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Geomagnetic secular variation at different spatial scales and depths
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Spectra: to study properties at different spatial scales

Spectrum—a function of spherical harmonic degree [. For a potential field (B = —V®)
specified by the Gauss coeflicients (gim, him ), the following spectra are defined for r > rep:

(1) Lowes spectrum (magnetic energy per spherical harmonic degree 1)
l+4 !
R(l,rt) = (?") z:O glm (t)] (a = Earth’s radius)
m—

(2) Secular variation spectrum

Rty = (O 040 S [d0) +1,0)]

(3) Secular variation time-scale spectrum

7 RSV Zlm:O (gl2m + hl2m)




Secular variation time-scale spectrum 7,

R

RSV (7' = "’cmb)

Tev(l, 1) =

® Characteristic time scale of magnetic field structures with spatial scale characterised by [
® Numerical simulations and some satellite data support the simple power-law:
Toy () ~ 171
(Christensen and Tilgner 2004, Holme and Olsen 2006, Lesur et al. 2008, Lhuillier et al. 2011)

® 7., is sometimes interpreted as a characteristic time scale of the magnetohydrodynamics in
the outer core

® Question: 7, is defined using the Gauss coefficients derived from B observed at the
Earth’s surface. Do 7, and the scaling law 7, ~ [~! describe the time variation of B
inside the outer core?



Generalisation to inside the dynamo region (outer core)

For a magnetic field B (not necessarily potential) at some r, expand in a set of vector spherical harmonics basis,

B(Tr 97 d)v t) = Z [ql'm (T7 L)Ylm(ev ¢) + Sim (T’, L)‘i’lm(gr ¢) + tim (7,*, L):pl'm(av d))]

Im

We define the magnetic energy spectrum F(I,r,t) for any r:

ZF l T, f = 7%|B T, 0 d) t)|2dQ Z|: 2[+1 Z (|ql771|2+|5lm‘2+|flm‘ )(4_36771 0):|
=1

Similarly, define the time variation spectrum Fp(l,7,1):

=) l
S Fultrt) = = f1B0.0,6.0 a0 = Z[ s 30 i 4 sl 4l )4 = 3610

=1 m:O

Then, the (time-averaged) magnetic time-scale spectrum is defined as:

T(l,7r) = b for any r
Fg(l,mt) /,

e Outside the dynamo region: F'= R, Fz = Rsy , T = Tsv



A numerical model of geodynamo

Boussinesq, composition-driven, rotating convection of an electrically conducting fluid:

Du Pm Pm RaPm? Pm
— 42—z = ——vIr P — B) x B + PmV?
D TIEp i X Ekv —i—( P )Crr+Ek(V>< ) X B+ PmV-u,
B
a—zvX(uxB)Jrv?B
ot
DC Pm_,
—=—VC-1
Dt PTV
V-u=0
V-B=0

Boundary conditions: no-slip for u, fixed-flux for C'
Domain: a spherical shell 0.1912a < r < 0.5462a = remp (o1 76)
Ra=27x10% Ek=25x10"° Pm=25,Pr=1



Magnetic time-scale spectrum 7(l,7) at different depth
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For the large-scale modes (small [),
® At the surface: 7~ [~}
® In the interior: 7 ~ 1795, the large-scale modes speed up in the interior!

® This suggests 75 (I) observed at the Earth’s surface is unreliable as an estimate of time
scales inside the outer core



Transition in the scaling of 7: where does it occur?
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® ~ for the large-scale modes increases sharply within a boundary layer under CMB

Focus on the large scales in following discussion ...



Change in the scaling of 7: who causes it?
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Change in the scaling of 7: who causes it?

10t

100 10! 10%

1—0.3028a

—0.4183a
0.5204a

~....1—0.5457a
| ——0.5462a



Change in the scaling of 7: who causes it?
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Transition in the scaling of 7: physical meaning

® Write B as the sum of a poloidal Bp, and a toroidal Br, components:

B =(B,,Byp,By) =V xV x (Pr) + Vx (Tr)
| — ———

BPol BTor

® Radial magnetic field is related to the poloidal potential: B, — P

#® Toroidal potential contributes to the horizontal magnetic field: (Bg, By) — (P, T)

N

Define the three time scales:

\/ spectrum of Bp,)

TPOI = -
spectrum of Bp,)
spectrum of By,

T = -

rer spectrum of Bro,

spectrum of B,
T =y
" spectrum of B,



Transition in the scaling of 7: physical meaning
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#® In the interior (for the large scales):

e 7. ~I1"tand 1, ~170°

TR, LT

10° 10! 10?

» (By, By) vary faster than B, = B is dominated by (B, By)

7 has same scaling in the interior and at the surface, no abrupt transition for B,

Transition is a result of the magnetic boundary condition: T'=0 at r = remp



Process controlling the secular variation of B,: induction vs. diffusion
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B, =% [Vx(uxB)|+n(# -V?B)=C+D
® Interior: B, ~#- [V x (u x B)], magnetic diffusion negligible
® At CMB: B, ~ 5(# - V?B), controlled by magnetic diffusion (. no-slip)

® Inside the CMB boundary layer: sharp transition for both €' and D but B, varies very
weakly despite the switch in the controlling mechanism



Summary

® For the large scales, scaling of 7(I,r) with [ at the CMB is different from that in the
interior of the outer core:

7~ 1795 in the interior
7~171, at the CMB

® The transition in scaling occurs within a thin boundary layer under the CMB.

® [ is responsible for the transition (7 = \/F/Fp) which is enforced by the magnetic
boundary condition at the CMB

® B~ B, at the CMB and B ~ (Be, B¢) > B, in the interior

® mechanism controlling B, changes “stealthily” from induction to diffusion as r — remp
from below



