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S U M M A R Y
Motion of the rotation axis of the Earth contains decadal variations with amplitudes on the
order of 10 mas. The origin of these decadal polar motions is unknown. A class of rotational
normal modes of the core–mantle system termed torsional oscillations are known to affect the
length of day (LOD) at decadal periods and have also been suggested as a possible excitation
source for the observed decadal polar motion. Torsional oscillations involve relative motion
between the outer core and the surrounding solid bodies, producing electromagnetic torques
at the inner-core boundary (ICB) and core–mantle boundary (CMB). It has been proposed
that the ICB torque can explain the excitation of the approximately 30-yr-period polar motion
termed the Markowitz wobble. This paper uses the results of a torsional oscillation model to
calculate the torques generated at Markowitz and other decadal periods and finds, in contrast
to previous results, that electromagnetic torques at the ICB can not explain the observed polar
motion.
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1 I N T RO D U C T I O N

Variations in the rotation of the Earth occur over a wide range of
timescales. Both the orientation and magnitude of the planetary ro-
tation vector are known to vary on timescales ranging from days to
millions of years. Some changes are driven by external forces (e.g.
lunisolar tides) and others by internal mass redistributions (e.g. man-
tle convection). The advent of space geodetic techniques has greatly
increased the accuracy and resolution of planetary rotation measure-
ments, resulting in a corresponding increase in our knowledge of
the planetary interior. When the forcing is well known, as is the
case for lunisolar tides, the observed nutations of the planet can be
used to constrain physical parameters such as the dynamic elliptic-
ity of the core and of the whole Earth (e.g. Mathews et al. 2002).
When external forcings alone can not produce the observed rota-
tional variations, an excitation within the Earth system (including
the core, oceans and atmosphere) must exist and thus constraints
can be placed on the dynamics of these regions.

Torsional oscillations are a class of rotational normal modes as-
sociated with the resonance of shear hydromagnetic waves in the
fluid core. Flow in the fluid core may generate torques at both
the core–mantle boundary (CMB) and inner-core boundary (ICB).
Torques aligned with the rotation axis (henceforth axial torques)
alter the magnitude of the rotation vector producing a change in the
length of day (LOD). Non-axial torques will not appreciably influ-
ence LOD, instead they alter the orientation of the rotation vector,
that is, they excite polar motion. Torsional oscillations have long
been associated with decadal fluctuations in LOD through angular
momentum arguments (e.g. Braginsky 1970, 1984; Jault et al. 1988;

Jackson et al. 1993). Torsional oscillations may exchange angular
momentum with the mantle through electromagnetic (e.g. Bullard
et al. 1950; Rochester 1960; Holme 1998), topographic (e.g. Hide
1969; Jault et al. 1996; Kuang & Chao 2001), viscous (e.g. Kuang
& Bloxham 1993) or gravitational (e.g. Buffett 1996a,b) couplings.
Of these candidates, gravitational coupling between the ellipsoidal
mantle and inner core is the mechanism most likely to produce the
axial torque required to explain decadal LOD variations. Core flow
may also produce non-axial torques at the CMB and ICB and thus
influence polar motion as well as LOD (e.g. Greff-Lefftz & Legros
1995; Hide et al. 1996; Hulot et al. 1996; Dumberry & Bloxham
2002; Greiner-Mai et al. 2003).

This paper focuses on an observed set of polar motions with
decadal periods. Decadal variations were first claimed by Markowitz
(1960) and such polar motions with an approximately 30-yr period
are termed the Markowitz wobble (Rochester 1970). More recent
analysis of Earth rotation time-series has discerned a suite of po-
lar motion variations with periods ranging from 7 to 86 yr (Schuh
et al. 2001), indicating that the Markowitz wobble is but one exam-
ple of a related class of decadal polar motions. The lack of exter-
nal forcings at the observed periods implies that the excitation of
these motions must be the result of a process internal to the Earth
system. The Markowitz wobble may represent a normal mode of
the coupled earth–ocean system (Dickman 1983), although there
is debate as to the physical significance of this mode (Wahr 1984;
Dickman 1985; Wahr 1985). More recent work suggests that pro-
cesses occurring at the surface of the solid Earth, including changes
in groundwater, oceans or atmosphere, do not appear capable of ex-
citing the observed decadal polar motion (e.g. Celaya et al. 1999;
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Jochmann 1999; Greiner-Mai et al. 2003). The excitation source
for the Markowitz and other decadal wobbles may therefore reside
within the core. Support for a core origin may be found from the
observed correlation between decadal changes in polar motion and
LOD (Poma & Proverbio 1980). As noted by Dumberry & Bloxham
(2002), decadal changes in LOD are the result of angular momen-
tum exchange between the mantle and core and thus the correlation
between the two data sets suggests that the core also plays a role in
the excitation of decadal polar motion.

The observed polar motion corresponds to a change in the angular
momentum of the mantle. If angular momentum within the whole
Earth system is conserved then the observed change in mantle angu-
lar momentum can be interpreted as an equal and opposite change
in core angular momentum, however the mechanism that couples
the core and mantle must also be determined. Electromagnetic and
topographic coupling between the fluid core and mantle have been
investigated and found to be unable to provide the torque required
to produce the observed polar motions (e.g. Greff-Lefftz & Legros
1995; Hide et al. 1996; Hulot et al. 1996; Greiner-Mai et al. 2003).
Investigations that assumed that inertial forces supply the restoring
torque suggested that the inner core might play a role in the gen-
eration of the Markowitz wobble (Busse 1970; Kakuta et al. 1975).
However, it was shown that the gravitational forces associated with
the flattening of the inner core would dominate the inertial forces
greatly altering the period of the inner-core motion (Szeto & Smylie
1984a,b, 1989). Following on from this work, it has been suggested
that the observed polar motions might be explained if the figure
axis of the inner core is tilted by ∼1◦ and is experiencing quasi-
periodic decadal fluctuations about a mean eastward drift of ∼0.7◦

yr−1 (Greiner-Mai et al. 2000; Greiner-Mai & Barthelmes 2001;
Greiner-Mai et al. 2003). As noted by those authors, this inner-core
tilt would produce a gravity signature that should soon be detectable
by the GRACE and CHAMP satellite missions. However, this work
did not include the effects of the fluid core on the rotational dy-
namics; the influence of the fluid core was included in the work of
Dumberry & Bloxham (2002) who found that the observed decadal
polar motions could be produced by torques at the ICB with a re-
sultant inner-core tilt of only 0.07◦.

Dumberry & Bloxham (2002) considered the effect of electro-
magnetic coupling at the ICB and determined that a non-axial torque
of 1020 N m could produce the observed magnitude of the Markowitz
wobble and perhaps the ellipticity of that polar motion as well. They
further argued that the required torque could be produced by the
fluid motion associated with torsional oscillations. Torsional oscil-
lations are azimuthal oscillations of the fluid core in which cylinders
of fluid undergo effectively rigid-body rotation (Braginsky 1970).
These oscillations occur as the inertial response to fluctuations in
Lorentz forces on these cylinders in accordance with Taylor’s con-
straint that a net axial Lorentz torque can not be maintained on
such cylinders (Taylor 1963). Torsional oscillations are known to
contain a number of decadal resonances (e.g. Braginsky 1970) and
enhanced torques on the inner core would be expected at these pe-
riods. Torsional oscillations are believed to be responsible for the
decadal fluctuations in LOD (Jault et al. 1988; Jackson et al. 1993;
Zatman & Bloxham 1997) and it is therefore reasonable to suppose
that torsional oscillations may also be responsible for decadal polar
motion, especially in light of the observed correlation between the
two sets of rotational variation (Poma & Proverbio 1980; Dumberry
& Bloxham 2002).

The model of Dumberry & Bloxham (2002) assumed the am-
plitude of the inner-core torque to be period independent and the
Markowitz wobble to be a purely forced motion. As a result, their

model does not produce a peak in the polar motion spectrum at the
Markowitz period. Schuh et al. (2001) have shown that the spectrum
of polar motion contains several oscillations with periods ranging
up to 86 yr. This observation is likely compatible with the model
of Dumberry & Bloxham (2002) as a result of the likelihood of
increased torques at periods corresponding to the suite of torsional
oscillation normal modes. This paper revisits the question of the
non-axial electromagnetic torque produced on the inner core by tor-
sional oscillations. A finite-volume formulation of the core–mantle
dynamics is used to determine a possible period dependence of the
excitation and hence the associated spectrum of polar motions.

2 T H E O RY

Relative motion between the solid core and the overlying fluid will
shear the magnetic field crossing the ICB resulting in an electromag-
netic friction that couples the fluid and solid cores. The amplitude
and orientation of the resulting torque depend on the geometry of
both the core flow and the magnetic field at the ICB. This torque
can be expressed as (following Dumberry & Bloxham 2002)

�ICB = 1

µ

∫
ICB

(r × b)B · dS, (1)

where µ is the permeability of free space, r the position vector on
the ICB, B the primary magnetic field, b the magnetic perturbation
resulting from the shear flow and dS = r 2

i sin θ dφ dθ r̂ is the surface
element on the assumed spherical ICB.

The perturbation to the radial magnetic field that arises as the
result of a purely azimuthal shear flow at the ICB, as is the case for
torsional oscillations, has been derived by Buffett (1992) as

b = bφ φ̂ = 1

4
µσ f δ f (1 + i)Br �VICB φ̂, (2)

where δf is the skin depth of the core, σ f is the core conductiv-
ity and �V ICB is the difference in linear velocity across the ICB.
For torsional oscillations �V ICB = s[u f (s) − ui ], where s is the
distance from the planetary rotation axis and uf (s) and ui are the
angular velocity variations of the fluid and solid cores, respectively.
Following Dumberry & Bloxham (2002), the magnetic field at the
ICB is assumed to consist of axial and equatorial dipole components
described in terms of Gauss coefficients defined at the ICB such that

Br = −2gICB
1,0 cos θ − 2gICB

1,1 cos φ sin θ. (3)

A global Cartesian coordinate system is used and oriented such that
the equatorial dipole moment is oriented in the x̂ direction (ẑ is
aligned with the equilibrium planetary rotation axis).

Evaluation of eq. (1), making use of eqs (2) and (3), yields the
net torque on the solid core as a result of electromagnetic friction.
In the chosen Cartesian coordinate system

�ICB
x = −1

2
πσ f δ f (1 + i)

∫ ri

0

(
8gICB

1,0 gICB
1,1

)
×

(
zi

ri

)
s3[u f (s) − ui ] ds, (4a)

�ICB
y = 0, (4b)

�ICB
z = πσ f δ f (1 + i)

∫ ri

0

[
4

(
gICB

1,0

)2 + 2
(
gICB

1,1

)2 s2

z2
i

]

×
(

zi

ri

)
s3[u f (s) − ui ] ds, (4c)
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where zi = √
r 2

i − s2. �ICB
x is the component of the torque respon-

sible for inducing polar motion, whereas �ICB
z is the component

related to changes in LOD. Note that although this latter component
contains a singularity at s = r i it is an integrable singularity, thus
despite the appearance of 1/zi in eq. (4c) the net torque remains
bounded.

Whereas Dumberry & Bloxham (2002) assumed a constant value
for �V ICB, enabling a direct evaluation of eq. (4a), in this paper a
finite volume torsional oscillation model (Buffett & Mound 2005)
is used to solve for the frequency dependent fluid and solid core an-
gular velocities, and hence the torque at the ICB. In this model, the
outer core is described by a large number of nested cylinders aligned
parallel to the planetary rotation axis (in particular, this work uses
80 cylinders within the tangent cylinder and 160 in the remainder
of the fluid core). The coupled angular momentum equations of
each cylinder as well as the inner core and mantle form an eigen-
value problem, which is solved to determine both the frequency and
spatial structure of the torsional normal modes of the core–mantle
system. Additionally, the response of the system to an applied pe-
riodic forcing can be determined. The resultant solutions for the
velocities of the fluid cylinders, solid core and mantle can then be
used to calculate torques at the ICB and CMB. In particular, eq. (4a)
is evaluated for two different core models that simultaneously sat-
isfy the general observational constraints on torsional oscillations.
These constraints are decadal wave-like motion of the fluid core with
amplitudes of a few tenths of a millimeter per second (e.g. Bloxham
& Jackson 1991) producing LOD changes of a few milliseconds
(e.g. McCarthy & Babcock 1986).

The electromagnetic torque generated at the CMB by flow within
the core has been previously investigated and found to be too small to
explain the observed magnitude of decadal polar motions (e.g. Greff-
Lefftz & Legros 1995; Greiner-Mai et al. 2003). A determination
of this torque will be included here for greater completeness and as
a check of the approach against established results. Calculation of
the torque at the CMB proceeds in the same fashion as for the ICB
torque. The conductivity of the mantle is assumed to be confined to
a thin layer just above the CMB such that σ = σ m exp [(r f − r )/�],
where σ m is the conductivity on the mantle side of the CMB, rf is
the radius of the CMB and � is the effective thickness of the layer.
In this case, the magnetic perturbation induced by azimuthal flow is
(Buffett 1992)

b = bφ φ̂ = −µσm�Br �VCMB φ̂, (5)

where the difference in linear velocity across the CMB is given by
�V CMB = s[u f (s) − um], with um denoting the angular velocity
variation of the mantle. Assuming a magnetic field that is a mixture
of axial and equatorial dipole components gives the net torque on
the mantle as

�CMB
x = −2πσm�

∫ r f

0

(
8gCMB

1,0 gCMB
1,1

)
×

(
z f

r f

)
s3[u f (s) − um] ds, (6a)

�CMB
y = 0, (6b)

�CMB
z = 4πσm�

∫ r f

0

[
4

(
gCMB

1,0

)2 + 2
(
gCMB

1,1

)2 s2

z2
f

]

×
(

z f

r f

)
s3[u f (s) − um] ds, (6c)

where z f =
√

r 2
f − s2. Note that the gauss coefficients here are for

the field at the CMB and are not the same as the coefficients in
eqs (3)–(4c), which are for the ICB field. In general, the orientation
of the equatorial dipole components at the ICB and CMB will not
be the same and, in fact, the ICB and CMB magnetic fields will
be much more complex. However, for convenience, simple dipolar
geometries are assumed for the field at both the CMB and ICB.

The equations governing the nutations of the Earth, including
motions of the fluid and solid cores, have been previously developed
and in their simplest form can be expressed by the matrix equation
(e.g. Mathews et al. 1991, 2002)

M · x = N, (7)

where x = [m̃ m̃ f m̃s ñs]T is a column vector consisting of
the amplitudes of polar motion of the whole Earth, fluid core and
solid core, and the amplitude of the solid core tilt, respectively. M
gives the algebraic relationships between the components of x; and
N describes the forcing. In this work, the prescribed forcing is the
non-axial torques at the ICB and CMB determined from the torsional
oscillation model and the equations are to be solved for the resultant
polar motion. (For further details on this system of equations and
their solution see e.g. Mathews et al. 1991, 2002; and also Dumberry
& Bloxham 2002 for the case of a forcing at an internal boundary.)

3 R E S U LT S

The finite volume model can be used to solve the torsional oscil-
lation equations for a general suite of core–mantle properties: the
particular parameter values used in this study are listed in Table 1.
The values for the magnetic field components at the ICB are chosen
to match Dumberry & Bloxham (2002); both the ICB and CMB
dipole field strengths are in agreement with constraints obtained
from analyses of tidally forced nutation series (Mathews et al. 2002).
Relaxation of the inner-core shape is also included in the model
with characteristic relaxation times, ϒ , of either 1 or 100 yr. The
inner-core relaxation is incorporated by the inclusion of a frequency
dependent factor (see e.g. Buffett 1998), which is applied to both
the axial and non-axial torques when determining the gravitational

Table 1. Physical parameters used in torsional oscillation model.

Parameter Symbol Value

Radius of ICB ri 1.22 × 106 m

Radius of CMB rf 3.48 × 106 m

Fluid core density ρf 1.2 × 104 kg m−3

Inner-core moment of inertia Ci 5.87 × 1034 kg m2

Mantle moment of inertia Cm 7.12 × 1037 kg m2

Radial magnetic field in fluid Bs 0.165 mT

ICB magnetic field components gICB
1,0 6.3 mT

gICB
1,1 3.0 mT

CMB magnetic field components gCMB
1,0 0.25 mT

gCMB
1,1 0.025 mT

Core conductivity σ f 5 × 105 S m−1

Mantle conductance σm� 108 S

Fluid core skin depth δf 31.0 km†
Gravitational coupling constant �g 2 × 1020 N m

†Calculated for a period of 60 yr.
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Figure 1. Model predictions for the period dependence of (a) LOD change
and (b) average fluid velocity; and (c) representative examples of �V ICB. ϒ
= 100 yr; other physical parameters as in Table 1.

effect of inner-core displacement on the rotation of the mantle. If
the relaxation is assumed to occur as a result of viscous deformation
throughout the entire solid core, these relaxation times correspond
to inner-core viscosities of 5 × 1016 and 5 × 1018 Pa s, respectively
(following Buffett 1997).

Fig. 1 shows the period dependence of the amplitudes of �LOD
and the fluid velocity oscillations obtained from the model when
ϒ = 100 yr. Resonances in these quantities are found at a number
of decadal periods that correspond to the torsional oscillation nor-
mal modes. As the amplitude of the fluid oscillations varies with
position in the core, the root-mean-square average of the oscillation
amplitude of all fluid cylinders within the model is plotted; at any
period the maximum fluid oscillation amplitude is roughly a factor
of 2 greater than the average. Within the tangent cylinder the fluid
is strongly coupled to the inner core by the electromagnetic fric-
tion and hence the fluid within the tangent cylinder rotates with the
inner core very nearly as a rigid body. The difference between the
linear velocity of the fluid and solid cores as a function of radius is
plotted in Fig. 1(c) for three representative examples. Note that the
maximum difference in the linear velocities is 2 orders of magni-
tude less than the velocities themselves. Since the model considers
purely rotational motion, the linear velocities (and hence their differ-
ence) must vanish as s → 0. Away from the rotation axis, the model
produces variations in fluid velocity that are roughly sinusoidal in
appearance.

Similar results are obtained when ϒ = 1 yr (Fig. 2), although in
this case there are weaker resonances in the predicted LOD spec-
trum and there is no peak in the model response near 6 yr. Also
note that at decadal periods fluid velocities are slightly higher than

Figure 2. Model predictions for the period dependence of (a) LOD change
and (b) average fluid velocity; and (c) representative examples of �V ICB. ϒ
= 1 yr; other physical parameters as in Table 1.

in the ϒ = 100 yr case. Gravitational coupling between the inner
core and mantle is the mechanism most likely to be responsible for
the exchange of angular momentum associated with the observed
decadal LOD variations and the observed 6–7 yr resonance (Buffett
1996a,b; Mound & Buffett 2003). A relatively rapid rate of inner-
core relaxation would prevent a large offset between the inner-core
and mantle density fields and reduce both the amplitude and qual-
ity factor of oscillations involving the gravitational coupling. The
observed 6–7 yr oscillation in LOD therefore implies that the char-
acteristic relaxation time of the inner core is a few years or more
(Mound & Buffett 2003) and that gravitational coupling plays an
important role in the exchange of angular momentum between the
mantle and core.

The torques at the ICB and CMB can be computed using the de-
termined velocities of the fluid core, solid core and mantle. The reso-
nances in fluid velocity produce a set of peaks in the resultant torque
spectra (Figs 3 and 4). This suggests that the mechanism proposed
by Dumberry & Bloxham (2002) may be able to explain the entire
suite of observed decadal oscillations of polar motion, including the
Markowitz wobble. However, although the model fluid velocities
and LOD amplitudes match the general observational constraints,
the amplitude of the ICB and CMB torques are approximately
3 orders of magnitude too small to excite the observed polar motions
(torques of the order of 1020 N m are required).

The magnitude of the non-axial torques on the mantle and inner
core are found to be relatively insensitive to the choice of inner-
core viscosity, except near the six-to-seven year resonance arising
from the mantle inner-core gravitational normal mode. In general
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Figure 3. Model predictions for the period dependence of the amplitude
of (a) non-axial torque at the ICB, (b) non-axial torque at the CMB and
(c) resultant polar motion variation (the peak near 6.6 yr rises to ∼8 mas).
ϒ = 100 yr; other physical parameters as in Table 1.

the slightly smaller fluid velocities in the ϒ = 100 yr case produce
slightly smaller torques on the surrounding solid bodies. However,
for periods near six years the resonance associated with the mantle
inner-core gravitational normal mode produces a torque on the inner
core that is approximately four times greater than the decadal torques
in the ϒ = 100 yr model. This normal mode is highly damped by
inner-core deformation when ϒ = 1 yr and thus in that model its
resonant affect on the non-axial torques is much smaller than in the
model with ϒ = 100 yr. In both cases the non-axial torques at the
CMB are of the same order of magnitude as those found in pre-
vious studies (e.g. Greff-Lefftz & Legros 1995; Greiner-Mai et al.
2003). This agreement both supports the validity of the present ap-
proach and reaffirms the established view that CMB electromagnetic
torques are insufficient to explain the observed decadal motions. The
non-axial ICB torques found by the present study are approximately
3 orders of magnitude smaller than the estimate of Dumberry &
Bloxham (2002).

The values of �ICB
x found by the present model are smaller than

those found previously for two reasons. Most importantly, Dumberry
& Bloxham (2002) assumed that �V ICB was equal to the observed
fluid velocity, that is, they considered ui = 0. However, the inner core
will also undergo rotational variations so that the difference in linear
velocity across the ICB is in fact much smaller than V f . Indeed, the
strong electromagnetic friction at the ICB causes the overlying fluid
to be tightly coupled to the solid core such that the maximum values
of �V ICB are of the order of a few per cent of the observed fluid
velocity. This explains two of the 3 orders of magnitude disagree-

Figure 4. Model predictions for the period dependence of the amplitude
of (a) non-axial torque at the ICB, (b) non-axial torque at the CMB and (c)
resultant polar motion variation. ϒ = 1 yr; other physical parameters as in
Table 1.

ment between the current results and those of Dumberry & Bloxham
(2002). The remaining difference is attributable to the assumption
of a constant �V ICB value by Dumberry & Bloxham (2002). Al-
though tightly coupled to the inner core, there is spatial variation
in fluid velocity within the tangent cylinder (recall Figs 1c and 2c).
When integrated from s = 0 → r i geometric cancellation reduces
�ICB

x by a further order of magnitude. The particular spatial form of
�V ICB to some extent reflects the geometry chosen for the excita-
tion source, however a variety of excitation source geometries have
been considered and found to produce little change in the resultant
non-axial torques.

The amplitude of polar motion induced by the torques determined
from the torsional oscillation model for ϒ = 100 and 1 yr are plotted
in Figs 3(c) and 4(c), respectively. In both cases, there are maxima
at a set of decadal periods but with amplitudes that are 3 orders of
magnitude smaller than observed. The magnitude of the computed
torques at decadal periods were found to be insensitive to the char-
acteristic relaxation time of the inner core, however their resulting
influence on the induced polar motion depends more strongly on ϒ .
In fact, although the torques were found to be slightly larger, the in-
duced polar motion was smaller in the ϒ = 1 yr model. Relaxation
of the inner core may greatly influence the efficiency with which
torques at the ICB excite polar motion.

In the model with ϒ = 100 yr, the polar motion induced by the
torques at the ICB and CMB are of the same order of magnitude,
except near the resonance associated with the free inner-core wob-
ble, which has a period of approximately 6.6 yr. If the inner-core

C© 2004 RAS, GJI, 160, 721–728



726 J. E. Mound

relaxation time is relatively long then a torque at the ICB
efficiently excites the inner-core wobble, which amplifies the in-
duced polar motion near this period. The torque at the CMB does
not excite the inner-core wobble as strongly and thus at periods near
6.6 yr the polar motion induced by the CMB torque is 2 orders of
magnitude smaller than that induced by the ICB torque. If the inner
core relaxes more rapidly then an ICB torque excites polar motion
less effectively. In particular, excitation of the inner-core wobble is
greatly reduced as is the associated resonance in polar motion. The
effect of rapid inner-core relaxation is also seen at longer periods.
When ϒ = 1 yr, the polar motion induced by the ICB torque is an
order of magnitude less than that induced by the CMB torque at
interannual to decadal periods. Thus the total induced polar motion
is approximately halved in this model in comparison to the model
with ϒ = 100 yr in which the polar motion induced by the ICB and
CMB torques are of the same order of magnitude.

4 D I S C U S S I O N

No attempt was made to specifically match the observed decadal
periods of polar motion. The periods of the torsional oscillation nor-
mal modes are determined by physical properties of the core–mantle
system including the magnetic field inside the core and the inner-
core viscosity. The observed periods might be matched by varying
these physical parameters, however such attempts are premature
until the core–mantle coupling mechanism and the underlying ex-
citation source are determined. For the chosen model parameters,
a sufficiently large excitation can produce electromagnetic torques
that excite decadal polar motions to the observed amplitude, however
in these cases the fluid velocity and LOD constraints are not met.
Reasonable variations in the model parameters can not reconcile the
polar motion and LOD constraints. For example, a larger magnetic
field strength at the ICB or CMB would increase the magnitude
of the electromagnetic torque for a given value of �V , however
the increased coupling would also reduce this velocity difference,
and as a result the net effect on the non-axial torque would be small.
Similarly, changing the strength of the gravitational coupling has lit-
tle effect on the non-axial torque at the ICB. The mantle–inner-core
gravitational coupling provides a mechanism to transfer electromag-
netic torques on the inner core to the mantle. To explain the LOD
signal requires a torque of the order of 1018 N m and hence both
the gravitational and electromagnetic axial torques on the inner core
will be of this order regardless of the chosen value for �g (Mound &
Buffett 2003). Although the amplitude of inner-core motion varies
when �g is altered, the velocity difference across the ICB and hence
the axial and non-axial ICB electromagnetic torques are unaffected.

Therefore, although resonant excitation of torsional oscillations
provides a possible mechanism for producing the observed suite of
decadal polar motions, it seems that electromagnetic couplings alone
can not provide the necessary torque for models consistent with
observed LOD variations. This difficulty arises from the fact that
to produce the observed decadal variations in the magnitude of the
planetary rotation vector (i.e. LOD change) requires torques on the
mantle of the order of 1018 N m whereas production of the observed
variations in the orientation of the planetary rotation vector (i.e.
polar motion) requires torques of the order of 1020 N m (e.g. Dickey
et al. 1990). Thus, despite the observed correlation between LOD
and polar motion (Poma & Proverbio 1980), the question remains
as to the single process that can produce both axial and non-axial
torques whose magnitudes differ by 2 orders of magnitude.

As noted by Dumberry & Bloxham (2002), torsional oscillations
may be quite efficient at exciting the inner-core wobble, which has

a natural frequency of ∼ 6.6 yr. For relatively long inner-core re-
laxation times, the resonance associated with the inner-core wobble
should be clearly visible relative to the longer period decadal polar
motions (Fig. 3c), provided a sufficient excitational torque exists at
the ICB. The lack of such a distinctive resonance in the observed
spectrum (Schuh et al. 2001) suggests that either ICB torques result-
ing from torsional oscillations are not responsible for the observed
polar motions or that the relaxation time of the inner core is relatively
short (not more than a few decades). On the other hand, the observed
6–7 yr oscillation in LOD suggests that the relaxation time of the
inner core is at least a few years (Mound & Buffett 2003). A more
detailed comparison of theory and observations should be able to
better establish these upper and lower bounds. Thus, if the observed
rotational variations (both LOD and polar motion) are the result of
gravitational coupling between the mantle and inner core then it may
be possible to place fairly stringent constraints on the characteristic
relaxation time of the inner core. However, any interpretation must
be treated with caution until the origin of the decadal polar motion
is determined.

The observed decadal variations in rotation are not compatible
with the hypothesis investigated here, namely a period independent
excitation source that is resonantly amplified by torsional oscilla-
tion normal modes. However it remains probable that, like the LOD
variations, the decadal fluctuations in polar motion arise as a result
of core processes. If so then the cause of the observed decadal varia-
tions must lie in some aspect of the core dynamics not included here.
The model used in this work considers only the component of the
core flow that can be attributed to torsional oscillations; the actual
core flow is much more complex. Additionally, the torsional oscil-
lation excitation source, which must depend on the full dynamics
of the core flow, is yet to be determined. Numerical dynamo mod-
elling suggest that the convective flow in the outer core can produce
time-varying torques capable of generating fluid motions similar to
torsional oscillation; because these models can not be run at entirely
Earth-like conditions, it is not clear that these motions are strictly
analogous with torsinal oscillations (Dumberry & Bloxham 2003).
In the model of Dumberry & Bloxham (2003), the fluid motion
represents a combination of forced and free oscillations. Observed
LOD variations also likely reflect both the resonances associated
with torsional oscillation normal modes as well as the dynamics of
the complex core flow that excites the oscillations.

Similarly, if the observed decadal polar motion can not be ex-
plained solely in terms of the resonant effects of torsional oscilla-
tions then the polar motions should be interpreted as a combination
of forced and free oscillations. Perhaps non-zonal flows near the
ICB generate the required non-axial torque and torsional oscilla-
tions only weakly modulate this torque. Electromagnetic friction at
the ICB can provide significant coupling between the fluid and solid
cores and the presence of a tilted dipole field at the ICB would al-
low even an axisymmetric meridional flow to generate a non-axial
torque on the inner core. Time variability in the flow or in the mag-
netic field at the ICB might then produce the fluctuations in the
torque required to explain the observed polar motion spectrum. In
any case, it appears that the explanation of the observed decadal
rotational variations involves a dynamic process beyond resonant
amplification by torsional oscillations.

5 F I N A L R E M A R K S

The calculations described above indicate that resonances associated
with torsional oscillations may represent a means of exciting a suite
of decadal polar motions such as have been observed. This idea
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supports the previously noted connection between polar motion and
core flow. Torsional oscillations may influence both the observed
decadal LOD and polar motion variations. However electromagnetic
couplings at the ICB do not provide a sufficient torque to match
the observed amplitudes of polar motion when the oscillations are
also constrained to match the amplitude of the observed decadal
LOD fluctuations. This result is in disagreement with the findings
of Dumberry & Bloxham (2002) as a result of the adoption here of a
more realistic model of the velocity differences across the ICB. The
observed polar motion spectrum may therefore reflect the dynamics
of the excitation source rather than the normal modes of torsional
oscillation. If a torque compatible with the observed properties of
torsional oscillations could be found then the observed polar motions
might yield constraints on the dynamics of the fluid core and on
physical properties such as magnetic field strength within the core
and inner-core viscosity. However, at present any such inferences
appear premature as the origin of the Markowitz and other decadal
wobbles remains unknown.
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