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The Solar Butterfly Diagram

Order amid Chaos
How does it arise?

D. Hathaway (NASA MSFC)
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Helioseismology

The Sun rings like a bell!

T. Metcalfe (HAO/NCAR)



The Solar Internal Rotation

26 days

38 days

Thompson et al (2003)



The Solar Internal Rotation

26 days

38 days

Tachocline

Thompson et al (2003)



Local 
Helioseismology

Peering beneath sunspots
Far-side imaging



Solar Subsurface Weather (SSW)

D. Haber, B. Hindman & J. Toomre
 (Univ. of  Colorado)





Now How do we go about 
modeling this mess?? 

 Length Scales
‣ Solar radius: 700 Mm
‣ Tachocline width: 20 Mm
‣ viscous dissipation scale: 1 cm

 Time Scales
‣ period of sound waves: 5 min
‣ period of gravity waves: 1.5 hours
‣ rotation period: 1 month
‣ activity cycle: 22 years

 Other nastiness
‣ spherical geometry
‣ stratification, rotation, magnetism, shear
‣ boundary layers

๏ top: granulation, ionization, compressibility, radiative transfer
๏ bottom: tachocline, convective penetration, instabilities, waves

The Challenge
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Turbulent!!



 LES/SGS Strategy
‣ Eddy viscosity, diffusivities
‣ shave off granulation layer

 Anelastic approximation
‣ perturbations about a hydrostatic reference state
‣ filters out acoustic waves
‣ density stratification
‣ streamfunction formulation

 Pseudospectral
‣ Spherical Harmonic
‣ Stacked Chebyshev
‣ Crank-Nicholson/Adams-Bashforth

 Parallel
‣ FORTRAN 90 / MPI
‣ serial transforms, transposes
‣ optimal data decomposition

The ASH Code

ASH



ASH

radial velocity, r = 0.98R

Miesch, Brun, DeRosa & Toomre (2007)

Giant Cells
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Structure and Evolution of Giant Cells 7

Fig. 4.— Radial velocity vr at four horizontal levels (a) 0.98R, (b) 0.92R, (c) 0.85R, and (d) 0.71R. The color table is as in Fig. 1, with
the range indicated in each frame. Each image is an orthographic projection with the north pole tilted 35! toward the line of sight. The
dotted line indicates the solar radius r = R.

Fig. 5.— The enstrophy (!2, where ! = !"v) shown for a 45!

! 45! patch in latitude (10!-55!) and longitude at (a) r = 0.98R
and (b) r = 0.85R. The color table is as in Fig. 1 but here scaled
logarithmically. Ranges shown are (a) 10"12 to 10"7 s"2 and (b)
10"13 to 10"8 s"2.

coupling to the tachocline which is only crudely incorpo-
rated into this model through our lower boundary con-
ditions (Miesch et al. 2006). For example, perhaps the
tachocline is thinner, and the associated entropy varia-
tion correspondingly larger, than what we have imposed
(§2). More laminar models have more viscous di!usion
but they also have larger Reynolds stresses so many are
able to maintain a stronger di!erential rotation, some
with conical angular velocity contours as in the Sun (El-
liott et al. 2000; Brun & Toomre 2002; Miesch et al.
2006). A more complete understanding of how the highly
turbulent solar convection zone maintains such a large
angular velocity contrast requires further study.

At latitudes above 30! the angular velocity increases
by about 4-8 nHz (1-2%) just below the outer boundary
(r = 0.95R-0.98R). This is reminiscent of the subsurface
shear layer inferred from helioseismology but its sense is
opposite; in the Sun the angular velocity gradient is nega-
tive from r = 0.95R to the photosphere (Thompson et al.
2003). This discrepancy likely arises from our impenetra-
ble, stress-free, constant-flux boundary conditions at the
outer surface of our computational domain, r = 0.98R.
In the Sun, giant-cell convection must couple in some way
to the supergranulation and granulation which dominates
in the near-surface layers. Such motions cannot presently
be resolved in a global three-dimensional simulation and
involve physical processes such as radiative transfer and
ionization which lie beyond the scope of our model.

The meridional circulation is dominated by a single
cell in each hemisphere, with poleward flow in the up-
per convection zone and equatorward flow in the lower
convection zone (Fig. 6c). At a latitude of 30!, the tran-
sition between poleward and equatorward flows occurs
at r ! 0.84-0.85 R. These cells extend from the equa-
tor to latitudes of about 60!. The sense (poleward) and
amplitude (15-20 m s"1), of the flow in the upper con-
vection zone is comparable to meridional flow speeds in-
ferred from local helioseismology and surface measure-
ments (Komm et al. 1993; Hathaway 1996; Braun &
Fan 1998; Haber et al. 2002; Zhao & Kosovichev 2004;
González-Hernandez et al. 2006). The equatorward flow
in the lower convection zone peaks at r ! 0.75R with an
amplitude of 5-10 m s"1.

Near the upper and lower boundaries there are thin
counter cells where the latitudinal velocity "v!# reverses.
The presence of these cells is likely sensitive to the bound-
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González-Hernandez et al. 2006). The equatorward flow
in the lower convection zone peaks at r ! 0.75R with an
amplitude of 5-10 m s"1.

Near the upper and lower boundaries there are thin
counter cells where the latitudinal velocity "v!# reverses.
The presence of these cells is likely sensitive to the bound-

Structure and Evolution of Giant Cells 7

Fig. 4.— Radial velocity vr at four horizontal levels (a) 0.98R, (b) 0.92R, (c) 0.85R, and (d) 0.71R. The color table is as in Fig. 1, with
the range indicated in each frame. Each image is an orthographic projection with the north pole tilted 35! toward the line of sight. The
dotted line indicates the solar radius r = R.

Fig. 5.— The enstrophy (!2, where ! = !"v) shown for a 45!

! 45! patch in latitude (10!-55!) and longitude at (a) r = 0.98R
and (b) r = 0.85R. The color table is as in Fig. 1 but here scaled
logarithmically. Ranges shown are (a) 10"12 to 10"7 s"2 and (b)
10"13 to 10"8 s"2.

coupling to the tachocline which is only crudely incorpo-
rated into this model through our lower boundary con-
ditions (Miesch et al. 2006). For example, perhaps the
tachocline is thinner, and the associated entropy varia-
tion correspondingly larger, than what we have imposed
(§2). More laminar models have more viscous di!usion
but they also have larger Reynolds stresses so many are
able to maintain a stronger di!erential rotation, some
with conical angular velocity contours as in the Sun (El-
liott et al. 2000; Brun & Toomre 2002; Miesch et al.
2006). A more complete understanding of how the highly
turbulent solar convection zone maintains such a large
angular velocity contrast requires further study.

At latitudes above 30! the angular velocity increases
by about 4-8 nHz (1-2%) just below the outer boundary
(r = 0.95R-0.98R). This is reminiscent of the subsurface
shear layer inferred from helioseismology but its sense is
opposite; in the Sun the angular velocity gradient is nega-
tive from r = 0.95R to the photosphere (Thompson et al.
2003). This discrepancy likely arises from our impenetra-
ble, stress-free, constant-flux boundary conditions at the
outer surface of our computational domain, r = 0.98R.
In the Sun, giant-cell convection must couple in some way
to the supergranulation and granulation which dominates
in the near-surface layers. Such motions cannot presently
be resolved in a global three-dimensional simulation and
involve physical processes such as radiative transfer and
ionization which lie beyond the scope of our model.

The meridional circulation is dominated by a single
cell in each hemisphere, with poleward flow in the up-
per convection zone and equatorward flow in the lower
convection zone (Fig. 6c). At a latitude of 30!, the tran-
sition between poleward and equatorward flows occurs
at r ! 0.84-0.85 R. These cells extend from the equa-
tor to latitudes of about 60!. The sense (poleward) and
amplitude (15-20 m s"1), of the flow in the upper con-
vection zone is comparable to meridional flow speeds in-
ferred from local helioseismology and surface measure-
ments (Komm et al. 1993; Hathaway 1996; Braun &
Fan 1998; Haber et al. 2002; Zhao & Kosovichev 2004;
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The Solar Dynamo
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Dynamo Processes

Brun, Miesch & Toomre (2004)
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Intricate, intertwined field lines and ribbons

Br B



Tachocline

Pumping, amplification, organization
of toroidal magnetic fields

Browning, Miesch, Brun & Toomre (2006)
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So Many Stars ...and so little time

Convective 

Cores

Convective 

Envelopes

Fully

Convective

Donati et al (2006)

Magnetism inferred in an M dwarf







B. Brown 
(Univ of  Colorado)

http://www.vapor.ucar.edu

http://www.vapor.ucar.edu
http://www.vapor.ucar.edu


M Stars
Small (0.3 Msun), Cool (3000K)

Fully Convective

Browning 
(2007)





A Stars
Big (2 Msun), Hot (8000K)

Convective Core

Featherstone, Brun, Browning & Toomre (2007)
N. Featherstone (Univ. of  Colorado)
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 A Vibrant Sun
‣ Magnetism!
‣ SOHO, TRACE, SST, Hinode, Stereo, SDO
‣ Helioseismogy: Peering inside a star

 Convection and  Dynamo Processes
‣ Solar Cyclones, NS lanes
‣ Differential rotation, meridional circulation
‣ Sustained magnetic field generation
‣ Pumping of fields into a tachocline
‣ Amplification, organization by rotational shear 

 A Universe of Stars
‣ Astroseismology: CoRot, Kepler

 Big computers may be used to 
tackle big problems!

Summary and Outlook



 Scalably Parallel
‣ High Resolution
‣ Long time integrations
‣ Finite elements?

 Non-uniform grid
‣ Spherical geometry
‣ Photosphere
‣ Overshoot region & Tachocline
‣ Time splitting?

 Subsonic
‣ Poisson equation
‣ Multigrid?

 MHD
‣ Div(B) = 0

Next Generation ASH


