is  the  nondimensional  speed
difference,

ΔŨ0 = d
κΔU0.

PrThe  nondimensional  parameters,  the  Prandtl  number  and
Rayleigh number Ra (Chandrasekhar, 1961), are defined as

Pr = v
κ , Ra =

αΔT0Ω
2d4

vκ .

The dimensionless heat equation is

∂θ
∂t

+ ΔŨ0 (1 +
1
lnη

ln
r0

r ) 1
r
∂θ
∂φ

−
Vr

lnη
1
r + VVV ⋅ ∇θ = ∇2θ. (8)

Expressing the velocity in terms of the stream function,

VVV = 1
r
∂h
∂φ

êeer −
∂h
∂r

êeeφ,

êeerwhere  is the unit vector of the radial direction, and applying the
operator

kkk ⋅ ∇×

to Equation (7), we have the momentum equation

−Ra
∂θ
∂φ

+ ∇4h −
1
Pr

∂∇2h
∂t

= 1
Pr

1
r ( ∂h∂φ ∂∇2h

∂r
−

∂h
∂r

∂∇2h
∂φ

)
+

1
Pr

ΔŨ0 (1 +
1
lnη

ln
r0

r ) ( 1

r3

∂h
∂φ

+
1
r

∂3h
∂r2∂φ

+
1

r3

∂3h
∂φ3

) (9)

and the heat transfer equation

∇2θ +
1

r2

∂h
∂φ

1
lnη

−
∂θ
∂t

= 1
r
∂h
∂φ

∂θ
∂r

−
1
r
∂h
∂r

∂θ
∂φ

− ΔŨ0 (1 +
1
lnη

ln
r0

r ) 1
r
∂θ
∂φ

.

(10)

The boundary condition is set to

h = 0,
∂h
∂r

= 0, θ = 0.

Pr = 10.0 v = 1 × 106 m2

κ = 1 × 105 m2

α = 2 × 10−4 K−1

ΔŨ0

For  this  study,  the  choice  of  parameters  is  set  as  follows:  the
Prandtl  number ,  the kinematic viscosity  s,
the thermal diffusivity  s, and the thermal expansion
coefficient  (Afanasyev  and  Huang  YC,  2020).  In
addition,  is  around tens to match the observation (Chaisson
and  McMillan,  1997).  From  here  on,  the  solution  is  searched  in
nondimensional space.

The Rayleigh number Ra is the dominant parameter that controls
the Rayleigh–Taylor instability. From a mathematical point of view,
the terms of Equation (7) can be divided into three categories. The
first  one is  the  time rate  of  flow variation.  The second one is  the

kkk ⋅ ∇ ×

divergence  of  flux.  The  third  one  is  the  source.  There  are  two
source terms in Equation (7). One source term is the Coriolis force,
which  changes  only  the  direction  of  the  flow.  (This  point  can  be
seen more clearly in Equation (9).  There is no term related to the
Coriolis  force  after  applying  the  operator  to  Equation  (7)).
Another source term related to the Rayleigh number is the buoy-
ancy force, which changes the strength of the flow. It is this source
that controls the Rayleigh–Taylor instability mathematically.

Ω
2d

ΔT0

α
v

κ

Physically, the constituents of the Rayleigh number indicate what
factors play a role in the Rayleigh–Taylor instability. The quantities
in the numerator of the Rayleigh number would excite the insta-
bility,  whereas  those  in  the  denominator  would  suppress  the
instability. For example,  has the role of centrifugal force (simi-

lar  to  gravity),  which  is  a  necessary  factor  related  to  the
Rayleigh–Taylor  instability.  In  addition,  is  related  to  the  heat
entering or leaving the calculated domain through the outer and
inner  boundaries  by  conduction;  it  is  the  energy  source  for  the
instability.  The  is  related  to  the  buoyancy  force,  an  ingredient
for  convection,  whereas ,  the  viscosity,  always  inhibits  the
motion of flow. And , the thermal diffusivity, is related to thermal
conduction, which is a competitive process of convection in heat
transfer from the outer boundary to the inner boundary. All these
quantities  are  combined  together  in  a  single  parameter,  the
Rayleigh  number.  The  mathematical  power  for  each  quantity  is
determined to make the Rayleigh number dimensionless.

 3.  Results
ΔŨ0The  super-rotation  (represented  by  the  velocity  difference 

between  the  outer  boundary  and  the  inner  boundary)  and  the
poleward  heat  transfer  (represented  by  the  Rayleigh  number  R)
have opposite effects on the Rayleigh–Taylor instability. The pole-
ward  heat  transfer  stimulates  the  instability,  whereas  the  super-
rotation  inhibits  the  instability.  In  a  steady  state,  the  mode
number  increases  as  the  Rayleigh  number  increases,  and  it
decreases as the velocity difference increases.

ΔŨ0 = 0

η
η

η
Ra = 2.03 × 103 η

Ra = 1.56 × 103 η

Ra = 1.38 × 103

Without super-rotation (i.e., ), the onset mode of instability

is determined by  (the ratio of the radius of the inner boundary to
the  outer  boundary),  and  it  is  an  increasing  function  of .  For
example,  when  is  0.3,  the  onset  mode  is  3  (with  the  critical
Rayleigh number ); when  is 0.4, the onset mode is

4 (with the critical Rayleigh number ); and when  is

0.5,  the  onset  mode  is  5  (with  the  critical  Rayleigh  number
).

η = 0.5 Ra = 1, 750.0 ΔŨ0 = 6.0

For this annulus domain of simulation, the finite difference is used
in  the  radial  direction,  and the  spectrum method is  employed in
the  azimuthal  direction. Figure  3 shows  the  growth  process  of
Mode  5  for  the  case , ,  and .  The  last

two panels show that the flow has reached a steady state.

η = 0.5
Ra = 1,750.0 ΔŨ0 = 6.0

η = 0.5 Ra = 1,750.0

Figure  4 shows  the  flow  and  temperature  contours  for ,
,  and .  The  flow  pattern  demonstrates  five

cyclones.  The  Nusselt  number,  which  is  a  measurement  of  the
convective  heat  transport  through  the  annulus,  is  shown  in
Figure  5 as  a  function of  time.  The  constant  value  of  the  Nusselt
number indicates that the flow is in a steady state. Figure 6 shows
the  flow  and  temperature  contours  for , ,  and
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ΔŨ0 = 5.0

ΔŨ0 = 6.0

.  The  flow  pattern  demonstrates  five  cyclones  (solid

lines),  with  five  tiny  anticyclones  (dashed  lines)  accompanying

each  of  them.  The  Nusselt  number  of  this  case  is  so  close  to  the

case  of  that  the  plot  is  not  presented.  These  two  flow

patterns are consistent with the appearance of cyclones and anti-

cyclones in the images taken by JIRAM (Adriani et al., 2018; Grassi

et al., 2018).

η

η = 0.4 Ra = 10, 000.0

ΔŨ0 = 17.0

The Mode 5 may also appear at lower  values. Figure 7 shows the

flow  and  temperature  contours  for , ,  and

.  The  flow  pattern  demonstrates  five  cyclones.  The

η = 0.4 Ra = 10,000.0 ΔŨ0 = 16.0

η

Nusselt number is plotted in Figure 5. Figure 8 shows the flow and

temperature  contours  for , ,  and .

The flow pattern demonstrates five cyclones, with five tiny anticy-

clones  accompanying  each  of  them. Figures  4 and 7 infer  that

Mode 5 may appear in the  range between 0.4 and 0.5.

η = 0.6

Ra = 10,000.0 ΔŨ0 = 30.0

η = 0.6

Ra = 10,000.0 ΔŨ0 = 23.0

Figure  9 shows  the  flow  and  temperature  contours  for ,

,  and .  The  flow  pattern  demonstrates

eight cyclones.  The Nusselt  number is  plotted in Figure 5. Figure

10 shows  the  flow  and  temperature  contours  for ,

,  and .  The  flow  pattern  demonstrates
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η = 0.5 Ra = 1,750.0 ΔŨ0 = 6.0Figure 3.   Spectrum bars showing the process of instability development for the case of , , and . The panels show

the amplitude S of each mode m. The panels from top to bottom indicate the growth of Mode 5 as a function of time. The separation of

dimensionless time between panels is 0.1.

 
η = 0.5 Ra = 1,750.0 ΔŨ0 = 6.0Figure 4.   The contours of stream function (left panel) and temperature (right panel), where , , and . The patterns of

flow and temperature are both in a steady state.
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eight cyclones, with eight tiny anticyclones accompanying each of

them. These flow patterns are also consistent with prior observa-

tions (Adriani et al., 2018; Grassi et al., 2018).

η = 0.5 Ra = 0.0 ΔŨ0 = 6.0

A  case  without  the  inverse  temperature  gradient  was  also  run

( , ,  and ).  The  amplitude  of  each  mode

decreased by more than one order of magnitude after time 0.006

(Figure  11).  The  decay  of  modes  shows  clearly  that  instability

cannot be excited when the Rayleigh number is set to zero. In the

final steady flow, only super-rotation is left. Such a flow pattern is

similar to those in the polar regions of Saturn.

 4.  Discussion and Conclusions
The  spin  of  Jupiter  imposes  a  very  strong  mechanical  constraint

on its dynamics. The direction of the spin axis breaks the spherical

symmetry that originates from the planetary self-gravity field. The

centrifugal  force  sets  up  a  potential  analogue  to  gravity.  Heavy

elements move (sink) to the region farther out from the spin axis,

and  light  elements  move  (rise)  to  the  region  near  the  spin  axis.

Similar  to  the  case  for  gravity,  a  pressure  gradient  is  built  up  by

the  centrifugal  force.  On  Jupiter,  a  negative  latitudinal  pressure

gradient exists because of the spin of the planet. In a stable situa-

tion, the pressure difference between the outer side of an element

and the  inner  side  balances  the  centrifugal  force  on it.  However,

when there is a negative temperature gradient along the latitude,

the heavy element farther out is heated. It then expands, resulting

in a lower density. The centrifugal force on the expanded element

cannot  balance  the  pressure  difference.  The  buoyancy  force

brings the heated element to the near region close to the spin axis.

In such a situation, the Rayleigh–Taylor instability takes place.

Unlike  previous  studies  on  cyclones  in  Jupiter’s  polar  regions,

which focused on the possible relation with the polar cyclones on
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Figure 5.   The Nusselt number as a function of time, the t is the

dimensionless time.

 
η = 0.5 Ra = 1,750.0 ΔŨ0 = 5.0Figure 6.   The contours of stream function (left panel) and temperature (right panel), where , , and . In the left

panel, the solid lines indicate cyclones and the dashed lines indicate anticyclones. The patterns of flow and temperature are both in a steady

state.

 
η = 0.4 Ra = 10,000.0 ΔŨ0 = 17.0Figure 7.   The contours of stream function (left panel) and temperature (right panel), where , , and . The patterns

of flow and temperature are both in a steady state.
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Saturn  (because  of  the  similarity  of  the  two  planets  as  a  whole),

our investigation is inspired by the clustering of cyclones around

the South Pole of the Earth. We think that the cyclones on Jupiter

and  the  cyclones  on  the  Earth  are  more  closely  related,  as  they

may share the same physical mechanism. Figures 4 and 9 support

this opinion.

The  cyclones  around  the  South  Pole  of  the  Earth  are  probably

affected by three factors. The first is the western wind zone south-

ward  of  the  equator,  the  second  is  the  negative  temperature

gradient with respect to the latitude, and the third is the centrifugal

force  resulting  from  the  rotation  of  the  Earth.  The  same  factors

may  also  exist  in  Jupiter’s  polar  regions.  The  western  wind  zone

and  the  centrifugal  force  are  out  of  question.  The  negative

temperature gradient may be related to solar radiation because of

the small axial inclination of Jupiter.

For the problem we are interested in, the fundamental difference

 
η = 0.4 Ra = 10,000.0 ΔŨ0 = 16.0Figure 8.   The contours of stream function (left panel) and temperature (right panel), where , , and . In the left

panel, the solid lines indicate cyclones, and the dashed lines indicate anticyclones. The patterns of flow and temperature are both in a steady

state.

 
η = 0.6 Ra = 10,000.0 ΔŨ0 = 30.0Figure 9.   The contours of stream function (left panel) and temperature (right panel), where , , and . The patterns

of flow and temperature are both in a steady state.

 
η = 0.6 Ra = 10,000.0 ΔŨ0 = 23.0Figure 10.   The contours of stream function (left panel) and temperature (right panel), where , , and . In the left

panel, the solid lines indicate cyclones, and the dashed lines indicate anticyclones. The patterns of flow and temperature are both in a steady

state.
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between Jupiter and Saturn is the axial inclination. For Jupiter, the

axial inclination is about 3.12°,  whereas for Saturn, the axial  incli-

nation is approximately 26.73° (http://www.krysstal.com/solarsys_

planets.html). The very small axial inclination of Jupiter guarantees

a negative temperature gradient, which is symmetric around each

pole. For Saturn, because of the large axial inclination, the appear-

ance  of  a  negative  temperature  gradient  may  be  very  difficult.

Here,  we  wish  to  point  out  that  although  the  axial  inclination  of

the Earth is approximately 23.5°, the symmetry of the temperature

gradient  about  its  South  Pole  is  maintained  by  the  icy  continent

Antarctica.

The great difference between our investigation and the previous

studies is  the negative temperature gradient with respect to lati-

tude.  Combined  with  the  centrifugal  force,  a  radially  orientated

Rayleigh–Taylor  instability  takes  place.  It  is  this  Rayleigh–Taylor

instability  that  modulates  or  controls  the  patterns  of  flow  in  the

polar  regions.  The  mode  of  cyclones  may  be  controlled  by  the

annular  gap where the latitudinal  temperature gradient  appears.

A  larger  gap  yields  a  relative  smaller  mode,  as  illustrated  by

Figure  4 for  Mode  5,  whereas  a  smaller  gap  results  in  a  larger

mode, as illustrated by Figure 9 for Mode 8.

If our interpretation about the occurrence of clustering cyclones is

correct,  seasonal  variation  is  possible,  meaning  the  number  of

cyclones at each pole would change with the seasons. For exam-

ple,  the  number  of  cyclones  at  the  northern  pole  would  change

from  eight  to  five  in  the  period  of  Jupiter’s  rotation  around  the

Sun.

From the critical Rayleigh number value, a very small temperature

difference  between  the  outer  boundary  and  the  inner  boundary

can  be  inferred.  This  small  temperature  difference  is  easily

induced by solar radiation.

2.5 × 108

Figure  5 may  provide  the  answer  for  the  persistence  of  the  flow

pattern,  namely,  that  the flow is  in  a  steady state.  Here,  a  unit  of

nondimensional  time  corresponds  to  s,  or  eight  Earth

years.

It  is  noteworthy  that  super-rotation  has  the  lowest  centrifugal

potential among all the types of motion (e.g., sub-rotation). Thus,

it is a reasonable choice for the background velocity.

In conclusion,  our simulations strongly suggest that the cyclones

in the polar regions of Jupiter are modulated or controlled by the

radially directional Rayleigh–Taylor instability driven by centrifugal

force and the negative temperature gradient along the latitude.
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