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Vortex crystals

• Stable and long lived

• Size: 5000-7000 km

• Spin period: 27.5-60 hr

• Oscillation period: 4-12 mth

• Drift rate: -7.5°/yr (N) and -3°/yr (S) 
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Questions

• The origin of vortex crystals

Formation? Depth? Sustainability?

• The dynamics of vortex crystals

Stability? Drift? Oscillation?



Rotation Rate

Regime I:

Multiple small-scale 
vortices

Regime II:

Coexisting large-scale 
cyclone and anticyclone

Regime III:

Large-scale cyclone

Regime IV:

Geostrophic turbulence

Cai 2021 ApJ

Fast rotation

Turbulent flow

Rotating Rayleigh-Bénard Convection （RRBC）



Criterion on generating LSVs:

1. 𝑅𝑜<0.4 (fast rotation)

2. 𝑅𝑒𝑧>400 (strong turbulence)

𝑅𝑎 = 106−8 & 𝑃𝑟 = 0.1 & Γ = 1 
𝑅𝑒𝑧 < 400

Laminar

𝑅𝑒𝑧 > 400 & 𝑅𝑜 < 0.1
Large-scale cyclone and anticyclone

𝑅𝑒𝑧 > 400 & 0.4 > 𝑅𝑜 > 0.1
Large scale cyclone

𝑅𝑒𝑧 > 400 & 𝑅𝑜 > 0.4
Turbulence

Cai 2021 ApJ



𝜕𝑡𝜌 = −𝜵 ∙ 𝜌𝒖

𝜕𝑡 𝜌𝒖 = −𝜵 ∙ 𝜌𝒖𝒖 + 𝜵 ∙ 𝜮 − 𝜵𝑝 + 𝜌𝒈 − 2𝜌𝜴 × 𝒖

𝜕𝑡𝐸 = −𝜵 ∙ 𝐸 + 𝑝 𝒖 − 𝒖 ∙ 𝜮 + 𝑭 + 𝜌𝒖 ∙ 𝒈

Compressible flow
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Mixing length theory



constant F

constant T



𝑅𝑜 < 𝑅𝑜𝑐1 = 0.11 cyclone
𝑅𝑜 < 𝑅𝑜𝑐2 = 0.023 anticyclone

Cai, Chan & Chow 2022 ApJ



Mixing length theory

𝐹~𝜌𝑣3



Inference of the depth from the simulations Critical Rossby numbers:

𝑅𝑜 < 𝑅𝑜𝑐1 = 0.11 Cyclone

𝑅𝑜 < 𝑅𝑜𝑐2 = 0.023 Anticyclone
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for non-rotating Jupiter

Jupiter:    Ro~0.004        Saturn: Ro~0.0008     Sun: Ro~0.02-0.2



Beta effect
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Beta effect
𝐷

𝐷𝑡

𝑓 + 𝜉

ℎ
= 0

cyclone moves poleward and anticyclone moves equatorward

𝜉 > 0 𝜉 < 0

Higher f

Lower f



Polar gamma box model
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Observation

(Adriani et al. 2018 Nature)

Simulation

(Cai, Chan & Mayr 2021 PSJ)



initial stage intermedium stage late stage



Cai 2024 JGR Planets



How to maintain the LSVs in the stable layer?

• Tilting effect dominates in the 

convective layer

• Stretching effect dominates in the 

radiative layer

• Vorticity is transferred from 

convective layer to radiative layer

Cai 2024 JGR Planets 



Siegelman 2022 Nat. Phys.

Energy spectrum

Cai 2024 JGR Planets 



⚫ Formation? 

It can be generated naturally in rapidly rotating convection

⚫ Depth? 

It can deeper than 500km

⚫ Sustainability?

Vorticity is transferred from convection zone to radiation zone

The origin of vortex crystals



How to remain stable?

• Anticyclonic shear (Li et al. 2020)

• Large Coriolis effect (Cai et al. 2021)

• Force balance between push force from PC and pull 

force from beta effect (Gavriel & Kaspi 2021)

Empirical model

Analytical model



Ω

The beta effect tends to pull 

cyclone poleward



Ω

The polar cyclone tends to 

push cyclone equatorward

PC



Ω

PC

Equilibrium: 

pull force = push force

Only one stable equilibrium point?
Gavriel & Kaspi 2021



L/R=7 L/R=8 L/R=9

The stable equilibrium point is nonunique!

Why?



Static equilibrium

pull push 

Newton’s law



Dynamic equilibrium

pull push

‘centrifugal’

Newton’s law



N-body dynamic model

𝑑𝒙𝒊
𝟐/𝑑𝑡2 = 𝒂𝒊(𝒙𝟏, ⋯ , 𝒙𝑵, 𝜔𝑑)

Equilibrium:

𝒂𝒊(𝒙𝟏, ⋯ , 𝒙𝑵, 𝜔𝑑) = 0

𝜔𝑑

𝜔𝑑 is nonunique!



Interactive effect

Beta effectOmega effect

𝜔𝑑𝐼2 = 𝐼11 − 𝛾𝐼12



Vortex crystal can be 

prograde or retrograde



Stability and oscillation?

𝑑𝒙𝒊
2/𝑑𝑡2 = 𝒂𝒊(𝒙𝟏, ⋯ , 𝒙𝑵, 𝜔𝑑)

𝜎2𝑥 = 𝐴𝑥

Stability condition: 𝑅𝑒(𝜎) ≤ 0 Oscillation frequency: 𝐼𝑚(𝜎)

𝑥𝑖~𝑒
𝜎𝑡



Vortex crystal can be 

stable when separation 

distance is large enough



Stable M-fold vortex 

crystals



8-fold vortex crystal can be 

stable as a vortex Sudoku



vortex crystal can be shifted from the pole when the 

vortices have varying strengths





⚫ Stability? 

The equilibrium is non-unqiue. It can be stable when the 

separation distance is large.  

⚫ Drift? 

It can drift prograde or retrograde, depending on the relative 

strength of interactive effect to beta effect.

⚫ Oscillation?

It can oscillate at multiple frequencies.

The dynamics of vortex crystals



Thank you for attention!

tcai@must.edu.mo


	Slide 1: The origin and dynamics of Jupiter’s polar vortex crystals
	Slide 2
	Slide 3: Questions
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10: Inference of the depth from the simulations
	Slide 11
	Slide 12
	Slide 13: Polar gamma box model
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20: How to remain stable?
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37

