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Earth’s magnetic field

• > 98% Earth’s B field originates in the core

• Provides protection from the solar wind

• Generated by dynamo action in the core

• Not steady; continuously changing
-> Secular Variation (SV)

[Image credit: ESA]

Outstanding scientific questions

• Structure of flows responsible for generating, and driving the evolution, of the field?

• Origin of core field changes on timescales of decades and less?
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The core

[Image credit: ESA]

• The most inaccessible and least understood part of the Earth

• Extremely high temperatures (4000-6000K) and pressures (130-360 GPa)

• Iron alloy (mostly Fe plus Ni, and a little Si, O), density 104 kg m−3

• A turbulent place - vigorous motions are driven by cooling of the planet

• All obscured from view by 3000km of rocky mantle !
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Geomagnetic field observations

• Ground observatories:

• Low Earth Orbit Satellites: Ørsted, SAC-C, CHAMP and now Swarm
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The Swarm satellite constellation

• A pair of satellites (Alpha, Charlie), flying close together at lower altitude

• A third satellite (Bravo) slightly higher up
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Instruments from DTU Space

• Vector Field Magnetometers and star trackers from MI division are crucial to Swarm,
as they were used on Ørsted and CHAMP.
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Current status of constellation

Swarm Satellite Constellation Mission

Evolution of the Swarm constellation

all LT sampled in 9 months

3 hrs LT di↵erence in 2016

decaying altitude:
re-entry of lower pair in 2023?

discussion on future satellite
constellation scenario:
long mission (core field) vs. low-altitude data
during solar minimum in 2020 (crustal field) ?
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Global geomagnetic field models

• CHAOS series of geomagnetic field models aims to describe the near-Earth magnetic
field to high spatial and temporal resolution (Olsen et al., 2006, 2009, 2010, 2014)

• 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+ hmn sinmφ)
(
a

r

)n+1
Pmn (cos θ)

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

gmn (t) =
K∑
k=1

kgmn Bk(t).

• Also co-estimate the large-scale magnetospheric field

• And work with satellite vector data in magnetometer frame, co-estimating Euler angles
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Model Estimation

• DTU’s latest geomagnetic model, CHAOS-6 (Finlay et al., 2016)

http://www.spacecenter.dk/files/magnetic-models/CHAOS-6/

• Derived from 7,873,156 data

• Robust non-linear least squares including regularization, iteratively minimizing

[d− F (m)]TW−1[d− F (m)] + λ2mTΛ
2
m + λ3mTΛ

3
m

W is a Huber weighting matrix, Λ
2

and Λ
3

are regularization matrices

• Weighted rms misfit to non-polar, dark Swarm scalar data is 2.14 nT,
For scalar field differences, 0.26 nT along-track and 0.45 nT across-track.
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Fit to Swarm field difference data: histograms of residuals
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Fit to ground observatory data, Eastward component dY/dt
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Downward continuation to the core-mantle boundary

• Wish to understand origin of changes
-> need to descend to core

• Possible to downward continue through mantle
(Neglecting currents there on timescales > 1 yr)

• Small scales amplified as approach source

• Field at core surface stable to degree 13
(above this crust dominate)

• Field change (SV) stable to degree 18

Br =
N∑
n=1

n∑
m=0

(n+ 1) (gmn cosmφ+ hmn sinmφ)
(
a

r

)n+2
Pmn (cos θ)
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Radial field Br at core surface in 2015

[CHAOS-6]
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Radial field SV dBr/dt at core surface in 2015

[CHAOS-6]
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Core surface Br and dBr/dt in Northern Polar Region, 2015
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The inner core tangent cylinder
DYNAMICS AT THE TANGENT CYLINDER

Because of rapid rotation,     acts as 
an internal boundary

 - Discontinuity in core physics
 - Causes azimuthal jet

C
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Inversion for responsible core motions

• For field changes on year to decade timescales, Maxwell’s equations reduce to

∂B
∂t

= ∇× (u×B) + η∇2B

• At the surface of the core, where ur = 0, and if we can neglect magnetic diffusion then

∂Br
∂t

= −∇H · (uBr)

• We parameterize u in terms of a simple flow close to the tangent cylinder, defined by
the stream-function Ψ(s, φ, z)

us = 1
Hs

∂Ψ
∂φ

, uφ = − 1
H

∂Ψ
∂s

, uz = dH

ds

z

H2s

∂Ψ
∂φ

H =
√

1− s2

where

Ψ =
M∑
m=0

am e
imφ

∫ s

0
Φm(s′)

√
1− s′2 ds′, Φm(s) =

[√
1− s2 e−β

2
− cm

]
sm+1

• And seek the flow parameters am, cm, β that minimize the residual measure

RN+S =
∫ 360

0

∫ 30◦

10◦
(SVobs − SVsyn)2 sin θdθdφ+

∫ 360

0

∫ 170◦

150◦
(SVobs − SVsyn)2 sin θdθdφ
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Fit to observed field change

CHAOS-6 Flow model Residual

[Livermore et al. (2017)]
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A localized jet at the tangent cylinder

Figure2:Northernpolarviewoftheflowspeedanddirectionofthebestfittingjetatepoch
2015.0fromfigure1;thelineof0�longitudeisatthetopofthefigureandthetangentcylinder
ismarkedasathickwhiteline.ThelargesecularvariationunderCanadaandSiberiacanbe
explainedbyacylindricalwestwards-directedjetlocalisedonthetangentcylinderreachinga
maximumspeedofabout40kmyr�1

.

10

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

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

[Livermore et al. (2017)]
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Physical origin of the tangent cylinder jet

Continuous flow
No jet

Liquid outer core

Discontinuous flow
Converging fluid squeezed sideways 
creating the jet

Tangent cylinder
Rapid magnetic field

change here

(69oN)
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Time-dependence of core surface field
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Time-dependence of core surface SV
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Acceleration of the tangent cylinder jet

Figure 5: Time-dependence of the jet and drift of high-latitude flux patches. The maximum
westwards velocity of the jet (blue, right axis) from 1998–2016 of maximum wavenumber 1 and
width 0.12 has increased in strength over 2000–2016 by a factor of 3. Also shown is the time-
dependence of the centre-point of the Siberian (about longitude 100�, solid red) and Canadian
(about 200� longitude, dashed red) high-latitude flux patches, which have also increased in
westwards speed by a similar factor. The centre-points were determined by the location of the
local minimum of radial magnetic field according to the CHAOS-6 model to degree 13.

level also indicate an acceleration of the tangent cylinder jet.204

0.2 Broader implications205

The westward movement of the northern flux lobes bears a strong resemblance to the westward-206

moving flux patches on the equator [4]. However, the equatorial patches are not accelerating and207

likely have a different explanation from those at high-latitude, either steady advection [29, 26]208

or wave motion [30].209

Because the jet may ultimately result from an imbalance in fluid flux across the tangent210

cylinder, changes in its magnitude may reflect alterations in the dynamics on either, or both,211

sides of the tangent cylinder, on decadal timescales. Because inertia and viscosity are so small212

15

[Livermore et al. (2017)]
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Possible implications for the dynamo process

• Shear at tangent cylinder is
important for dynamos in
rapidly-rotating regime

• Fundamental for building toroidal
field within core

• May play a role in dynamo
oscillations and reversals
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Some open questions

• How deep does this jet extend into core?

• Why has it recently been accelerating?

• How will it develop in the upcoming years?
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A look to the future

• Dream: Accurate forecasting of geomagnetic field changes decades ahead

• Will require sufficient understanding of core dynamics and dynamo process

• And long-term monitoring from space at multiple local times (for assimilation)

• Perhaps with many small, mini/nanosatellites, simultaneously measuring field?
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Conclusions

(1) Swarm data show intense field change is occuring under Canada and Siberia

(2) Can be explained by a westward jet, localised within 450km of the tangent cylinder

(3) Jet velocity is ∼40 km/yr, three times higher than average flow in the core

(4) May be an important ingredient in the geodynamo and its fluctuations
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Jet acceleration as seen by other field models

Figure S2: Comparison of maximum westward speeds from the simple jet structure (assuming
M = 1 and δ = 0.12) fit to a variety of observational models, whose truncations are described
in the methods section of the main text.
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Figure S3: Secular variation power spectra for three different families of models. Both CHAOS-
6 and GRIMM/GFZ show time-variation in power at high degree, whereas CM5 shows little
variation above degree 6. Thus the strong temporal regularisation used in CM5 does not permit
the intensification of the polar SV patches (mainly in degrees 11-13) related to jet acceleration
seen in other models.
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NATURE GEOSCIENCE | www.nature.com/naturegeoscience 3

SUPPLEMENTARY INFORMATIONDOI: 10.1038/NGEO2859

29 DTU Space DTU Space, 2017 19.1.2017



SV Spectra from CHAOS-6, GRIMM, CM5/CIFigure S2: Comparison of maximum westward speeds from the simple jet structure (assuming
M = 1 and δ = 0.12) fit to a variety of observational models, whose truncations are described
in the methods section of the main text.
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In-flight calibration and characterization

Page 2 of 13Tøffner-Clausen et al. Earth, Planets and Space  (2016) 68:129 

  • the scalar readings of the ASM are much less, if at all, 
affected.

Consequently, the task force concluded to pursue models 
which assume the magnetic disturbance to be affecting 
the VFM measurements only. Plotting !F  as a function 
of the Sun incidence angles with respect to the space-
craft, reveals systematic features of the disturbance, as 
shown in Fig. 2. At the start of “Characterisation and cali-
bration with scalar residuals” section we provide detailed 
definitions of the two Sun incidence angles α and β. This 
supports the hypothesis that a magnetic source in the 
vicinity of the VFM magnetometer, with strength and 
direction depending on the direction to the Sun (as seen 
from the spacecraft), is responsible. We refer to such a 
disturbance field vector that depends on the direction to 
the Sun, as δB⃗Sun.

The purpose of this article is to document the details 
of in-flight calibration of the Swarm magnetometer pack-
age, including an empirical determination and removal of 
the Sun-driven vector disturbance field δB⃗Sun, based on 
a mitigation approach proposed by Vincent Lesur (Lesur 
et al. 2015).

“Characterisation and calibration with scalar residu-
als” section describes the parameterisation of the model 
of the Sun-driven disturbance—in following referred to 

as the characterisation of the disturbance field—and of 
the calibration of the VFM instrument, by which means 
determination of its intrinsic scale factors and their 
dependence on time and temperature, and determina-
tion of the sensor-axis non-orthogonalities. We docu-
ment the adopted Iteratively Reweighted Least Squared 
(IRLS) estimation approach that includes a truncated sin-
gular value decomposition (SVD) approach to solving the 
inverse problem. The results obtained for Swarm Alpha, 
based on data covering the period from launch (22 
November 2013) until end of June 2015 (i.e. 19 months), 
are presented in “Results of model estimation for Swarm 
Alpha” section. Application of the scheme to data from 
the satellites Bravo and Charlie resulted in similar levels 
of residual improvement and statistics, and the estimates 
of the Sun-driven disturbance δB⃗Sun show generally simi-
lar behaviour and structural features as found for Swarm 
Alpha, although there are also some differences. Finally, 
“Conclusions” section summarises the findings and pro-
vides perspectives regarding further improvements of the 
method.

Characterisation and calibration with scalar 
residuals
The Sun incidence angles α and β are crucial in our 
approach to characterise the scalar residual. To clarify, 

Fig. 1 Scalar residuals of uncorrected (light blue) and corrected (green) measurements versus time. Local time of the ascending node is shown in 
red (right axis)[Tøffner-Clausen et al., (2016)]

• Small, but unexpected, differences between ASM and VFM scalar intensities

• Due to a sun-driven disturbance, that varies with the solar incident angles

• Can be modelled and RMS residuals reduced e.g. to 0.168 nT for Swarm Alpha

• Important to find the root cause, investigations into this are ongoing
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In-flight calibration and characterization
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Considering how these angles vary over orbits of the 
Swarm spacecraft during nominal flight, we find that α 
varies rapidly from 360◦ down to 0◦ within one orbit (i.e. 
within ≈90 min), while β varies slowly up and down typi-
cally by ≈1.25◦ in one day (for Alpha and Charlie, 1.20◦ 
for Bravo).

Although the observed scalar residuals clearly vary with 
the Sun incidence angles α and β (see Fig. 2), there is no 
direct mapping of !F  in terms of these parameters. This 
is a consequence of the scalar residuals !F ≈ δB⃗Sun · b⃗0 
being the projection of the magnetic disturbance vector 
δB⃗Sun, onto the unit vector b⃗0 of the ambient magnetic 
field direction (Earth’s main field). The former is oriented 
relative to the spacecraft, while the latter is oriented rela-
tive to Earth, which results in the variations with the 
spacecraft local time (captured by β) as seen in Fig. 2. The 
spacecraft local time changes by 12 hours (corresponding 
to a change in β by 180◦) within approximately 4 1

2 months.
To account for the projection on to the ambient field, 

we consider a vector magnetic disturbance δB⃗Sun(α,β) , 
with each component depending individually on the 
Sun incidence angles. Mathematically, we describe each 
component of the disturbance field vector by a spheri-
cal harmonic expansion in α and β i.e. we consider three 
independent spherical harmonic expansions in all.

This model characterising the Sun-driven disturbance 
is co-estimated together with a model of the temporal 
evolution of the VFM sensitivity and an adjustment of 
the pre-flight estimated non-orthogonality angles of the 
VFM sensor. For this we perform a scalar calibration 
via a least squares fit, minimising the discrepancy (!F) 
between the fully calibrated and corrected measurements 
from the ASM and the modulus of the vector measure-
ments from the VFM after our model has been applied. 
Huber weights are used iteratively to eliminate the effect 
of anomalous measurements (“outliers”) on the estimated 
models.

Model parameterisation
As outlined above, our model characterising the Sun-
driven disturbance vector δB⃗Sun consists of three spheri-
cal harmonic expansions up to degree and order 25, one 
for each of the magnetic field components in the VFM 
magnetometer frame, with the position of the Sun with 
respect to the spacecraft parameterised by the Sun inci-
dence angles α and β. It takes the form

δB⃗Sun =
25

∑

n=0

n
∑

m=0

(

u⃗mn cosmα + v⃗mn sinmα
)

Pm
n (sin β)

Fig. 3 Illustration of Sun incident angles α and β that are defined w.r.t. the spacecraft. α is the “azimuth” from x about the y-axis, and β is the “eleva-
tion” from the x–z plane
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parameters, although the ambiguity of determining vec-
tor disturbances from a pure scalar calibration affects 
the estimated correction vectors; these corrections do 
change slightly (by a few tenths of a nT) as more data are 
added.

The estimated models reduce the scalar differences 
between the Swarm magnetometers to generally below 

0.5 nT with rms values well below 200 pT for all three sat-
ellites and have been in operational use since April 2015 
to produce corrected Swarm Level 1b magnetic field vec-
tor data (as of version 0401).

Future evolutions of the model presented here are 
foreseen to include changing the model of the tempo-
ral evolution of the VFM sensitivity from B-splines to 

Fig. 7 Maps of estimated δB⃗Sun for Swarm Alpha componentwise as function of Sun incident angles α and β (x- and y-axes, respectively). The circled 
area indicates the approximate region of the satellite being in eclipse[Tøffner-Clausen et al., (2016)]

• Are now able to model the Sun-driven disturbance

• For example, RMS residuals reduced from 0.96nT to 0.168 nT for Swarm Alpha

• Important to find the root cause, investigations are ongoing
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CHAOS-6 model: Parameterization of the external Field

• For the external potential, expand in SM and GSM co-ordinate systems, with θd and Td
being dipole co-lat. and dipole local time

V ext = a

2∑
n=1

n∑
m=0

(qmn cosmTd + smn sinmTd)
(
r

a

)n
Pmn (cos θd)

+ a

2∑
n=1

q0,GSM
n R0

n(r, θ, φ).

• Degree-1 coefficients in SM coords dependent on the RC disturbance index
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Vector difference residuals, Swarm vs CHAMP
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Power spectrum of SV at core surface
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Time-dependence of core surface SA
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Field strength and magnetic pole position in 2016.5
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Field strength and magnetic pole position in 1999
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