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Time variation of the geomagnetic field
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data from 13th generation International Geomagnetic Reference Field (IGRF-13) geomagnetic field model
Alken, P., Thébault, E., Beggan, C.D. et al., Earth Planets Space 73, 49 (2021)



The time-dependent Gauss coefficients

® Above the core—mantle boundary 7 > remp: j = 0 (assume mantle is electrically insulating)
VxB=uj=0 = B=-VV
V-B=0 = VU =
I+1
U(r,0,¢,t) =a Z Z < ) Py (cos ) [glm(t) cosme + hy, (t) sin mgb]

=1 m=0
ﬁlm: Schmidt’s semi-normalised associated Legendre polynomials; a = Earth’s radius

O {gim(t), him ()} and {1 (t), hum(t)} are measured accurately by recent satellite missions
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Spectral approach to time variation of the geomagnetic field

(1) Lowes spectrum (Mauersberger 1956, Lowes 1966)

Zert 7{|Brt9gb, t)[2sin 6 d6 de

a) 2l+4

R(l,rt) = (

l
r l+1 Z glm (t)]a T 2 Temb
m=0



Spectral approach to time variation of the geomagnetic field

(1) Lowes spectrum (Mauersberger 1956, Lowes 1966)

Zert 7{|Bre¢t)| sin 6 df do

>2l+4

R(l,rt) = (9

l
r l+]‘ Z glm (t)]a T 2 Temb
m=0

(2) Secular variation spectrum (Lowes 1974)

0B

ZRSVlrt %\Br@qﬁ, t)[?sinfdfddg, B=-—— o

l
(l + 1) Z [gfm(t) + hlzm(t) ;T 2 Temb

m=0

>2l+4

R (lmt) = (2



Spectral approach to time variation of the geomagnetic field

R(1) R (1) at the CMB
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R(r = remp) ~ 10 (1 <13) Rey(r =7remp) ~ LI+ 1) or I (1 <13)



Spectral approach to time variation of the geomagnetic field

(3) Secular variation time-scale spectrum (Booker 1969)

R _ Z{m:() (gl2m + hl2m)
RSV Zin:() (g?m + hl2m)

y T ZTemb

Tsv(l,t) =

® characteristic time scale of magnetic field structures with spatial scale characterised
by 1

® by definition, 7, is independent of r (= remp )

® dependence on [ has been investigated using satellite data and numerical
simulations

® power-law relation with exponent v (excluding [ = 1):

Tev(l) ~ 7 - 177

What is the value of v 7



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

Christensen and Tilgner (2004) Holme and Olsen (2006)
observation data 18401990 satellite data 1999 —2003
and numerical dynamo models 10°
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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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(2005) and numerical dynamo models
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An argument for 7, ~ 1717

® numerical models: 74, ~ 171
observations: mixed results, 1.32 <y < 145 and vy =1

time average vs. snapshot

o o b

a crude argument by neglecting magnetic diffusion 7 (frozen flux hypothesis):

Br = —Vh . (’U,hBr)
Vi~VI(l+1)~1 and up~U
Tev ~ Bp/By ~ 171
Some questions:

1. n may be important near the boundaries. Is the frozen flux hypothesis valid?
2. What is the balance between different effects near the CMB?

3. Is 74y 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 for r = remp,

oo l
U(r,0,p,t) = az Z ( )Hl Py (cos6) [Gim (t) cos mep + Ry (t) sinm]
=1 m=0

1 5 . >
o j'{ |B(r,0,6,t)|*sinf dd dp = ;R(l,r, t)
Expand in vector spherical harmonics for any r,

B(T’, 07 ¢7 t) = Z [(Zl'm(Ta t)iflm(ev d)) + Slm(ra t)‘i’lm(ey ¢) + tim (7‘7 t):hm (07 ¢)]

lm
We define the magnetic energy spectrum:

1 2 e 1

l )
(Igim|? + |Stm|? + [tim|?) (4 — 30m,0) } => F(l,rt)
=1

m=0



Generalisation to inside the dynamo region (outer core)

l

(l Ty t |le‘2 + |Slm|2 + ‘tlm|2) (4 - 3(Sm,O)

m:O

Similarly, define the time variation spectrum (spectrum of B):

B(r,0,6,t) = > [dim (1, ) Yim (0, 0) + 1 (1) Wi (8, §) + L1 (7, 1) B (6, )]

lm

1 : L e 1

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

F(l,rt)
() = < Fy(l,rt) >t

Outside the dynamo region, j =0: F =R, Fg = Rsy , T = Ty

l

(Idem|? + |$1m|? + [Em|?) (4 = 30m,0) } = Fy(l,mt)

m=0 =1



A numerical model of geodynamo

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

Du Pm Pm RaPm? Pm
_ 2— 2% - __ H/ / - 2
Dt+ TR XU Ekv —|—< Br )CT+Ek(VxB)xB+PmVu,
0B
=V x (uxB)+V’B
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=27x108  Ek=25%x10"°,Pm=25,Pr=1



Magnetic time-scale spectrum 7(l,7) at different depth
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Change in the scaling of 7(l,7) at the large scales
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For the large-scale modes (small [),

® in the interior: 7 ~ [~95
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® at the surface: 7 ~ [~!, the large-scale modes slow down near the CMB'!




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

® 7 ~ [~ ! detected above CMB: a result of the magnetic boundary condition
(Bp — potential field, By — 0)?



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?

Fpy ~ 1%
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Change in the scaling of 7: who causes it?

Fpy ~ 1%
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Fy~1 = 7~1"% (interior)

Fy~i1? = 7~1"" (surface) frozen flux?



Balance

of terms for the large scales in the CMB boundary layer
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Balance of terms for the large scales in the CMB boundary layer

r =0.5461a
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Balance of terms for the large scales in the CMB boundary layer

r =0.5461a
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lm

B:Z[qi’—i—s‘i’—&-t‘i’],
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Balance of terms for the large scales in the CMB boundary layer

r =0.5461a
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Balance of terms for the large scales in the CMB boundary layer
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Balance of terms for the large scales in the CMB boundary layer

r =0.5461a
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tg and ns” cancel each other to leading order

the steeper F; ~ 12 scaling: a higher-order effect

and s’ are shallow
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Balance of terms for the large scales in the CMB boundary layer

r =0.5461a
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Summary

N

o
N
X

at the small scales, scaling of 7 only varies weakly with r
at the large scales, 7 ~ 175 — 7 ~ |71 as r increases
transition occurs within a boundary layer under the CMB

boundary conditions, specifically diffusion, plays a role in the 7 ~ [~! observed at
the surface



