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Field changes over relatively short times
Only present explanation: field tied to core fluid motions

Talk Outline
Geodynamo Observations & Models
Rotating Fluid Dynamics Primer (Movies)
Planetary Core Columns
And Beyond

Talk Outline
Geodynamo Observations & Models
Rotating Fluid Dynamics Primer (Movies)
Planetary Core Columns
And Beyond

Successful Modeling
• Navier-Stokes Equation	

@u
! + u · ru + 2⌦ ⇥ u =
@t

1
1
2
rp + ↵T! g + ⌫r u + J ⇥ B
⇢o
⇢o

!

• Induction Equation	

@B
2
! = r ⇥ (u ⇥ B) + ⌘r B
@t
!

• Current Density
1
Ampere’s Law: J = µ r ⇥ B
o

!

!

• Energy Equation	

@T
! + u · rT = r2 T + S
@t
!

• Continuity
r·u=0

r·B=0

Successful Modeling
• Navier-Stokes Equation	

@u
! + u · ru + 2⌦ ⇥ u =
@t

1
1
2
rp + ↵T! g + ⌫r u + J ⇥ B
⇢o
⇢o

!

• Induction Equation	

@B
2
! = r ⇥ (u ⇥ B) + ⌘r B
@t
!

• Current Density
1
Ampere’s Law: J = µ r ⇥ B
o

!

!

• Energy Equation	

@T
! + u · rT = r2 T + S
@t
!

• Continuity
r·u=0

r·B=0

Successful Modeling
• Navier-Stokes Equation	

@u
! + u · ru + 2⌦ ⇥ u =
@t

1
1
2
rp + ↵T! g + ⌫r u + J ⇥ B
⇢o
⇢o

!

• Induction Equation	

@B
2
! = r ⇥ (u ⇥ B) + ⌘r B
@t
!

• Current Density
1
Ampere’s Law: J = µ r ⇥ B
o

!

!

• Energy Equation	

@T
! + u · rT = r2 T + S
@t
!

• Continuity
r·u=0

r·B=0

Successful Modeling
• Navier-Stokes Equation	

@u
! + u · ru + 2⌦ ⇥ u =
@t

1
1
2
rp + ↵T! g + ⌫r u + J ⇥ B
⇢o
⇢o

!

• Induction Equation	

@B
2
! = r ⇥ (u ⇥ B) + ⌘r B
@t
!

• Current Density
1
Ampere’s Law: J = µ r ⇥ B
o

!

!

• Energy Equation	

@T
! + u · rT = r2 T + S
@t
!

• Continuity
r·u=0

r·B=0

Successful Modeling
• Navier-Stokes Equation	

@u
! + u · ru + 2⌦ ⇥ u =
@t

1
1
2
rp + ↵T! g + ⌫r u + J ⇥ B
⇢o
⇢o

!

• Induction Equation	

@B
2
! = r ⇥ (u ⇥ B) + ⌘r B
@t
!

• Current Density
1
Ampere’s Law: J = µ r ⇥ B
o

!

!

• Energy Equation	

@T
! + u · rT = r2 T + S
@t
!

• Continuity
r·u=0

r·B=0

conductor is a good one. Thus, Alfven’s celebrated frozen-flux
theorem will be obeyed to a high degree, and indeed numerical
estimates put the level of violation at a few per cent per century7,
whereas observationally there is no evidence that requires violation.
When faced with making images of the core field at different points
in time from sometimes vastly different data sets, an appealing
method would be one based on frozen-flux: such images would
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problem is to reconstruct the two positive intensities Bþ
r and Br
from the surface data. For fixed total fluxes this is essentially a
problem of combinatorics which has received much attention9–11;
the answer to this problem, the Maximum Entropy method, has had
considerable success in astronomy and medical physics fields and
this is the approach that I adopt here.
Properties of this method are well-known; it is frequently used in
radio-astronomy to reconstruct images with high dynamic ranges.
The results from certain dynamo simulations12 show that it is
possible for dynamo action to concentrate magnetic field into
localized flux lines or ‘ropes’ in which B r is strong and relatively
weak elsewhere; this is a scenario where conventional quadratic
regularization methods will produce poor images, because they bias
strong localizations heavily towards zero. A method based on
2
maximizing the entropy S of both Bþ
r and Br where:
X
Sðxi Þ ¼
xi 2 mi 2 xi logðxi =mi Þ
i

Lmax ~ 13

Axial dipolar field
High and low latitude largescale flux patches

Figure 1 Comparison of the radial magnetic field for epochs 1980 and 2000 on Aitoff
equal-area projection. Red colours represent magnetic flux out of the core, while blue
colours represent magnetic flux entering the core; each colour bar represents an interval
of 100 mT. The continental outlines are for orientation. The labels A–D and 1–5 define the
flux spots referred to in the text; the high-latitude spots are E and e. In calculating the

2
and where x i is an intensity in either Bþ
r or Br with ‘default’ value
m i is much less likely to do this; indeed, synthetic tests on radial
magnetic fields from numerical dynamo models confirm this
property.
I apply the method to two high-quality data sets. The first is a
selection of Magsat data from 1980, the first three-component
magnetometry mission. The second is from the satellite Oersted,
which was launched in February 1999 and is still collecting data; the
selection of data is from December 1999–January 2000. The
representation of the core magnetic field is in the form of the
“spherical triangle tesselation”13 whereby the core is tessellated into
P ¼ 1,442 almost equally-spaced nodes and 2,880 spherical triangles. The node structure is based on the subdivision of the regular
icosahedron14. Each of the P nodes specifies the core magnetic field
2
by two positive numbers bþ
i and bi : Making the assumption that the
mantle is an insulator, a valid assumption considering the frequencies
present in the core spectrum, the forward problem is a convolution of
the core field with a known kernel13. This kernel, the equivalent of
the point-spread function in astronomical imaging, is very wide and
therefore the deconvolution problem is quite severe.
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m i is much less likely to do this; indeed, synthetic tests on radial
magnetic fields from numerical dynamo models confirm this
property.
I apply the method to two high-quality data sets. The first is a
selection of Magsat data from 1980, the first three-component
magnetometry mission. The second is from the satellite Oersted,
which was launched in February 1999 and is still collecting data; the
selection of data is from December 1999–January 2000. The
representation of the core magnetic field is in the form of the
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mantle is an insulator, a valid assumption considering the frequencies
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the core field with a known kernel13. This kernel, the equivalent of
the point-spread function in astronomical imaging, is very wide and
therefore the deconvolution problem is quite severe.
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H & u ¼ 0;
H & B ¼1999
0: and is still collecting data;(4)
which was launched
in February
the
Copyright: Cambridge University Press.)
selection of data is from December 1999–January 2000. The
representation of the core magnetic field is in the form of the
“spherical triangle tesselation”13 whereby the core is tessellated into
P ¼ 1,442 almost equally-spaced nodes and 2,880 spherical triangles. The node structure is based on the subdivision of the regular
icosahedron14. Each of the P nodes specifies the core magnetic field
2
by two positive numbers bþ
i and bi : Making the assumption that the
mantle is an insulator, a valid assumption considering the frequencies
Figure 1 Comparison of the radial magnetic field for epochs 1980 and 2000 on Aitoff
present in the core spectrum, the forward problem is a convolution of
equal-area projection. Red colours represent magnetic flux out of the core, while blue
the core field with a known kernel13. This kernel, the equivalent of
colours represent magnetic flux entering the core; each colour bar represents an interval
the point-spread function in astronomical imaging, is very wide and
of 100 mT. The continental outlines are for orientation. The labels A–D and 1–5 define the
therefore the deconvolution problem is quite severe.
flux spots referred to in the text; the high-latitude spots are E and e. In calculating the

Aligned flux patches in models &
geomagnetic field

Present paradigm: columns
in models extrapolate to
planetary cores; explain
observations
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Fluids Primer
Goal: Understand
present columnar
paradigm for core
flows
Rotating fluid
dynamics

Christensen, Enc. Solid Earth
Geophys. 2011

z-vorticity

Ω

g

“Differencing” Experiments
Step through a set of four related
laboratory experiments
Discuss relevant dynamics at each step
& build/take apart rotating Navier-Stokes…

Heuristic approach: shortest time-scale
process~ largest acceleration ~ dominates

Jon Bridgeman, Mike Lavell, Steve Tomlinson
& Eric King

“Differencing” Experiments
Isolated droplets/particles (empty tank)
1. Stationary vs. 2. Rotating
!

Fluid Layer (water-filled tank)
3. Stationary vs. 4. Rotating

Experiment 1
Stationary “Empty” Tank

= 0.12 s
Free-Fall Estimates

Experiment 2
Rotating “Empty” Tank

Non-inertial Forces

Effective Gravity

Effective Gravity

Effective Gravity

~ 5.4

Gravity dominates

Experiment 3
Stationary Water-Filled Tank

hydrostatic balance

= 0.9 s

Experiment 4
Rotating Water-Filled Tank

Spin-up by viscous & pressure terms (~ 10 minutes)

Image: Jon Cheng

hydrostatic balance:

Image: Jon Cheng

hydrostatic balance:

Image: Jon Cheng

hydrostatic balance:

Image: Jon Cheng

hydrostatic balance:

Image: Jon Cheng

H(s)

hydrostatic balance:

Image: Jon Cheng

H(s)

hydrostatic balance:

Parabolic
equipotential
surfaces

Coriolis dominates

Geostrophic Balance

Coriolis dominates

Geostrophic Flows
Invariant along rotation axis

Taylor-Proudman!
Theorem
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Rotating Convection Columns
Ekman number, E
Scaled viscous force

Image:
J. Cheng

Rotating Convection Columns
Ekman number, E
Scaled viscous force
Rayleigh number, Ra
Scaled buoyancy force

Image:
J. Cheng

Rotating Convection Columns
Ekman number, E
Scaled viscous force
Rayleigh number, Ra
Scaled buoyancy force
Onset Forcing:

Image:
J. Cheng

Rotating Convection Columns

O(1)

Rayleigh number, Ra
Scaled buoyancy force
Onset Forcing:

Tall

Ekman number, E
Scaled viscous force

Onset column width:
O(E

1/3

)

Skinny

Image:
J. Cheng

Rotating Convection Columns
Christensen, Enc. Solid Earth Geophys. 2011
Soderlund et al. EPSL 2012Ω

g

Models:
Onset Forcing: 1/3
mc E
z-vorticity

E ~ 1e-4; lc ~ 0.1

Rotating Convection Columns
Christensen, Enc. Solid Earth Geophys. 2011
Soderlund et al. EPSL 2012Ω

g

!

Onset Forcing: 1/3
mc E
z-vorticity

10^3
too
wide Models:

E ~ 1e-4; lc ~ 0.1
Earth’s Core:

E ~ 1e-15; lc ~ 1e-5
(i.e., 104 x smaller than scale of flux patches)

Columns: Models vs. Cores
Model E1/3 columns: generate large-scale
flux patches
Planetary Cores E1/3 columns: ~10 m wide
Tall and wafer thin; local Rm << 1(aka, non-inductive)

Unobservably small: Cannot explain largescale core flux patches
Model-style columns magnetically
ineﬀective in planetary cores
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Sheyko’s Turbulent Dynamo
Soderlund et
al. 2012

Vr Slice

(E = 3e-7, Pm=0.05); [Rm = 3e3, Re ~ 5e4, Ro ~ 0.02]

Andrey Sheyko et al., in prep. (2014)

Sheyko’s Turbulent Dynamo
Vr Slice

(E = 3e-7, Pm=0.05); [Rm = 3e3, Re ~ 5e4, Ro ~ 0.02]

Andrey Sheyko et al., in prep. (2014)

Sheyko’s Turbulent Dynamo
Br Slice

(E = 3e-7, Pm=0.05); [Rm = 3e3, Re ~ 5e4, Ro ~ 0.02]

Andrey Sheyko et al., in prep. (2014)

Sheyko’s Turbulent Dynamo
Br CMB

(E = 3e-7, Pm=0.05); [Rm = 3e3, Re ~ 5e4, Ro ~ 0.02]

Andrey Sheyko et al., in prep. (2014)

Sheyko’s Turbulent Dynamo
Fully turbulent model: magnetic flux
bundles no longer directly tied to
columns (scale separation)
Axialization still essential

MHD Experiments
Rotating magnetoconvection in liquid
gallium
Strong magnetic field
can balance Coriolis
Fundamentally different
behaviors predicted
Adolfo Ribeiro, Guillaume Fabre

Magnet

Dominant mode: m=1 precessing structure
Movie: Guillaume Fabre

Dominant mode: m=1 precessing structure
Movie: Guillaume Fabre

Lab MHD Experiments
In liquid metal, columns not found when
imposed fields provide Lorentz ~ Coriolis
Dominant container-scale precessing
wave mode
Fundamentally different physics than
exists in present dynamo models…
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Summary
Successful present-day models
Large-scale columns generate axial field with
large flux patches

Axialized flows in Coriolis-dominated
systems
Need for lower viscosity, liquid metal
dynamo models, requiring HPC efforts
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THANKS…

Appendix

Geostrophic Flows
Perpendicular to pressure gradients
Invariant along rotation axis

Horizontally non-!
divergent flow

for hydrostatic balance in z

Taylor-Proudman Theorem
Requires axially invariant flow around a localized obstacle
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Taylor-Proudman Theorem
Requires axially invariant flow around a localized obstacle

