
Mesoscale flows in large aspect ratio simulations
of turbulent compressible convection

F. Rincon, F. Lignières and M. Rieutord

UMR CNRS 5572 - Laboratoire d’Astrophysique de Toulouse -Tarbes

MHD in Stellar Interiors

Newton Institute, 09/09/2004



XFirst XLast XPage XFull Screen XClose

2

Outline

X Introduction

✗ General motivations : supergranulation and mesogranulation

✗ Recent numerical work

✗ Present shortcomings of numerical simulations

X Large aspect ratio simulations

✗ Numerical details

✗ λ = 42 run overview

✗ Formation of coherent mesoscale structures

✗ Convective origin of mesocells

X Discussion on photospheric convection

✗ Simulations versus reality

✗ Magnetic fields and mesogranulation

X Conclusions - Future work



XFirst XLast XPage XFull Screen XClose

3

Supergranulation

X No photometric signature

X Visible through Dopplergrams

X Lsg = 30 000 km

X τsg = 24 − 48 hours

X vz < 100 m s−1, vhor ' 350 m s−1

X 4% super-rotation
[Snodgrass et al. - SolPhys, 1990]

X Supergranular “waves” ?
[Gizon - Nature, 2003]

X Large dispersion in measured
length and time scales

Average Dopplergram Minus Polynomial Fit
45 images averaged (30-Mar-96 19:26 to 30-Mar-96 20:17)
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Power spectrum ` ≤ 1000

[Hathaway - SolPhys, 2000]

` = 120 peak
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Mesogranulation

X Intermediate size structures

✗ Lmg = 7000 km

✗ τmg = 1 − 3 hours

X No peak in Dopplergram spectra

X Detection of a distinct scale with
correlation tracking

X Detection of cellular and turbulent
motions using wavelet analysis
[Lawrence et al. - SolPhys, 2001]

Horizontal flow divergence

[November et al. - ApJ, 1988]

Discrete convection scale or large-scale extension of granulation ?
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Recent studies

X [ Cattaneo et al. - ApJ, 2001 ]

✗ Boussinesq, λ = 10 and λ = 20

✗ Coherent long-lived structures
mesogranulation ?

✗ Strong vortices may maintain the flow

✗ What happens deeply ?
Collective interactions ?

✗ Rule out this non-linear
mechanism for supergranulation

X [ DeRosa et al. - ApJ, 2002 ]

✗ Anelastic, thin shells and λ = 75

✗ Supergranulation scales appear

✗ No dynamics at smaller scales

✗ No influence of layer depth on
surface scales
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Fig. 1.—Temperature fluctuations and vertical component of the magnetic field in a horizontal plane approximately 1% of the layer depth away from the upper
surface. In the left panels (temperature plots), light tones correspond to hot fluid and dark tones to cold fluid; in the right panels (magnetic field), light and dark tones
correspond to the two polarities of magnetic field. The two sets of panels are 0.0193 dimensionless time units apart, corresponding approximately to two turnover
times. These patterns are characteristic of the thermal boundary layers; in the present calculations they extend for approximately 10% of the depth of the layer.

interactionsamong thesmaller convection cells, andwepropose,
by analogy, that mesogranules have a similar explanation.

The model problem is described in § 2, and our results are
presented in § 3, where we discuss both the smaller convection
cells and the larger macrocellular pattern, as revealed by mag-
netic fields, sources of outflow, and cork motions. Then, in § 4
we consider the physical mechanisms that are responsible for
the macroscale pattern, focusing on the role of vorticity. Our
numerical results are much easier to interpret when time-
dependent behavior can be visualized through movies.2

2. FORMULATION OF THE MODEL

The formulation is essentially that of Cattaneo (1999). We
consider fully three-dimensional convection in a horizontal
layer of incompressible (Boussinesq) fluid with constant vis-
cosity and thermal diffusivity. The fluid has finite electrical

2 A selection of relevant MPEG movies can be inspected on the Web site
at http://flash.uchicago.edu/mhd.

conductivity, and we allow for the spontaneous generation of
magnetic fields, i.e., dynamo action. The layer is bounded
above and below by impenetrable, stress-free boundaries on
which the temperature is kept constant and thehorizontal com-
ponentsof themagnetic field vanish. Thesolutionsareassumed
to be periodic in the two horizontal directions.

For the computations described herein, theRayleigh number
is , roughly 760 times the critical value for theR p 500,000
onset of convection. Thekinetic and magnetic Prandtl numbers
are1 and 5, respectively. Thecomputational domain is20 times
wider in each horizontal direction than it is deep. For a typical
simulation, a state of vigorous convection develops from ran-
dom initial conditions in a few turnover times. This nonlinear
convective state is an efficient small-scale dynamo that leads
to the generation of a random magnetic field in a few more
turnover times. The resulting statistically stationary state then
persists for as long as the computation is continued.

The present work is based on two related sets of numerical
solutionswith aspect ratios and . The10 # 10 # 1 20 # 20 # 1
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Recent studies (2)

X [ Rieutord et al. - NCim, 2002 ]

✗ radiative convection, λ = 10

✗ fine granulation

✗ no supergranulation

✗ “dromedary” spectrum L92 ORIGIN OF MESOGRANULATION Vol. 563

Fig. 1.—Temperature fluctuations and vertical component of the magnetic field in a horizontal plane approximately 1% of the layer depth away from the upper
surface. In the left panels (temperature plots), light tones correspond to hot fluid and dark tones to cold fluid; in the right panels (magnetic field), light and dark tones
correspond to the two polarities of magnetic field. The two sets of panels are 0.0193 dimensionless time units apart, corresponding approximately to two turnover
times. These patterns are characteristic of the thermal boundary layers; in the present calculations they extend for approximately 10% of the depth of the layer.

interactionsamong thesmaller convection cells, andwepropose,
by analogy, that mesogranules have a similar explanation.

The model problem is described in § 2, and our results are
presented in § 3, where we discuss both the smaller convection
cells and the larger macrocellular pattern, as revealed by mag-
netic fields, sources of outflow, and cork motions. Then, in § 4
we consider the physical mechanisms that are responsible for
the macroscale pattern, focusing on the role of vorticity. Our
numerical results are much easier to interpret when time-
dependent behavior can be visualized through movies.2

2. FORMULATION OF THE MODEL

The formulation is essentially that of Cattaneo (1999). We
consider fully three-dimensional convection in a horizontal
layer of incompressible (Boussinesq) fluid with constant vis-
cosity and thermal diffusivity. The fluid has finite electrical

2 A selection of relevant MPEG movies can be inspected on the Web site
at http://flash.uchicago.edu/mhd.

conductivity, and we allow for the spontaneous generation of
magnetic fields, i.e., dynamo action. The layer is bounded
above and below by impenetrable, stress-free boundaries on
which the temperature is kept constant and thehorizontal com-
ponentsof themagnetic field vanish. Thesolutionsareassumed
to be periodic in the two horizontal directions.

For the computations described herein, theRayleigh number
is , roughly 760 times the critical value for theR p 500,000
onset of convection. Thekinetic and magnetic Prandtl numbers
are1 and 5, respectively. Thecomputational domain is20 times
wider in each horizontal direction than it is deep. For a typical
simulation, a state of vigorous convection develops from ran-
dom initial conditions in a few turnover times. This nonlinear
convective state is an efficient small-scale dynamo that leads
to the generation of a random magnetic field in a few more
turnover times. The resulting statistically stationary state then
persists for as long as the computation is continued.

The present work is based on two related sets of numerical
solutionswith aspect ratios and . The10 # 10 # 1 20 # 20 # 1
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Present shortcomings of numerical simulations

X Flow regime limitation : Pr, Re, Ra...

X Size limitation :

✗ Global simulations [DeRosa et al. - ApJ, 2002] : smallest inertial structure
= 30 000 km

⇒ Subgrid scale modelling

✗ Local simulations [Cattaneo et al. - ApJ, 2001] : box size = 10 000 km

⇒ Horizontal replication of the box

Clear gap in the dynamics at supergranular and mesogranular scales

X Restriction of physical complexity : Boussinesq, polytropes, radiative convection ?

X Subtile problems involving boundary conditions : penetrative BCs, surface cooling ?
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Equations for a compressible fluid

X Fully compressible HD equations are solved

✗ 5 fields : ~v, T, ρ

✗ constant dynamical viscosity µ and conductivity χ

∂ρ

∂t
+ ~∇ · (ρ~v) = 0

∂~v

∂t
+ ~v · ~∇~v = −

1

C2
k

(
T ~∇ln ρ + ~∇T

)
− Λ~ez +

Pr

ρ
∆~v +

1

3

Pr

ρ
~∇ (~∇ · ~v)

∂T

∂t
+ ~v · ~∇T + (γ − 1) T ~∇ · ~v =

γ

ρ
∆T + (γ − 1) C2

k

Pr

ρ
(D)

P =
Λ

m + 1
ρ T

Λ =
g d3

κ2
, Ck =

m + 1

Λ
, m =

g d

R∆T
− 1
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Computation details

X Boundary conditions :

✗ stress-free boundaries, top boundary at fixed T,
imposed energy flux at bottom boundary

X Initial conditions :

✗ m = 1 polytrope with γ = 5/3

✗ initial stratification : zo = 0.5 ⇒ ρd/ρo = 3

✗ no spatial symmetry : noise in velocity and temperature

X Flow Parameters : Pr = 0.3, Ra = 3 105

X Aspect ratio is λ = 42.6

✗ 82 × 1024 × 1024 mesh points

✗ In real life, the box would be ∼ 40 000 km wide
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Technical details

X Our code :

✗ Third-order RK, fully explicit in time

✗ Horizontal FFTs with 2/3 dealiasing

✗ Compact finite differences in the vertical

X Efficient parallelization on 64 Power 4 processors (1.9 GHz)

X Simulating ∼ 10 turnover times takes :

✗ 3.5 Gb of data / snapshot

✗ 400 Gb total data
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Large aspect ratio simulations - Overview
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Linear growth

X Most unstable modes k ∼ 45
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Time-evolution of coherent structures

Lint =
π

2

Z

k
−1

E(k) dk
Z

E(k) dk

Lint → 7

z = 0.5
⇓⇓
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Power spectra (z=0.87)
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Convective origin

X Momentum dynamics in spectral space

∂t

∫ 1

0

Es(k, z) dz = T (k) + F (k) + D(k)

T (k) = −2 Re

[∫ 1

0

∫

Ω~k

(̂ρ~v)s
∗

~k · P̂

[
̂~∇ · (ρ~v~v)~k

]
k dΩ~k dz

]

F (k) = 2Re

[∫ 1

0

∫

Ω~k

(̂ρ~v)s
∗

~k · P̂
[
ρ̂~g~k

]
k dΩ~k dz

]
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Convective origin (2)

X Average spectral transfer between t=0.14 and t=0.20

⇒ Growing modes are fed by buoyancy and lose energy through non-linear transfer



XFirst XLast XPage XFull Screen XClose

18

Bolgiano - Obukhov scalings ?

X BO59 : when temperature is active (non-neutrally stratified medium),
a new parameter G = αg ∼ g/ 〈T 〉 appears in dimensional analysis :

E(k) ∼ 〈N〉
2/5

G4/5 k−11/5

Eθ(k) ∼ 〈N〉
4/5

G−2/5 k−7/5

, 〈N〉 = κ
∑

i

〈
(∂iθ)

2
〉

X Temperature scalings (compensated spectra)
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Relevance of results for photospheric convection

X Limitations of polytropic simulations : no definition of constant opacity surfaces

Intensity map (rad.) Temperature map (rad.) Temperature map (polytrope)

(Radiative convection maps by Rieutord et al. - NCim, 2002)

X Active granules and clustering around brighter granules [Oda - SolPhys, 1984]

Mesogranulation may be partly “hidden”
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Mesogranulation and magnetic fields

X Mesoscale distrib. of ~B in Boussinesq simulations [Cattaneo et al. - ApJ, 2001]

X Some evidence of mesogranulation from magnetograms
[Dominguez Cerdena et al. - A&A, 2003 - Roudier et al. - A&A, 2004]

X La Palma magnetic observations of solar chromosphere [Berger et al. 2004]
http ://www.lmsal.com/Press/SPD2004/
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Conclusions
Main results

X Mesoscales are convective features appearing as a distinct scale from
the boundary layer scale

confirmation of results by Cattaneo et al. 2001 for a compressible fluid

X Saturation of integral scale at Lint ∼ 7

Aspect ratio ≥ 10 are required to obtain the full convective dynamics

X No SG but weak very large-scale flows due to small positive non-linear transfer

As usual, further work is needed...

X Understand the ratio of scales between “granules” and “mesogranules” :
dependence on Pr and radiative transfer ?

X Generation and advection of inter-network magnetic fields by the mesoscale flow

X Scalings in large aspect ratio turbulent convection

X Understand the influence of smaller-scale spectral transfers on supergranulation


