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Abstract.

Electromagnetic coupling between the Earth’s core and mantle is

one of the proposed mechanisms to explain length of day (1.OD) variations

on decadal timescales.
process, is only poorly known.

Mantle conductivity, a determining parameter in this
Earlier work on core-mantle coupling mostly

assumed laterally homogeneous mantle conductivities. However, the lower mantle
is a highly inhomogeneous region. Seismic evidence is growing that many of the
inhomogeneities must have chemical, compositional, or thermal origins. We consider
the effect of different laterally varying conductivity models on electromagnetic
mantle torques. Torque amplitudes for a specific epoch can depend strongly on

the assumed conductivity distribution.

However, when comparing time series

of the electromagnetic torque to decadal LOD variations, none of the examined
conductivity models improve the agreement significantly. As in the simplest case
of a homogeneous mantle conductivity, a minimum average conductance of 10¥§ is
always required to make electromagnetic coupling efficient.

1. Introduction

The Earth’s rotation period changes over a variety of
different timescales [e.g., Hide and Dickey, 1991]. Most
of the variation can be explained by coupling to the at-
mosphere and oceans, changes in the Earth’s moment
of inertia, or tidal friction. Length of day (LOD) vari-
ations on decadal timescales, however, are so large (of
the order 10~7s yr—!) that only the core’s moment of
inertia is big enough to take the associated changes in
angular momentum.

Three mechanisms seem capable of providing the
required coupling of core and mantle: gravitational
coupling between density and/or topographic inhomo-
geneities of inner core and mantle [ Buffett, 1996a, 1996b;
Szeto and Xu, 1997], topographic coupling from fluid
pressure on a deformed core-mantle boundary (CMB)
[Hide, 1986; Jault and Le Mouél, 1991; Kuang and Bloz-
ham, 1996; Jault and Le Mowél, 1999], and Lorentz
forces acting on the Earth’s mantle. We will consider
the third mechanism here.

Stiz and Roberts [1984] introduced a method to de-
termine the electromagnetic torque on the mantle based
on the reasonable assumption that the mantle conduc-
tivity o is much smaller than the core conductivity o..
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The conductivity ratio ¢ = o /o, can then serve as a
small parameter in a perturbation analysis that leads
to torque expressions of first order in €. In addition to
a mantle conductivity model, information on the mag-
netic fleld, its secular variation (SV), and the toroidal
potential field & of (UB,) is required for the torque
calculation. (UB,) is the product of the horizontal ve-
locity and the radial magnetic field at the core surface.
Its poloidal/toroidal decomposition reads

(UB,) = Vg VU + Vx(rd) , (1)
where V is the horizontal part of the gradient opera-
tor.

Subsequent papers [Stiz and Roberts, 1984; Love and
Blozham, 1994; Stewart et al., 1995] used core flow in-
versions to determine ® and assumed a laterally ho-
mogeneous mantle conductivity. The torque’s time de-
pendence resulting from these forward calculations does
not agree with LOD variations. Moreover, a consis-
tently negative offset [y of the calculated torque varia-
tion was found, while the LOD torques oscillate around
a zero mean. Some authors report an additional long
timescale trend that also distinguishes forward models
and decadal LOD data [Stewart et al., 1995; Holme,
1998a]. Both deviations are usually attributed to the
neglected electromagnetic diffusion, that can give rise to
a slowly varying torque contribution [Stiz and Roberts,
1984].

However, Holme [1998a] proved that electromagnetic

coupling is nevertheless capable of explaining LOD vari-
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ations, provided the required torque is used as an inter-
nal constraint in the flow inversion. Consequently, these
type of calculations are called inverse models. Flow in-
versions are known to be nonunique [Backus, 1968] and
therefore potentially leave freedom for additional con-
straints. For a mantle conductance of at least C = 108 S
the LOD variation can be reproduced without unreason-
able forcing (changing, deforming) the core surface flow
[Holme, 1998b]. Conductance is defined as the radially
integrated mantle conductivity.

Wicht and Jault [1999] (hereinafter referred to as
WJ1) introduced an alternative method to determine
the toroidal potential field ® of (UB,). Their method
relies on the fact that the poloidal and toroidal parts of
(U B,) have to cancel on null-flux lines and has therefore
been dubbed the NFL method. Null-flux lines are lines
where the radial magnetic field vanishes at the core-
mantle boundary. The poloidal part of (UB,) is given
by the secular variation via the radial induction equa-
tion in the frozen flux approximation, i.e., neglecting
magnetic diffusion in the core:

B, = -V(UB,) = -V ¥ . (2)
We thus know ® where B, vanishes and can use this
information to construct a global model for ®. While
these calculations bypass the inherent indeterminacy of
flow inversions, errors in NFL position and the NFL cov-
erage of the CMB are issues. The results of WJ1 were
similar to those based on flow inversions: LOD vari-
ations could only be reproduced if the torque is used
as a constraint in the inversion and the mantle conduc-
tance exceeded C = 108S. Here we will rely on the NFL
method only. However, the results of WJ1 and some
numerical experiments not presented here suggest that
the methods of including a lateral conductivity varia-
tion and the qualitative results presented would hold
as well, if core flow inversions were the basis for the @
models.

A conductance of C' = 108S is not compatible with
recent conductivity estimates of lower mantle material
based on geochemical laboratory experiments [Shank-
land et al., 1993; Katsura et al., 1998]. To be sufficiently
efficient, electromagnetic coupling thus has to rely on a
possibly higher conductivity of a chemically or composi-
tionally differentiated lower mantle layer. For example,
a layer of 100 km thickness and a conductivity of 103 S
m™! would yield the required conductance.

Seismic explorations have shown that the lower man-
tle is a highly inhomogeneous region [Su et al., 1994;
van der Hilst et al., 1997; Liu et al., 1998; Ishii and
Tromp, 1999]. A well-established anisotropic layer is
D' extending to ~ 200 km above the CMB [e.g. Lay et
al., 1998], and recently ultra low velocity zones (ULVZ)
have been found in the bottom 50km of the mantle
[Garnero et al., 1998]. In addition, a third layer ex-
tending up to a depth of 1700km has been proposed
by van der Hilst and Kdrason [1999]. All three layers
show pronounced lateral variations and seismic signals
that cannot be explained by thermal effects alone [van
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der Hilst et al., 1997; Lay et al., 1998]. Thus variations
in chemical composition have been suggested. In par-
ticular, partial melting and enrichment with iron alloys
have been proposed for the ULVZ. This would diminish
seismic velocities and potentially increase the conduc-
tivity [Li and Jeanloz, 1991; Manga and Jeanloz, 1996].
On the other hand, Poirier and Le Mouél [1992] state
that percolation of iron from the core into the mantle
can only be marginal.

Another interesting issue, thought to be connected
to lateral conductivity variations in the mantle, is the
question of preferred virtual dipole paths (VDPs) dur-
ing geomagnetic reversals [Laj et al., 1991]. Runcorn
[1992] proposed that the electromagnetic torque could
force the magnetic poles to follow the observed preferred
VDPs if the mantle conductivity is considerably higher
beneath the Pacific than in other mantle regions. Inter-
estingly, global seismic models [Liu et al., 1998; Ishii
and Tromp, 1999] show decreased velocities in the lower
mantle beneath the Pacific, and this is also an area
where a ULVZ can be found [Garnero et al, 1998].
However, Brito et al. [1999] demonstrate that the mag-
netic pole trajectory is not strongly affected by lateral
conductivity variations, assuming the field stays mainly
dipolar during the reversal.

Recently, the effect of lateral conductivity variations
on electromagnetic core-mantle coupling has been con-
sidered by Holme [2000]. He examines the question
whether any conductivity variation could diminish the
mean torque [’y and eliminate the long timescale trend.
We try to clarify the effect of lateral conductivity vari-
ations more generally and, while Holme [2000] employs
forward calculations, will concentrate on the inverse ap-
proach. In section 2 we describe the methods used to
calculate the electromagnetic torque. Section 3 will
show that the electrical potential in the lower mantle
does not depend significantly on the assumed lateral
conductivity distribution. Neglecting this dependence
simplifies the problem and allows us to explore differ-
ent conductivity models. We end with a discussion.

2. Torque Calculation
2.1. Methods and Numerics

Electromagnetic coupling is caused by Lorentz forces
acting on electric currents in the mantle:

r = /dV sinf [jxB], . (3)

Here we consider only the torque component in di-
rection of the rotation axis, which is responsible for
length of day changes. The integral has to be taken
over the conducting part of the mantle; j is the current
density and B is the Earth’s magnetic field. Roberts
[1972] named the torque caused by the action of B
on a poloidal (toroidal) current density the toroidal
(poloidal) torque, based on the geometry of the mag-
netic field produced by the current.
Time variation of the poloidal geomagnetic field,
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B = VxVx(rS) , 4)

induces a toroidal electric field,

E, = —Vx(r9) , (5)

while gradients of the electric potential V in the mantle
can be identified with a poloidal electric field,

E,=-VV . (6)
Here S is the poloidal magnetic potential field.

Ohm’s law connects electrical field and current: j =
o E. Hence, for a laterally homogeneous mantle conduc-
tivity, poloidal and toroidal current densities are respec-
tively associated with electric fields of the same type.
This does not hold when the conductivity varies later-
ally.

Since we regard the distinction of the two electric field
sources to be more relevant than the involved current
types, we separate the electromagnetic torque into a
contribution related to secular variation,

Tsy = — / dV rsinf o [ (Vx(r$))xB , o M
and a contribution connected with the electric potential,

oo = — /dVrsinGa [(VV)xB], (8)

Once a mantle conductivity is assumed, the first contri-
bution (7) can be calculated directly from a given fleld
model and its time variation; we use UFM1 by Blozham
and Jackson [1992] throughout this paper. To calcu-
late the second contribution (8), which turns out to be
typically larger than the first one (WJ1), the electrical
potential must be determined.

The condition that the divergence of the current den-
sity vanishes defines a second-order differential equation
that we solve for the potential:

V-[oe VV] = (9)

~v. [0 vX(rS)]
The radial current has to be zero at the boundary be-
tween the conducting and insulating part of the mantle.
This serves as the first boundary condition for (9), while
the second one is the continuity of the horizontal elec-
tric field at the CMB. In the frozen flux approximation
this condition is fulfilled for
V=r®, (10)

where r is the core radius. The field ® has to be deter-
mined first and can then serve as a boundary condition
for (9). Throughout this paper we use the NFL method
to invert for models of @; details of this procedure are
given by WJ1.

We expand the variables V| ®, and the conductivity
o in spherical harmonics:
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where the P/" (6, ¢) are Schmidt normalized associated
Legendre polynomials of degree ! and order m; c.c
stands for the complex conjugate. Note that the com-
plex coefficients Vin, (r) depend on the radius r, while
we have used a power law ansatz to describe the radial
dependence of the conductivity. Analogous spherical
coefficients for the poloidal magnetic field potential S
and its radial dependence are given by the magnetic
field model UFM1 [Blozham and Jackson, 1992] em-
ployed here.

Equation (9) as well as the boundary conditions are
transferred from physical (6, ¢) space into functional
(I, m) space by inserting the expansions, multiplying by
a spherical harmonic P/*(8) e(*™#), and integrating over
a spherical surface. The orthogonality of the spherical
harmonics is used in this process. Boundary condition
(10) then reads Vi, (ro) = ro®@m, .

Equation (9) transforms into a system of second-
order differential equations in radius for the coefficients
Vim (7). Suppose that the expansions in [ are truncated
at orders Ly, Ly, Lo, and Ls, respectively. Using a
magnetic field model and assuming a conductivity dis-
tribution determines the right-hand side of (9), which is
oforder L = L, + Ls+1in (I, m) space. Thus a system
of equations of order L opposes the unknown electrical
potential of order Ly . Standard least squares methods
are used to solve this in general nonquadratic system.
Depending on the conductivity model, the equation sys-
tem can be truncated, down to L = Lg + 1 in some
cases.

If the conductivity depends on radius only (9) can be
solved analytically for each spherical harmonic coeffi-
cient Vi, [Stiz and Roberts, 1984]. In the more general
case of a laterally varying conductivity we employ cen-
tral differences for the radial dependence. Since this de-
pendence is generally weak close to the CMB, where the
mantle conductivity and thus most of the torque action
is concentrated, about n, = 10 grid points suffice for
the conductivity models explored here. Convergence in
L and n, have been checked for the solutions presented
here, and numerical errors are smaller than 0.1%.

o(r,0,9)

TN

(13)



23,572

2.2. Conductivity Models

In order to focus on the influence of lateral conductiv-
ity variation we will keep the radial dependence fixed.
Most likely, the mean mantle conductivity decays away
from the core mantle boundary. WJ1 chose o, = 9 for a
laterally homogeneous conductivity stretching through-
out the mantle but found the resulting magnetic times
7 [Braginskiy and Fishman, 1976] to be too long. To
first order (in €), 7y is the time a magnetic signal of order
[ needs to diffuse through the mantle. Here we adopt
a radially homogeneous conductivity (e, = 0), which
is confined close to the CMB. This not only simplifies
the problem: Since the magnetic time depends quadrat-
ically on the thickness é of the conducting layer, 77 will
be considerably smaller than in WJ1. For example, for
a layer of thickness § = 200 km and homogeneous con-
ductivity of o = 1000Sm~=! we find 7, = 0.8 years, a
value that can be neglected compared to LOD varia-
tions with a typical timescale of 30 years. Note that we
do not use the thin layer approximation employed by
other authors [Stewart et al., 1995; Holme, 1998a].

Information about lower mantle conductivity distri-
bution is scarce, and the correlation between seismic
velocities and conductivity variations remains unclear.
However, in order to have a conductivity distribution
that is at least based on some geophysical data we adopt
the degree 16 model of Liu ef al. [1998] at a depth of
2800 km and identify lower than average seismic velocity
with higher than average conductivity. The conductiv-
ity is assumed to scale linearly with the seismic velocity
for simplicity. This procedure defines the relative am-
plitudes o}, but leaves the mean conductivity op and
an absolute variation amplitude o, as free parameters.
The resulting conductivity variation is shown in Fig-
ure 1.

In addition, we use two simplified models to explore
the dependence of electromagnetic coupling on lateral

/ //&
{
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conductivity variations more generally. In the one-mode
model, lateral dependence is described by a single spher-
ical harmonic:

o = 09 + o1 N™ P"(cosf) cos(m[é+1A]) , (14)

where X is a shift in longitude ¢. The normalization fac-
tor N/ guarantees that max{N/™ P/®(cosf)} = 1. Six
parameters characterize this model: the homogeneous
conductivity oy, the variation amplitude ¢y, order  and
degree m of the variation, the shift A, and the thickness
6 of the conducting layer.

In the localized conductivity model we concentrate
mantle conductivity in a block adjacent to the CMB.
The radial thickness of the block is controlled by &§, while
its lateral extension is defined by two opening angles be-
tween pairwise opposite great circles. The four corner
points where pairs of great circles meet on a spherical
surface form a rectangle, a square if the opening angles
are identical. Let v be the opening angle in the latitude
direction and § be the second (orthogonal) one. As for
the one-mode model the localized conductivity model is
characterized by six parameters: thickness §, the open-
ing angles v and £, latitude and longitude of the block’s

midpoint, and the homogeneous conductivity &1 of the
block.

3. Results

The electromagnetic torque depends almost linearly
on the mantle conductivity, provided the conductivity
is concentrated close to the CMB and its lateral scales
are not too small. There is the possibility of nonlinear
behavior, since the electrical potential depends on the
conductivity distribution (see (9)). However, we find
this dependence to be weak for the models explored
here.

B¢
N

Figure 1. Contour lines for a lateral conductivity variation at the CMB inferred from a seismic
degree 16 model by Liu et al. [1998]. High-conductivity zones (solid lines) have been identified

with slow seismic velocities and vice versa.

We use a Hammer equal-area projection for all

spherical surface projections presented here and draw the continents for orientation.



WICHT AND JAULT: ELECTROMAGNETIC CORE-MANTLE COUPLING

0.00 0.02 0.04 0.06
-1.974
V10-1 .978
2.685
vV
T2 680
1.24
Vao 1.23
-0.395 | T T T T T
Vi '.&-:’ ]
-0.405 | e T o . ]
-0.51 | ”—-’—’.:-—-—-_—:-_-_—:_—_-_—_'_é
V2 g | :
0.00 0.02 0.04 0.06
r

Figure 2. Radial dependence of the electrical potential
V in the mantle. Real parts of different coefficients from
an expansion in spherical surface harmonics are shown.
Different one-mode models have been assumed for the
conductivity: homogeneous conductivity (I = 0, m = 0)
solid line, (! = 1, m = 0) dotted line, I = 1, m = 1)
dashed line, (I = 2, m = 0) long dashed line, and (I = 2,
m = 2) dash-dotted line. Mean conductivity ¢y and
variation amplitude o; are 103S m~!. The thickness of
the conducting layer is § = 200km. The latitude shift
A has been chosen individually to maximize the effect
of each conductivity variation. Labels on the z-axis
indicate the radius in units of mantle thickness. Only
the conducting layer is shown here.

Close to the CMB, where the conductivity and thus
most of the torque action is concentrated, the potential
is determined by the value of the toroidal part of (UBy)
via boundary condition (10). Therefore the potential
has the same value at the CMB, no matter which man-
tle conductivity is assumed. Figure 2 shows the radial
dependence of different potential harmonics Vi, in the
conducting part of the mantle. This dependence is al-
ways weak, and the harmonics never deviate much from
the solution for a homogeneous mantle conductivity.

In Figure 3 we show the dependence of the elec-
tromagnetic torque on the relative amplitude of lat-

23,573

eral conductivity variation o1 /g for different one-mode
models and the magnetic field model UFM1 for 1990.
The torque scales linearly with the variation amplitude
and can vary by a factor of 2 depending on the assumed
conductivity model. Solid circles in Figure 3 represent
solutions where the lateral conductivity variation has
been ignored in calculating the electric potential via
(9). The error of this linear approximation grows with
increasing conductivity variation amplitude o; and de-
creasing horizontal conductivity scales. The maximum
deviation between linear and nonlinear solutions in Fig-
ure 3is ~ 1% for (I = 2,m = 2) and o1/0¢ = 1.
For the most complicated conductivity structure em-
ployed here, the seismically inferred variation of degree
16 shown in Figure 1, the error is also about ~ 1%,
again for UFM1 1990. We are thus confident in us-
ing the analytical potential for a laterally homogeneous
mantle conductivity when exploring the dependence of
the electromagnetic torque on various conductivity vari-
ations presented below.

This linear approximation might seem problematic in
the context of the localized conductivity models. How-
ever, we assume implicitly that the conductivity gra-
dients are small enough to validate the approximation
in the potential calculation and large enough to justify
using a block of conducting material in the torque cal-
culation. ]

WJ1 have shown that for a laterally homogeneous
mantle conductivity most of the torque action for 1990
is concentrated beneath Africa and the mid-Atlantic.

_1'2 L L L L

0.0 0.2 1.0

Figure 3. Dependence of the total electromagnetic
torque on the conductivity variation amplitude o; for
different one-mode models: (I = 1, m = 0) solid line,
(I = 1, m = 1) dotted line, (I = 2, m = 0) dashed
line, ({ = 2, m = 1) long dashed line, (I = 2, m = 2)
dash-dotted line. Solid circles represent results where
the electric potential for a laterally homogeneous con-
ductivity has been used. Agreement between these ap-
proximations and the exact solutions is always better
than 1%. Conductivity parameters are the same as for
Figure 2.
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Figure 4. Contour lines of the misfit Myop to torques explaining length of day variations for the
time span from 1900 to 1990 in 2.5-year steps. To derive this plot, the mantle has been scanned
with a conductivity of 10*S m~!, concentrated in a block adjacent to the CMB with a thickness
of 6 = 200km and a lateral extension of § = v = 20°. The resulting Mpop value has then been
plotted at longitude and latitude of the block’s midpoint. Resolution corresponds to spherical
harmonics up to degree and order 6. Misfit values are generally high, ranging from a minimum
of M op = 0.83 to a maximum of M;op = 1.74. These values can not be decreased significantly
by further increasing the conductivity. The dotted line denotes the mean M oy level. Solid lines
mark larger than mean, and dashed lines mark smaller that mean levels.

The torque amplitude depends on the overlap between
the conductivity maxima and this area. In the one-
mode model the longitude shift A can be chosen to max-
imize the absolute torque amplitude, but the latitude of
the conductivity maximum is fixed for a given Legendre
polynomial. These effects explain the different gradi-
ents found in Figure 3 and the torques dependence on
A (not shown here).

The localized conductivity model allows to explore
the effect of concentrating (or increasing) the conduc-
tivity in different areas of the deep mantle. Figure 4
and Figure 5 show the results of scanning the mantle

with a conducting block of thickness § = 200km and a
lateral extension of 8 = ¥ = 20°. The conductivity is
o1 = 10*Sm~! to maximize the effect, not claiming to
be realistic. UFM1 has been used in 2.5-year steps from
1900 to 1990. The contour lines in Figure 4 represent
the misfit My op between length of day torques I' op and
the total electromagnetic torque I' = I'sy + I',.s,

S [Teon(ts) = (D(t:) = o))
S D200 (k)

(15)

Figure 5. Contour lines represent the temporal mean electromagnetic torque T’y from 1900 to
1990 for a scan with the localized conductivity model. The maximum is Ty = 0.40 x 10!¥ N m
and the minimum is Ty = —1.13 x 10'® Nm. Parameters and plotting methods are the same as
for Figure 4.
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The sum is taken over all years (¢;, ¢ = 1,...,N) for
which the calculation has been performed. Torques
have been shifted by the mean torque values 'y pre-
sented in Figure 5:

N

To=» T®)/N .

1=1

(16)

These values are treated as an offset here because LOD
torques oscillate around a zero mean.

The calculations do not even vaguely resemble LOD
variations. Even the minimum misfit of My op = 0.83
is extraordinarily large, keeping in mind that for a zero
torque M op = 1. A maximum value of Myop = 1.74 is
reached when concentrating the conductivity beneath
southern Africa. This area always contributes signifi-
cantly to the electromagnetic torque values throughout
the century (WJ1) because of the typical strong west-
ward core surface flows and the relatively strong radial
magnetic field found here. Figure 5, showing contour
lines of the offset I'g resulting from the different conduc-
tivity locations, demonstrates that this region is also
correlated with a strong negative offset. Concentrat-
ing the conductivity beneath the Pacific, on the other
hand, could result in a zero mean torque. The fact that
Holme [2000] can find a conductivity distribution yield-
ing 'y = 0 corresponds nicely with this result.

While it seems unlikely that the whole mantle con-
ductivity is concentrated locally [Poirier and Le Mouél,
1992), Figure 4 can nevertheless serve as a model for a
somewhat optimized conductivity variation if we reduce
(increase) an average conductivity where large (small)
misfits are found. To maximize the effect we chose
01 = op. Table 1 presents LOD misfits and mean
torques for such a conductivity model in comparison
with values for a laterally homogeneous conductivity,
a conductivity variation inferred from a seismic model

Table 1. Misfit My op and offset Ty to LOD torques

Conductivity Model oo o Myop To®

Homogeneous 2 x 10° 142 -1.74
Optimized® 2%x10%° 2x10° 132 —1.30
Seismic? 2x10° 2x10° 138 —1.70
Pacific® 10* 1.35 —0.97

2Mean conductivity o9 and variation amplitude o1 are

given in Sm™!. They have been chosen to make the RMS
variation from 1900 to 1990 of torques I'Lop that would
explain LOD variation and the calculated electromagnetic
torques comparable. Thickness of the conducting layer is
6 =200 km in all cases.

®In 10** Nm

¢Conductivity variation based in Figure 4.

dConductivity variation inferred from a degree 16 seismic
model by Liu et al. [1998].

¢Conductivity concentrated in an area centered around
0° latitude and 202.5° longitude extending ¥ = 70° and
B = 70° to mimic a possible ULVZ.
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(Figure 1) and a conductivity concentration beneath
the Pacific. The position of the latter is motivated by
ULVZs found at the base of the mantle. While the
ULZVs have a thickness of up to 50 km, we have kept
6 = 200 km for better comparability here. Concentrat-
ing the conductance closer to the CMB would slightly
increase the electromagnetic coupling. Clearly, all mis-
fit values presented in Table 1 are far too high.

We conclude that conductivity variation can have a
significant effect on the torque amplitude and its tem-
poral mean but does not alter the torque’s time depen-
dence in a way that would bring it significantly closer to
the observed LOD variation. Holme [1998a] has shown
with his inverse model that mainly the time dependence
of the core surface flow is increased in order to repro-
duce LOD torques. This would explain why static con-
ductivity variations can not improve the results. On
the other hand, Celaya and Wahr [1996] demonstrate
that the smaller-scale velocity components may be more
time-dependent than the larger ones, and we find this
to be also true for the @ field in our formalism. Small-
scale conductivity variations enhance the contribution
of small ® scales to the electromagnetic torque and thus
increase its time dependence. However, the time depen-
dence does not follow the LOD signal, and the misfit
remains large.

We therefore follow Holme [1998a] and WJ1’s exam-
ple and use the LOD torque as a constraint in the in-
version for the toroidal potential ® of (UB,). These
calculations have been shown to be successful for lat-
erally homogeneous mantle conductivities, that is, the
torque can be reproduced with the resulting @ field.
Naturally, ® is altered by the additional condition, and
the changes only stay in an acceptable range if the man-
tle conductance is of the order 108 S. With this kind of
inversion it is hard to define what “acceptable” really
means. WJ1 have used two measures: the misfit of the
solution to the input “data” and the roughness of the
resulting @ field.

In the case of the NFL method the misfit Myp, mea-
sures how well the poloidal and toroidal part of (UB;)
cancel on null flux lines. The poloidal part is given by
the SV (equation (2)) and represents the “data” input.
The roughness is measured by

Y s 6@, s 1 0@,
R = rCMBLMBdQ [(VH 60) +(vHSin96¢) ’
which has been chosen by analogy with the methods
used in flow inversion by Blozham [1988] and others.
Here d2 is a spherical surface element. WJ1 minimize
Myg, and R simultaneously in a least squares inversion
to solve for ®. (Note that in WJ1, Table 5, the symbol
NG) has been used instead of R, and the values have
been scaled by 10!°.) The global nature of R makes
it the more severe and more relevant measure (WJ1).
We will therefore mainly rely on R, while LOD and
NFL misfits are generally small for the results presented
below.

Figure 6 shows contour lines of R for a scan with the
localized conductivity model, again using the values and
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Figure 6. Contour lines of the ® field roughness R, again for the same localized conductivity
scan as in figure 4. Temporal mean values from 1900 to 1990 in 2.5-year steps are shown. The &
field is now enforced to reproduce LOD torque values. Large R values signify that the required
distortion is stronger, and & probably unreasonably complex. The roughness spans values from
R =9.87x 10° to R = 6.72 x 10!. Contour interval is 6.03 x 1019,

the formalism introduced above (see Figure 4 caption).
Lateral variations of My, and My, are very similar to
Figure 6. The LOD misfit M, lies between 0.11x10~2
and 0.76 x 102, Using the variation displayed in Figure
6 as an optimized conductivity distribution, we can now
explore for which values of ¢y and o; the roughness
stays reasonable.

Figure 7 shows the dependence of R on the horizon-
tally averaged conductance for two values of the vari-
ation amplitude ¢;. For the larger value the influence
of geostrophy as an additional constraint in the ® in-
version is demonstrated (WJ1). Also, results for a ho-
mogeneous and the seismically inferred conductivity are
presented. The influence of the conductivity variation
is only marginal. Asymptotic roughness values are ap-
proached for large conductances. For the optimized
conductivity model these values lie closer to the values
R =0.93 x 10'9 for the & field not forced to reproduce
LOD torques. The highest asymptotic value is found
for the geostrophic solutions. However, a conductance
of C = 108 S seems to mark the point where all models
reach the asymptotic regime. We no longer support the
conclusion of WJ1 that geostrophic inversions require
higher conductances. WJ1 had calculated only a few
of the points presented in Figure 7, and judged the ac-
ceptable conductance based on absolute R values rather
than on the asymptotic behavior. This correction is in-
dependent from the lateral variation of conductivity.

4. Discussion

The dependence of the electromagnetic torque on
various lateral conductivity distributions has been ex-
plored. Because of our poor knowledge of mantle con-
ductivity we have taken the freedom to assume simpli-
fied and idealized models in addition to a conductivity
distribution inferred from seismic studies.

The forward calculation, i.e., using a given magnetic
field model, its secular variation, and a precomputed
® field, showed that the electromagnetic torque am-
plitude depends strongly on the conductivity distribu-

10"
R
10" '
10’ 10°
C
Figure 7. Dependence of the @ field roughness R

on the mantle conductance for different conductivity
models. The solid line shows the results for a homoge-
neous conductivity. Dotted line and dashed line repre-
sent conductivity variations inferred from Figure 6 with
01/00 = 0.5 and o1/0¢ = 1.0 respectively. The long
dashed line shows results for a variation based on the
seismic model with 1 /o = 1.0. Results represented by
the dash-dotted line use the same conductivity model as
for the dashed line, but in addition geostrophy has been
enforced in the @ inversion. In all cases a conducting
layer of 200 km thickness has been assumed.
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tion and may even change sign. However, for no con-
ductivity model did we come close to reproducing the
decadal length of day variation. The misfit can be re-
duced slightly for an appropriately chosen conductivity
model but never significantly. The mean torque I'g de-
pends strongly on the assumed conductivity variation.
This offset to the mean LOD torque is commonly at-
tributed to the diffusive couple. Any estimate of this
torque contribution is therefore only meaningful when
based on a reasonable model of the lateral conductivity
variation.

Inverse modeling shows that the average conductance
has to be at least C = 108S for the laterally conduc-
tivity variations tested here as well as for a laterally
homogeneous conductivity [Holme, 1998b; Wicht and
Jault, 1999]. (Note the corrected value for geostrophy
in section 3.) The inherent indeterminacy of the core
surface flow (or the @ field) does not allow a distinction
to be made between different conductivity models. The
case is different for dynamo simulations that include
electromagnetic coupling to the mantle. Here core flow
and magnetic field are known, and lateral conductivity
variations should be considered.

The required conductance of C = 108S exceeds the
values proposed for mantle material at lower mantle
conditions [Shankland et al., 1993; Katsura et al., 1998].
Provided D", ULVZs, or other heterogeneities in the
lower mantle are correlated with higher conductivities,
electromagnetic coupling may still be a possible expla-
nation for decadal length of day variations. We have
shown that lateral conductivity variations will then play
an important role.
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