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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 betweed and5 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 nutatiohe &karth (Wahr, 1981; Dehant & De-

| |
fraigne, 1997| Mathews et al., 2002). The nutations of thelHaduce a differential rotation, about
an equatorial axis, between the mantle and the dore (Sasdq £98D; Buffett, 1992). This differ-
entlal rotation at the CMB generates both a viscous torgued@an, 1968; Loper, 1975 Rochester,

1976) and an electromagnetic torque due to the shear of tbalgbmagnetic field Ilnes (Rochester,

1960;| Toomre, 1974; Sasao, 1p77). Buffett and his collemgegeloped sophisticated models of the
electromagnetic torque at the CMB (Buffett, 1092; Buffa®93;[Buffett et al., 2002) in order to fit
the spatial geodetic observations. First, Buffett (198&piduced a weak magnetic field theory where
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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, Buffetf (1992) invoked a enhancegmetic field at the CMB (4 times larger
than the observed one) to account for the small scales of ggnetic field. The value of the small
scales of the magnetic field at the CMB (spherical harmonjrad > 13) cannot be measured at the
surface of the Earth because the crustal magnetic field isndomat these wavelengths (Bloxham,
199F;;|Stacey, 1992). He estimated their effect using arapatation of the Iow—degretla non dipole
part of the poloidal magnetic spectrum to higher degreesnTBuffett [199B) investigated the role of

a toroidal magnetic field on the electromagnetic torque etGMB. Its effects are weak and do not
increase the dissipation of magnetic origin at the CMB. Mwueg, his results are rather speculative as
measurements of the toroidal magnetic field in the Earth’s ace not available. Buffett et a[. (2002)
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 for¢es. 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 num-
ber (defined below). Its value, at the top of the core, is cisegdrbetwee.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 wherdier to fit the improved observational

constraints [[Mathews et al., 2002), Buffett et fl. (2002pked the presence of a constant magnetic

field modeling the non dipole component (small scale magrfitid), three times greater than the
dipole value at the CMB. In all their studies, Buffett and bidleagues introduced a thin electrically
conducting layer at the base of the mantle. Its presenceimemacessary to get the correct amplitude

of the electromagnetic torque.

For rapidly rotating fluids, viscosity plays a role mainlythin boundary layers, the so-called
Ekman layers[(Greenpan, 1968). The depth of these laygrs j€2 wherev is the kinematic viscosity
of the fluid and(2 the angular velocity of the Earth. As the magnetic skin déqot,t;/n/—Q, wheren is
the magnetic diffusivity of the core, the ratio of the twodgms is given by/P,, whereP,, = v/n
is the magnetic Prandtl number. Tafe 1 contains the valisganolecular diffusivities for the core
(Poirier, 199%). We evaluatg,, = 4 10~ in the core, making the viscous layer 500 times thinner

than the magnetic skin layer.

Recent numerical simulations of the geodynamo have beaessftl in reproducing some fea-

tures of the magnetic field of the Earth (Dormy et al., 200@)eyrhave in common to use a very high

viscosity (Ekman number greater th&d %) so as to avoid numerical resolution problems. Glatzmaier

& Roberts [1995) advocated the use of an eddy viscosity faathical core modeling as it is gener-
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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.

ally done in numerical modeling of the oceanic or atmosphstiences| (Pedlovsky, 1987). Brito at

al. 200#) have found evidence of apparent viscosity fronegeriment of thermal convection in a
rapidly rotating spherical shell filled with water using arspp technique. They interpret their obser-
vations by arguing that turbulent motions in the bulk of tbeedncrease the efficiency of the exchange
of angular momentum between the Ekman layers and the gpb&treolume. These non-linear ef-
fects at small scale may be modeled by an eddy viscosity ge lszale. A turbulent viscosity at the
top of the core betweer0—* m? s~ and10~! m? s~! is possible. Such eddy viscosities increase the
magnetic Prandtl number and decreases the ratio betweérisheus” and magnetic layer depths.
Under these conditions, viscous effects have to be incatpdrin the dynamical equation of the layer.
With such a theory, the quality factor of the free core notatideduced from the geodetic data, is a
constraint on the apparent viscosity et the top of the caréhodiurnal frequency.

Recently, two related studief (Mathews & Guo, 2005; Paim&ngylie, 200b) have been pub-

lished. Their approaches are very similar to the work prestehere and lead also to the prediction

of a viscosity value at the top of the core from nutations datam their own data analysis, Palmer
& Smylie (200%) use a pure viscous model to infer a viscoditythews & Guo [2005) introduce a
magneto-viscous model similar to ours and determine thresity from the observational data analy-
sis of Mathews et al[ (20p2). Both papers give a value of gigavhich is close to the one proposed
in this paper. However, our analysis proposes a completelledibn with all spectral components of

the magnetic field with different extrapolated tendenca@dlie hidden parti(> 13) of the magnetic
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field at the CMB. Moreover, a physical description of the metgnand viscous boundary layers is
shown. We also give a complete study of the variations of teetrécal conductivity at the base of
the mantle which enables us to invert the observational tbatétain trade-offs between the mantle
electrical conductivity effect and the viscous effect & @MB.

This paper presents a derivation of a magneto-hydrodynamindary 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 amplitudbefnagnetic 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 €bwe variations of the electrical

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

2 MATHEMATICAL FORMULATION OF THE TORQUES

At first order (Poincare, 19]10), the response of the ragafiimd core to Earth’s nutations is a rigid
body rotation. This approximation was checked experimign(danyo et al., 1995) and stays valid

for large forcings [(Noir et al., 20D3). In the computationtioé torques at the core mantle boundary
(CMB), we may neglect the flow induced by the ellipticity oBt&MB (Sasao et al., 19|80 Buffett

et al., 2002) and we describe the main flow in the outer corenbgrgular velocity2. We conS|der

the magnetohydrodynamical equations in the frame of reteréey, ey, e,) rotating with the fluid
outer core at the angular velocity vec@r e, being defined by, = /. The equations are made
dimensionless using ' as time scaleR the radius of the core as length scale and a typical magnitude
of the radial component of the magnetic fighd as magnetic field scale. The magnetic field and the

flow velocity in the core« < 1) are governed by the following dimensionless equations:

B
Dv o
E+2ezxv+¥xr+ﬂx(ﬂxr) = —-VP+ E,A(VxB)xB+ EAv, (2)
where
. 14
- QR?

is the Ekman number andthe kinematic viscosity.

n _Ngp

E,=——
" QR v
is the magnetic Ekman number which is Ekman number over thgneig Prandtl numben/(/n)
wheren is the magnetic diffusivity.

O’BO2

A==
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is the Elsasser number,= (un)~! 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) = dwprex cost — ey sint]

The angular velocity of the mantle is equatorial (no spineoptribution) [Busse, 1§|58 Noir et al.,

2003) The dimensionless velocity in the mantle is desdrie
VM = 0wy X = —rdwprleg sin(t + ) + e, cos O cos(t + ¢)] (3)

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

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

0B
o + (v -V)B=(B-V)vy + EMAB (4)
where
M _ M
m OR?

is the magnetic Ekman number of the mantle apdis the magnetic diffusivity of the mantle.
Whendw,, = 0, the solution of[(l) and]4) is a diffusive poloidal magnédiétd denotedB,. As
dwys increases, magneto-viscous boundary layers develop étbercore mantle boundary & 1).
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 cordt{atbottom of the mantle)
is of orderE,,,'/? ((EM)'/2) which is very small compared to 1. The viscous layer of diZé? is
even smaller. Consequently, only radial derivative$ ahdv have to be considered in the magneto
hydrodynamic equations in the boundary layers. MoredBgrandv ,; have no radial variation inside
these thin boundary layers. A linearisation of equatidfys@}(4) with the above boundary layer

assumptions leads to:

db 0? ov
ov 0? Ob db
ob 0

wheres(0, ) = Bo(r = 1) - e, is the radial component of the imposed magnetic field.
Taking the curl of the motion equatiofj (6) to eliminate pressand using equatiofy (5) to eliminate
b, we obtain the following equation:

2 2 2
0 42 E,, 0 — )(V xv)— 2COS€(2—E O o

(= — E=—)(= — )= M
ot or2’ ot o2 ot "or2’ or

0
- EmABQ or
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_ Ovyp

Under our assumption§/ x v = ——2eq + %eq, and it is convenient to use the complex variables
vy = vg + v, andv_ = vy — v, t0 rewrite the last equation:
o[, 0 0% 0 0? 0 0? DPvy

— (= —E==)(%= — Em—==)vt £ 2icos (= — Epp=— = E,,A3?
or |t~ Fa)\Gp ~ Bmpgpa)ve £2icos 0z = Bngp)vs | = EnG™ 55

with the imposed velocity (in terms of complex variables)basindary conditiony( = 1) deduced

(8)

from equation [(3):

10w
2

vpE = [(1F cosB)expi(t + @) — (1 £ cosb)exp—i(t+ ¢)] .

The boundary condition imposes a time dependence of the dapt-it which leads to a set of
four differential equations deduced frofy (8). We use theoaept®) to denote the sign of the time
dependence. In the following, we solve explicitly the peshlfor one component of the velociméf)
and the other three components of the velocity may be easdyakd from it. The equation fmf[)
is:

9 |gE a—4+('E+'E — 2iE,, cos — E Aﬁ2)a—2+2 90— 1|07 =0
o ma ) 1B, 1E,, cos m 52 CoS vy =0.

The associated polynomial function has four rogiscorresponding to four exponential elementary
solutions which can be written (thanks to M. Greff):
Zi = +(2FEn) YV [~iE — Ep(i +2icos 0 + AB%)
+ [~E* 4+ 2EE,,(1 — 2cos 0 — iAB%)+
1/2
E2,(4cosf — 1 — 2iAB? — 4dcos® 0 + 4i cos OAB? + A? 3] 1/2]

As the velocity field must vanish far away from the boundagetalim, ;-1/2_,_ . v = 0), both

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

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

Bz
i+ EnZ%

BZ3

(=) _
Vr <1, by’ = m

Xiexp(Zi(r—1)) — Xoexp(Zo(r—1)) .

Usinglimr(E%)_l/g_)oo b = 0, the solution for the magnetic field in the mantle may be deduc
directly from (7):
vr>1, 0 b = Xyexp(Zs(r — 1)),

whereZs; = —(1+1)//2EM.

We use the continuity of the velocity, the magnetic field amel ¢lectrical currents at the core
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mantle boundaryr{= 1) to determine the constani§;, X, Xs.

i
Xi1+Xy = “’;M(l—i-cosﬁ),
Z Z
X3 = — ﬂ ! 2X1_ R ﬂ 2 2X27
i+ Ep 2 i+ EpZ3
7z} 7Z2
EMX37; = En L b2, X

it En22T it B, 22
With the solutions to this set of equations, the velocity tiedmagnetic field are fully determined
within the boundary layers. With our scaling, the magnetiquerl’,,, scales witlpR*Q?F,,, A and the
viscous torqud’, with pR°Q?E. Here, we use the complex notation by introduclhg= T, + il'y.

The derivation of the viscous torque is given in Appendix A.

r, = (ex+iey)-//r>< ovdS | 9)
S
(=)

[T vy ov) .
= m/o [(1+ cos H)V‘(ml) + (1 — cos 6)7\(T:1)] sin 0d6 . (10)

The magnetic torque could be calculated by a surface irtggochester, 1962) similarly to the

viscous torque. The magnetic torque could be deduced frempehurbed magnetic fieldatr = 1:

L'y = (ex+iey)- /r x (b)dS , (11)

- 5/0/0 Bl(1 + cos )by + (1 — cos @)b_] exp (ip) sin ©. (12)

It is of some use to introduce the coupling constAntleduced from the torque to compare with
the observed data (Mathews et al., 2002):

T
- ildwyy

wherel is the dimensionless moment of inertia of the core.

For a very weak magnetic field (the Lorentz forces tend tosfgrToomre [1974) predicted that
the torque is pointingr /4 away from the direction of the imposed angular veloafiey. For very low
Elsasser and Ekman numbers, the solution follows this agytroehavior {m(K) = —Re(K)).
For a large and dipolar magnetic field, we compare succégsiut results for a very low Ekman
number € = 10~'6) with the coupling constants found by Buffeft (2p02) in thiewviscid study. In

the limit of large Ekman numbers and low Elsasser numberghsek that the computed torque tends

toward the spin-over torqug (Greenpan, 1968).

3 MAGNETICFIELD AT THE CMB

Even though the magnetic field at the CMB is dominated by tle dipole component, all spherical

harmonic components contribute to the electromagnetguerThe spectrum of the observed mag-
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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 non lineaovimagnetic model (VMM) or
with the weak field model (WFM). Each line represents a sepbesical harmonic coefficients sastifying the

spectra dependence. The bold lines show the mean valuethofrioalel.

netic energy at the CMB is fitted by a power law(in959)" (Stacey, 1992) if one excepts the dipole
component { = 1). This is a relatively flat magnetic spectrum which has toobee stiffer at very

large! to satisfy energetic arguments (Roberts et al., PP03; &msen & Tilgner, 2004). Taking the

same electrical conductivity for the core and the manflg, (= £ = 1.8 107?) and a very low
Ekman numberE = 10~'6), we compute the electromagnetic coupling constant usiaditstl,,,..
degrees of the magnetic field. Figiite 1 illustrates possibieributions of the small scales% 13) of
the magnetic field to the amplitude of the electromagnetigue. Different random sets of spherical
harmonic coefficients matching the spectra dependence,cgmparable contribution to the torque.
Consequently, the mean value of the coupling constant ieseptative of what could happen at the
CMB and in the following, we keep only the mean value to preemresults.

The contribution of the large degrees of the spherical haiosmf the magnetic field in the visco-
magnetic model is smaller that the one associated with tlad field model [Buffett, 1992). The back

reaction of the Lorentz forces on the flow is to reduce thetedetagnetic torque at the boundary.
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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 constanbmsputed with the non linear visco-magnetic

model with three different extrapolated spectraifor 13.

This effect is emphasised for the small scales of the magfietd. In some cases (for example, all
coefficients positive), the contribution of the large degre negligeable and the coupling constant
curve becomes flat (highest curve in Fig[jre 1).

Figure[R shows that the mean electromagnetic torque assdowith 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 Buffet{ (19p2; 2402), we explore #ffect of an increase of the
magnetic field at small scales . We studied two different pdewss for the spectral (> 13): (1.044)"
giving an energy 10 times greater than the standard one eteldg, and1.098)' corresponding to an
energy 10 times greater than the standard one at degree 3créase by a factor 10 in energy at de-
gree 40, increases the overall coupling constant less tfaat@ 2 which remains too small to match
the observed value. In Figule 2, we see that only the largestisim could explain the observed data.
From a geophysical point of view, the largest spectrum igkalyl as it dissipates a large amount of
energy. Using the result of Roberts et @l. (2003), we founhraio dissipation 06.037'W for | < 40.

Another dissipative process is thus needed to explain ttetion data.
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4 VISCOUSEFFECTSAT THECMB

In this section, we assume the electrical conductivity endbre and in the mantle to be the same (Buf-

fettetal., 200I2) and focus on viscous effects. Figlire 3 sramnponents of the velocity and p:arturbed
magnetic fields in the boundary layers B, = EX = 1.8 107 (see tabl¢]1) and different Ekman
numbers. For very low Ekman numbers, the viscous layer ig marrow (£'/2) and the magnetic
field (symmetry and amplitude) is nearly unchanged by thegmee of the Ekman layer. For Ekman
numbers comparable to the magnetic Ekman number, the widlte wiscous layer becomes as large
as the magnetic skin deptlEi;{z) and magnetic field is induced deeper into the core. Consgigue
the perturbed magnetic field looses its symmetry and itsevaluhe CMB decreases.

This physical behavior is summarised on figlife 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 corntstaecome comparable féi ~ 2. 1012
while their real parts match for a larger Ekman numbder{ 4. 10~19). This difference results directly
from the geometry of the spin over viscous torque which i very low imaginary part(259)
compared to the real on2.¢2) (Greenpan, 1968). As a conclusion, the resulting torqilees€MB is
largely modified by a viscous shear layer for> 10~!2 even if the depth of the viscous layer is much
smaller than the magnetic one (Figlite 3a) and its effectyoahanges the induced magnetic field at
the boundary (Figurg 3b).

In order to fit the imaginary part of the observed couplingstant (-1.85 10~°), an Ekman
number of4. 10~!! is necessary as shown on figyfe 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. Figiife 5 shows the evolatidhe coupling constant as the electrical
resistivity is increased up to 10000 times the electricaist&vity of the core for an Ekman number
of 3. 10~!1. 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
torque is mainly dominated by the viscous part of the torque.

A trade off between viscous and magnetic torque could beddumrder to fit the observational

data of nutations. On figufg 6, for each value of the eledtdoaductivity of the mantle /), we
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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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Figure 4. Variations of the coupling constaif as a function of the Ekman numbés,, (K,,) is the viscous

(magnetic) component of the coupling constant

plot the Ekman numberH) corresponding to a total torque in agreement with the olasienal con-
straintIm(K“MB) = —1.85 107°. For the nearly flat standard spectfa959)' (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 iiclilt to determine. Theoretical anal-
ysis and experimental measurements indicate that silicates have a lower electrical conductivity
than the liquid metal of the cor@ (Poirier & Le Mou&l, 1p9ZaBkland & Poirier, 1993). Discoveries

of new phases of perovskite, such as post perovgkite (lgakd, 2004), or metal alloys of silicates

may change this statement. The resistivity may even préstenal variations as shown by seismic lat-
eral variations in the lowermost mantle (Lay et al., 1998)cépt in the case of both a large electrical
conductivity at the base of the mantle and a large magnitfidehidden magnetic field at the CMB,

the Ekman number needed to explain the observational dataisid10—!".
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Figure5. Variations of the coupling constant with the Ekman magneticber of the mantle.

6 DISCUSSION

The real part of the coupling constant is not dissipative direttly influences the period of the nuta-
tions (Dehant & Defraigne, 199Y; Hinderer & Crossley, 200@thews et al., 2002) and could have

been used to determine the nature of the dissipative pratéiss CMB. But the discrepancy between

the theoretical and observed periods of the free core pat@iCN) is too large to be explained only
by the dissipative torque at the CMB. Hence, a dynamic dligtof a few hundred meters at the
CMB has been introduced to account for this discrepancyn;Tthe real part of the coupling constant
cannot be used anymore as an observational constrainteiordeé the nature of the dissipative torque
at the CMB. It is true, though, that a visco-magnetic dynamdizel of the CMB reduces the real part
of the coupling constant compared to a weak field model andezprently tends to increase by 10%
the estimate of the dynamic ellipticity at the CMB.

The non-linear model of the magnetic skin layer shows thasthall scales of the magnetic field
at the CMB, that cannot be directly inferred from magnetiseations, do not contribute signifi-
cantly to the electromagnetic torque between the core anchintle. With a flat or decreasing power

magnetic spectrum at the CMB, the electromagnetic torqu@oisveak to explain the coupling con-
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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 fori(> 13). The observed dipole magnetic field at the CMB correspoodbée nearly flat
spectra0.959)".

stantIm(K“MB) = —1.85 1072, even if the electrical conductivity of the lower most manit
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 effegiparent Ekman numbers betwegrand
5 10~ are needed to fit the observational constraint (correspgnth a turbulent viscosity of
3.5 1072m?2s~1). This observational constraint may change as the qudlityeodata and their treat-
ment improve |(Florsch & Hinderer, 2000). Only a reductiorthe value ofIm(KCMB) by a factor

3 would make viscous effects unnecessary to explain thenaditens. However, the recent study of

Palmer & Smylie [[2005) gives an Ekman number7of0—!! using their own analysis of VLBI data
of the free core nutation and a pure viscous model of cougintpe CMB. The agreement is also
very good with the results of Mathews & Guo (2P05) which stateat an Ekman number larger than
5 107! is needed at the CMB. Such values of the Ekman number at the @eRlso compatible
with the d|SS|pat|on needed to account for the relaxatiotoidional oscillations in the core (Zatman
& Bloxham, 19971Jau|t 2003).

At this stage, we like to see this observational constrairt measurement of an apparent viscosity
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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 wheréadefined here on the whole surface of
the CMB at the diurnal frequency. Consequently, this valireiscosity 8.5 1072m?s~!) may not
be generalized to the bulk of the core, at small scales andfateht 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 bd irathe Earth’s core even though we
do not have any evidence for the action of small scales atiB.@s discussed by Davies & Whaler
(L997), the effective transport of momentum may be genetateonvective motions associated to the
dynamo process or by surfacic flows such as topographic wimdsable boundary layers motions, or
chemical/compositional fluxes.

This work has been financed by the program DyETI and PNP of GNW&&). The authors would

like to thank Thierry Alboussiere and Dominique Jault ferwhelpful comments and suggestions.
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APPENDIX A: TORQUE FORMULATION
The viscous torque is computed from the viscous forces atdreemantle boundary:

Fv://rxavds
S

whereo, is the viscous stress tensor. In our geometry and within mmdhary layer approach, the
viscous stress on a sphere may be writte) = o, ;g + 0y, €, = 8”9 Leg + Wew Atr =1, we

have:
r X oy = (—0y,, cosf cos p — 0y, , sinp)ex + (—0y,, cosOsinp + 0y, , cos p)ey + 0y, sinp e,

Introducingl’ = T, + I, the dimensionless complex viscous torque at the CMB is:

2
/ / % — cos 968—]exp (1) sin OdOdyp

which in terms ofv,. andv_ may be expressed:
2w (:) Ov
/ / [(14 cos®) 8—+(1_ cosf)—— B — | exp (i) sin dOdp

Then taking in account the dependence of the perturbed velocity field, only the p@ﬂ[‘té ando")
will contribute to the viscous torque. So the viscous torigugiven by the following expression:
_ [T 8?}5:) o' )
r,= 277/0 [(1+ cos 9)?\@:1) + (1 — cos 6)?](74:1)] sin 0d6
which is the expression shown in equatipr (10). Equafidh§&ing similar to equatiod}(9), the deriva-

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



