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1.1 Satellite magnetic field observations for studying deep Earth processes
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1.2 The Swarm satellite trio

• Multi-point constellation, launched in November 2013

• Aim: To carry out the best ever survey of the Earth’s magnetic field

• Lower pair, altitude approx. 450 km, separated by 150 km East-West -> ”gradiometer”

• Plus a higher satellite at altitude approx. 500 km: Different local time, potentially very long lifetime
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1.3 Magnetic field measurements

• Vector Field Magnetometers plus star trackers (3 on each satellite)

• In-flight Calibration using Absolute Scalar Magnetometers

• Absolute accuracy: under 0.3 nT, alignment at arc-sec level
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1.4 Global coverage within a few days

• Coverage from 4 days of Swarm data compares well to that from ground network

• Hope is for a long mission !
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1.5 What 4D deep Earth process can we hope to probe?
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1.6 Other field sources
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1.7 Overlap of external signals with core processes
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1.8 Example vector field data from quiet orbits
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• 12 example geomagnetically quiet orbits from Sw-A in 2014
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1.9 Example field differences (gradients) from quiet orbits
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• 15 sec along-track differences of same 12 Sw-A orbits
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1.10 Isolating the core signal: Potential field modelling

• Potential field approach: B = −∇V where V = V int + V ext.

• The internal part of the potential takes the form

V int = a

Nint∑
n=1

n∑
m=0

(gmn cosmφ+ hm
n sinmφ)

(a
r

)n+1

Pm
n (cos θ)

• For n ≤ 20, expand in 6th order B-splines

gmn (t) =

K∑
k=1

kgmn Bk(t).

• Expand external potential in SM and GSM coordinates, with θd and Td being dipole co-lat. and local time

V ext = a
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1.11 Isolating the core signal: Potential field modelling

• Model estimation by robust non-linear least squares including regularization, iteratively minimizing

Θ = [d− F (m)]TW[d− F (m)] + λ2m
TΛ

2
m + λ3m

TΛ
3
m

W is a Huber weighting matrix, Λ
2

and Λ
3

are temporal regularization matrices

[Olsen et al., 2006; Olsen et al., 2014; Finlay et al., 2016]

• DTU’s latest field model, spanning 1999 - 2017.5, is CHAOS-6-x4

• Based on 8,533,432 data (satellite and ground observatory)

• Weighted rms misfit to non-polar, dark Swarm scalar data is 2.14 nT,
For scalar field differences, 0.25 nT along-track and 0.4 nT cross-track.

http://www.spacecenter.dk/files/magnetic-models/CHAOS-6/
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1.12 Core surface field in 2017

[CHAOS-6-x4, 2017, truncated degree 13]
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1.13 Core surface field variation (SV) in 2017

[CHAOS-6-x4, 2017, truncated degree 20]
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1.14 Core surface field acceleration (SA)
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• Time changes in SA resolved up to degree 9

• Oscillations seen in SA energy, period 3-4 years

• Above degree 9 the applied temporal regularization has a strong influence

• Regularization is required to control spurious interannual oscillations, especially in polar regions
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1.15 Core surface field acceleration (SA) to degree 9

[CHAOS-6-x4, truncated degree 9]
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1.16 Application - Inversion for core flow

• Invert for flow producing observed field changes, using the frozen flux induction eqn:

∂Br

∂t
= −∇H · (uBr)

• Example: rotation dominates the core flow i.e. quasi-geostrophy (QG)

• Ensemble approach, random realizations of unknown small scale field

[Gillet et al., 2015; Finlay et al., 2016]

• Planetary scale anticyclonic gyre,
westward at mid/low latitudes under
Atlantic

• Regions of intense flow, for example at
high latitude under Alaska/Siberia

• Oscillations in azimuthal flow at sites of
SA pulses
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1.17 Alternatives approaches

• Use Green’s functions or correlation functions
to link core field estimates to data
[Gubbins and Roberts, 1983; Jackson et al., (2007)

Holschneider et al., (2016); Hammer and Finlay (2017)]

• Grids of monthly point estimates (Virtual Observatories)
[Mandea and Olsen, 2006; Whaler and Beggan, 2015]

• Take all data within cylinder of chosen radius

• Remove estimates of crustal, magnetospheric and Sq fields

• Robust fit of local (cubic) potential model

• Convenient for use in data assimilation schemes
(regular grid, manageable size, can account for covariances)
[Barrois et al., 2017]

• Direct use of observations in data assimilation schemes ?
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1.18 Summary: present state of the art

• Already nearly 4 years of high quality data collected by the 3 Swarm satellites

• Combined with CHAMP and Ørsted, close to two decades with global coverage

• Gradient estimates help with the retrieval of small scale SV and SA

• Able to image time-averaged SV to degree 20, time-dependent SA to degree 9

• Find pulses of field acceleration, especially at low latitudes in the Atlantic

• Given assumptions can then invert for large scale core flow (gyre, jets etc.)

What does Swarm bring to the table?

• Longer time span of magnetic field observations with global coverage
• Higher spatial resolution of field time derivatives (SV, SA)
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2.1 Structure of geodynamo and its decadal fluctuations

Recent highly-driven, low viscosity, dynamos simulations suggest:

• Striking differences inside vs outside the tangent cylinder

• Regions of strong shear and jets may play an important role in the geodynamo process?

5. Convection-driven dynamos in rapidly rotating systems 131

(a) Br (b) Bϕ (c) Uϕ (d) T

Figure 5.16: Meridional sections of ϕ- and time- averaged fields. Case 0

(a) T

Figure 5.17: Meridional sections of ϕ- and time- averaged fields. HYDRO

(a) Br (b) Bϕ (c) Uϕ (d) T

Figure 5.18: Meridional sections of ϕ- and time- averaged fields. Case 1

E. Rapidly rotating dynamos: snapshots 179

E.1.2 Case 1

(a) t1 = 0.316417 (b) t2 = 0.320847

(c) t3 = 0.325246 (d) t4 = 0.329283

(e) t4 = 0.329283 (f) t4 = 0.329283

(g) t4 = 0.329283 (h) t4 = 0.329283

Figure E.2: Fields on the CMB, velocity is below the surface, Case 1. The fields "C" and "V" denote
temperature T and velocity u; subscripts "p" and "t" denote ϕ and θ components respectively.

Figure 7: Three-dimensional renderings of the fields in the S2 simulation, at the instant
marked by a square in figure 2. The white line is the rotation axis.

19

[Sheyko (2014, 2017), Schaeffer et al., (2017)]

• Can such structures be identified and their evolution tracked using high resolution SV?
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2.1 Structure of geodynamo and its decadal fluctuations

• Flow inversions indicate preferred regions of strong (decadal) flow acceleration

Transient core flows from satellite geomagnetic data
Nicolas Gillet1 & Chris Finlay2

1ISTerre, CNRS, Univ. Grenoble-Alpes, France, 2 DTU Space, Copenhagen, Denmark

Introduction

I Since november 2013 we benefit, thank to the Swarm mission of ESA, from an
unprecedent sampling of magnetic data. Combined with records from Oersted and
Champ missions, almost two decades of space monitoring of the geomagnetic
field are available.

I Dominated by the Coriolis force, transient core motions organize in columns
alined with the rotation axis [1] (quasi-geostrophy or QG). From the CHAOS-6
magnetic field model [2], we invert for transient QG core motions over the period
1998-2017.

Method: ensemble core flow modeling

I The rate of change of the magnetic field (or secular variation, SV) is related to the
core flow u through the diffusive-less radial induction equation at the core-mantle
boundary (CMB),

@Br

@t
= �rh · (uBr) . (1)

I Only large length-scales (spherical harmonic degrees n  13) of the main field Br are
resolved. Projecting onto the resolved components (overlines) gives

@Br

@t
= �rh · (uBr) + E , (2)

where E accounts for subgrid errors associated with the unresoved field Br � Br .
I The SV (up to n = 16) is used as a data to invert for core motions, with data error

variances provided by the stochastic field model COV-OBS.x1 [3];
I using an ensemble method, we isolate the resolved part of the flow, while

accounting for time covariances of subgrid errors, E [E(t)E(t + ⌧ )], enhances the
constraint on transient motions [4];

I prior time cross-covariances on core motions are imposed in accordance with the
occurrence of geomagnetic jerks (sharp SV changes), i.e.

E [u(t)u(t + ⌧ )] = var(u) exp
✓
�|⌧ |
⌧u

◆
, ⌧u = 100 yrs . (3)

I inversions are run using a background flow (Fig. 1), chosen to fit the stationary SV
under the Coupled-Earth dynamo spatial constraint [5].

Fig. 1- Background flow streamlines, superimpose with the radial magnetic field (in mT) at

the CMB. The thicker the lines, the faster the flow (max speed=34 km/yr).

Core flow predictions at ground observatories

I QG flow changes account for sharp SV changes recorded at ground-based
stations, even in the equatorial area (Fig. 2).

Fig. 2- SV at observatories: dZ/dt at Kourou (French Guyanna, left) and Kakioka (Japan,

right) . Revised monthly means (black crosses), CHAOS-6 (thick black) entached of an

ensemble of realizations of subgrid errors (grey), and QG flow predictions (thick red:

ensemble average, light red: ensemble).

Accelerations around the westward gyre

I We isolate an acceleration of the jet localized on the tangent cylinder in the
Pacific hemisphere (increase as large as 70% locally, though lower than in [6]), as
well as an intensification of eddies all along the meridien at 90�E.

Fig. 3- Ensemble average streamlines at the CMB for the linear flow acceleration du/dt over

1998-2017 (colorscale in km/yr2).

Subdecadal flow changes

I We see localized transient non-zonal eddies, particularly intense in the
equatorial belt in the Pacific hemisphere (Fig. 4).

I Geostrophic motions show apparent reflexion at the equator (Fig. 5), suggesting
a relatively weak conductivity of the mantle, G < O(108) S [7].

Fig. 4- Ensemble average streamlines at the CMB in 2013, for the flow band-pass filtered

between 3 and 9.5 yrs (in km/yr).

Fig. 5- Ensemble average geostrophic velocity (in km/yr), band-pass filtered between 3 and

9.5 yrs (the horizontal line indicates the position of the tangent cylinder).

References

1- Gillet, Schaeffer & Jault, Phys. Earth. Planet. Int. 187, 380, 2011.
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Figure 2: Northern polar view of the flow speed and direction of the best fitting jet at epoch
2015.0 from figure 1; the line of 0� longitude is at the top of the figure and the tangent cylinder
is marked as a thick white line. The large secular variation under Canada and Siberia can be
explained by a cylindrical westwards-directed jet localised on the tangent cylinder reaching a
maximum speed of about 40kmyr�1.

10

[Gillet and Finlay (in prep), Livermore et al., (2017)]

• Can we map the detailed structure of the flows driving the geodynamo?

• Inferences within the core require additional information (data-assimilation approaches?)

• Can older data sources be utilized to reconstruct decadal variations in these structures?
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2.2 Rapid core dynamics: Jerks, pulses and waves

2006

2009

2013

Finlay et al. Earth, Planets and Space  (2015) 67:114 Page 15 of 17

Fig. 11 Secular acceleration (SA) at the core surface (degrees 1 to 8 only) in 2006.2 (top), 2009.2 (middle) and 2012.9 (bottom). Maps are in
Hammer-Aitoff projection, units are microtesla per year2 (µT/year2)
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• Localised secular acceleration pulses [Lesur et al., 2008, Olsen and Mandea, 2008]

• Compatible with non-axisymmetric azimuthal flow fluctuations [Gillet et al., 2015]
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2.2 Rapid core dynamics: Jerks, pulses and waves

• Opportunity to test hypotheses regarding
rapid core dynamics!

• Hydromagnetic wave arriving at core
surface?
[Aubert and Finlay, under review]

• MAC wave propagating in stratified layer ?
[Chulliat et al., 2015]

• Dynamics give information on underlying
physical properties (stratification, elec.
conductivity)

• Progress requires:
(i) Suitable forward models
(ii) Higher spatial and temporal resolution
of core field changes
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3.1 How best to exploit older datasets?
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• Combine with long ground series e.g. AUX OBS
database now back to 1957

• Earlier satellite missions (Magsat, POGO) and
ground surveys e.g. gufm1, COV-OBS, CM4

PROBLEM:

• Model parameterization (external field,
regularization) designed for specific data quality

OUTLOOK:

• Might it be possible to propagate information back
from Swarm era?

Requires physics-based constraints
and data assimilation techniques....
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3.2 How to handle signatures of polar ionospheric currents?

Le et al.12

currents, satellite observations require both good spatial and 
temporal resolutions. Single spacecraft measurements do not 
allow us to separate spatial and temporal variations, and thus 
are unable to accurately and fully describe their configura-
tions. This paper will discuss our recent LEO spacecraft ob-
servations of the external currents driven by the solar wind-
magnetosphere interaction and make recommendations for 
future geomagnetism missions.

2. EXTERNAL CURRENT SYSTEM DRIVEN BY 
THE SOLAR WIND-MAGNETOSPHERE  
INTERACTION

To a first order approximation the Earth’s internal mag-
netic field is dipolar resembling that of a bar magnet. It acts 
as an effective obstacle to the flow of charged particles from 
the sun, called the solar wind. The interaction with the solar 
wind flow confines the Earth’s magnetic field within a cav-
ity called the magnetosphere by compressing the dayside and 
stretching the nightside magnetic field lines. The magneto-
spheric cavity has a compressed dayside and a long comet-
like tail, which is significantly distorted from the dipolar 
magnetic field. Such a distortion and the overall shape of the 
magnetosphere are the direct result of the presence of large-
scale electric current systems in the magnetosphere and the 
ionosphere that are driven by the solar wind-magnetosphere 
interaction. Figure 1 illustrates the large-scale electric current 
systems in the magnetosphere and ionosphere. They include: 
the magnetopause (Chapman-Ferraro) current flowing on the 
magnetosphere boundary, the ring current in the inner mag-
netosphere, the tail current flowing in the neutral sheet across 
the magnetotail, field-aligned (Birkeland) currents flowing in 
and out of the ionosphere and coupling the magnetosphere to 
the ionosphere, as well as associated horizontal currents in 
the ionosphere. The horizontal ionospheric currents include 

Pedersen currents in the auroral zone and across the polar 
cap, and auroral electrojets (Hall currents) around the auroral 
oval. These magnetospheric and ionospheric currents respond 
dynamically to variations in the solar wind plasma and the 
interplanetary magnetic field (IMF). Changes in these cur-
rent systems cause geomagnetic disturbances. Thus, the solar 
wind-magnetosphere interaction is the main driver for vari-
ous geomagnetic activities over short time scales (seconds 
to days). The ultimate energy source is provided by the solar 
wind from the Sun’s atmosphere. The term “space weather” 
is used to refer to the changing environment of plasma, mag-
netic fields and radiation in near-Earth and interplanetary 
space due to solar variability. Large-scale electric currents 
in the magnetosphere and ionosphere constitute important 
space weather parameters. During magnetic storms and sub-
storms, these currents intensify in response to the enhanced 
solar wind-magnetosphere interaction.

In the region below ~1000 km from the surface of the 
Earth, where geomagnetism satellites fly, the external cur-
rents that generate the largest magnetic fields in contami-
nating the geomagnetism measurements are field-aligned 
currents (FACs) at auroral latitudes, horizontal currents in 
the high latitude ionosphere, and the ring current in the in-
ner magnetosphere. Among them, FACs flow into and out of 
the ionosphere in the auroral zone, and are closed by hori-
zontal Pedersen currents to complete the current loops in 
the auroral zone and across the polar cap in the ionosphere. 
The combined FAC-Pedersen current loops are mostly in-
visible on the ground because the magnetic fields are con-
fined within the current loops. However, polar orbiting LEO 
satellites pass right through the FAC layers and make di-
rect in situ measurements of the magnetic field disturbances 
generated by the combined FAC-Pedersen current loops. 
Their magnetic field perturbations are transverse to the back-
ground magnetic field, and can reach to over 1000 nT in the  

Fig. 1. Illustration of large-scale electric current systems in the magnetosphere and the ionosphere. (a) Magnetospheric current systems; (b)  
Ionospheric current systems (modified from Le et al. 2010).

(a) (b)
Olsen et al. Page 11 of 13

Northern Hemisphere Southern Hemisphere

Figure 4 Scalar magnetic field due to ionospheric currents, in dependence on QD-latitude and
Magnetic Local Time (MLT, in hours) for the Northern (left) and Southern (right) polar regions
as given by the potential VMLT of eq. 2. Low-latitude boundary is at ±60�.

plied to magnetic satellite data from the CHAMP and Swarm missions by Laundal293

et al. (2016) in an attempt to consistently determine ionospheric and field-aligned294

currents in the polar regions. Encouraged by the achieved misfit reduction of 10%295

that we achieve by using the approximation of eq. 2, we plan to implement the296

correct approach used by Laundal et al. (2016) in a co-estimation with the core and297

lithospheric field.298

5 Conclusions299

We derived a new model of Earth’s magnetic field from more than two years of300

Swarm satellite constellation data. The model is an extension of the Swarm Initial301

Field Model (SIFM) of Olsen et al. (2015) by adding more recent Swarm mea-302

surements, by including vector gradient data at non-polar latitudes, and by co-303

estimating a polar ionospheric field that depends on magnetic local time (MLT).304

The SIFMplus model provides a description of the static lithospheric field that305

is very similar to that of the MF7 (Maus , 2010) and CHAOS-6 (Finlay et al.,306

2016) models which were determined from CHAMP data, up to at least spherical307

harmonic degree n = 75. Also the core field part of SIFMplus, with its quadratic308

time-dependence for n  6 and a linear time dependence for n = 7 � 15, demon-309

strates the possibility to determine high-quality field models from only 2 years of310

Swarm data, thanks to the unique constellation aspect of Swarm.311

Co-estimation of the magnetic field caused by polar cap ionospheric currents re-312

duces the polar scalar rms model misfit by 10% (up to 30% in the auroral oval)313

compared to a model that does not account for such currents. However, despite of314

these improvements there is a considerably larger scatter of the model residuals in315

polar regions. This is partly due to the dependence of the current systems on the316

direction of the Interplanetary Magnetic Field (IMF). We plan to account for this317

dependency in future.318

• Olsen et al. (2016) made first co-estimation of poloidal potential field due horizontal ionospheric currents

V MLT = a

20∑
n=1

n∑
m=1

(
gm,MLT
n cosmτ + hm,MLT

n sinmτ
)(a

r

)n+1

Pm
n (cos θQD)

• Need to co-estimate FAC’s and their far-field effects
And include time-dependence (seasonal, solar-cycle variations) [e.g. Laundal et al., 2016]
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Outline

1. Satellite magnetic data as a tool for studying the core: state of the art

2. Opportunities

3. Challenges

4. Conclusions and outlook
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4. Conclusions and outlook

• Swarm is extending the time span of high resolution global monitoring of the core field

• Thanks to gradient information, provides enhanced resolution of field time changes

Opportunities

(i) To map detailed structure of geodynamo and its decadal changes

(ii) To characterize rapid core dynamics and the origin of jerks

Immediate challenges include

- How best to exploit older datasets?

- How to handle signatures of polar ionospheric currents?

- How to make best use of the available prior information on core dynamics?

Thinking bigger, where do we want to be in 15 yrs?

Which forward models, data processing, assimilation/inversion schemes ?
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Approximate field gradients

• EW gradients: Given Sw-A data, difference Sw-C data from same latitude, with short delay (typically 10sec)

• Along-track gradients: For a single satellite, difference data separated in time by 15sec

• Assuming fields are stationary over 15 seconds, then

• Large-scale magnetospheric signal cancelled, small-scale internal field signal enhanced
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Fit to Swarm gradients and ground SV data
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Improving in recovery of core surface SV
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• SV is NOT directly regularized

• Time-averaged SV and slow (decadal) trends are well recovered

• Rapid time-dependence of high degree SV (n >9 ) indirectly suppressed
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Contrast with pre-Swarm SV from CHAOS-4

[CHAOS-4, 2013, truncated degree 15]
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Core field (SV) in 2017

[CHAOS-6-x4, 2017, truncated degree 20]
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