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Motivations

• We wish to estimate the deep flow structure of Earth’s core 
from the available surface magnetic observations.

• Our goals:

• understand the dynamical regime of the core,

• obtain a state vector for data assimilation practice.



Underdetermination

 on the nodes of a numerical discrete grid.

• Typical size is a million elements (in a 3D numerical model 
of the geodynamo)

• A set of magnetic observations is 200 elements (magnetic 
field and SV coefficients up to degree 8-13 of a typical 
geomagnetic field model).

• A prior is needed.
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An Earth-like value of the magnetic Ekman number of about
5×10−9 is two orders of magnitude below the lowest model value
in Fig. 3. Extrapolating the lower boundary of the compliant region
to Eη=5×10−9 (dash–dotted line in Fig. 3) results in a minimum
value of the magnetic Reynolds number of 900. Estimates of the
Earth value of Rm (Christensen and Tilgner, 2004) are of that order.
The extrapolation of the compliant wedge region seems to
encompass the location of geodynamo, shown by the large cross in
Fig. 3, but perhaps only marginally so.

Fig. 4 shows separately the values for the four morphological
properties plotted against the magnetic Reynolds number. Models
with a large magnetic Ekman number are shown by circles, medium
values by squares and small values by stars. Models rated good or
excellent are highlighted by grey fill of the symbol. The largest
variations occur in the AD/NAD ratio, which contributes most to
distinguishing between compliant and non-compliant models. How-
ever, there are cases with a very Earth-like AD/NAD value that are
downgraded to only marginally compliant because of the misfit in
other properties. In general, the dipole/non-dipole ratio, the odd–
even ratio and the zonal/non-zonal ratio decrease with increasing Rm,
whereas the flux concentration factor increases. For models rated as
good, the maximum deviation in any one of the four properties is
typically less than 1.5σ.

4.2. Influence of thermal boundary condition

For a number of cases that cover the full range in magnetic
Reynolds number and magnetic Ekman number that we explored so
far, we have replaced the fixed temperature condition on the outer
boundary by a condition of fixed homogeneous flux, keeping the
values of E, Pm and Pr unchanged and tuning the flux Rayleigh number
RaF such that the value of the Rayleigh number RaT based on the
temperature contrast and the convective power are almost identical

between the corresponding models. With very few exceptions we
find as a trend upon changing to a flux condition that the AD/NAD, O/E
and Z/NZ ratios become smaller whereas FCF becomes larger (Fig. 5).
Depending on how well the original fixed temperature model
fitted the Earth values, this can either improve or deteriorate the
compliance with the geomagnetic field. In many cases an improve-
ment in the power ratios is accompanied by an impairment of the flux
concentration factor and the overall rating of the compliance does not
change very much.

For two selected cases with E=10−4 and Pm=3 or Pm=7,
respectively, we investigated the influence of different distribu-
tions of the sources and sinks of buoyancy, varying the ratio bet-
ween inner core flux and the sum of the fluxes on both boundaries
Fi / (Fo+Fi) between zero and one. The former value corresponds to
internal heating (secular cooling) and the second to purely com-
positional convection with a neutrally stable temperature gradient
at the CMB. We adjusted the Rayleigh number such that the
magnetic Reynolds number stayed constant within 3% at 380 and
850, respectively. Upon increasing the driving from below, the field
tends to become more strongly dipolar and the non-dipole field
becomes less zonal (Fig. 6). There are no clear trends for the odd–
even ratio and the flux concentration factor. The χ2 values lie in a
limited range between 2 and 6, i.e., the compliance of these models is
good to marginal. The cases with Rm=380 become generally more

Fig. 3. Compliance of field morphology with that of the geomagnetic field for dynamo
models with fixed temperature boundary conditions plotted as function of magnetic
Reynolds number and magnetic Ekman number. Symbols with black fill show excellent
agreement, dark grey good agreement, light grey marginal and white cases are non-
compliant. The symbol shape is keyed to the Ekman number, a value of PrN1 is
indicated by a cross inside the main symbol and Prb1 by a circle, all others have Pr=1.
The region of Earth-like dynamos in the Rm−Eη parameter space is bounded
approximately by the broken lines. The cross indicates the approximate location of
Earth's core.

Fig. 4. The four morphological field properties vs Rm. Stars are for Eηb7×10−6, circles
EηN7×10−5 and squares for intermediate values. The thick horizontal line is the
nominal value for the geomagnetic field with 1σ tolerance range shown by broken
lines. Grey fill is for models with good or excellent overall rating.
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• Recent parameter space explorations and scaling 
relationships partially bridge the parameter gap between 
models and Earth.

Using a numerical dynamo as a prior
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Scaling the model output
• Use scaling principles known (thought) to hold in the model 

(Earth)

• magnetic field: power scaling (Christensen and Aubert 2006)
• Time: advective time scaling (Lhuillier et al. 2011)
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A numerical dynamo covariance matrix

• Prior information provided by the numerical dynamo is 
embedded in a statistical covariance matrix P which we 
directly compute using O(1000) decorrelated snapshots of 
the numerical dynamo.

• Probability to obtain x is P(x) ∝ exp(−x�P−1x/2)
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Core surface flow inversions
constrained by a numerical dynamo

• Can be formalised (in the spectral space) as
sv = M · ufs + �o

• The inverse constrained by a numerical dynamo is

ufs = K · sv , K = PM� (MPM� + R)
−1

• Below the CMB we invert the frozen-flux induction equation
∂Br

∂t
= −∇H(ufsBr )



Validation on synthetics

 

Synthetic reference 
velocity field



Validation on synthetics

 

Synthetic reference 
velocity field

Inversion result if B and SV are known up to degree 13
true errors (= obtained knowing the reference)
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Validation on synthetics

 

Synthetic reference 
velocity field

Inversion result if B and SV are known up to degree 13
estimated errors
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Inverting for the full core flow

• Direct problem Hu = ufs

u = Kufs , K = PH
� (HPH

�)
−1• Inverse solution

• This solution is called the best linear unbiased estimate 
(BLUE), and can estimate other fields as well.

• Observation operator

H

u
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Validation on synthetics: flow inside the core



Inversions of geomagnetic field models

Figure 2 Polar (north and south) and Hammer views of the small-scale structure of the
geodynamo at the core surface. a, Changes in the radial component of the field between
1980 (Magsat) and 2000 (Oersted) ( 2 340mT to 333mT). b, Analogous but less-
resolved field changes between 1970 and 1990 (computed from the historical model of

ref. 5,2186mT to 147mT). c, The radial component of the average 1990 main field
computed by averaging the Magsat and Oersted main-field models11 (21,032mT to

908mT). d, The main field averaged over the historical period 1590–1990 (computed
from the model of ref. 5, -745mT to 594mT). e, Core surface flow accounting for the

main-field changes in a by advecting the 1990 main field in c (arrows for the flow,
maximum of 50 km yr21, colour code for the toroidal scalar associated to the flow).

f, Same as in e but for the non-axisymmetric component of the flow (maximum

65 km yr21). In all figures, there is a linear colour code: red positive, blue negative,

renormalized to the maximum absolute value, except for b (respectively d) which uses the
same scale as a (respectively c). Contours every 50mT in a and b, every 100mT in c and
d. Also shown in each polar plot, the surface trace of the tangent cylinder.
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Hulot et al 2002 for 1990 (max 50km/yr)

• large-scale vortices recovered
• added vortices as a result of a higher 

degree of equatorial symmetry
• westward drift in the Atlantic
• secondary structures in the Pacific

Flow in 1990 from CM4 (max 41 km/yr)

 



Inversions of geomagnetic field models

 

Flow in 1990 from CM4 (max 41 km/yr)



Inversions of geomagnetic field models

Flow in 2001 from CHAOS-4 (max 42 km/yr)
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Flow in 2001 from CHAOS-4 (max 42 km/yr)
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Inversions of geomagnetic field models

Flow in 2001 from CHAOS-4 (max 42 km/yr)
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Conclusions
• geomagnetic data based flow inversions in the entire 

volume of Earth’s core can be constrained with an Earth-
like numerical dynamo model, with good model/data 
compatibility.

• The obtained flows have a columnar and large-scale 
character which exceeds that of the prior, thus strongly 
supporting columnar, large-scale convection in Earth’s 
core.

• We thus start to see convergence between 3D and QG 
dynamical approaches.

• The presence of a giant eccentric retrograde equatorial 
gyre is confirmed.

• Predicted length-of-day variations are smaller than those 
induced by purely quasigeostrophic flows. 



Outlook: geomagnetic data assimilation
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Aubert and Fournier (2011)
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Outlook: geomagnetic data assimilation



Long-term forecast of the field
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Linear extrapolation in 2000 from 1970
rms error @CMB 0.11 mT

Reference: CHAOS-4 in 2000

Assimilation forecast in 2000 from 1970
rms error @CMB 0.07 mT



Imaging the interior magnetic structure

Magnetic state of the model in 2000 
(viewed from south Atlantic)



ANR AVSGeomag
• 4-year ANR program 2011-2015

• IPGP/ISTerre

• PI Alex Fournier

• Progress in fundamental research on data assimilation in 
3D and quasigeostrophic models of the geodynamo

• Acquire operational forecasting capacity by 2015, in time 
for IGRF 2015

• Acquire retrospective analysis capacity (improving 
knowledge of the past geomagnetic field)

• Stay tuned! http://avsgeomag.ipgp.fr

http://avsgeomag.ipgp.fr
http://avsgeomag.ipgp.fr

