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1.	  IntroducRon	  



What	  is	  Secular	  VariaRon?	  
•  Here	  we	  take	  SV	  to	  be	  the	  slow	  change	  of	  the	  main	  field	  produced	  by	  core	  processes:	  	  

[Example	  core	  flow	  from	  Gillet	  et	  al.,	  2015]	  



Historical	  field	  evoluRon	  

[From	  Jackson	  et	  al.,	  2000]	  



Historical	  field	  evoluRon	  



Historical	  field	  evoluRon:	  SAA	  
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[From	  IGRF-‐11;	  	  
Finlay	  et	  al,	  IUGG	  2015]	  

SAA:	  South	  AtlanRc	  Anomaly	  	  
	  	  	  	  	  	  	  	  	  	  	  	  in	  field	  intensity	  F	  



Historical	  field	  evoluRon:	  Dipole	  Decay	  
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[From	  COV-‐OBS	  model	  of	  Gillet	  et	  al.,	  2013]	  



Historical	  field	  evoluRon:	  Br	  at	  CMB	  

[From	  gufm1	  model	  of	  Jackson	  et	  al.,	  2000]	  



Rapid	  (Sub-‐decadal)	  SV	  

[From	  Finlay	  et	  al.,	  IUGG,	  2015]	  
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Pulses	  of	  SA	  at	  the	  Core	  Surface	  
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CHAOS-5x
CHAOS-4

[Chulliat	  et	  al.,	  2010;	  	  
Chulliat	  and	  Maus,	  2014	  
Chulliat	  et	  al.,	  2015;	  	  
Finlay	  et	  al,	  IUGG,	  2015]	  
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Responsible	  core	  dynamics	  

•  Spherical	  shell	  of	  electrically	  
	  	  	  	  	  	  conducRng	  liquid	  metal	  
	  
•  Rapid	  RotaRon	  
•  MoRons	  driven	  by	  convecRon	  
•  Strong	  magneRc	  fields	  

•  Boundary	  coupling	  at	  	  
	  	  	  	  	  	  ICB	  and	  CMB	  



	  Scien,fic	  challenges	  
•  What	  is	  the	  origin	  of	  the	  westward	  drif?	  
•  What	  is	  the	  origin	  of	  the	  geomagneRc	  dipole	  decay?	  
•  What	  is	  the	  origin	  of	  the	  South	  AtlanRc	  Anomaly?	  

•  How	  will	  these	  features	  evolve	  in	  the	  future?	  

•  Can	  we	  beger	  characterize	  and	  understand	  	  
	  	  	  	  rapid	  core	  field	  changes?	  
	  
•  How	  can	  we	  beger	  model	  the	  underlying	  core	  dynamics?	  



2.	  ObservaRon-‐based	  studies	  of	  
secular	  variaRon	  	  

and	  inference	  of	  core	  flows	  



Swarm	  satellite	  trio	  

-‐  Launched	  by	  ESA	  22nd	  November	  2013	  
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Swarm	  
-‐  Data	  is	  well	  suited	  for	  field	  modelling:	  	  
	  	  	  	  	  Used	  by	  for	  IGRF-‐12,	  epoch	  2015	  and	  SV	  2015-‐2020.	  

-‐  Has	  been	  used	  to	  derive	  high	  resoluRon	  field	  models	  
	  	  	  	  	  (e.g.	  Swarm	  IniRal	  Field	  Model,	  Olsen	  et	  al.,	  2015,	  GRL)	  
	  	  	  	  
-‐  Data	  is	  freely	  available	  from	  ESA	  

-‐  For	  the	  latest	  operaRonal	  updates	  on	  status	  of	  satellites,	  
data	  releases	  etc.	  see	  	  ESA’s	  Swarm	  webpage	  	  

h:ps://earth.esa.int/web/guest/missions/esa-‐opera,onal-‐eo-‐missions/swarm	  



Ground	  observatory	  locaRons	  and	  
Rmeliness	  of	  data	  release	  



GRIMM-‐42	  field	  model	  	  

www.gfz-potsdam.de 

GRIMM 42: The latest version of the 
GRIMM series of magnetic field models 

Model : 

Data from CHAMP satellite and Swarm satellite missions were selected:  

• at mid-latitudes for magnetically quiet conditions (IMF Bz > 0, -30 < Dst < 10) and night 
times (23:00 < LT < 05:00). Only X and Y component in SM system of coordinate were 
used.  
• at high latitudes, three component vector data were selected for quiet conditions and at 
all local times.  

Hourly mean observatory data were selected following the same criteria. The data 
selection scheme imposes a density of data independent on latitude, with a smooth 
transition of data from mid- to high-latitudes. The magnetic field model is defined as the 
gradient of a potential with the core and lithospheric component defined by: 

where  a=3485 km and L=18. The Lithospheric component is imposed from SH degrees 
25 to 100, and modelled from SH degree 19 to 30. Time dependence is defined by order 6 
B-splines, with nodes 0.5 years apart. 

External fields are defined by: 

where L=2 and the time dependence includes a representation in GSM ans SM coordinate 
systems, and rapid variations that depends on the Dst index and the IMF By data.   

Abstract:: 

A new version of the GRIMM series of magnetic models has been derived from 15 years 
of observatory data, CHAMP satellite data, and the latest version of Swarm satellite data. 
This new model covers the 2000-2015 time span. Beside the inclusion of new data, we 
have developed and implemented new data selection algorithms. It is planned to also 
implement a core field regularization process based on the assumption that the field 
secular variation is mainly due to the advection of the magnetic field by a purely toroidal 
flow. Such assumptions allow to handle efficiently the data quality and density 
discontinuities associated with the end of the CHAMP mission and the beginning of the 
Swarm mission. This new model gives us the opportunity to study the magnetic field 
acceleration on longer time scale than before. The bursts of acceleration observed during 
the CHAMP epoch average out over ten years. They appear as perturbations over an 
otherwise smoothly varying magnetic field.  
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Conclusion: The acceleration along the 15 years of the model 
time-span presents a very large variability with amplitudes as 
large as 37 nT per year squared at the Earth’s surface. These 
spots of large acceleration are located in the vicinity of the 
magnetic equator, mainly over the Atlantic and Indian Oceans. 
However, the acceleration appears to average out over 10 
years, reaching at best amplitudes of 8 nT per year squared. 
The only places where this signal is significant is over Eastern 
Asia and eastern part of the Indian Ocean. 
This observed weakness of the averaged acceleration suggest 
two independent time scales in the flow evolution (1) a slow 
evolution associated with the long term variation of the secular 
variation (2) a rapid evolution, with possibly sub-annual time 
scales, that behaves like a perturbation of the former, nearly 
static, state.   
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Conclusion: The acceleration along the 15 years of the model 
time-span presents a very large variability with amplitudes as 
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spots of large acceleration are located in the vicinity of the 
magnetic equator, mainly over the Atlantic and Indian Oceans. 
However, the acceleration appears to average out over 10 
years, reaching at best amplitudes of 8 nT per year squared. 
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Asia and eastern part of the Indian Ocean. 
This observed weakness of the averaged acceleration suggest 
two independent time scales in the flow evolution (1) a slow 
evolution associated with the long term variation of the secular 
variation (2) a rapid evolution, with possibly sub-annual time 
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Time-‐	  averaged	  SA	  2004-‐2014	  

•  Derived	  from	  CHAMP,	  Swarm	  	  
	  	  	  	  	  	  and	  ground	  observatory	  data	  
	  	  	  	  	  	  from	  2004-‐2015	  
	  
•  Finds	  large	  variaRons	  in	  SA,	  	  
	  	  	  	  	  	  especially	  in	  the	  low	  laRtude	  
	  	  	  	  	  	  AtlanRc	  and	  Indian	  sectors	  
	  	  	  	  	  (up	  to	  37	  nT/yr^2)	  
	  
•  Averaging	  over	  10	  years	  the	  
	  	  	  	  	  	  amplitude	  of	  the	  SV	  is	  much	  
	  	  	  	  	  	  weaker	  (	  <	  8	  nT/yr^2)	  
	  
•  Suggests	  a	  slow	  long-‐term	  SV	  
	  	  	  	  	  	  associated	  with	  a	  nearly	  steady	  
	  	  	  	  	  	  core	  flow	  +	  rapid	  perturbaRons	  
	  	  	  	  	  	  ontop	  of	  this.	  

[Lesur	  et	  al.,	  IUGG,	  2015]	  



CHAOS-‐5x	  field	  model	  

[Finlay	  et	  al.,	  IUGG,	  2015]	  
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•  Includes	  20	  months	  of	  
	  	  	  	  	  	  Swarm	  data	  including	  
	  	  	  	  	  	  along-‐track	  and	  EW	  diffs	  
	  	  	  	  	  &	  ground	  obs	  MM	  to	  05.15	  
	  
•  Good	  fit	  to	  Swarm	  data	  
(misfit	  ~	  0.4	  nT	  for	  scalar	  diff	  
btw	  Swarm	  A	  and	  Swarm	  C)	  
	  
•  Preliminary	  evidence	  of	  
	  	  	  	  	  	  field	  acceleraRons	  during	  
	  	  	  	  	  	  Swarm-‐era	  (Nov	  ‘13	  -‐>	  )	  
	  
•  For	  example	  acceleraRon	  
	  	  	  	  	  	  	  of	  field	  strengthening	  	  
	  	  	  	  	  	  	  in	  Asia/Indian	  ocean	  
	  	  	  	  	  	  	  and	  of	  field	  weakening	  in	  	  
	  	  	  	  	  	  	  Southern	  Africa.	  
	  
	  
	  
	  



RelaRvely	  small	  flow	  changes	  need	  to	  
explain	  	  rapid	  SV	  seen	  at	  observatories	  

MBO	  

•  All	  flows	  predict	  the	  data	  beger	  than	  CHAOS-‐4	  
•  Steady	  flow	  +	  TO	  not	  an	  adequate	  model	  
•  Flows	  with	  Rme-‐variaRons	  penalized	  fit	  data	  as	  well	  as	  unpenalized	  case	  

[Whaler,	  et	  al.,	  IUGG,	  2015]	  



RelaRvely	  small	  flow	  changes	  need	  to	  
explain	  	  observatory	  SV	  

[Whaler,	  et	  al.,	  IUGG,	  2015]	  



[Whaler,	  et	  al.,	  IUGG,	  2015]	  

T	   P	  t10	  

Flow	  resoluRon	  is	  rather	  poor,	  when	  only	  
using	  ground	  observatory	  data	  



Importance	  of	  Rme-‐correlated	  errors	  
in	  core	  flow	  modelling	  

Introduction Core flow reconstruction Discussion

Modeling core motions : subgrid induction

• invert radial induction eq. @ CMB (no diffusion)

@Br

@t
= �rh · (uhBr )

I data = secular variation @Br/@t
I unknown = surface core flow uh

• only access to large length-scales B r ) SV model errors

@B r

@t
= �rh ·

�
uB r

�
�rh · (uB 0

r )

I model errors � observation errors (Pais & Jault, 2008)
I model errors increase with observation errors

• time-dep inverse problem : which statistics on SV errors ?
8 / 20

Introduction Core flow reconstruction Discussion

Importance of time covariances

• 1-D tutorial example, with time-correlated errors

true state (order 1 process)
noise (order 2 process)
data
BLUE (considering correlations)

BLUE (ignoring correlations)

) ignoring covariances = losing information on rapid changes

10 / 20

[Gillet,	  et	  al.,	  2015	  ;	  and	  IUGG,	  2015]	  



Steady	  flow	  including	  planetary	  gyre	  
dominates	  over	  Rme-‐dependent	  eddies	  

Journal of Geophysical Research: Solid Earth 10.1002/2014JB011786

Figure 7. Maps of the quasi-geostrophic stream function ! (black isolines) and norm of the velocity (color scale, in
km/yr) at (left) the CMB (Hammer-Aitoff projection centered on the Greenwhich meridian) and in (right) the equatorial
plane. Meridians (parallels) are marked every 60∘ (30∘). The thick grey parallel corresponds to the projection of the
tangent cylinder at the CMB. (top) The time average flow between 1940 and 2010. (bottom) An example of the flow
anomaly with respect to the stationary flow in epoch 2005. In both cases the flow has been truncated at spherical
harmonic degree 14. All figures are for the ensemble average of the flow models. Black capital letters “A” and “C” on
equatorial maps stand, respectively, for the anticyclones and cyclones discussed in the text.

4.2. Planetary Gyre and and Midlatitude Eddies
Under the incompressible QG hypothesis (see section 2.2), the flow in the whole volume can be represented
through a stream function !(s,") [Jault and Finlay, 2015; Canet et al., 2014, equations (14) and (15)]:

u(s,", z) = 1
H
∇ ×

(
!1z

)
− z

H3

#!
#"

1z . (25)

(1s,1", 1z) are the unit vectors in cylindrical polar coordinates. H(s) =
√

c2 − s2 is the half height of a
geostrophic cylinder with c the outer core radius. We give in Appendix B the relation between coefficients
describing the stream function and the toroidal and poloidal coefficients. The fluid flow in the equatorial
plane, the first term on the right-hand side of (25), is parallel to the isolines of ! , but its intensity is not
proportional to the density of curves.

In Figure 7 (top), we present maps at the CMB and in the equatorial plane of the time average flow showing a
planetary-scale gyre similar to that described in earlier studies [Pais and Jault, 2008; Gillet et al., 2009; Aubert,
2013]. We find that the gyre possesses a detailed structure, in agreement with the findings of Amit and Pais
[2013] for flows based on the incompressible QG hypothesis. The most conspicuous features within the gyre
are two anticyclones centered at (45∘E, 60∘N, S) and (60∘W, 45∘N, S) at the core surface. Large velocities are
observed where the flow is in the azimuthal direction. In particular, the westward flow in the Atlantic hemi-
sphere is split into two branches, one within ±10∘ latitude at the equator and the other at latitudes from 30
to 45∘. These are separated by a region of lower azimuthal velocity.

In addition to the time-averaged gyre structure, we also observe time-dependent features at decadal time
scales. There is a general increase in the westward solid-body rotation from 1940 onward (see Figure 8,
top). Assuming that the system of solid Earth (crust, mantle, and core) is closed, we find that our ensemble
of geostrophic flows, of the form uG($, t) at the core surface, account rather well for the observed decadal
changes in the length of day (Figure 8, middle). A correlation coefficient r% close to 0.9 is found between the
data and the predictions at decadal periods (see Table 1).

GILLET ET AL. TIME DEPENDENT CORE SURFACE FLOWS 13

Time-‐Av	  QG	  Flow	  1940-‐2010	  

Flow	  perturbaRons	  in	  2005	  



Zonal	  flow	  variaRons	  explain	  Δ	  LOD	  

Journal of Geophysical Research: Solid Earth 10.1002/2014JB011786

Figure 8. (top) Flow coefficient t0
1 (in km/yr) for the ensemble of flow

models (grey) and the ensemble average flow model (black).
Comparison between LOD predictions (in ms) from all members of
the ensemble of flow models (grey), their ensemble average (black)
together with the observed LOD changes (red): (middle) total LOD,
with all individual LOD time-averages set to zero, and (bottom) LOD
band-pass filtered between 4 and 9.5 years.

We also observe transient nonzonal circu-
lations. The flow perturbation in 2005 (see
Figure 7, bottom right) enhances anticy-
clonic eddies centered near (50∘E, 40∘N,
S), (40∘W, 65∘N, S) and (90∘W, 45∘N, S),
and cyclonic eddies around (60∘E, 60∘N,
S), (60∘W, 45∘N, S), and (150∘W, 45∘N, S).
These are reminiscent of the two main
time-dependent structures isolated by Pais
et al. [2014] on time scales about 70 years
and longer. However, the most energetic
time variable flows are nonzonal azimuthal
jets located around 30∘ latitude and in the
equatorial belt (see Figure 7, bottom left). If
the former appears related to the gyre, the
latter are difficult to describe using equato-
rial projections of the stream function. The
dynamics in the equatorial region is further
discussed in section 4.5.

4.3. Taylor’s State in the Earth’s Core
and Excitation of Torsional Waves
Nonzonal flows account for the majority of
the energy of time variable flows, as can be
inferred from the power spectral densities:

Z(f ) =
∑
!

!(! + 1)
2! + 1

t!0
and

NZ(f ) =
∑
!

!(! + 1)
2! + 1

∑
m≠0

(t!m
+ s!m

)
,

(26)

of respectively zonal and nonzonal motions
(t!m

stands for the power spectral density
of the series t!m(t), with similar definition
for s!m

). Nevertheless, the ratio Z∕NZ

of the zonal to nonzonal kinetic energies
shows distinctive spectral bands centered
on 6–8 years and around 3 years where

zonal motions are relatively more intense (see Figure 9). We shall not attach much importance to the 3 year
spectral band which is not adequately resolved (see Figure 6), but the well-resolved peak at 6–8 years provides
an indication that there may be torsional waves present in the derived core flows.

In Figure 10 we show a time cylindrical radius map of the zonal velocity from 1940 to 2010, for the period
band between 4 and 9.5 years where we find enhanced zonal energy in Figure 9. The contribution of these
flows to LOD changes is displayed in Figure 8 (bottom), which shows the predictions from individual members
of the flow ensemble and from the ensemble mean. The contribution of external fluid envelopes (mainly
the atmosphere and to a lesser extent the ocean) to angular momentum changes is known to dominate for
periods up to about 3 years [Gross et al., 2004]. However, the interannual variability of atmospheric angular
momentum [Paek and Huang, 2012] appears to be too small to account for a prominent signal observed with
a period of around 6 years [Abarca del Rio et al., 2000; Chao et al., 2014]. The zonal core motions that we have
isolated readily provide a explanation for this signal. We corroborate the results of Gillet et al. [2010], which
were limited to the time interval 1955–1975 (note that there is a delay compared to their Figure 2b, due to the
fact that they used a noncausal filter and omitted to shift the time axis). The time variability of the observed
and predicted LOD in the period range [4–9.5] years [see also Chao et al., 2014] is in apparent conflict with
the finding of Holme and De Viron [2013] who decomposed iteratively the LOD data (from 1962 to 2012) into a
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Figure 9. Ratio Z∕NZ between the power spectral densities (PSD) for
the zonal and nonzonal flows as a function of period. In bold black line
the ratio for the ensemble average of flow solutions. In bold grey the
average ratio over the ensemble members (thin grey line: ±1 standard
deviation). Flows are truncated at degree ! = 14.

decadally varying signal and a 5.9 year
oscillation of almost constant amplitude
(compare their Figure 2 with our Figure 8,
bottom). In our opinion, the relatively
small amplitude of the oscillation (in com-
parison with that of decadal changes)
makes it difficult to decide whether it is
long standing or heavily damped. Figure 8
(bottom) displays all the LOD changes
produced by geostrophic flows in the fre-
quency range [4–9.5] years. They need
not all be attributed to the propagation of
torsional waves. In any case, the remark-
able agreement between our predictions
and the geodetic data encourages us
in the interpretation of the flow model
down to periods about 4 years.

Geostrophic motions appear very clear
over 1995–2010, particularly as the tor-
sional wave approaches the equator, at
latitudes below 40∘, with a node of the

waveform at about 10∘ latitude (see Figure 10, bottom). The amplitude of the motions in this region is signif-
icantly larger than the spread in the flow ensemble (even at earlier epochs), yet the better resolution of the
field model at recent epochs may have increased the sensitivity in the relatively small (in latitudinal extent)
equatorial area. We confirm the slower propagation inferred by Gillet et al. [2010] as the wave gets closer to
the equator and find no evidence for reflection at the equator.

Now the theory of “magnetostrophic dynamos” [see, e.g., Roberts and Wu, 2015], which has been devel-
oped to account for the Earth’s magnetic field, gives us a tool to interpret the ratio Z∕NZ as a function
of frequency. We note above that this ratio remains small and does not vary much for periods larger than
8 years (see Figure 9). Taylor [1963] demonstrated that in the absence of inertia and viscosity we have

Figure 10. Ensemble mean of the geostrophic flow (in km/yr),
band-pass filtered between 4 and 9.5 years, as a function of time. The
black line correspond to 10∘ latitude. (top) The grey lines correspond to
Alfvén velocities C based on a r.m.s. cylindrical magnetic field of 1.9
and 0.6 mT in regions respectively close to the inner core and close to
the equator. Bottom pannel: Y axis increments are proportional to the
surface between s and s + !s (dY ∝ sin "d" ⇒ Y ∝ 1 − cos ").

∀s,∫Σ(s)
1# ⋅ ((∇ × B) × B)dΣ = 0 , (27)

with Σ(s) the geostrophic cylinders (see
Roberts and Aurnou [2012] or Jault and
Finlay [2015] for modern accounts of Tay-
lor’s theory). Differentiating in time (27)
and substituting $B∕$t with its expres-
sion from the induction equation

$B
$t

= ∇ × (u × B) + %∇2B , (28)

Taylor [1963] obtained a linear relation-
ship between the geostrophic zonal flow
uG and nongeostrophic motions uNG,
which depends on the magnetic field
inside the core (see his equation (4.5); % is
the magnetic diffusivity),

1
s3H

$
$s

(
s3HC2 $

$s

(uG

s

))

= −∫Σ(s)

( (
B,uNG

)
+ % (B)

)
dΣ ,

(29)
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[Gillet,	  et	  al.,	  2015	  ;	  and	  IUGG,	  2015]	  

Geostrophic	  flow	  <uϕ>	  km/yr	  

•  	  QG	  flows	  accounRng	  for	  	  
Rme-‐correlated	  unmodelled	  scales	  	  
explains	  decadal	  LOD	  	  1940–2010	  

•  Filtering	  btw	  4-‐9.5	  yrs,	  also	  	  
	  	  	  explains	  inter-‐annual	  LOD	  
	  
•  Geostrophic	  flow:	  outward	  	  	  
	  	  	  	  	  propagaRon	  of	  Torsional	  waves	  
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the zonal and nonzonal flows as a function of period. In bold black line
the ratio for the ensemble average of flow solutions. In bold grey the
average ratio over the ensemble members (thin grey line: ±1 standard
deviation). Flows are truncated at degree ! = 14.
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(compare their Figure 2 with our Figure 8,
bottom). In our opinion, the relatively
small amplitude of the oscillation (in com-
parison with that of decadal changes)
makes it difficult to decide whether it is
long standing or heavily damped. Figure 8
(bottom) displays all the LOD changes
produced by geostrophic flows in the fre-
quency range [4–9.5] years. They need
not all be attributed to the propagation of
torsional waves. In any case, the remark-
able agreement between our predictions
and the geodetic data encourages us
in the interpretation of the flow model
down to periods about 4 years.

Geostrophic motions appear very clear
over 1995–2010, particularly as the tor-
sional wave approaches the equator, at
latitudes below 40∘, with a node of the

waveform at about 10∘ latitude (see Figure 10, bottom). The amplitude of the motions in this region is signif-
icantly larger than the spread in the flow ensemble (even at earlier epochs), yet the better resolution of the
field model at recent epochs may have increased the sensitivity in the relatively small (in latitudinal extent)
equatorial area. We confirm the slower propagation inferred by Gillet et al. [2010] as the wave gets closer to
the equator and find no evidence for reflection at the equator.

Now the theory of “magnetostrophic dynamos” [see, e.g., Roberts and Wu, 2015], which has been devel-
oped to account for the Earth’s magnetic field, gives us a tool to interpret the ratio Z∕NZ as a function
of frequency. We note above that this ratio remains small and does not vary much for periods larger than
8 years (see Figure 9). Taylor [1963] demonstrated that in the absence of inertia and viscosity we have

Figure 10. Ensemble mean of the geostrophic flow (in km/yr),
band-pass filtered between 4 and 9.5 years, as a function of time. The
black line correspond to 10∘ latitude. (top) The grey lines correspond to
Alfvén velocities C based on a r.m.s. cylindrical magnetic field of 1.9
and 0.6 mT in regions respectively close to the inner core and close to
the equator. Bottom pannel: Y axis increments are proportional to the
surface between s and s + !s (dY ∝ sin "d" ⇒ Y ∝ 1 − cos ").

∀s,∫Σ(s)
1# ⋅ ((∇ × B) × B)dΣ = 0 , (27)

with Σ(s) the geostrophic cylinders (see
Roberts and Aurnou [2012] or Jault and
Finlay [2015] for modern accounts of Tay-
lor’s theory). Differentiating in time (27)
and substituting $B∕$t with its expres-
sion from the induction equation

$B
$t

= ∇ × (u × B) + %∇2B , (28)

Taylor [1963] obtained a linear relation-
ship between the geostrophic zonal flow
uG and nongeostrophic motions uNG,
which depends on the magnetic field
inside the core (see his equation (4.5); % is
the magnetic diffusivity),
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Figure 12. Nonzonal azimuthal flow u! − uG at the equator (truncated at spherical harmonic degree 14; in km/yr): in grey the ensemble of realizations, in black
the ensemble average. (left) Time series at two different longitudes. (right) Azimuthal profiles at two different epochs. (top) Flow anomaly with respect to the
stationary flow. (bottom) Flow anomaly band-pass filtered between 4 and 9.5 years. In each plot, the two ensembles of profiles are shifted with respect to one
another. The red vertical lines in Figure 12(left) (respectively right) refer to the epochs (respectively the longitudes) presented in Figure 12(right) (respectively left).

5. Discussion
5.1. Core Flow Time Changes
We have presented an attempt to consistently reconstruct time changes of core motions. These are primarily
associated with disturbances of the westward eccentric gyre identified by Pais and Jault [2008]. We obtain
a weaker temporal variability compared to previous studies [e.g., Amit and Olson, 2006]. Indeed, we find the
gyre to be largely steady over 1940–2010.

Our model does not perfectly account for the low-frequency changes of the dipole term g0
1 and of a few other

low-degree coefficients. This seems to be a result of the relatively large SV model errors, associated with our
flow, affecting the slow variations of these coefficients. This indicates that it may be necessary to model core
motions as a perturbation centered on a nonzero background flow (the equivalent of the climatic mean for the
oceans dynamics). We must acknowledge, however, that there may be contributions to these slow, large-scale,
field changes that are neglected in our quasi-geostrophic frozen-flux model. For example, one consequence
of quasi-geostrophy is that the longitudinal average of the meridional flow is zero. A contrasting view has
been offered by Buffett [2014] who calculated waves at the top of the core assuming that it is stably stratified.
He found that the zonal flow is coupled to an axisymmetric meridional flow that causes the dipole magnetic
field to fluctuate with a period of about 60 years. On the other hand, our quasi-geostrophic flows are able to
reproduce much of the dipole decay observed in recent decades, when the impact of SV modeling errors is
less pronounced, through nonzonal meridional flows acting on the longitudinally asymmetric core field.
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Introduction Core flow reconstruction Discussion

Subdecadal non-zonal equatorial jets (1)

u�(s,�)� uG (s) @ equator (s = 1)

• localized in longitude
• up to 6 km/y peak-to-peak
• particularly clear over 1995–2010
• enough resolution at earlier epochs ?

17 / 20

•  Geostrophic	  torsional	  waves	  may	  be	  triggered	  by	  non-‐zonal	  flow	  fluctuaRons	  
•  Longitudinally	  localized	  peaks	  in	  azimuthal	  flow	  perturbaRons,	  up	  to	  6km/yr	  
•  Peaks	  concentrated	  within	  10	  deg	  of	  equator	  
•  ParRcularly	  clear	  in	  past	  decade,	  do	  we	  have	  enough	  resoluRon	  at	  earlier	  epochs?	  

[Gillet,	  et	  al.,	  2015	  ;	  and	  IUGG,	  2015]	  
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Figure 5. Differences between G and STG model residuals to the mid and low latitude XSM satellite data, for four different time periods.

not use such constraints. No areas with relatively high misfit to
the data were identified. The weighted mean-square misfit to the
induction equation is 1.04 compared to the target value of 1. The
power spectra of the SG model SV and the advected SV for 2005
are shown in Fig. 9(left-hand panel). The time averaged fit to the
induction equations rotated using the eigenvectors of Cġ presented
in Fig. 9(right-hand panel) is more homogeneous than for the STG
model (i.e. the small prior variances are not over-fit as in Fig. 7).
Overall this combination of poloidal and toroidal flow represents a
model that fits both the data and the induction equation to within
their error budget, without any biases in the data residuals.

5 D I S C U S S I O N

In this study, we have built three models of the core magnetic field
and several flow models, two of which are co-estimated with the field
models. In all cases, the data set is identical and the starting weights
used are the same. The weights evolve differently during the iterative
reweighted least squares process for the different inversions, but the
resulting models, their morphologies, temporal evolutions and fit to
the data can be meaningfully compared.

Table 1 shows that, at high latitudes, the misfits to the three
components of the magnetic field data are too large to be able
to see the influence of SV generated by diffusion or by poloidal
flow; this would also be the case if we computed and compared
the fit to the total intensity (often preferred to vector component
data at higher latitudes, since the scalar values are thought to be
less contaminated by external fields). In contrast, at mid and low
latitudes the noise level is very low. In the following we therefore
focus on the mid latitude results. We recall that only the XSM and YSM

components are used for modelling the internal field and the prior
rms misfits to these data components are nowadays below 3 nT. The
G model therefore fits the data satisfactorily. The scaled histograms

of residuals are presented in Fig. 10 and no major deviations from
the prior distribution are observed. Finally, the spatial and temporal
plots for these residuals do not reveal specific structures, other
than the strongest lithospheric field anomalies that are not fully
modelled with a maximum SH degree limited to 60 (not shown). As
an example, the full set of XSM and YSM residuals are displayed as
a function of longitude in Fig. 11. They do not present unexpected
large values. From this close investigation of the data residuals, the
G model appears to be a good representation of the magnetic field
measured at CHAMP altitude.

Observatory data are not used in the modelling and therefore these
data provide an independent set of measurements against which to
test our models. The Chambon-la-Forêt (CLF), Hermanus (HER)
and Kakioka (KAK) SV values, estimated following the method de-
scribed in Wardinski & Holme (2006), are shown in Fig. 12 together
with the SV estimated from the G model. Here again the fit to the
data is remarkably good and is similar for all other observatories
tested, confirming the quality of the G model.

As a final assessment, the model is compared with CHAOS-4
(Olsen et al. 2014). Power spectra and the power spectrum of SV
differences are shown in Fig. 13. The differences are small and
therefore in the remainder of this paper the G model will be used as
a reference for comparison with the co-estimated models.

First, we consider the STG model. A comparison of the magnetic
field power spectra of this model with the G model for year 2005
shows generally good agreement (see Fig. 4). The STG acceleration
has more power at small wavelengths as is to be expected in the co-
estimation approach (Lesur et al. 2010a). It also has the same power
as the G model at long wavelengths. This is surprising because it
is barely smoothed in time – λB for the STG model is set to a
value 10−5 smaller than in the G model. The temporal smoothness
of the STG model is therefore imposed by the flow, because we
demand a rapidly converging flow spectrum. We note that it would be
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Figure 6. Top panel: estimated pure toroidal flow for the STG model, at the CMB and for 2005. The projection of the tangent cylinder on the Northern and
Southern polar cap is highlighted in red. Bottom panel: estimated spectra for the flow and acceleration for 2005.

Figure 7. Left-hand panel: power spectra at Earth’s surface of the estimated SV, the advected SV and the difference between the two for the STG model.
Right-hand panel: comparison between the fit to the time averaged induction equation rotated using the eigenvector of Cġ and the eigenvalues of the same
covariance matrix (20).
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Large	  scale	  toroidal	  flows	  insufficient	  
to	  fit	  CHAMP	  satellite	  data	  

•  Large	  scale	  toroidal	  flow	  cannot	  fit	  satellite	  
data	  in	  Indian	  and	  American	  sectors	  

•  Only	  a	  weak	  (<	  2km/yr)	  ,	  addiRonal,	  large	  
scale	  poloidal	  flow	  is	  need	  to	  fit	  the	  data	  	  

[Lesur,	  et	  al.,	  2015;	  and	  IUGG,	  2015]	  



SV	  predicRon	  using	  core	  flows	  

•  Usually	  able	  to	  capture	  >	  75%	  of	  the	  field	  change	  
•  Jerks/acceleraRons	  are	  significant	  for	  goodness	  of	  forecast	  
•  Core	  flows	  using	  3-‐5	  years	  of	  data	  are	  best	  
•  Slightly	  be3er	  to	  somewhat	  be3er	  than	  standard	  

instantaneous	  SV	  extrapolaRon	  

[Beggan	  and	  Whaler,	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  IUGG,	  2015]	  



Inferred	  3D	  density	  and	  flow	  within	  the	  core	  
[Aubert,	  	  
IUGG,	  2015]	  



Predicted	  Future	  CMB	  Field	  evoluRon	  

[Aubert,	  IUGG,	  2015]	  



[Aubert,	  IUGG,	  2015]	  



[Aubert,	  IUGG,	  2015]	  



3.	  Theory	  of	  Secular	  VariaRon	  
and	  new	  Core	  Dynamics	  Models	  	  



Quasi-‐Geostrophic	  numerical	  model	  of	  
magneto-‐convecRon:	  two	  Rme-‐scales	  

  

QG Numerical Model of Magnetoconvection
Time-dependent zonal flows Observed flows

free Alfvén modes (6-year)

longer-timescale oscillations (multi-decade)

[More	  and	  Dumberry,	  IUGG,	  2015]	  



Non-‐zonal	  flows	  dominate	  over	  zonal	  flows	  

  

● ratio of zonal- to non-zonal energy in QG 
model is 0.1-0.2

● ratio found by Gillet et. al. from magnetic field 
observations is similar

[More	  and	  Dumberry,	  IUGG,	  2015]	  



GeomagneRc	  signatures	  of	  localised	  
jets	  in	  the	  Earth’s	  core	  

•  Tangent	  cylinder	  may	  be	  an	  internal	  boundary	  
•  Net	  influx	  of	  fluid	  driven	  into	  an	  azimuthal	  jet	  
•  Such	  a	  jet	  could	  be	  as	  large	  as	  ~5	  m/s	  (much	  larger	  than	  currently	  inferred	  flows)	  

[Livermore	  and	  Hollerbach,	  IUGG,	  2015]	  



Core	  turbulence:	  τ(l)	  diagrams	  
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core turbulence[Nataf	  and	  Schaeffer	  2015;	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  &	  IUGG,	  2015]	  

•  τ(l)	  is	  the	  typical	  Rme-‐scale	  at	  
length-‐scale	  l	  for	  given	  phenomenon.	  
	  
•  τ-‐l	  regime	  diagrams	  are	  akin	  to	  
	  the	  classical	  	  E(k)	  vs	  k	  spectra,	  but	  	  
regime	  changes	  are	  more	  apparent	  
	  
•  AddiRonal	  relevant	  informaRon	  	  
can	  be	  added	  (total	  dissipaRon,	  	  
wave	  travel-‐Rmes,	  etc)	  
	  
•  Main	  assumpRon:	  the	  shortest	  	  
dynamical	  Rme-‐scale	  controls	  the	  	  
turbulence	  regime.	  
	  



4.	  News	  from	  the	  planets	  



Jupiter:	  Current	  knowledge	  of	  
magneRc	  field	  

-‐	  	  
	  

Context Numerical model Results Conclusion

Internal dynamics: magnetic field
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Flybys by Voyager, Pioneer + Galileo: magnetic field up to
!max = 4

Tilted dipole with Θd ∼ 10◦

Similar to the geodynamo?

Thomas Gastine (MPS) Explaining Jupiter’s internal dynamics 4/25

4/25

[GasRne	  et	  al.,	  IUGG,	  2015]	  



Context Numerical model Results Conclusion

Developing a new generation of planetary dynamo models

gg
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Tangent cylinder

Ω
Numerical developments

1 Transformation of a Boussinesq code
into an anelastic code: fast acous-
tic waves are filtered out but density
stratification effects are allowed

2 Validation of the numerical devs by an
international Benchmark (Jones et al.

2011)

Numerical method

Anelastic approximation: ∇ · ρ̃u = 0

3-D numerical simulations in rotating
spherical shells: hydro and MHD

Pseudo-spectral code: spherical
harmonic decomposition

Thomas Gastine (MPS) Explaining Jupiter’s internal dynamics 11/25

11/25

A	  dynamo	  model	  for	  Jupiter	  
[GasRne	  et	  al.,	  IUGG,	  2015]	  



Jupiter’s	  dynamo?	  
Context Numerical model Results Conclusion

Analyzing dynamo action

〈uφ〉φ + 〈Bφ〉φ
field lines

(1) α2

+
(2) αΩ

Thomas Gastine (MPS) Explaining Jupiter’s internal dynamics 18/25

18/25

[GasRne	  et	  al.,	  IUGG,	  2015]	  



Comparison	  to	  observed	  Jovian	  field	  Context Numerical model Results Conclusion

Surface magnetic field

Good agreement with VIP4 (! ≤ 4)

All the morphology is essentially captured for ! ≤ 15

Thomas Gastine (MPS) Explaining Jupiter’s internal dynamics 21/25

21/25•  Dynamo	  model	  also	  shows	  secular	  variaRon	  –	  might	  this	  one	  day	  be	  observed?	  	  

[GasRne	  et	  al.,	  IUGG,	  2015]	  



New	  observaRons	  on	  the	  way	  
from	  NASA’s	  JUNO	  mission	  

Context Numerical model Results Conclusion

The NASA Juno mission

Juno: NASA mission, launched on
5/08/2011

It will orbit Jupiter in august 2016

32-34 polar orbits: 1.06RJ to 39RJ

Magnetometers: magnetic field map
up to !max = 15, secular variation?

Gravity experiment: indirectly infer
the jet’s signature

Microwave radiometer: help to re-
construct the thermal emission of the
planet up to 600 kms below the surface

Thomas Gastine (MPS) Explaining Jupiter’s internal dynamics 9/25

9/25

[GasRne	  et	  al.,	  IUGG,	  2015]	  



Mars:	  
Observable	  	  
part	  of	  	  	  

magneRzaRon	  
mapped	  

	  
[Vervelidou	  et	  al.;	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  IUGG,	  2015]	  



Mars:	  Onset	  of	  dynamo	  and	  paleopoles	  
[Vervelidou	  et	  al.;	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  IUGG,	  2015]	  



Mercury:	  	  
Messenger	  finds	  possible	  
evidence	  for	  a	  crustal	  field	  

the core (10). Confirmation of an internal origin
is provided by the weaker signals observed at
altitudes of 60 to 100 km (fig. S7A) and the
absence of signals at ~150 km altitude. These ob-
servations are consistentwith theupward attenua-
tion of signals from the lowest altitudes predicted

for an internal source (10) (fig. S7B). Finally, sig-
nals very similar in character to those in Fig. 2A
were observed over the region in March 2015, at
the same local times as September 2014 and at
spacecraft altitudes of 14 to 40 km. Larger am-
plitudes were observed within ~5° latitude of peri-

apsis (~59°N), reflecting the 10-km-lower periapsis
altitude. Low-altitude observations from March
extend to thewestern edge of the region and show
signals west of Verdi crater, in particular over the
adjacent volcanic smooth plains. All data ob-
tained at spacecraft altitudes below 60 km are
shown in Fig. 2B.
The HPF signals are seen over, but are not

restricted to, regions of lower topography (Fig.
2A and fig S8). In the Suisei Planitia region, sig-
nals are seen over regions of both smooth plains
and older intercrater plains (Fig. 2B) (12, 13). The
largest-amplitude DBr values are spatially asso-
ciated with smooth plains (Fig. 2B) (10). There
are no obvious features associated with impact
craters in the Suisei region, and no clear signals
at the edge of the Borealis basin (fig. S8) have yet
been observed, although there are weak signals
over the eastern interior of the basin. Contrac-
tional structures CS1 and CS2 (Fig. 2A) indicate
local association of the signals with tectonic fea-
tures, but many structures in the region (14),
such as CS3 and CS4, have no associated DBr sig-
nals (Fig. 2A). Similarly, no coherent signals have
been seen across Carnegie Rupes (fig. S8). Our ob-
servations are consistent with sources at depth
that may include a combination of magnetized in-
trusivematerial andmagnetizationcontrasts across
deep-seated crustal structures (e.g., faults). Fea-
tures associatedwithmapped tectonic structures
(e.g., the local maximum in DBr over CS1) may
reflect sources at shallower depths.
Constraining the time of acquisition of mag-

netic remanence is difficult because the signals
do not correlate with regions of distinctive
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Fig. 1. Magnetic field observations from 8 September 2014 (orbit 3421). (A) Radial component of
the field, Br (black), in theMercury body-fixed frame (10) after subtraction of themodeledmagnetopause,
magnetotail, and offset axial dipole fields, and the low-pass filtered signal (red). (B) HPF signal, DBr. (C)
High-frequency (>1Hz) variability in the total field,s|B|, ameasure of the external field noise remaining in
the HPF signals. (D) Spacecraft altitude. Periapsis altitude was 25 km. 100 s corresponds to a
horizontal scale of ~385 km at periapsis. The orbit track is labeled on Fig. 2A.
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Fig. 2. HPF radial magnetic field, DBr, over Suisei Planitia.The HPF signals
shown satisfy |DBr| ≥ 1 nT and |DBr|/s|B| ≥ 3. Underlying image is of
topography derived from Mercury Laser Altimeter measurements (Mollweide
projection). Color bars give DBr (nT) and topography (km). 1° of latitude on
Mercury corresponds to 43 km. (A) Orbits 3411 to 3433 (from September
2014), excluding orbit 3424 (high magnetospheric activity). The time interval
between successive orbits is 8 hours. Orbit 3421 (Fig. 1) is labeled. Periapsis
local times were 06:00 to 08:30 hours. Spacecraft altitudes were 25 to
60 km.The Shakespeare basin and contractional structures at least 50 km in

length, with a strike making an angle greater than 45° to the orbit track, are
shown in black. CS1 to CS4 are contractional structures. (B) Orbits 3411 to
3433 (as in Fig. 2A) and orbits 3928 to 3940 (fromMarch 2015) at spacecraft
altitudes of 14 to 40 km. Periapsis local timeswere 06:00 to 08:30 hours for all
orbits. Underlying image shows the smooth plains in dark gray (12) and
intercrater plains in light gray. The observations from March 2015 show the
repeatability of the signals observed in Fig. 2A and higher amplitudes asso-
ciated with the lower spacecraft altitudes (peak amplitudes of 20 nTobserved
at 15 km altitude).

RESEARCH | REPORTS

[Johnson	  et	  al.;	  	  2015]	  

•  Very	  low	  alRtudes	  	  <	  150	  km	  (down	  to	  25km!)	  
•  Report	  detecRon	  of	  remanent	  magneRzaRon	  
•  Indicates	  presence	  of	  ancient	  dynamo	  



Mercury:	  Possible	  evidence	  of	  SV?	  

•  Regional	  modelling	  of	  the	  Messenger	  data	  with	  high	  resoluRon	  in	  	  space	  (1000	  km)	  	  
and	  Rme	  (8	  terrestrial	  days)	  
	  
•  Find	  evidence	  for	  a	  Rme	  variaRon	  of	  the	  axial	  dipole	  field	  coefficient	  	  
although	  they	  cannot	  formally	  rule	  out	  that	  spectral	  leakage	  	  might	  have	  occurred.	  

[Thebault	  et	  al.,	  IUGG,	  2015]	  



5.	  Summary	  



•  It	  is	  an	  exciRng	  Rme	  for	  our	  understanding	  of	  planetary	  magneRc	  fields	  and	  
geomagneRc	  secular	  variaRon	  due	  to:	  

	  (i)	  improving	  observaRons	  from	  ground	  and	  space	  
	  (ii)	  new	  physics-‐based	  computaRonal	  models	  
	  
•  Almost	  steady,	  planetary	  scale	  gyre(s)	  account	  for	  majority	  of	  the	  observed	  	  

secular	  variaRon	  
•  Physically	  consistent	  models	  of	  such	  flows	  within	  an	  EnKF	  means	  forecasts	  of	  

future	  field	  behaviour	  are	  becoming	  possible	  	  	  
•  Vigorous	  SA	  caused	  by	  weaker	  flow	  perturbaRons	  e.g.	  non-‐zonal	  azimuthal	  jets,	  

especially	  at	  low	  laRtudes.	  	  Need	  higher	  res	  OBS!	  
•  Very	  weak	  torsional	  oscillaRons	  account	  for	  interannual	  ΔLOD	  

•  Core	  dynamic	  models	  are	  sRll	  limited	  (control	  params,	  turbulence)	  
	  	  	  	  New	  approaches	  are	  needed,	  especially	  to	  study	  rapid	  SV	  and	  SA	  
	  
•  Advances	  in	  knowledge	  of	  planetary	  fields	  (esp.	  Mercury,	  Mars,	  Jupiter)	  as	  old	  

observaRons	  are	  re-‐interpreted	  with	  new	  methods,	  and	  new	  data	  slowly	  arrives	  

5.	  Summary	  




