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Toroidal component of B in the uppermost
portion of the stable layer underlying the
convective envelope at r/R=0 .7 =>
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Standard anelastic equations of solar
magnetohydrodynamics

Brun, Miesch & Toomre, ThHeE AstropuysicaL Journar, 614:1073—1098, 2004 October 20
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Elemental EULAG formulation
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Coordinate dependent form TN

(7.%) = (t. F(x)) NEAR
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Numerical approximations; preliminaries
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Py NCAR
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Specialized MHD implementation

Hydrodynamic block
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Magnetic block
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Thermodynamics

o' = (& = gytu” - GV6, )

i

i1s not evaluated until the last iteration v = m.



Model setups

spherical shell (0.62 < r/R. < 0.96) spanning 3.4 density scale heights

Q. = 2.69 x 107 %rad s™*

O, stableupto 7/R. =0.718 and unstable stable aloft

a=2-10"8s"1

(N, x Ng x Ny =47 x 64 x 128)
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Fig. 1. Color rendering of the radisl component of the flow velooity in two simuls-
tione carned out on & longitude-latitude-radiue spatial mesh of see 138 x 64 « 4T
{top) and 256 = 128 = 06 (bottom}, with the mesh lines overlaid as black lines. Both
snapshots are teken many tens of convective eddy turnover times after convection
hes reached & statistically stationary state. The tendencies for convective fow strie-
tures to alipn themselves paralle]l to the rotation axis at low latitudes 15 typical of
global simulations of solar convection, with or without megnetic felds, operating in
thiz parameter repime (soe, ep., Fig. 1 m [6; Fig. 2 1 [25]).
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Magnetic cycles
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Fig. 4. Four views of a 180 yr segment of a simulation ecarmmied out at low spatial
rosolution, 128 = 64 = 47, (A) Time-latitude cot of the zonally-sversged toroidsl
magnetic field at the core-envelope interface (r/fz = L718); (B) time-radins cut of
the same at mid-latitude in the Southern hemisphere; (C) time-latitude cut of the
sonally-averaped redial magnetic feld component on the top layer of the simmlation
(r/Hz = 0.06): (I & time-latitude cut of the potential tomperature residusl with
respect to & zonally and temporally averaged latitudinal temperature profile, at
mid-depth in the convective lavers (r#//; = 0L80).
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Mode of large-scale dynamo action

u'(r,6,0,t) =u(r.6,0.t) — (u
B'(r.0,¢.t) = B(r,0.0,t) — (B)(r.

9(B)

o =V x (u) x (B) +V x (u x B)
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Fig. 5. The two mmductive contributions to the sonally-sveraged larpe-scale zonal
magnetic component, for the same simulation and over the same time interval as
m Fig. 4. (A) induction by the turbulent electromotive foree; (B) Induction by the
large scale flow; (C) the sum of the above two on the same color scale, with & few
wocontours of mean zonal field overplotted (black fwhite for negative/positive).
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Remarks NC%

Notwithstanding some departures from the real solar climate, global MHD
simulations of solar-like cycles have landed.

EULAG-MHD offers an outstanding virtual MHD laboratory allowing to address
guantitatively a number of questions that could until now only be speculated
upon on the basis of simplified model formulations.

There is much to be learned. For example, our calculations suggest that the
entire magnetic variability involves less then 10% of solar luminosity =»
connection to physics of other “dissipative structures” (QBO, MJO, ....)
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Deriving the entropy equation .
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To ~ O(10%)s is assumed
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What is A operator? NC%

Multidimensional positive definite advection transport algorithm (MPDATA):
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