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Chapter 1

Review of the state of the art
in interannual core dynamics

1.1 Context of the 4D-Earth-Swarm activities

Our activities are broadly characterised by one scientific question, namely
the physical modeling of rapid secular variation (SV, or rate of change of
the magnetic field) changes. These are inter-annual changes with time scales
of two years to several decades. The question will be tackled using several
angles of investigation, including:

• the modeling of geomagnetic data by means of reduced stochastic
models of the core surface dynamics, based on satellite observations
through (stochastic) data assimilation algorithms;

• the physical modeling of such SV changes through reduced quasi-
geostrophic (QG) models that describe the dynamics of axially in-
variant motions in the core in the presence of magnetic field;

• the comparison of SV changes observed through satellite (Swarm and
others) data with outputs from three-dimensional computations.

These are further described in the sections below.

1.2 Background

Swarm data hold the prospect of illuminating interior properties of the core,
such as the strength and distribution of magnetic fields and, potentially, the
strength of buoyancy forces. The observed spatio-temporal changes can be
related to a model of the electrically conducting cores interior dynamics,
provided that a predictive dynamical model of those dynamics is available.
However, only in very special circumstances is such a deterministic model
already available. It is the case for torsional oscillations (namely the oscilla-
tions of cylinders of fluid coaxial with the rotation axis, where the restoring
force is entirely magnetic), used by Gillet et al (2010) to determine one prop-
erty of the interior magnetic field from interannual changes in the fluid flow
over the last few decades. In no other case is a dynamical model available for
the study of the rapid (i.e. decadal and shorter) geomagnetic field changes.
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2 CHAPTER 1. STATE OF THE ART

The exploration of suitable strategies for the creation of a model applicable
to Swarm data is one of the aims of the present proposal. The accepted state
of the art for combining observations with a dynamical model is termed data
assimilation (DA). At present there are two flavours of DA which are avail-
able to the geomagnetic community: probabilistic (here sequential) assimi-
lation (SDA) and variational assimilation (VDA). The sequential approach
in the context of primitive magneto-hydro-dynamic equations has been pio-
neered by A. Fournier & J. Aubert and colleagues at IPGP and W. Kuang &
A. Tangborn at NASA. More and more groups are adopting this approach,
including groups in Germany and Japan.

Recently, SDA was also considered to tackle questions posed by satellite
observations by means of two pragmatic approaches: either through no-
cast re-analyses (i.e. no time-stepping of the deterministic model) using
three-dimensional geodynamo model cross-covariances (Aubert, 2015), or
by considering instead a stochastic forecast model anchored to geodynamo
spatial covariances and compatible with the occurrence of geomagnetic jerks
(Barrois et al, 2017).

The variational approach has been applied to simplified problems by Li
et al (2014). In principle, the mechanics of this approach are in hand, but
there is a need to develop a suitable model to which this approach could be
applied that does not suffer from the effects of overly-large viscosity. The
idea for a variational approach was also set out in Canet et al (2009) and
applied to the problem of torsional oscillations.

A number of potential avenues are open for the development of a new
dynamical model. We believe that there are close parallels with similar
problems in oceanography, whose community has worked for many years to
develop models in which the effect of viscosity is not overbearing.

We mention promising avenues: Canet et al (2009) and Labbé et al
(2015) have developed a QG model of core dynamics that holds the promise
of development into a suitable dynamical model for assimilation. While most
of the terms in the Navier-Stokes equation can be elegantly handled by these
approaches, neither of the models are able to properly treat the magnetic
terms in a rigorous manner. This family of approaches will be stepping-off
points in our quest to develop a suitable dynamical core for assimilation.

In the following sections we discuss the pertinent observations and tech-
niques that have been developed by the community, what they tell us, and
what is the state of play.

1.3 Origin and observability of interannual mo-
tions observed

A consensus view of the 4D Earth team is that it is a regrettable situation
that the 6 year torsional oscillations have only been observed by one team,
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namely the original discoverers (Gillet et al, 2010). Despite the strong evi-
dence from the predicted length-of-day (LOD) changes that correspond well
to the observed changes (Gillet et al, 2015), there is a need for an inde-
pendent corroboration of these motions (even though the above observation
has been confirmed with several rather distinct algorithms, see Gillet et al,
2019). This was never proposed as part of the WPs of the present proposal,
but, considering the importance of the observation for core dynamics, it is
to be hoped that a scientific team will take up the challenge. A key ingre-
dient in the isolation of torsional oscillations at interannual periods by the
Grenoble group is the inclusion of unmodelled SV sources associated with
time-correlated subgrid processes. We believe any attempt at reproducing
this result should involve this mechanism, in order to avoid either losing in-
formation by under-fitting SV data, or generating severely biased core flow
models by over-fitting them.

The strongest repeating signal in LOD series is at 6 years (Abarca
Del Rio et al, 2000; Chao et al, 2014; Holme and De Viron, 2013). Filtered
around this period, core flow models inverted from SV models show an out-
ward propagation of zonal motions. When interpreted as torsional Alfvén
waves (Braginsky, 1970), the recovered wave form raises several geophysical
issues. First the absence of noticeable reflexion at the equator may be inter-
preted in term of a relatively weak conductance of the lower mantle (of the
order of 3 107 S), in a scenario where the core-mantle coupling is operated
through an electro-magnetic stress (Schaeffer and Jault, 2016). However,
there is still the possibility for a topographic torque to be responsible for
the associated LOD changes (see §1.9).

Second, the propagation from the inner core (at least during the 1960-
70’s) has been first interpreted through a torque involving the inner core.
This latter may be associated with Lorentz forces on the vicinity of the
tangent cylinder (Teed et al, 2015), as it is the case in dynamo simulations
(Schaeffer et al, 2017). Alternatively, it may involve a gravitational coupling
between the inner core and the mantle (Mound and Buffett, 2006), although
this scenario itself is debated (Davies et al, 2014; Chao, 2017). The possi-
bility of an excitation induced by magnetospheric field changes has been
proposed (Legaut, 2005), but there may not be enough energy there to ex-
cite torsional Alfvén waves (by definition equi-partitioned in kinetic and
magnetic energies) with the observed amplitude. Finally, one cannot rule
out the possibility of a forcing spread throughout the fluid core, as we have
only access to the gravest of the torsional modes (Gillet et al, 2017). The
question whether the better spatio-temporal resolution offered by Swarm
data will give or not access to higher harmonics is open.

Regardless, one should keep in mind that the above zonal flows only
represent a tiny contribution to interannual motions (Gillet et al, 2015; Kloss
and Finlay, 2019), and that we still miss a conclusive interpretation of the
more energetic non-zonal motions (see also §1.6). We also stress the limited
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access to interannual field changes, which are constrained by observations
only for the largest length-scales in geomagnetic field models (Gillet, 2019).

1.4 Basic mechanisms for core-mantle coupling,
and settled questions

Core-mantle coupling plays an important part in the time evolution of the
LOD, with periods above 2 years, and in the dissipation of the annual ret-
rograde nutation of the Earth’s rotation axis. Changes of axial core angular
momentum are estimated from models of the geostrophic motions in the
Earth’s fluid core and changes of axial mantle angular momentum are di-
rectly inferred from LOD observations. There is reasonable evidence that
variations in the core and mantle axial angular momentum compensate al-
though uncertainties remain significant (Gillet et al, 2015; Bärenzung et al,
2018). Curiously, the agreement appears less good during the satellite era,
from ≈ 2003 onward (Gillet et al, 2019). The core-mantle coupling mecha-
nism responsible for the exchanges of angular momentum between the fluid
core and the solid mantle is still debated.

The most widely studied coupling mechanisms between core and mantle
are viscous, gravitational, topographic and electromagnetic (EM). Unfortu-
nately they all depend on poorly known properties of the lowermost mantle
and core, respectively the effective core viscosity, geometry of the gravity
equipotential surface next to the core-mantle boundary, topography of the
core-mantle interface and the electrical conductivity of the lowermost man-
tle (Roberts and Aurnou, 2011). Of these, we briefly review EM coupling
below as this is most relevant to the 4D-Earth-Swarm proposal.

Studies of EM sounding from Earth’s surface based on external magnetic
field fluctuations have poor sensitivity to the lowermost mantle, although
typical values are 10 S/m (Constable, 2007). Yet due to inhomogeneities on
the core-mantle boundary, these values may not be indicative of the con-
ductivity at the interface itself. The difficulty in determining conductivity
is further compounded by the fact that EM coupling mechanisms gener-
ally depend on conductance, the integrated conductivity over a layer (whose
thickness is unknown), rather than the conductivity itself.

Independently, through respectively models of EM coupling and consid-
eration of nutations, both Holme (1998) and Buffett et al (2002) propose
a conductance of 108 S. One possibility is this is caused by a thin layer
(of about 200 m) of material with the same conductivity of the core. The
occurrence of a solid metallic layer at the lowermost mantle pressure and
temperature is problematic and the mechanism of nutation dissipation re-
mains an open question (Buffett, 2010). Even if the conducting materials
are distributed over a thicker region, it is difficult to avoid a layer of rel-
atively conductive material on the core-mantle boundary (CMB) interface
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as on treating the majority of the lowermost mantle as a single layer of
depth 1000 km would yield a conductance of 107 S, inconsistent with other
estimates. However, this reasoning does not hold if other mechanisms par-
ticipate in the coupling of the core with the mantle as the required EM
torque would be lower.

Another line of investigation comes from jointly considering dynamics in
the core interior and interactions with the mantle. For example, torsional
waves, which propagate as Alfv́en waves in the Earth’s core, have periods
about 6 years. Their reflection upon arrival at the core equator depends
on the electrical conductance of the lowermost mantle (Schaeffer and Jault,
2016). They are completely absorbed for a mantle conductance of 1.6 ±
0.3×108 S (error bar arising from uncertainties on the intensity of the radial
magnetic field at the core equator). The apparently weak reflection of the
waves leads to estimates of total mantle conductance in the range 3× 107−
−3×108S. All the above estimates offer consistent values of the conductance
of about 108 S, although the actual electrical conductivity at the CMB is
not well constrained.

Most dynamo simulations do not include magnetic core-mantle coupling.
The recent geodynamo study of Aubert and Finlay (2019) dedicated to the
rapid dynamics of the Earth’s core however does include a thin mantle layer
of conductance of about 2× 108 S, i.e. comparable to the above values.

1.5 How good is the quasi-geostrophic assump-
tion?

In rotating fluid dynamics, a geostrophic equilibrium is a balance between
Coriolis and pressure forces. The only truly geostrophic motions in a rotat-
ing spherical shell are zonal (axisymmetric azimuthal) flows with axial in-
variance. All other flows (including convective poloidal motions) rather obey
a degenerate form of geostrophy which is known as quasi-geostrophy (QG) at
the condition that the first-order forces driving those flows are much weaker
than the leading-order pressure and Coriolis forces. Because of the Taylor-
Proudman theorem, QG flows generally acquire a quasi-invariant structure
along the rotation axis when the first-order forces are sufficiently weak, lead-
ing to the possibility to formulate their dynamics in framework of reduced
dimensionality (e.g. Gillet and Jones, 2006; Labbé et al, 2015; Calkins, 2018).
This in turn enables important computer cost savings when performing nu-
merical simulations, and the possibility to reach strongly turbulent regime
that are appropriate for planetary cores (e.g. Gastine, 2019). QG has proven
to be an efficient way to describe rapidly-rotating thermal convection (e.g.
Gillet and Jones, 2006). In this non-magnetic case, the results compare
favourably with three-dimensional reference models and laboratory experi-
ments, particularly concerning the scaling behaviour in turbulent conditions
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(Aubert et al, 2003; Gastine et al, 2016; Guervilly et al, 2019) because the
first-order buoyancy and inertial forces remain sufficiently subdominant rel-
ative to the leading-order QG equilibrium.

Systematic surveys of three-dimensional numerical dynamos (Schwaiger
et al, 2019) performed over a wide range of the accessible parameter space
(including conditions approaching those of the Earth’s core, Aubert et al,
2017) have confirmed the existence of a leading-order QG equilibrium even
in the presence of a self-sustained magnetic field. Magnetostrophy, where
the magnetic force can reach leading order and balance the Coriolis and
pressure forces, is never observed at system scale (because the system needs
buoyant driving) and is usually deferred to scales of about 100 km, but can
approach larger scales in selected regions of the parameter space where the
convective forcing is low (Dormy, 2016; Schwaiger et al, 2019). In all simu-
lations, the occurrence of local magnetostrophy corresponds to the Lorentz
force being reduced to a magnetic pressure gradient without a dynamical
influence, meaning that from a dynamical standpoint QG in fact holds at
all scales. In the numerical dynamos, the first-order force balance coming
after QG is between the Lorentz, buoyancy forces and the ageostrophic part
of the Coriolis force. This balance is known as the MAC balance and the
total (leading plus first) order force balance is referred to as the QG-MAC
balance. The first-order MAC balance is additionally scale-dependent. At
scales larger than about 1000 km the first-order balance is mainly of ther-
mal wind nature (balance between the ageostrophic Coriolis and buoyancy
forces), with the magnetic force being subdominant. The scale-dependence
of the force balance can also be viewed as a frequency-domain dependence,
where time scales longer than the secular overturn are mainly governed by
thermal wind dynamics and the role of magnetic forces is deferred to faster,
interannual to decadal dynamics (Schaeffer et al, 2017; Aubert, 2018). This
corresponds to a minimisation of the interaction between the magnetic field
and the flow if sufficient time is allowed for the moderating effects of Lenz
law to take place.

Unlike non-magnetic rotating convective systems, numerical dynamos
frequently feature a first-order MAC balance less than an order of magnitude
below the leading-order QG equilibrium (Schwaiger et al, 2019). Because of
this, the slowly-varying (secular) flows can show departures from QG and
axial invariance, and need to be removed in order to exhibit structures closer
to QG that can be modelled as such in two space dimensions. Of particu-
lar importance are magneto-inertial waves such as interannual Alfvén waves,
which have been observed in numerical simulations at the axisymmetric (e.g.
Schaeffer et al, 2017) and non-axisymmetric (Aubert, 2018) levels. These
latter QG, axially invariant, non-axisymmetric waves have been related to
the occurrence of geomagnetic jerks (Aubert and Finlay, 2019), underlin-
ing the relevance of a QG framework to describe the geomagnetic signal
at interannual time scales. The main difficulty is that the waves ride on
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a three-dimensional, strongly heterogeneous, slowly evolving thermal and
magnetic background state that cannot readily be described within a QG
framework, as stated above. This rationalises the general difficulty encoun-
tered by the community in obtaining working self-sustained dynamos that
are purely QG, while more success has been obtained by studies where QG
flows are produced within an imposed, rather than self-sustained, magnetic
field (e.g. Labbé et al, 2015; More and Dumberry, 2017)

In summary, QG is a numerically efficient and easy to implement ap-
proximation, that has potential to describe some of the interannual core
dynamics. The insight from current three-dimensional numerical dynamos
however suggests that in the presence of a self-sustained magnetic field, a
QG description of core dynamics most likely fails to describe the slowly-
varying, buoyancy-driven secular evolution of the core that generates the
field. The way to progress may therefore consist in an estimation of a three-
dimensional background state (thermal, magnetic, kinematic) for the core
at present (during the Swarm era), over which a QG model may be built to
describe the rapidly-evolving part of the geomagnetic signal as an induced
perturbation of an imposed background field.

1.6 Stochastic models anchored to geodynamo
spatial covariances

There is currently a debate concerning the existence of a specific signal at 6
yr in the magnetic field. On the one hand, secular acceleration (SA) pulses,
or maxima in the SA norm, seem to occur every 3 yrs (e.g. Finlay et al,
2016). This may either result from a SV signal specific to the 6 yr period (e.g.
Soloviev et al, 2017), or be the consequence of the filtering in space and time
when building global models (Gillet, 2019). The existence of jerks events
isolated in time is particularly intriguing since we are aware of no other
geophysical system displaying such a behavior. Alternatively, SA pulses
could result from the spectral index α ' −2 found for the temporal spectrum
of SV Gauss coefficients at decadal to annual time-scales, S(f) ∝ fα (Lesur
et al, 2017).

In this context, one expects the SA temporal spectrum to be flat from
annual to decadal periods. The framework of stochastic processes has thus
been considered for the integration of magnetic field evolution into SDA tools
that only model the core surface dynamics, still incorporating geodynamo
constraints by means of spatial and temporal cross-covariances (Barrois et al,
2017; Gillet et al, 2019). This approach presents the advantage of reducing
considerably the dimension of the model state w.r.t. geodynamo driven DA
algorithms (e.g. Fournier et al, 2013; Sanchez et al, 2019). It also extends
down to annual periods the range of frequencies where the -2 spectral index
operates (extreme 3D simulations, once scaled to geophysical units, lose
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this property at about 30 yr periods (Aubert, 2018), i.e. outside the very
period range of interest for this proposal). The main current limitation of
stochastic models is their inability to directly relate the observed SV changes
to dynamical properties deep in the fluid core (though its products can be
used as a constraint for subsequent dynamical analysis).

1.7 The role of buoyancy and of Lorentz forces

In geodynamo simulations run at high rotation rates (Schaeffer et al, 2017;
Aubert et al, 2017), Lorentz forces appear to play a relatively minor role at
large length-scales, and this despite a large magnetic field intensity (as mea-
sured by Elsasser numbers of order unity). Magnetic and velocity fields seem
to self-organize so as to minimize induction as much as possible. The magne-
tostrophic equilibrium (where both Lorentz and Coriolis forces balance the
pressure gradient) is thus expelled towards small length-scales (Aurnou and
King, 2017), while geostrophy applies at the largest length-scale, at which
departures from geostrophy are buoyancy-driven. If this scenario applies in
the Earth’s core, models based on magnetostrophy (see Hardy et al, 2018)
might miss a crucial ingredient in order to model decadal field changes – one
may think here in particular of QG models based on quadratic quantities of
the magnetic field (see Jault and Finlay, 2015).

Numerical dynamos along the path are nevertheless run at parameters
different from Earth-like, involving parameterizations of some nonlinear sub-
grid processes (Aubert et al, 2017). With lower values of the magnetic
Prandtl number Pm (ratio of viscous to magnetic diffusivities), the larger
magnetic diffusion may tend to enlarge the range of wave-numbers where
magnetostrophy prevails. This issue is particularly important on the vicinity
of the tangent cylinder. In this singular area of the core, simulations show
intense magnetic fields in link with strong polar vortices (Schaeffer et al,
2017)

1.8 The prospects and applicability of the quasi-
geostrophic hypothesis

We have seen in previous sections that the idea of quasi-geostrophy is at-
tractive, as it captures much of the required physics. In the hydrodynam-
ical case, where there are no magnetic forces, the approach can be readily
used to model buoyancy-driven flows, to great effect (Guervilly et al, 2019).
Presently what is missing is a theory that is able to handle the Lorentz forces
that arise in the presence of magnetic fields.

A first attempt at the problem was made by Canet et al (2009). The ap-
proach to project the dynamical equations onto the equatorial plane involves
an integration along the rotation axis from the lower to the upper boundary.
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This integration leads to boundary terms that are, unlike all other quanti-
ties, controlled by values of electrical currents that are not describable on
the equatorial plane. It was initially envisaged that these boundary terms
would be much smaller than the volumetrically averaged terms and thus
could be neglected (Canet et al, 2009). Subsequent work by Maffei (2016),
amongst others, showed the difficulties that this leads to: when one con-
siders the normal mode problem of small oscillations around a background
state, one finds that the surface terms are non-negligible, particularly close
to the equator. This leads to an incorrectly-posed eigenvalue problem.

Recognising this issue, Labbé et al (2015) pioneered a new approach.
They showed that if the magnetic field could be written in the same form as
the QG velocity field, then the projection of all quantities onto the equatorial
plane could be achieved. This is a great step forward. It comes at a price
however. The system treated means that the field lines of the magnetic field
close within the fluid, and no field emanates from the core. In some ways
this is similar to the treatment of Canet et al (2009). More worrying is the
likelihood that a magnetic field in the core can really be represented in this
QG form. The QG form for the velocity field is well motivated, relying, as
it does, on the underpinnings provided by the Proudman-Taylor theorem,
which leads naturally to first-order geostrophy. There is no such theorem
that suggest that the QG form can be used for the magnetic field. Thus one
must wonder to what extent the results will depend on this assumption.

To summarise, there is no presently acceptable magnetohydrodynamical
QG formulation, and it remains a challenge for the future to develop one.
The attractiveness of the approach, if a self-consistent one can be found, lies
in its use for the purposes of data assimilation.

The data assimilation problem is the following. One has high qual-
ity maps of the magnetic field at the core-mantle boundary for the last
decades and centuries that have been created from measurements taken at
the Earth’s surface and above. These will subsequently be termed observa-
tions, despite the fact that the maps are actually derived quantities. The
quest is to find a dynamical model of motions in the core (and their time
variations) that can account for the observations. The problem requires a
dynamical core, namely a version of the fluid mechanics in the core. With
these two ingredients, the matching process can begin. The outcome of the
matching process is twofold. In principle one can deduce properties of the
core such as the time-dependent buoyancy field and the interior magnetic
field strength and geometry. These quantities are such that they lead to a
dynamical evolution in time of core quantities, such that the observations
are honoured. But in addition, the time-evolution can be followed forwards
beyond the time window of the observations, into a prediction. This comes
naturally, for free.

The attractiveness of the QG approach as a version of the fluid me-
chanics is twofold. Firstly it can operate in regimes that three dimensional
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dynamo models cannot reach. In particular, it is able to reduce the effects of
viscosity to levels that are close to those expected within the core (Guervilly
et al, 2019). More important considerations, however, are probably associ-
ated with the inverse problem that is being solved. Quite likely it is only
possible to recover some forms of ”lumped parameters”, rather than full 3-
D information. Thus one may have to be satisfied with field strengths and
geometries reduced by averaging, rather than full recovery of 3-D toroidal
and poloidal magnetic fields. Put simply, 2-D observations in time (obser-
vations on the core-mantle boundary) are unlikely to be able to recover 3-D
fields. These 2D fields may well be able to recover 2-D fields as a function
of time. Thus the pure counting problem argues in favour of a theory like
quasi-geostrophy. The problem was highlighted by Li et al (2014).

It should be said that there has been considerable success by using 3D
dynamo models as dynamical cores for Ensemble Kalman filter schemes.
However, these calculations have not been able to constrain the interior
buoyancy and magnetic fields in the core.

It is our hope that the present 4DEarth activity might lead to further
insights and experiences that will lay the path for future data assimilation
activities.

1.9 Topographic torques on a non-spherical core

So far there is no certainty in the mechanism that transfers core’s angular
momentum to the solid mantle. Proposed mechanisms include electromag-
netic coupling via electrically conducting lower mantle (see section 1.4 for
more details), gravitational coupling via a gravitational torque between a
deformed inner core and the mantle (Buffett, 1996a,b), or topographic cou-
pling through a non-axisymmetric CMB.

For a spherical CMB the pressure torque on the mantle by any flow in the
core vanishes exactly by definition. More precisely, for any CMB symmetric
about the rotation axis, no changes in the LOD may be explained by the
pressure torque. Investigating core flows in non-axisymmetric domains is
challenging and has been limited to a few studies up until today (e.g. Kuang
and Chao, 2001; Jault and Finlay, 2015; Vidal et al, 2019).

Torsional waves, with periods on the scale of a few years, have been pro-
posed to be responsible for such changes in the LOD. Their periods have
been used to infer the mean radial magnetic field strength in the core, a
quantity otherwise inaccessible to observations (Gillet et al, 2010). In a
sphere, the flow of these waves follows contours of constant column height.
It has been proposed that such flows are also unable to exert any pressure
torque in the non-axisymmetric case (Jault and Finlay, 2015). It is un-
known how important domains without closed geostrophic contours are for
the topographic torque. Such domains are certainly present in the Earth’s
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State of the art on lower mantle electrical conductivity σ

From observed lack of reflected torsional oscillations:
Only bounds are on conductance G = σH, where H is the depth of the
conducting region.

Constraint is on Q =

√
µ0
ρ
GBr|z=0 ≈ 10−5GBr|z=0 (SI)

where G =

∫ r0+H

r0
σ dr ≈ σH . Q ' 1 is preferred.

Pros:
This is the strongest constraint on conductance.

Cons:
Need definitive bounds on reflection coefficient/reflected energy.
Need bounds on radial field Br at z = 0.
Provides information on only one region of CMB, at the equator.
Most of CMB entirely unconstrained.
Conductance not required to be laterally homogeneous, could have iso-
lated blobs.
Theory for laterally heterogeneous conductance yet to be worked out.

Table 1.1: State of the art on lower mantle electrical conductivity σ at the
base of the mantle.

core.
Understanding the influence of topography on the flow structure and

periods of torsional waves is crucial to verify their robustness in predicting
core quantities in any planetary or stellar core.

1.10 Conclusions

There have been spectacular achievements in core studies over the last
decade. Not least is the observation of torsional oscillations. We have al-
luded to some of the open issues in preceding sections. Although much
is understood, it has proven difficult to deduce concrete properties of the
Earth. Tables 1 and 2 summarise the state of play on the most important
issues.
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State of the art on interior field strength

Gillet et al (2010,2015) provide a lower bound of 2-3mT in the cylindri-
cally radial magnetic field strength.
The profile of Bs shows weakening towards the CMB.

Pros:
Almost exactly predicts the filtered length-of-day in the 5-8 year period
range.

Cons:
Has never been replicated.

Table 1.2: State of the art on interior field strength in the Earth’s core.
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