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Time variation of the geomagnetic field at different spatial scales

B, for [ =1 at t =2.01795 B, for I =2 at t =2.01795
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Time variation of the geomagnetic field at different spatial scales

B, for I =1 at t =2.03795 B, for | =2 at t =2.03795
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Spectra: to study properties at different spatial scales

(1) Lowes spectrum (r > rcmp)

l
Bl = ()" 040 X (k) +12,0].
m=0

r
Z R(l,r,t) 7{|Bro¢>, t)[?sin 6 d6 de
(a = Earth’s radius)

(2) Secular variation spectrum (r > 7¢yp)

Rty = (S ) [0+ 1,0
m=0
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Secular variation time-scale spectrum

R(l) ~ “amount” of B? in spatial scale [

Ry (1) ~ “amount” of B? in spatial scale |

Tsv(l' t) — R — Zin:O (gl2m + hlzm) (7, > 7'cmb)
’ R\ X0 (33, +12,)

® characteristic time scale of magnetic field structures with spatial scale characterised by [

® numerical simulations and some satellite data support the simple power-law: 7, (I) ~ =1
(there are still some debates about this)

® theoretically, a common argument based on the frozen-flux hypothesis:
B',« = —Vh . (uhB,»)
Vh~/I(l+1)~1 and up~U
Tsv ™~ BT/BT ~ l_l



Questions

1. 7y is defined using the Gauss coefficients obtained from B outside the outer core.
Do 7. and the scaling law 74, ~ {~! describe the time variation of B inside the outer core?

o. Inside the outer core, B is not potential. 3, By and B may all be important.
No. Inside th t B i t potential. B, B d By 11 b tant

2. Does the frozen-flur argument explain the scaling 7, ~ [~! observed at the surface?

[No. Magnetic diffusion is important near the CMB.]

3. What mechanisms lead to the observed scaling 74, ~ [ 19
[Briefly, balance between V x (u x B) and V2B at the CMB.

Details depend on the boundary conditions.]



Scaling of 7, (l): observations and numerical models

Christensen and Tilgner (2004) Holme and Olsen (2006)
observation data 1840—1990 satellite data 1999 —2003
and numerical dynamo models 0
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Scaling of 7, (l): observations and numerical models

Lesur et al. (2008)
6yr CHAMP + 5yr observatory data
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The scaling exponent ~

TSV(Z) ~ 17 (excluding [ = 1)

#® numerical models: vy =1
#® observations: mixed results, 1.32 <y <145 and y=1
® time average vs. snapshot

® why study 7y, : infer properties of the magnetohydrodynamics inside the outer
core from observations at the surface

We should first ask:

Is 7., relevant to the time scale of B inside the outer core?



Generalisation to inside the dynamo region (outer core)

Recall the definition of the Lowes spectrum R(l,r,t) for r = rcmp,

Mg

!
B=-VV, (r,0,9,t) =a Z ( )H_l le (cos0) [glm(t) cosme + hym (t )sinmd)}
m=0

=

=

?ﬁB 7,0,¢,t)|%sin0df dp = Zert)

=1

1
20+4
RLrt) = (2)7 0+ 1) Y [a8a®) + 53 (0)]
r
m=0
For any r, expand in vector spherical harmonics,

B(T‘, 67 ¢7 t) = Z [‘ﬂ'm(n t)Ylm(ev ¢) + Slm,(rv t)‘i’lm(er ¢) +tim (7“, t)%m(ev ¢)]

lm

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

+ 18tm|? + [tim|?) (4 — 36m.0)

o0 a1 0 i 1
;F(z,r,t):EfIB(nG,aﬁvt)l dQ*;{(zwl



Generalisation to inside the dynamo region (outer core)

l
S (Iguml? + [5tm]? + [tm]?) (4 = 30,m,0)

m=0

1
(201+1)

F(l,rt) =

Similarly, define the time variation spectrum Fg(l,r,t):

B(Ta 07 ¢7 t) = Z [lem(rv f)ﬁm(ﬁ, d)) + élm(rv t)‘illm(ev ¢) + ilm(r? f)@m (07 ¢)]

lm

l

o0 1 . )
2 -2 <2 2 o
?:1 Fy(lrt) = %|B 0,6, t)>dQ = § [ 777 E (|qz,m| + 81 [? + [fim]*) (4 = 3m.0)

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

F(l,rt)
) = < Fyl,r 1) >t

Outside the dynamo region: F'= R, Fz = Ry , T = Ty



A numerical model of geodynamo

Boussinesq, compositional driven, rotating convection of a electrically conducting fluid:

Du Pm Pm RaPm? Pm
— 42—z = ——VII' A ap— B) x B + PmV?
Dt+ TR xu Ekv —|—< Br >0r+Ek(Vx ) x B+ PmV-u,

B

8—=Vx(uxB)+v23

ot

DC Pm_,

- - -1

Dt Prvc

V-u=0

V-B=0

Boundary conditions: no-slip for u, Neumann for C'
Domain: a spherical shell 0.1912a < r < 0.5462a
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 1),

® at the surface: 7 ~ [~}

® in the interior: 7 ~ 7%, the large-scale modes speeds up in the interior!



Change 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 . ..



Poloidal and toroidal time scales

r=0.65282r,, r=0.99901r,, r =0.99994r
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spectrum of Bpg spectrum of B,
B = Bpol + Bror , Tpol = — Tror = -
spectrum of Bpg) spectrum of B,

® interior: Bpo and B,y are equally important, 7 =7,

10° 10 10°
1

= T, all have the same shape

® CMB: Bty — 0 due to the magnetic boundary condition, so B ~ Bpg

» 7. has the same shape as in the interior but it is irrelevant

» 7., changes shape as r — remp, 7= 7o, ~ 17!

Pol

® contribution of By and B¢ to B in the interior masked by the boundary conditions



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

FB ~ le
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Balance of terms (large scales) in the induction equation

(a) 7 =0.5722r¢, () 7 =0.9998" 10° ©
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B=Vx(uxB)+nV’B=C+H

® interior: Fo ~ Fy ~ 1, Fg = Fo (magnetic diffusion negligible) , Fpy ~ 1
® CMB: Fo ~ Fy ~1, Fc ~ Fy (C and H cancel to leading order) , F ~ [?

® H is important = frozen-flux argument is not applicable in explaining 7 ~ [~ at CMB



Summary

¥

N

scaling of 7(I,r) with [ observed outside the outer core is different from that in the interior

for the large scales:

7~ 17%% in the interior
T~ at the CMB

the transition occurs within a boundary layer under the CMB
time variation of B, in the interior is hidden from surface observation

for the large scales, F'; is responsible for the transition (7 = \/F/Fj)
» in the interior, induction term C dominates, B ~ C and Fg~1

# at the CMB (no-slip), balance between the induction term and magnetic diffusion leads
to Fj ~ [, meaning frozen-flux argument not applicable



