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The Earth has two major wobbles 
which act over relatively short 
timescales. The Chandler wobble, 
which moves the poles by 3 to 6 
metres over a period of 14 months, 
was predicted in the 18th century, 
and discovered in the 1890s by 
American astronomer Seth Carlo 
Chandler. The Earth’s rotation 
squashes the planet slightly, 
making it into flattened ellipsoid 
which bulges at the equator. As this 
spins, it will wobble with its own 
particular period, much like a 
pendulum or swing. In the case of 
the Earth the period is 14 months. 
But this wobble will stop if it isn’t 
given a regular nudge. So what is 
pushing the swing? “We’re pretty 
confident that it is 

meteorological – something to do 
with the atmosphere and oceans 
and water on land,” says Richard 
Gross of NASA’s Jet Propulsion 
Laboratory in Pasadena, California. 
The friction of winds and ocean 
currents can twist the Earth one 
way or another, and moving air 
and water around changes the 
mass balance. “But we don’t yet 
know exactly what the 
contribution of each of those 
components is,” he says.

The second polar movement is 
the annual wobble, which causes a 
yearly gyration of about 3 metres. 
This is also caused by the weather. 
Each winter, a high-pressure system 
settles over Siberia, and this mass 
of air piled up on one side of the 

planet is enough to unbalance the 
it, generating most of the wobble. 
Other weather systems and shifts 
in ocean circulation make up the 
rest, although the details are not 
yet clear.

But not all of the Earth’s moves 
are wobbles. There is also a slow 
drift of the poles, left over from the 
last glacial period. When the ice 
caps of North America and Europe 
melted at the end of the ice age, 
the land beneath them bounced 
up, and is still rising today. As a 
result, the shape and balance of the 
Earth are still changing, with the 
North Pole heading towards 
Toronto at about 10 centimetres per 
year, and the South Pole moving 
towards Bangkok.
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Summary

• Hypothesis: Markowitz wobble can be explained by torques on the inner core

• Two possible mechanisms for the torque: gravitational or electromagnetic

• We can explain general characteristics of Markowitz wobble

• Provides a way to probe dynamics inside the tangent cylinder

– Torsional oscillations
– Time-dependent thermal wind
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Variations in Earth’s rotation

by Markowitz and named after him.
From the 1970s onwards, the evidence for 

the Markowitz wobble became less and less 
convincing. Advances in technology allowed 
the Earth’s rotation to be measured in relation 
to quasars billions of light years away and in 
relation to arti�cial satellites, and when GPS 
with its �eet of satellites came along it made 
measuring ground position relatively simple. 
All the new measurements con�icted with the 
old ones, and many researchers wrote o� the 
Markowitz wobble as an illusion caused by 
unreliable methods of measuring the Earth’s 
spin. “It was kind of dismissed 10 to 15 years 
ago,” says David Crossley, a geophysicist at 
Saint Louis University in Missouri.

Even though the Markowitz wobble as he 
described it was later shown to be a mistake, as 

further space-based readings came in, 
something very interesting emerged. There is 
indeed some kind of long-term movement of 
the pole  – not the periodic wobble that 
Markowitz saw, but something less easy to pin 
down, some kind of motion that may go back 
and forth, or may change speed on timescales 
of a few decades. 

“We still call it the Markowitz wobble to 
honour him,” says Richard Gross of NASA’s Jet 
Propulsion Laboratory in Pasadena, California. 

Crossley, however, is less keen on the name. 
“Nobody knew what that was in the �rst place. 
I’m surprised to see the term come back.” 
Whatever you like to call it, it’s a rather 
puzzling phenomenon. Something must be 
dragging the planet’s crust and mantle 
around. But what? 

Perhaps deep forces are at work, 
emanating from the Earth’s inner core. 
That’s the idea behind a new explanation for 
the Markowitz wobble, developed by 
Mathieu Dumberry at the University of 
Leeds in the UK. Beneath the Earth’s crust 
lies the solid, rocky mantle. Beneath that is a 
molten metal outer core, and at the centre of 
the Earth is the inner core: a sphere 2500 
kilometres across that is thought to be made 
of solid iron. Despite the core being 

 “ The wobble could 
reveal the secrets of  
the Earth’s inner core  ” 

www.newscientist.com 18 February 2006 | NewScientist | 43

A N
D

RE
W

 JU
D

D

• Earth’s rotation is not constant

– changes in its rate of rotation: changes in Length of day
– changes in its direction with respect to crust: polar motion
– timescale of the changes: hours to millions of years

• Cause of these changes

– Torques from Moon, Sun and Planets
– Deformation leading to changes in moment of inertia
– Relative motion between core, mantle, fluid envelope
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Long period polar motion ( > 1 day)
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Variations in the position of the Earth’s rotation
axis: polar motion

• True Polar Wander:

– Mantle convection: 106 year timescale
– Post glacial rebound: 103 year timescale
– change in polar ice mass: 102 − 103 year timescale

• Annual Wobble:

– From mass transport in atmosphere, oceans, ground water

• Chandler Wobble:

– Free Eulerian precession with a period of ∼ 14 months

• Markowitz Wobble

– Decadal polar motion
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Markowitz Wobble

• Motion of the rotation axis viewed from above geographic North Pole
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• Markowitz wobble:

– amplitude 30-50 milliarcseconds

– quasi-periodic ∼ decades

– polarized

• Potential problems:

– artifact of data

– artifact of signal modelling

– no known physical mechanism
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What is the physical mechanism responsible for
the Markowitz Wobble?

• Exchange of angular momentum between the Mantle and fluid envelope
(atmosphere and oceans)

– Free wobble of coupled Ocean - Solid Earth system (Dickman, 1983)
– Forcing from climate (Celaya et al., 1999)

resulting polar motion is ∼ 10 times too small (Gross et al. 2005)

• Exchange of angular momentum between the Mantle and the Core

– Electromagnetic coupling at CMB (Greff-Leftz & Legros, 1995)
– Topographic coupling at CMB (Greff-Leftz & Legros, 1995; Hide et al, 1996;

Hulot et al., 1996)

resulting polar motion is ∼ 10 times too small

• Influence of the Inner Core

– Free Eulerian precession of tilted Inner Core (Busse, 1970)
– Forced polar motion due to equatorial torques on Inner Core
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Equatorial Torques on Inner core

• Equatorial torques produce a tilt of elliptical Inner Core

• Conservation of angular momentum + internal torques:

– offset between rotation axis and geometric figure of Mantle
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Equatorial torques on the inner core

• Need a torque on the inner core that produces:

– polar motion with amplitude 30-50 milliarcseconds

– with period of ∼ decades

– and oriented along a specific longitude

• What is the dynamical mechanism producing the torque?

• Hypothesis:

– Equatorial gravitational torque

∗ from inner core topography misaligned with mantle density structure

– Equatorial electromagnetic torque

∗ from poloidal flows acting on Br at ICB
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Goal

• Extract information on core dynamics from its effect on polar motion

• Analogy: decadal variations in axial rotation, or changes in length of day
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Excess length of day

• Connection with core flows predicted by geodynamo theory
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Torsional oscillations in core flows
• Rigid azimuthal oscillations of cylindrical surfaces (Braginsky, 1970)

• Cylinders extend to CMB: should be contained in core flows

• Timescale of decades: we can perhaps observe them in historical data

Ω
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Torsional oscillations in core flows
• Rigid azimuthal oscillations of cylindrical surfaces (Braginsky, 1970)

• Cylinders extend to CMB: should be contained in core flows

• Timescale of decades: we can perhaps observe them in historical data

• Torsional oscillations in Earth’s core (Zatman & Bloxham, 1997):
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Confidence test: angular momentum balance

• Change in core angular momentum carried by torsional oscillations

– must equal change in angular momentum of mantle

mantle

core Ω

mantle

core

• Should result in changes in rotation rate of the mantle

– changes in length of day
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Variations in length of day
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Observed and Predicted Change in the LOD

• shows that ∆ LOD are from core-mantle angular momentum exchange

• confirms the presence torsional oscillations

• suggests that LOD data, field models, and inverted core flows are all valid
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A connection between decadal polar motion and
core dynamics?

• torques on the inner core induced by flows near the ICB

• Can we find time-dependent torques on the inner core consistent with:

– core-dynamics
– observed Markowitz wobble

• which is the appropriate flow regime near the inner core boundary?

Torsional oscillations changes in thermal wind
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Thermal wind inside tangent cylinder

inner core

mantle

fluid
core

tangent
cylinder

• observed in numerical simulations (e.g. Sreenivasan and Jones, 2006)

• observed in laboratory experiments (e.g. Aurnou et al., 2003)
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Thermal wind inside tangent cylinder

• consistent with secular variation inside the tangent cylinder
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from Olson & Aurnou, Nature, 1999
• decadal changes in thermal wind?
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Axial electromagnetic torques on the inner core

• Torsional oscillations
in the fluid core

– oscillations of rigid cylinders
– decade periods

Ω

• Electromagnetic coupling at
Inner core boundary

– Inner core is entrained
by fluid motion

B
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Equatorial torque produced by inner core – mantle
gravitational coupling

fluid core

mantle

inner core

density
anomaly

• Inner core boundary is an equipotential surface

• Topography at ICB reflects mantle density structure
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Equatorial gravitational torque on the inner core

Gravitational potential Φm at ICB Resulting inner core deformation
from δρm in the mantle producing an equivalent δρi

Torque on the inner core: Γ = −r ×
∫

V

δρi∇Φm dV
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Equatorial gravitational torque on the inner core

Gravitational potential Φm at ICB δρi after axial rotation
from δρm in the mantle of inner core

Torque on the inner core: Γ = −r ×
∫

V

δρi∇Φm dV
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Formulation of the problem
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• We need to include internal coupling

– Internal gravitational and pressure torques

• Elastic deformations

• Earth model for Moments of Inertia, ellipticities...

• We use models developed for study of forced nutations
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A prediction of polar motion from a realistic
scenario

• Use mantle density anomalies obtained from seismology

• Calculate equilibrium hydrostatic shape of inner core

• Get history of inner core axial angular displacement from geomagnetism

• Integrate equations in time

• Cross our fingers

• Compare results with observed Markowitz wobble
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Model of Mantle density anomalies

• Mantle density model obtained by inversion from splitting functions of free
oscillation modes (Ishii and Tromp, 2001; 2004)

• Difficulty of building a density model inferred from
seismic tomography:

– Compressional (Vp) and shear (Vs) seismic
velocities are related to density by

V 2
p = (κ + 4µ/3)/ρ, V 2

s = κ/ρ

– Scaling to get density from seismic velocities:

d ln ρ = γp d ln Vp, d ln ρ = γsd ln Vs

• With splitting functions, get density directly

• Does not constrain CMB topography
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Axial fluid velocity forcing the Inner Core

• Core surface flow models from time-variations of the geomagnetic field

• Assume rigid flows: torsional oscillations

• Assume inner core follows fluid motion:
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Axial rotation of Inner Core

• Integrate rotation rate of inner core to obtain a time-history of φ(t)

• Get φ(t) for various inner core viscosity values

angular velocity of the angular displacement
inner core of the inner core
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Predicted vs Observed polar motion
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• Amplitude and phase are similar

• Orientation is offset by ∼ 15-30 degrees

• Details depend on precise history of φ(t)
and on inner core viscosity
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Problem: predicted changes in LOD from axial
inner core rotation history

• historical axial inner core variations: gravitationally coupled with mantle

• if τ = 5 yr, entrains changes in length of day 50 times larger than observed!
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Predicted excess length of day

• Flows at ICB must be smaller than at CMB

• time-dependent flows inside the tangent cylinder cannot be purely rigid

• Necessarily involves z-dependent flows: thermal wind

• Markowitz cannot be explained by gravitational torques
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Equatorial torque from electromagnetic coupling
at ICB

• Electromagnetic torque on inner core from thermal wind flow
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Equatorial torque from electromagnetic coupling
at ICB

• assume changes in vφ at CMB correspond to changes in vθ at ICB

inner core
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• assume Br at ICB is a dipolar, with an amplitude of 7 mT, inclined at 25◦

• integrate evolution of polar motion
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Predicted vs Observed polar motion
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• Amplitude and phase are similar

• Orientation is determined by choice of Br at ICB

• Details depend on precise history of vθ(t)
and on inner core viscosity
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Conclusions

• Torsional oscillations + gravitational torque lead to polar motion which shares
characteristics with Markowitz wobble

• BUT: axial angular displacements of inner core are incompatible with
observed changes in length of day

– azimuthal flows must be smaller at ICB than at CMB
– flows cannot be rigid inside the tangent cylinder
– gravitational torques cannot explain Markowitz wobble

• Decade timescale flows inside tangent cylinder must involve changes in
thermal wind

• Time-dependent thermal wind + electromagnetic torque is promising (though
results are preliminary)

• requires Br ≈ 7 mT at ICB: compatible with value inferred from nutations
(Buffett et al. 2002)
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What’s next?
⇒ IF we can improve the fit between the observed and predicted polar motion
⇒ shows that this is the mechanism behind Markowitz wobble

• Consequently, we can use this fit to constrain:

– Magnetic field near the ICB
– Viscous relaxation timescale of the inner core
– convective flows inside the tangent cylinder

• Can we detect a tilt of the inner core in surface gravity field data?
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Full Screen
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Equatorial torque from electromagnetic coupling
at ICB

• Electromagnetic torque on inner core from torsional oscillations
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Dynamical constraint in the core

• Force balance in the Earth’s fluid core

ρ

(
∂v

∂t
+ v · ∇v + 2Ω × v

)
= −∇p +

1

µo

(∇ × B) × B + Cr̂ + ν∇2v

• Magnetostrophic balance in the Earth’s fluid core

2ρ Ω × v = −∇p +
1

µo

(∇ × B) × B + Cr̂

Coriolis = pressure + Lorentz + buoyancy

• Integrate azimuthal component on cylinder surfaces: Taylor’s constraint, a
condition on the morphology of the magnetic field in the core

∫
Σ

((∇ × B) × B)φ dΣ = 0

Ω

Σ

s

Torque from magnetic force = 0
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Torsional Oscillations
• When Taylor’s constraint is violated:

– magnetic torque is balanced by a rigid acceleration of the cylinder surface

⇒

Ω

Σ

s

Ω

• System accepts oscillatory solutions of rigid cylinder surface

• Torsional oscillations (Braginsky, 1970), typical periods of ∼ decades
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