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Visco-magnetic torque at the core mantle boundary

Bérangre Deleplace and Philippe Cardin

Laboratoire de @ophysique Interne et Tectonophysique, Observatoire dadbie,

Universi& Joseph Fourier and CNRS, Grenoble, France.

SUMMARY

A magneto-hydrodynamic model of boundary layers at the Gtaatle Boundary (CMB)

is derived and used to compute the viscous and electromagoetues generated by the
Earth’s nutation forcing. The predicted electromagnedrique alone cannot account for
the dissipation estimated from the observations of thedoge nutation. The presence of
a viscous boundary layer in the electromagnetic skin laygreaCMB, with its additional
dissipative torques, may explain the geodetic data. Anr@op&kman number at the top
of the core between and4 10~!! is inferred depending on the electrical conductivity of

the mantle.

1 INTRODUCTION

Detailed models of coupling at the Core Mantle Boundary (QMBve been put forward to explain
the more and more accurate measurements of the nutatioms Batrth (@warning Citation ‘wahr81’
on page 1 undefined; @warning Citation ‘deha97’ on page 1fimatk @warning Citation ‘math02’
on page 1 undefined). The nutations of the Earth induce argliffial rotation, about an equatorial
axis, between the mantle and the core (@warning Citatiosa&@a on page 1 undefined; @warning
Citation ‘buff92’ on page 1 undefined). This differentiataion at the CMB generates both a viscous
torque (@warning Citation ‘gree68’ on page 1 undefined; @ingr Citation ‘lope75’ on page 1
undefined; @warning Citation ‘roch76’ on page 1 undefined)amelectromagnetic torque due to the

shear of the poloidal magnetic field lines (@warning Citatroch60’ on page 1 undefined; @warning
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Citation ‘toom74’ on page 1 undefined; @warning Citatiorsa&&7’ on page 1 undefined). Buffett and
his colleagues developed sophisticated models of thereferagnetic torque at the CMB (@warning
Citation ‘buff92’ on page 1 undefined; @warning Citation 83’ on page 1 undefined; @warning
Citation ‘buff02’ on page 1 undefined) in order to fit the sphtjeodetic observations. First, Buffett
(@warning Citation ‘buff92’ on page 1 undefined) introdu@dveak magnetic field theory where
the Lorentz forces associated to the skin magnetic effectar small to generate any motion in the
boundary layer. His magnetic analysis requires the preseha very good electrically conducting
layer in the lowermost mantle (same electrical condugtiai the core) to get an adequate amplitude
of the torque. Moreover, Buffett (@warning Citation ‘bu#f%n page 1 undefined) invoked a enhanced
magnetic field at the CMB (4 times larger than the observed tmaccount for the small scales of
the magnetic field. The value of the small scales of the mégfield at the CMB (spherical harmonic
degreel > 13) cannot be measured at the surface of the Earth becauseusdtal enagnetic field is
dominant at these wavelengths (@warning Citation ‘blox@bpage 1 undefined; @warning Citation
‘stac92’ on page 1 undefined). He estimated their effectguamextrapolation of the low-degree non
dipole part of the poloidal magnetic spectrum to higher degr Then, Buffett (@warning Citation
‘buff93’ on page 1 undefined) investigated the role of a abmagnetic field on the electromagnetic
torque at the CMB. Its effects are weak and do not increasdifisipation of magnetic origin at the
CMB. Moreover, his results are rather speculative as measemts of the toroidal magnetic field in
the Earth’s core are not available. Buffett et al. (@warn@itation ‘buff02’ on page 1 undefined)
improved the 1992’s model by relaxing the weak field appration. Thus, they solved the inviscid
dynamics of the skin layer in the presence of Lorentz fortée. ratio of the velocity induced by the
Lorentz forces in the skin layer and the velocity jump at tiBJs of the order of the Elsasser number
(defined below). Its value, at the top of the core, is comprisetweern).1 and1 so that the weak
field approximation is not valid. The presence of this dyraaheffect reduces the amplitude of the
electromagnetic torque at the CMB. This is the reason whgrdier to fit the improved observational
constraints (@warning Citation ‘math02’ on page 1 undefin&dffett et al. (@warning Citation
‘buff02’ on page 1 undefined) invoked the presence of a cohstegnetic field modeling the non
dipole component (small scale magnetic field), three tinmeatgr than the dipole value at the CMB.
In all their studies, Buffett and his colleagues introdueethin electrically conducting layer at the
base of the mantle. Its presence remains necessary to getrtieet amplitude of the electromagnetic

torque.

For rapidly rotating fluids, viscosity plays a role mainlytimn boundary layers, the so-called
Ekman layers (@warning Citation ‘gree68’ on page 2 undejinlde depth of these layers {gv/Q

wherev is the kinematic viscosity of the fluid arfdlthe angular velocity of the Earth. As the magnetic
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parameter value
R core radius 3.48 105 m
Q rotation rate of the Earth 7.29 1075 rad s~ 1
p density 10* kg m=3
n magnetic diffusivity of the core 1.6 m? 57!
N magnetic diffusivity of the mantle 1.6 — 1600 m? s~ 1
v kinematic viscosity of the core 7.0107 % m? s7!
By magnetic field at the CMB 0.46 1073 T
KC¢MB  coupling constant at the CMB -1.85107°
E Ekman numbege 8.010715
E,, magnetic Ekman number of the cosgg,g 1.8107°
EM magnetic Ekman number of the manfféz 1.8 107? — 1.8 1076
A Elsasser numbé?fT02 0.14
P, magnetic Prandt| numbénfr 4.510°6

Table 1. Physical properties and associated dimensionless numabedsn this study.

skin depth is\/n/—Q, wheren is the magnetic diffusivity of the core, the ratio of the tvemgiths is
given by+/P,, where P,, = v/n is the magnetic Prandtl number. Tafje 1 contains the valtigeeo
molecular diffusivities for the core (@warning Citatioroip4’ on page 2 undefined). We evaluate
P,, = 41075 in the core, making the viscous layer 500 times thinner thamtagnetic skin layer.
Recent numerical simulations of the geodynamo have beaessftl in reproducing some fea-
tures of the magnetic field of the Earth (@warning CitatioorfrdO0O’ on page 3 undefined). They have
in common to use a very high viscosity (Ekman number greatam 10~%) so as to avoid numerical
resolution problems. Glatzmaier & Roberts (@warning @itatglat95’ on page 3 undefined) advo-
cated the use of an eddy viscosity for dynamical core mogemit is generally done in numerical
modeling of the oceanic or atmospheric sciences (@warnitagi@ ‘pedI87’ on page 3 undefined).
Brito at al. (@warning Citation ‘brit04’ on page 3 undefind@ve found evidence of apparent vis-
cosity from an experiment of thermal convection in a rapiditating spherical shell filled with water
using a spin-up technique. They interpret their obsermatioy arguing that turbulent motions in the
bulk of the core increase the efficiency of the exchange ofilangnomentum between the Ekman
layers and the geostrophic volume. These non-linear sffgcsmall scale may be modeled by an
eddy viscosity at large scale. A turbulent viscosity at iy of the core between0~* m? s~! and
10~ m? s~ ! is possible. Such eddy viscosities increase the magnegisdBmumber and decreases

the ratio between the "viscous” and magnetic layer deptimsied these conditions, viscous effects



4  B. Deleplace and P. Cardin

have to be incorporated in the dynamical equation of therlayéh such a theory, the quality factor
of the free core nutation, deduced from the geodetic datacnstraint on the apparent viscosity et
the top of the core for the diurnal frequency.

Recently, two related studies (@warning Citation ‘math@®®page 4 undefined; @warning Cita-
tion ‘palm05’ on page 4 undefined) have been published. Hpgiroaches are very similar to the work
presented here and lead also to the prediction of a viscesitye at the top of the core from nutations
data. From their own data analysis, Palmer & Smylie (@war@itation ‘palm05’ on page 4 unde-
fined) use an approximate viscous model to infer a viscosigthews & Guo (@warning Citation
‘math05’ on page 4 undefined) introduce a magneto-viscougehsimilar to ours and determine the
viscosity from the observational data analysis of Matheted. ¢ @warning Citation ‘math02’ on page
4 undefined). Both papers give a value of viscosity which éselto the one proposed in this paper.
However, our analysis proposes a complete calculation alittpectral components of the magnetic
field with different extrapolated tendencies for the hidghamt ( > 13) of the magnetic field at the
CMB. Moreover, a physical description of the magnetic argtous boundary layers is shown. We
also give a complete study of the variations of the eledtgocaductivity at the base of the mantle
which enables us to invert the observational data to obtauhetoffs between the mantle electrical
conductivity effect and the viscous effect at the CMB.

This paper presents a derivation of a magneto-hydrodynbmiodary layer attached to the mantle
taking into account the Lorentz, Coriolis and viscous fer¢gection 2). In section 3, we discuss
the influence of the geometry (small scales) and amplitudeéefnagnetic field at the CMB on the
electromagnetic torque. Section 4 describes the effeetwistous layer on the visco-magnetic torques
at the CMB and an Ekman number is estimated at the top of thee €t variations of the electrical

conductivity in the lowermost mantle are studied in sectoA final discussion ends the paper.

2 MATHEMATICAL FORMULATION OF THE TORQUES

At first order (@warning Citation ‘poin10’ on page 4 undefipeithe response of the rotating fluid
core to Earth’s nutations is a rigid body rotation. This apimation was checked experimentally
(@warning Citation ‘vany95’ on page 4 undefined) and stayidl var large forcings (@warning Ci-
tation ‘noir03’ on page 4 undefined). In the computation & #hectromagnetic and viscous torques
at the core mantle boundary (CMB), we may neglect the flowdeduby the ellipticity of the CMB
(@warning Citation ‘sasa80’ on page 4 undefined; @warningtion ‘buff02’ on page 4 undefined)
and we describe the main flow in the outer core by an angulacigl2. We consider the magneto-
hydrodynamical equations in the frame of referefeg, ey, e,) rotating with the fluid outer core at

the angular velocity vectd, e, being defined by, = /. The equations are made dimensionless
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usingQ~! as time scaleR the radius of the core as length scale and a typical magniitides radial
component of the magnetic fielgl, as magnetic field scale. The magnetic field and the flow velocit

in the core { < 1) are governed by the following dimensionless equations:

0B
E—F(V'V)B = (B‘V)V+EmAB, (1)
D Q
FZ+2ezxv+%—txr+Qx(er) = —-VP+ E,A(VxB)xB+ EAv, (2)
where
. 14
- QR?

is the Ekman number andthe kinematic viscosity.

n _77E

B, = —1_ —
QR?2 v

is the magnetic Ekman number which is Ekman number over thgnei Prandtl number(/n)

wheren is the magnetic diffusivity.
o By?
P
is the Elsasser number,= (1) ! is the electrical conductivity of the core apdhe density of the

core fluid.
In the above defined frame of coordinates , the motion of thetlm&s a rigid body rotatiodw 5,

rotating at—e, defined by :
dwr(t) = dwprlex cost — ey sint]

The angular velocity of the mantle is equatorial (no spireaptribution) (@warning Citation ‘buss68’
on page 5 undefined; @warning Citation ‘noir03’ on page 5 findd). The dimensionless velocity

in the mantle is described by:
VM = 0w X T = —riwyr[eqsin(t + @) + e, cos b cos(t + )] (3)

where(e;, ey, e,) is the spherical coordinate system directly associaté¢d,tce, , e,). The magnetic

field in the mantle« > 1) is then described by the induction equation :

OB
=+ (vir-V)B= (B-V)vy + EMAB (4)
where
M _ TIM
Em = OR?

is the magnetic Ekman number of the mantle apgdis the magnetic diffusivity of the mantle.
Whendw,; = 0, the solution of[({l) and4) is a diffusive poloidal magnététd denotedB,. As

dwys increases, magneto-viscous boundary layers develop étbercore mantle boundary & 1).
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The induced magnetic field in these boundary layers is ddrieté\s dw); << 1, we haveb <<

By = O(1). The width of the magnetic skin layer at the top of the cordtatbottom of the mantle)
is of orderE,,,'/? ((EM)'/2) which is very small compared to 1. The viscous layer of di2é? is
even smaller. Consequently, only radial derivative$ ahdwv have to be considered in the magneto
hydrodynamic equations in the boundary layers. Moreovemeglect the radial variations &, and
vy inside these thin boundary layers. A linearisation of eiguat(1),[R) [) with the above boundary

layer assumptions leads to:

Ob 0? ov
ov 0? Ob Jb

v’l"<1, E+2GZXV EwV——VH+EmA<ﬂE—BEer> (6)
ob a0

wheref (6, ) = Bo(r = 1) - e, is the radial component of the imposed magnetic field.
Taking the curl of the motion equatio[j (6) to eliminate puessand using equatiof] (5) to eliminate

b, we obtain the following equation:

0 0% 0 82 9 8 8v 50(V x v)
Under our assumption§] x v = 8”“’e + %5 9vg 2e, and it is convenient to use the complex variables
vy = vg + v, andv_ = vy — v, t0 rewrite the last equation:
o[, 0 9% 0 0? 0 0? vy
— (5 — E==)(%= — En +2 Ep = = B, A3
ar ot~ Bl gy — Emppa)ve £2icost(z = Bug)ve| = Enhi 50 ®

with the imposed velocity (in terms of complex variables)basindary conditiony( = 1) deduced
from equation [(3):

i(st
2

UM = [(1Fcos@)expi(t+¢)— (1 +cosh)exp—i(t+ ¢)].

The boundary condition imposes a time dependence of the dapnt-it which leads to a set of
four differential equations deduced frofj (8). We use theoerpt(*) to denote the sign of the time

dependence and we define:

vy = vg) exp it + vif) exp —it

In the following, we solve explicitly the problem for one cpaoment of the veIocity;S:) and the other
three components of the velocity may be easily deduced ftohiée equation fovﬁr_) is:

4 2
(;3 EE,, (54 + (iE +iE,, — 2iE,, cosf — E Aﬁ2)8—+20059—1 ():0.
,

The associated polynomial function has four rogiscorresponding to four exponential elementary
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solutions which can be written (thanks to M. Greff):
Z; = *(2EEn) V?[~iE — En(i — 2icos 6 — AB%)
+ [—E* 4+ 2EE,,(1 — 2cos 0 — iAB%)+
2 A 02 9 : 9 o anq1/2]1/2
EZ (4cosf —1 — 2iAB° — 4 cos” 0 + dicos OAB” + A )} ]

As the velocity field must vanish far away from the boundagefalim, , 1,2, . v = 0), both

roots with a positive real value are retained and the saiutiay be written:
Vr <1, o) =Xy exp(Z1(r — 1)) + Xoexp(Za(r — 1)) ,

whereX;and X, are constants to be determined.
The equation[{5) gives us the solution hﬁf):

B2y
i+ EnZ%

BZ3

(=) _
\V/T'<1, b+ = — m

Xiexp(Z1(r—1)) — Xoexp(Zo(r—1)) .

Usinglimr(E%)_l/gﬂoo b = 0, the solution for the magnetic field in the mantle may be deduc
directly from (7):
vr > 1, bg_f) = Xzexp(Z3(r—1)),

whereZs; = —(1+1)//2EM.
We use the continuity of the velocity, the magnetic field amel ¢lectrical currents at the core

mantle boundaryr(= 1) to determine the constanis;, X5, X35.

)

Xi1+Xy = z(;M(l—i-cosﬁ),
Z Z
X3 = — ﬂ ! 2X1__ ﬂ 2 2X27
i+ Ep 22 i+ B3
Z? BZ2

EMXZ:E—ﬁlX— 2__X
m 4353 T i+ En 22T it Enz2T?

With the solutions to this set of equations, the velocity tielmagnetic field are fully determined
within the boundary layers. With our scaling, the magnetiqael’,,, scales withp R°Q%E,,, A and the
viscous torqud’,, with pR°Q?E. Here, we use the complex notation by introduclhg= I, + il

The derivation of the viscous torque is given in Appendix A.
r, = (ex+iey)-//r><fvdS, 9
s

7 T 2T 8?}+ 87}_ . '
— 5/0 /0 [(1+ cos H)W + (1 — cos H)W] exp (i) sin 0dOdy . (10)

The magnetic torque could be calculated by a surface idté@warning Citation ‘roch62’ on

page 7 undefined) similarly to the viscous torque. The magnetque could be deduced from the
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perturbed magnetic fied atr = 1:

Iy = (ex+iey):- /r x (Ob)dS , (11)

. ™ 21
= % / / Bl(1 + cos )by + (1 — cos@)b_]exp (ip) sin Odfdyp . (12)
o Jo
It is of some use to introduce the coupling constantleduced from the torque to compare with
the observed data (@warning Citation ‘math02’ on page 8 fimeiz):
T
- ildwyy

where/ is the dimensionless moment of inertia of the core.

Both torques are integrated numerically using ap) grid wheres(6, ) is prescribed.

For a very weak magnetic field (the Lorentz forces tend toskgnioomre (@warning Citation
‘toom74’ on page 8 undefined) predicted that the torque istpw 7 /4 away from the direction of
the imposed angular velocityw. For very low Elsasser and Ekman numbers, the solutionvigllo
this asymptotic behaviorZ(n(K) = —Re(K)). For a large and dipolar magnetic field, we compare
successfully our results for a very low Ekman numigr=£ 10~ 1) with the coupling constants found
by Buffett (@warning Citation ‘buff02’ on page 8 undefined)their inviscid study. In the limit of
large Ekman numbers and low Elsasser numbers, we checlhhapmputed torque tends toward the

spin-over torque (@warning Citation ‘gree68’ on page 8 tinee).

3 MAGNETICFIELD AT THECMB

Even though the magnetic field at the CMB is dominated by tled dipole component, all spherical
harmonic components contribute to the electromagnetiuirThe spatial magnetic power spectrum
(Mauersberger-Lowes spectrum) of the magnetic field at wehEsurface is deduced from obser-
vations (@warning Citation ‘lang82’ on page 8 undefined; @y Citation ‘voor02’ on page 8
undefined). At the CMB, this spectrum is fitted by the power 12085 10'° (0.959)!nT? (@warning
Citation ‘stac92’ on page 8 undefined) if one excepts theldipomponent/(= 1). This is a rela-
tively flat magnetic spectrum which has to become stiffereay Vargel to satisfy energetic arguments
(@warning Citation ‘robe03’ on page 8 undefined; @warningi@in ‘chri04’ on page 8 undefined).
Taking the same electrical conductivity for the core andrttentle ,, = EM = 1.8 1079) and

a very low Ekman number{ = 10~!6), we compute the electromagnetic coupling constant using
the firstl,., degrees of the magnetic field (higher degree coeficientseate gero). Figurg]1 illus-
trates possible contributions of the small scales (13) of the magnetic field to the amplitude of the
electromagnetic torque. Different random sets of sphii@amonic coefficients matching the spectra

dependence, give comparable contribution to the torqueaians lower than 10%). Consequently,
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-03 -

-0.5 -

10°.Im(K)

-0.7 -

Figure 1. Imaginary part of the electromagnetic coupling constargwgthe truncature levé),,.. of the mag-
netic field at the core boundary. The observed geomagnetitrspis extrapolated randomly with a power law
(0.959)" for I > 13 and the coupling constant is computed with the visco-magnaadel (VMM) or with the
weak field model (WFM). Each line represents a set of sphieneamonic coefficients sastifying the spectra

dependence. The bold lines show the mean values of both model

the mean value of the coupling constant is representatiwhaf could happen at the CMB and in the
following, we keep only the mean value to present the results

The contribution of the large degrees of the spherical haiosmof the magnetic field in the visco-
magnetic model is smaller that the one associated with thekield model (@warning Citation
‘buff92’ on page 9 undefined). The back reaction of the Lardatces on the flow is to reduce the
electromagnetic torque at the boundary. This effect is exsigkd for the small scales of the magnetic
field. In some cases (for example, all coefficients posititie¢ contribution of the large degree is
negligeable and the coupling constant curve becomes flgtéht curve in Figurg 1).

Figure[R shows that the mean electromagnetic torque assdomith the observed magnetic
field at the CMB (0.959)") is too low to fit the imaginary part of the observed coupliranstant
(—1.85 107?). Following the ideas of Buffett (@warning Citation ‘buff9on page 9 undefined;
@warning Citation ‘buff02’ on page 9 undefined), we expldre ¢ffect of an increase of the magnetic

field at small scales . We studied two different power lawslfierspectral(> 13): (1.044)! giving an
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Figure 2. Imaginary part of a mean electromagnetic coupling constargus the truncature levg),,. of the
magnetic field at the core boundary. The coupling constacbiisputed with the visco-magnetic model with

three different extrapolated spectra fos 13.

magnetic energy 10 times greater than the standard oneraedé@, and1.098)' corresponding to an
energy 10 times greater than the standard one at degree 3@cikase by a factor 10 in energy at de-
gree 40, increases the overall coupling constant less tfeata 2 which remains too small to match
the observed value. In Figufk 2, we see that only(theds)’ spectrum could explain the observed
data. From a geophysical point of view, this spectrum iskethfi as it dissipates a large amount of en-
ergy. Using the result of Roberts et al. (@warning Citatimibe03’ on page 9 undefined) (eq 2.7 page
104), we found a ohmic dissipation 0037 W for I < 40. This is large compared to the dissipation
associated to dipolar component alone which.@8GWW . According to the scaling deduced from nu-
merical dynamos (@warning Citation ‘buff02b’ on page 9 Uirdel; @warning Citation ‘robe03’ on
page 9 undefined; @warning Citation ‘chri04’ on page 9 unéefinvhich takes into account the dis-
sipation of the toroidal part of the magnetic field and thetdgbution of small scales of the magnetic
field, this(1.098)" spectrum is too dissipative. For example, with a dissipatibl .32GW associated
to the large scale magnetic spectrum, Roberts at al. (@m@f@itation ‘robe03’ on page 9 undefined)
estimate a total ohmic power loss between 1 2R/ .

Another dissipative process is thus needed to explain ttetion data.



Geophys. J. Int.: Visco-magnetic Torque at the CMBL1

4 VISCOUSEFFECTSAT THE CMB

In this section, we assume the electrical conductivity i ¢ore and in the mantle to be the same
(@warning Citation ‘buff02’ on page 11 undefined) and focusviscous effects. Figurf 3 shows
components of the velocity and perturbed magnetic fieldeéndoundary layers foE,, = EM =

1.8 1077 (see tabl¢]1) and different Ekman numbers. For very low Ekmanbers, the viscous layer
is very narrow £1/2) and the magnetic field (symmetry and amplitude) is nearlshanged by the
presence of the Ekman layer. For Ekman numbers comparalie tmagnetic Ekman number, the
width of the viscous layer becomes as large as the magnétiaspth E},{Q) and magnetic field is
induced deeper into the core. Consequently, the perturlzephetic field looses its symmetry and its
value at the CMB decreases.

This physical behavior is summarised on figlfe 4. The magnetgue does not vary for very
low Ekman number £ < 10~'!) and both components decrease as the Ekman number apmoache
the magnetic Ekman number. As expected, the viscous tonquedses with the Ekman number. The
imaginary part of the magnetic and viscous coupling cortstaecome comparable fé ~ 2. 1012
while their real parts match for a larger Ekman numbder 4. 10~10). This difference results directly
from the geometry of the spin over viscous torque which i very low imaginary part(259)
compared to the real one.(2) (@warning Citation ‘gree68’ on page 11 undefined). As a ksion,
the resulting torque at the CMB is largely modified by a viscsbhear layer fo? > 10~12 even if
the depth of the viscous layer is much smaller than the magoee (Figurd]3a) and its effect barely
changes the induced magnetic field at the boundary (Figyre 3b

In order to fit the imaginary part of the observed couplingstant (-1.85 10~°), an Ekman
number of3. 107! is necessary as shown on figite 4. With such a value, the \dstissipative
process represents 85% of the whole dissipation at the CMBbueal part of the coupling constant

is still dominated (75%) by the magnetic torque.

5 ELECTRICAL CONDUCTIVITY AT THE BOTTOM OF THE MANTLE

In the visco-magnetic model for CMB parameters, the infleeoicthe electrical conductivity of the

lowermost mantle is secondary. Fig{ife 5 shows the evolati¢the coupling constant as the electrical
resistivity is increased up to 10000 times the electricaist&vity of the core for an Ekman number
of 4. 10~!%. The imaginary part of the coupling constant varies less &@#6 but the real part of the

coupling constant is divided by 3. As expected, for large metig Ekman number in the mantle, the
torgue is mainly dominated by the viscous part of the torque.

A trade off between viscous and magnetic torque could beddumrder to fit the observational
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Figure3. Velocity Im(v(f)) and magnetiq‘b(g)| perturbed fields at the core-mantle boundaryifgy = EM =
1.8 10~? and different Ekman numbers.
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10°. Coupling Constant K

0% 10" 10 10°
Ekman number, E

Figure 4. Variations of the coupling constaif as a function of the Ekman numbés,, (K,,) is the viscous

(magnetic) component of the coupling constant

data of nutations. On figufg 6, for each value of the eledtdoaductivity of the mantle /), we
plot the Ekman numberH) corresponding to a total torque in agreement with the olasienal con-
straintIm(K“MB) = —1.85 10~°. For the nearly flat standard specta959)' (corresponding to the
magnetic field at the CMB), Ekman numbers betw2emd5. 10~!! are retrieved from the inversion
whatever the conductivity at the bottom layer of the marfite.the largest increasing spectiia098)’,
Ekman numbers vary more significantly with the conductivifythe lowermost mantle and very low
Ekman numbers are retrieved when the electromagneticédygoomes significant (comparable elec-
trical conductivity on both sides of the CMB).

The electrical conductivity at the bottom of the mantle iclilt to determine. Theoretical anal-
ysis and experimental measurements indicate that silicates have a lower electrical conductivity
than the liquid metal of the core (@warning Citation ‘poir®2 page 13 undefined; @warning Cita-
tion ‘shan93’ on page 13 undefined). Discoveries of new ghabperovskite, such as post perovskite
(@warning Citation ‘iita04’ on page 13 undefined), or methyes of silicates may change this state-
ment. The resistivity may even present lateral variaticshown by seismic lateral variations in the

lowermost mantle (@warning Citation ‘lay98’ on page 13 dirdl). Except in the case of both a
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Figure5. Variations of the coupling constant with the Ekman magneticber of the mantle.

large electrical conductivity at the base of the mantle aladge magnitude of a hidden magnetic field

at the CMB, the Ekman number needed to explain the obsenatitata is aroundo—'".

6 DISCUSSION

The real part of the coupling constant is not dissipative dinectly influences the period of the nu-
tations (@warning Citation ‘deha97’ on page 14 undefined;aimg Citation ‘hind00’ on page 14
undefined; @warning Citation ‘math02’ on page 14 undefinBdj.the discrepancy between the the-
oretical and observed periods of the free core nutation (FEMoO large to be explained only by the
real part of the coupling constant associated with thegisisie torque at the CMB. Hence, a dynamic
ellipticity of a few hundred meters at the CMB has been inticatl to account for this discrepancy.
Then, the real part of the coupling constant cannot be usgch@me as an observational constraint
to determine the nature of the dissipative torque at the CIMiB.true, though, that a visco-magnetic
dynamic model of the CMB reduces the real part of the couptimgstant compared to a weak field
model and consequently tends to increase by 10% the estohtte dynamic ellipticity at the CMB.
The visco-magnetic model of the magnetic skin layer shoasttie small scales of the magnetic

field at the CMB, that cannot be directly inferred from magmnebservations, do not contribute sig-
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Figure6. Curves in the planf, EM) on whichIm(K“M5B) = —1.85107?, for E,,, = 1.8 10~ and the three
different spectra forl{(> 13). The observed magnetic field at the CMB corresponds to thdy#at spectra
(0.959)".

nificantly to the electromagnetic torque between the corkthe mantle. With a flat or decreasing
power magnetic spectrum at the CMB, the electromagnetipi®is too weak to explain the coupling
constant/m(K“MB) = —1.85 107?, even if the electrical conductivity of the lower most marit
comparable to the core one.

The visco-magnetic model of the boundary layers at the CMBguthe observed geomagnetic
field imposes the presence of viscous dissipative effegipafent Ekman numbers betwe2rmand
4 10~ are needed to fit the observational constraint (correspgnth a turbulent viscosity of
3.5 10~2m?2s~1). This observational constraint may change as the qudiityeodata and their treat-
ment improve (@warning Citation ‘flor00’ on page 15 undefiné€dnly a reduction of the value of
Im(K“MB) py a factor 3 would make viscous effects unnecessary to iexihia observations. How-
ever, the recent study of Palmer & Smylie (@warning Citatjprim05’ on page 15 undefined), if
correct, gives an Ekman number Dfl0~!! using their own analysis of VLBI data of the free core
nutation and a pure viscous model of coupling at the CMB. Tgreement is also very good with the
results of Mathews & Guo (@warning Citation ‘math05’ on pddgeundefined) which states that an

Ekman number larger tham 10~!! is needed at the CMB. Such values of the Ekman number at the
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CMB are also compatible with the dissipation needed to aucfmu the relaxation of torsional oscil-
lations in the core (@warning Citation ‘zatm97’ on page 18efined; @warning Citation ‘jaul03’
on page 15 undefined).

At this stage, we like to see this observational constrairt measurement of an apparent viscosity
at the top of the core. The visco-magnetic model suggestéfeatiee viscosity five thousand times
larger than the expected molecular viscosity of iron at tire conditions. We would like to stress than
an apparent viscosity is space and time dependent wheréadgfined here on the whole surface of
the CMB at the diurnal frequency. Consequently, this valiigiscosity ¢.5 10~2m?s~1) may not
be generalized to the bulk of the core, at small scales andfatet time scales. This is large but
comparable to effective viscosities used in fluid dynamicthe ocean or the atmosphere. In these
fields, a large apparent viscosity is the net result of thieulent transport due to the small scales of
the flow on the large scale flow. Such an explanation may b ualthe Earth’s core even though
we do not have any evidence for the action of small scaleseaCtiB. As discussed by Davies &
Whaler (@warning Citation ‘davi97’ on page 16 undefinedg #ifective transport of momentum
may be generated by convective motions associated to thardyprocess or by surfacic flows such
as topographic winds, unstable boundary layers motionsh@mical/compositional fluxes.

This work has been financed by the program DyETI and PNP of GNW&®). The authors would
like to thank Thierry Alboussiere, Dominique Jault, Mawe Greff and Véronique Dehant and the

rewievers for very helpful comments and suggestions.

APPENDIX A: TORQUE FORMULATION
The viscous torque is computed from the viscous forces atdhemantle boundary:

Fv://rvads
S

wheref, is the viscous force per unit area. In our geometry and withinboundary layer approach,

v,

the viscous force on a sphere may be writt€ép = f, ,eg + fu, €, = %eg + Ffe,. Atr =1, we
have:
r x f, = (= fu,, cosfcosp — f, ,sinp)ex + (—fu,, cosOsing + f, ,cosp)ey + fy,., sind e,

Introducingl’ = I, + I, the dimensionless complex viscous torque at the CMB is:

T 27
I, = /0 /0 [’L% — oS 9%] exp (i) sin OdOdp

which in terms ofv, andv_ may be expressed:

_ 7 T 2w 8’U+ ov_ . .
r, = 3 /0 /0 [(1+ cos Q)W + (1 — cos H)W] exp (ip) sin 0dOdy
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which is the expression shown in equatipri (10). Equafidi§&ing similar to equatio|(9), the deriva-

tion of the magnetic torque is similar to that of the viscougjtie.



