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Solar Convection
JS and K.R. Sreenivasan, Rev. Mod. Phys. Rev. 92, 041001 (2020) 

Granules Supergranules Giant Cells (?)

Scale 1,000 km 30,000 km 200,000 km

Lifetime 10 min 24 h 1 month

Velocity 3 km/s 500 m/s 10 m/s

Observation Optical Helioseismology or
Granule Tracking

Helioseismology

Not consistently reproduced
in simulations !



Rayleigh-Bénard convection model

H
<latexit sha1_base64="I5MOfmswd5LS35wFQTKauWjvHaQ="></latexit>

Lx = Ly = 60H
<latexit sha1_base64="5N7Q5kZhlH0SIgGT0PfePij84Ng="></latexit>

Pr =
⌫


= 1

<latexit sha1_base64="kcuFbOE5Qfd3T/WZdRbaYnKB/c4="></latexit>

D=Dirichlet
N=Neumann



4 sets of boundary conditions

Top and Bottom

Side planes are periodic

See e.g. H. Johnston and C.R. Doering, Phys. Rev. Lett. 102, 064501 (2009) 



Comparison

RaD = 104
<latexit sha1_base64="i+7Uepw5YulqBI9LNvcCNdFbgp4="></latexit>

RaD = 105
<latexit sha1_base64="X/JySpjM+8DhWKH1ThJwPABtB9M="></latexit>

RaD = 106
<latexit sha1_base64="NgQzreLtfyelKatE2LpDmLtg5jY="></latexit>

Temperature boundary conditions matter!

60 H



Onset of convection

D.T.J. Hurle, E. Jakeman and E.R. Pike, Proc. Roy. Soc. Lond. A 296, 469 (1967)
E. M. Sparrow, R.J. Goldstein and V.K. Johnson, J. Fluid Mech. 18, 513 (1964)

Dirichlet Neumann

← No-slip

Free-slip
R=120



Long-term aggregation …

Gradual supergranule formation!

RaN = 3.93⇥ 106
<latexit sha1_base64="IBUWpkpSDVIVmGP7NxtAMire0+M="></latexit>



… for all analysed Rayleigh numbers

The larger Rayleigh number, the longer formation time 

RaN = 1.04⇥ 104
<latexit sha1_base64="84LySeTY4kaZ88admMNftHhuoy0="></latexit>

RaN = 2.04⇥ 105
<latexit sha1_base64="O8cF/h+6I3aV5vKB8By19M1ESf4="></latexit>

RaN = 3.93⇥ 106
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RaN = 7.69⇥ 107
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z0 = 1� �T /2
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t ⇡ 4, 000
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t ⇡ 6, 400
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t ⇡ 19, 000
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Contribution to heat transfer

Nusselt number remains unchanged during aggregation

RaN = 1.04⇥ 104
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RaN = 7.69⇥ 107
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Weakly nonlinear regime in finite domain

2d convection in a box with length ⁄𝐿 = 2𝜋 𝑘

Transform Boussinesq equations and sort by 𝒪 1 , 𝒪(𝜀!)

Steady solution and their stability



Intermediate summary

• Constant flux boundary conditions lead to the formation of a supergranule in 
an extended domain at 𝑃𝑟 = 1

• Independent of velocity field boundary conditions

• Observed for all accessible Rayleigh numbers

• The larger 𝑅𝑎, the longer the aggregation time  

• Onset of convection in an infinitely extended layer gives 𝑘" = 0

• An expansion of this limit to a finite domain in the weakly nonlinear theory
suggests a pair of convection rolls that grows up to wavelength 𝜆~𝐿

The convection flow does not forget where it comes from even though being fully turbulent! 

Can we quantify this in the turbulent case?



Lyapunov analysis

t+ ⌧
<latexit sha1_base64="JJ0hzLhlvqXbOFWDNsDut0OGlqs="></latexit>

t+ 2⌧
<latexit sha1_base64="Jd6EjrpbS3Nf/lmik+FkRboivew="></latexit> t+ 3⌧
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Phase Space

A. Pikovsky and A. Politi, Lyapunov exponents – A tool to explore complex dynamics, Cambridge University Press, 2016

Number of degrees of freedom is 1.5×10#$

Leading Lyapunov exponent

with



Leading Lyapunov vector
D.A. Egolf, I.M. Melnikov, W. Pesch and R.E. Ecke, Nature 404, 733 (2000)

J.D. Scheel and M.C. Cross, Phys. Rev. E 74, 066301 (2006)



Lyapunov vector in turbulent flow

RaN = 2.04⇥ 105
<latexit sha1_base64="O8cF/h+6I3aV5vKB8By19M1ESf4="></latexit>

RaD = 3.85⇥ 104
<latexit sha1_base64="M5k9SiK8yOyAEYB1jBV/1yv3qAg="></latexit>

60 H



Where to analyse Lyapunov vector?  

RaN = 2.04⇥ 105
<latexit sha1_base64="O8cF/h+6I3aV5vKB8By19M1ESf4="></latexit>

RaD = 3.85⇥ 104
<latexit sha1_base64="M5k9SiK8yOyAEYB1jBV/1yv3qAg="></latexit>

Take the plane with large (or largest) magnitude of temperature component of
leading Lyapunov vector



Instability at increasingly larger scale

RaD = 3.85⇥ 104
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RaN = 2.04⇥ 105
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Leading Lyapunov vector analysis reveals tendency to develop instabilities with increasingly
larger scales in the turbulent flow case

1st local
maximum

2nd local
maximum

Constant
wavelength in 
Dirichlet case!



Towards solar convection

bot = 500top

Boussinesq

non-Boussinesq

A. Pandey, JS and K.R. Sreenivasan, ApJ., in press (2021) 

 ! (T )
<latexit sha1_base64="ylHeecA8NvX/5e2dHddSL7QEhy8="></latexit>

Temperature-dependent thermal diffusivity



Summary and outlook
• Observed a supergranule aggregation in an extended RBC flow with constant

flux boundary conditions independent of velocity boundary conditions

• Lyapunov vector analysis demonstrates that the trend to develop instabilities
at increasingly larger scales (which is known from the weakly nonlinear
regime) continues in the turbulent regime

• The aggregation proceeds gradually until the whole box is filled by a pair of
convection cells

• An additional physical process (e.g. slow rotation) is required to stop this
growth (see e.g. Vasil, Julien and Featherstone, arXiv:2010.15383)

P. P. Vieweg, J. D. Scheel, and JS, arXiv:2010.13383  
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