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• Vortex crystals in the south 

and north poles

• Great Red Spot at 22 degrees 

south



Questions

• What is the driving mechanism of the LSVs? 

• How deep are they？

• How are these vortex crystals formed？



Rotating Rayleigh-Bénard Convection （RRBC）
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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



Criterion on generating LSVs:

1. 𝑅𝑜<0.4 (fast rotating)

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



Scalings are 

modified by LSVs
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𝜕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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𝑅𝑜 < 𝑅𝑜𝑐1 = 0.11 cyclone
𝑅𝑜 < 𝑅𝑜𝑐2 = 0.023 anticyclone

Cai, Chan & Chow 2022 ApJ



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



GRS-like large-scale anticyclone at low latitude

Ω

z
𝜃

Simulation at 𝜃 = 67.5°
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Taylor-Proudman column (LSV is 

parallel to the rotational axis)



Beta effect
𝐷

𝐷𝑡

𝑓 + 𝜉

ℎ
= 0

cyclone moves poleward and anticyclones move equatorward



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



divergence and vorticity correlation
Northern hemisphere 𝛿𝜉 < 0
Southern hemisphere 𝛿𝜉 > 0

Valid in Sun (Gizon & Duvall 2003)



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 



• What determines the size of the LSV? How do the LSVs affect mixing, 

momentum and energy transportations?

• Shall the theoretical models be different for rapidly and slowly rotating 

convection?

• Is it possible to develop a generalized rotating Reynolds stress model?

Challenges in rotating convection theories



Thank you for attention!

tcai@must.edu.mo
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