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Where did we 
leave off?

Basic solar 
structure pretty 
well established

Outstanding 
challenges include 

microphysics/
composition 

(equation of state, 
opacities)

and convection

Why is Convection 
such a challenge?

turbulence
boundary layers

density stratification
rotation

magnetism
radiative transfer

Questions???
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Why study 
convection?
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Where are we 
going?

Today:
applying 

fundamentals of 
convection to what 
actually occurs in 

the Sun

Angular momentum 
transport by global 

convection,
in anticipation of 

next lecture on mean 
flows 

(differential rotation & 
meridional circulation)

P ~ 
35 days

P ~ 
25 days

P ~ 
27 days

Thompson et al. 
(2003)
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Inferring Line-of-sight velocities on the Sun via Doppler shifts

D. Hathaway
(NASA MSFC)
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Inferring Line-of-sight velocities on the Sun via Doppler shifts

D. Hathaway (NASA MSFC)

Most of what you see 
are horizontal velocities
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Convection 
(granulation) in 
Dopplergrams

Bello Gonzalez & Kneer (2008)
Vacuum Tower Telescope, Tenerife, Canary Islands

Kiepenheuer-Institut für Sonnenphysik (Freiburg, Germany)
resolution ~ 150 km (0.2 arcsec) using adaptive optics

Can see vertical 
velocities if you look 

closely

Telltale signature of 
thermal convection: 

warm (bright) upflows, 
cool (dark) downflows
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Granulation in the Quiet Sun Lites et al (2008)

L ~ 1-2 Mm
U ~ 1 km s-1

t ~ 10-15 min
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Berger et al. (2003)
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Radiative MHD 
Simulations of 

Solar Granulation

Vogler et al. (2005)

Upflows 
warm, bright 

Downflows 
cool, dark

Vertical magnetic 
fields swept to 

downflow lanes by 
converging 

horizontal flows

Bright spots in 
downflow lanes 

attributed to 
magnetism
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Cool doesn’t necessarily mean dark

Channelling of radiation in magnetic 
flux concentrations (Bz > 1 kG)

Vogler 
et al. 

(2005)
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Viewed at an angle they 
look brighter still

Faculae
Keller et al (2004)
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The Surface of the Sun is Corregated!

Carlsson et al. (2004)

Stein & Nordlund (1998)

Photosphere depressed in downflow lanes even without magnetism
Photospheric temperature variations relatively small

H- opacity 
~ T9 
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Scale Selection

Rast 
(1995, 2003)

L ∼ D
vh

vz

vh � cs

D ∼ Hρ

ρvzyNAχH � σT 4

Granulation is driven by strong 
radiative cooling in the photosphere

Downflows dominate buoyancy work

Upflows are largely a passive 
response induced by horizontal 

pressure gradients; peak velocities 
occur adjacent to downflows

When granules get too wide, radiative 
cooling overcomes the convective flux 
coming up from below, reversing the 
buoyancy driving in the center of the 

granule

Upflow becomes downflow and the 
granule bisects 

(exploding granules) 
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How is solar granulation 
modified by the rotation 

of the Sun?

...not much...timescale ~ 10-15 min 
is much shorter that the solar rotation period ~ 28 days

implies high Rossby number

Ro =
ωrms

2Ω
∼ (4π)−1 Prot

τc
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The Magnetic
Network

CaIIK
narrow-band core filter

PSPT/MLSO

Supergranulation
L ~ 30-35 Mm
U ~ 500 m s-1

t ~ 20 hr
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Most prominent in 
horizontal velocities 

near the limb

Supergranulation
in Filtered Dopplergrams

D. Hathaway
(NASA MSFC)

17

Mesogranulation

L ~ 5 Mm
t ~ 3-4 hr

10 Mm

Most readily seen in horizontal velocity divergence maps 
obtained from local correlation tracking (LCT)

Vertical velocity and temperature signatures of 
mesogranulation and supergranulation are still elusive 

hard to verify that they are convection per se

Shine, Simon & 
Hurlburt (2000)
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Self-Organization of convective plumes

Convective plumes cluster on larger scales due to kinematic advection from the 
converging horizonal flows that feed them

Cattaneo, Lenz & Weiss (2001)
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A toy model of 
interacting plumes

Rast 
(2003)

Granulation modeled as 
distributed points of horizontal 

convergence (representing 
downflow plumes) on a 2D surface

Kinematic advection and merging 
produces a larger-scale lattice of 

stronger convergence points  
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A hierarchy of convective scales

Spruit, Nordlund & Title (1990)

Supergranulation and 
mesogranulation are part of a 

continuous (self-similar?)
spectrum of convective motions

Most of the mass flowing upward 
does not make it to the 

photosphere

Nordlund, Stein & Asplund (2009)

In the Sun, density and dynamical 
time scales increase with depth

Downward plumes merge into 
superplumes that penetrate deeper

Deep-seated pressure variations 
drive surface flows

21

Bigger Boxes

Latest local simulations are now 
achieving supergranular scales

Size, time scales of convection 
cells increases with depth

48 X 48 Mm Vz

0 Mm 2 Mm

4 Mm

12 Mm

8 Mm

Stein et al (2006)

16 Mm
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Beyond Solar Dermitology
But still stops at 0.97R!
what lies deeper still?

simulation by Stein et al (2006), visualization by Henze (2008)
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Eventually the heirarchy 
must culminate in motions 
large enough to sense the 
spherical geometry and 

rotation

Giant Cells!

How does surface convection 
influence giant cells?

Mass flux coming down 
from the granulation layer:

ṁ = 4πr2gfρvr ∼ 4.3× 1021g s−1

Implied Ventilation time for the CZ

τ ∼ MCZ/ṁ ∼ 370 years!

Global convection sustained 
by entropy variations that 
originate largely (but not 

entirely) in the surface layers
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What should we expect 
giant cells to look like?
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ASH

radial velocity, r = 0.98R

Miesch, Brun, DeRosa & Toomre (2008)

Giant Cells
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Granulation-like network of downflow lanes and plumes

Solar CyclonesCool, Helical Downflows wr - D anticorrelation
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Solar Cyclones are strong, helical, rapidly evolving and highly intermittent

Cells bisect and fragment due to efficient 
cooling in the thermal boundary layer

Cyclones localized near the 
surface

radial
velocity

radial
vorticity

r = 0.98R

r = 0.92R
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Spherical Geometry: Thermal Rossby Waves

Busse (2002)

Can be driven either by the spherical curvature of  the 
outer boundary or by the density stratification

Simplest example: Boussinesq fluid, centrifugal gravity, 
local, linear perturbations, small boundary curvature 

(Busse 2002) 

vp =
4Ω

L

tanχ

(1 + Pr)(k2y + k2x)

Potential Vorticity

Q =
ωz + 2Ω

Hρ
DQ

Dt
= 0

anelastic, adiabatic motions, 
inviscid, non-magnetic, Ro << 1,

      
(Glatzmaier & Gilman 1981)

Ω · ∇ρ = 0
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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 (ω2, where ω = ∇×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 diffusion
but they also have larger Reynolds stresses so many are
able to maintain a stronger differential 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 〈vθ〉 reverses.
The presence of these cells is likely sensitive to the bound-
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The presence of these cells is likely sensitive to the bound-

North-South (NS) Downflow Lanes

Prograde propagation: Traveling convection modes!

Coherence through most of the convection zone

Turbulent Transport: especially angular momentum!
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Miesch et al 
(2008)
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∂vφ
dφ

Easier to see converging 
horizontal flow that 

feeds the lanes
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Modulated Convection at Faster Rotation Rates!

Brown et al 
(2008)
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Summary: Solar Convection

CU, Jan, 2012 

! Granulation
‣ Driven by radiative cooling in the photospheric 

boundary layer
‣ Strong downflow plumes, lanes
‣ Weaker upflows are a passive reponse

! Supergranulation and Mesogranulation
‣ Self-organization of granular plumes
‣ Density stratification, plume interactions
‣ Part of a continuous hierarchy (?)

! Giant Cells
‣ Strong downflow lanes & plumes, weaker upflows
‣ Propagating NS downflow lanes at low latitudes
‣ Solar cyclones at high latitudes (helicity)
‣ Modulated convection at high rotation rates

L ~ 1-2 Mm
U ~ 1 km s-1

t ~ 10-15 min

L ~ 30-35 Mm
U ~ 400 m s-1

t ~ 20 hours

L ~ 100 Mm
U ~ 100 m s-1

t ~ days - months

L ~ 5 Mm
U ~ 300 m s-1

t ~ 3-4 hrs
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Reynolds Stress
Angular momentum per 

unit mass

λ

zL∗ = λvφ

Average over longitude

L = �λvφ�

Conservation of  momentum

Now average over longitude and write it as follows

∂

∂t
(ρL∗) = −∇· (ρvL∗)− 1

r sin θ

∂P

∂φ

∂

∂t
(ρL) = −∇· (Fmc +Frs)

Fmc = �ρvm�L

Frs =
�
ρλv�

mv�φ
�

Reynolds stress

Conservation of angular momentum
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Angular Momentum Transport

(NH)

Aurnou et al 2007

Coriolis-induced tilting of 
convective structures

�
v�θv

�
φ

�
> 0

Busse 1970

�
v�λv

�
φ

�
> 0

angular momentum 
transport away from 

the rotation axis

Ro << 1

Ro ~ 1

angular momentum 
transport toward the 

equator
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