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Outline

1. Large-scale flows in the solar interior 
2. Mean-field models, DNS and LES
3. Anelastic simulations with EULAG
a) Angular momentum transport
b) Convergence
c) Near-surface shear layer
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1. Large-scale motions  
     in the solar interior
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Ulrich (2010)

Dikpati et al.  (2004)

Courtesy J. Zhao

Mitra-Kraev & Thompson (2007)
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2. mean-field models     
  DNS and LES
Large-scale motions as well as 
large-scale magnetic field are 
the result of collective effects of 
turbulence

(Steenbeck et al.  66)

(Kitchatinov & Rudiger 93)
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(Kitchatinov & Rudiger 95)

(Rempel 2005)
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Direct Numerical Simulations (DNS)

Resolve scales down to the 
grid resolution. They could be 
global or local. 

(Käpylä et al. 2011)
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Large eddy Simulations (LES)

Resolve scales down to the grid resolution, 
the sub-grid scale (SGS) contribution is 
considered via a turbulent model.  

(Gilman 1976) ● ASH code, e.g. Miesch et al. (2011)

– Anelastic approximations, LES. 
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(Nelson et al. 2013)

Implicit sub-grid scale modeling 
(ISGS, ILES): the non-linear 
computation of the truncation error 
(i.e., numerical viscosity) is 
identified with the SGS 
contribution (EULAG code), 
(Margolin & Rider, 2002)

(Guerrero et al. 2013)



NORDITA, April. 2013

Ghizaru, Charbonneau & Smolarkiewicz (2010)
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3. Anelastic simulations
    with EULAG code

Anelastic approximation 
(Lipps & Helmer 1982, Lipps 1990)
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The background state, 

Ambient state, is a horizontal and time 
average of a “known”  solution, e.g., solar 
model S, polytropic model. 
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a) Angular momentum transport
    Rotation vs. Convection
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Angular momentum 
conservation
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a) Ω0=112days (1/4Ω☉, Re∼60 )

b) Ω0=56days (1/2Ω☉, Re∼60 )
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c) Ω0=28days (Ω☉, Re∼60 )

d) Ω0=14days (2Ω☉, Re∼60 )
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Gastine et al. (2012)
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b) Convergence: x=128x64x47
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c) Near-surface shear layer

`
Negative radial shear appears 
at lower latitudes

Based in models slow rotating 
models where convection 
dominates over rotation … 
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● The resulting rotation profile depends on the balance 
between Coriolis and buoyancy forces.  For the 
stratification considered here solar-like rotation (fast 
equator) is obtained at the solar rotation rate

● Due to the highly sub-adiabatic stable region, all the 
simulations exhibit the formation of a tachocline

● Taylor-Proudman columnar rotation profiles are 
persistent, indicating deficient latitudinal turbulent heat 
transfer

CONCLUSIONS

● EULAG code is a powerful tool to study 
solar/stellar rotation and dynamo, high Re 
are obtained for relatively low resolutions  
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● For all the simulations at the solar rotation rate the 
meridional flow is multicellular

● Vigorous convection at the upper part of the convection 
zone leads to the formation of a “near-surface shear 
layer” at equatorial latitudes  
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