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The geomagnetic field

To first order the geomagnetic field is similar to that of a
dipole at Earth's center.

The main part is generated in the liquid outer core. On its
way through the Earth mantle it provides interesting
information about the interior.

One important feature, the geomagnetic field shields us
from dangerous radiation coming from space.
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Characteristics of the geodynamo

The geodynamo is driven by a thermal engine. The hot
inner core drives convection motion within the above

NN \ lying fluid iron. Due to Earth's rotation the material
SOt'(\"{fAN'(,LE moves in spirals from the equator towards polar
, LS W regions. Large parts of the geomagnetic field are

g | .
l(‘:ﬁf‘tﬁom | generated in these flux bundles.

L1l B SO4D The generation process is constantly changing in an
B \ ! "‘“f“ ‘f"“ unpredictable chaotic way. At certain times even full
\ A polarity changes of the geomagnetic field occur.
ll l ‘\ l' l ,‘

\ ‘\' G /,/' ,." | During times of reversals the field strength is low,

"-.\ \\ - Fchegos, of causing a much reduced shielding effect.

\ \ \ < / /

\ \_ . J J
——\*'b\\_ N— SN S / We will address field variations from long towards

\ e - N o 7/ shorter time scales.
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Series of geomagnetic field reversals

Rocks and sediments are wonderful archives that have

3\%; Epoch P(})]lIarrllty Eolanty SEgéﬁxs stored past geomagnetic field directions. As soon as the
) = material has cooled below the Curie temperature, it
] o preserves the ambient field.
] £ | Brunhes : , . .
13 v This allows to date the field direction changes.
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Geomagnetic excursions, definition

In between full field reversals shorter-term field variations are observed.
These are termed excursions.

Characteristics of geomagnetic excursions: (definition varies)

* Large field direction variation, e.g. of the virtual geomagnetic pole
(VGP) by more than 45° in latitude.

* Significant reduction in field strength, <25%

Globally rather then locally observed effects.
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Recent field excursions, Laschamp event

Particularly well studied is the recent

Guyodo and Valet identified as part of their Sint-800 model

Laschamp event occurring 40,000 years ago
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a number of excursions within the recent Brunhes phase. AA e e ——
5 10
They use the field strength as threshold level for 5
identifying excursions. 2 10_;
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Archeo-magnetic models of the past 10,000 years

8.6
For the more recent past artefacts, pottery, and ice samples
act as archives for the magnetic field reconstruction. g ]
Quite reliable estimates of the field evolution during the past
10,000 years are obtained. 8.4 - &
The field strength peaked around Anno Domini, about 40% < 83| .
higher than today. Since then it drops, until today. ﬁ“
2 82 .
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“E 10 / /\ 58 8 .
3 ol /’\\/‘\
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- 6 il
Cl4
g 4l VADM (Knudsen et al.,, 2008) 78 .
CALS10k.1b Korte and Muscheler, (2012)
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Year Time [years A.D.]
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Why is it interesting to know the geomagnetic field?

TERRA DE
LABORADOR
on

In the past the field direction was
important for navigation.

Lots of efforts have been spent in
mapping of the field. But soon it became
evident that the field is changing with
time.

e R -l Wi . - L
6 Les premieres Ouevres de lacques de Vaulx, pifotie en la Marine, Havre de Grace 1583. Three methods of determining declination: at sunrise, at noon and at
sunset. The central observer has an astrolabe, to ensure that the Sun has reached its highest point. {Courtesy of Bibliotheque Natlonale, Paris; ms. inv. FR 150.)
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C. F. GauB, two seminal innovations for geomagnetism

1) Carl-Friedrich Gaup invented a technique for
absolute calibration of magnetic variometers
and defined a common time bases for the
global measurements (Gottinger Zeit).

2) He maded use of spherical harmonic function
expansions, assuming that the geomagnetic
field can be treated as a scalar potential field.

The magnetic field components result from the
negative gradient of the potential.

In 1840 GauB is the first to present a map of
the global geomagnetic field distribution.

N R YT & r: radial distance
V=R, (—Ej Z( g cosmA+h"sin m/l) P"(sin B) 2, B: Longitude, Latitude
n=t \ T m=0 Rg: Earth‘s radius
E —_VJV g,”, h,”: Expansion coefficients GauB (1839)
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First global map of magnetic field strength

Geomagnetic Field Strength at Earth’s surface

I I
T

GaulB succeeded in providing a good
representation of field distribution over the
globe. This is the first time that the South
Atlantic Anomaly is identified.

60°

o In spite of the fairly low number and uneven

distribution of observatories he obtained this
great result. This demonstrates the power of
the spheric harmonic analysis for recovering
the geomagnetic field distribution.

00

-30°

This is one reason why the spherical harmonic
expansion is still the backbone of geomagnetic
field modelling today. It furthermore allows to
separate contributions from external and

Total Field, Epoch 1835

-60°

GauB et al. (1840)
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Satellite era, History of magnetic field missions

Magsat

First vector magnetic field satellite
(1980, 6 months) dawn-dusk

@rsted

Mission: Feb 1999 - 2004

Polar orbit, 650-850 km altitude
Quasi sun-synchronous

(all local times within 2.2 years)

CHAMP Swarm

Mission: July 2000 — Sep. 2010
Low altitude (450 — 300 km)
All local times within 130 days
Mission: 2014 — present
Three identical spacecraft
Near-polar orbits, 450 & 510 km
All local times within 135 days
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CHAMP and Swarm, altitude evolution

CHAMP 3 Swarm spacecraft
2000-2010 2014-present

Satellite Altitudes

EEN CHAMP EEM Swarm Alpha B Swarm Bravo HEM Swarm Charlie W F10.7
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Satellite era, global coverage

+60 +120 +18

A
il

e
% 4. ‘IJ
LN

Distribution of Swarm orbits
within 5 days. A good coverage
is acquired within short time for
a high-resolution modelling.

Distribution of about 100 INTERMAG
ground observatories. Sparse coverage
over Pacific Ocean.

Measurements are valuable additions to
satellite data for characterising the
temporal variations.
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Recent geomagnetic field model

Geomagnetic Field Strength at Earth’s surface uT
The signal power drops off rapidly
70 towards higher harmonics. The dipole
dominates. Higher terms follow a
60 power-law decay.
| 5o For harmonics greater than16 a white
0° spectrum appears, reflecting signals

from crustal magnetisation.

- 40
30 1e+10 T T T T T
: : undamped static field ——
undamped SV —»— -
9 i i i : : undarpped SA :—-—
o ' i i i e e e
PR [V R ORI PR P N PO P S —
=
:Q: : : : i i : :
'E 10000 srEarat s s SN S s ol e o e s el e s Sloeei s sa o s cesen|
Highly precise geomagnetic field models can be derived % , : ' Crustal r:nagn(:atizatilon
from the combined satellite/ground-based measurements. g L 5 ; i . =
These have to be updated about every 6 months for x| ; — D -
maintaining the precision. e e S e
5 ; : . Source in ~3000 km
i i i i i i N | I L |
Still, gross features have remained since the Gau3 model. 001 o e wm 25 Bo B 3 @
Maus et al. (2005) spherical harmonic degree
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Recent geomagnetic field model

Geomagnetic Field Strength at Earth’s surface

Total Field, Epoch 2021

Highly precise geomagnetic field models can be derived
from the combined satellite/ground-based measurements.
These have to be updated about every 6 months for
maintaining the precision.

Still, gross features have remained since the Gau3 model.
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Geomagnetic Field Strength at Earth’s surface
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Distribution of field changes during the past 40 years

. Geomagnetic Field Strength at Earth’s surface %(F.
Changes of field strength are not evenly (*2

distributed. Over the Eurasian continent we find :z
a slide increase. But over most other areas it 25
decreases. Particularly strong over the Americas 2.0
and South Atlantic. :g
. 7 » ) 0.5
0° ] 77 PACRIG o bt g ’ 0 0.0
CHAMP(2010) - MAGSAT(1980) \\‘ a=r /7/ iz '% 03
- i l yy : .
R ANt
) ‘ / = -2.5

A : _
== o

Difference 2021 - 2011, Total Field

In regions of lowest field strength we find a most rapid
decrease (South America/Atlantic).

Here the field weakens at a rate of 3.5% per 10 years.
This is 7 times faster than the dipole decay.

- The South Atlantic Anomaly is deepening rapidly.
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Latitude

Radiation effects in the South Atlantic Anomaly (SAA)

The geomagnetic field acts as a shield against
adverse radiation from space. This effect is much
reduced in the area of the SAA. At an altitude of 500
km the radiation from space is enhanced by a factor
of 100 in the core region.

TOPEX/Poseidon s
Anomalies

=)
=]
S

20000 30000 40000 50000 60000 70000 nT

Heitzler et al. (2002)

a
o

Satellites experience here most of their
operational anomalies.

=

With a continuing decrease of the field strength
in this area the radiation will further increase.

#P—E MaX Dmnldliractional Flus > 10.00 Mev {em~%™") at 500.0 km

This has consequences for ISS astronauts and
satellite operations.

Longitude
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Map of crustal magnetization from CHAMP satellite

Maus et al. (2009)
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Map of crustal magnetization from CHAMP satellite

130° 140° 15025

Maus et al. (2009)
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Interpretation of residual magnetic fields

The geomagnetic field is composed of contributions from many sources.

After more than 20 years of high-resolution magnetic field measurements
models of the important contributors, core field, crustal field, and ring

current are so precise that the small remaining observed deviations can
reliably be used for investigating other processes.

Magnetic fields are used more and more as a remote sensing signal.
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Magnetic signatures of ocean tides

Ocean currents, including tides, drive salty water across the
geomagnetic field. This causes electric currents that generate
magnetic fields.

CHAMP was the first to detect the weak tidal signals.

(top frame) Total field global
pattern of ocean tides at New
Moon epoch.

(below) Tidal prediction from
ocean model.

(lower pair) Same as above
but for 6.2 hours later.
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Magnetic signatures of ocean tides

Ocean currents, including tides, drive salty water across the

geomagnetic field. This causes electric currents that generate
magnetic fields.

CHAMP was the first to detect the weak tidal signals.

- : : : : (top frame) Total field global

Ocean — pattern of ocean tides at New
‘“E Moon epoch.
% (below) Tidal prediction from
S ocean model.
c
o (lower pair) Same as above
2 but for 6.2 hours later. b
()]
s Amplitudes range around 1 nT. “
5B . ; : . X ‘
12.2 123 124 125 126 127 12.8 .
Period (h)

(Tyler, Maus and Luhr, Science 2003)
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Magnetic signatures of ionospheric irregularities
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Electron density variations are closely
mirrored by the magnetic field
strength due to the diamagnetic effect.

30
magnetic latitude / °
south <« north
Ab=—Ank(T. +T)ﬂ CHAMP pass
] Lihr et al. (2003)
Stolle et al., 2006, JGR
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Seasonal variation of GPS signal disturbance

y/_- GPS signal

scattering

When GPS signals traverse
ionospheric irregularities, they are
damped and scattered.

GPS scintillations
at receiver i

Juntf
May
Aprr
The occurrence rate of the "F"C"'
irregularities shows a distinct =

. . Jany
seasonal/longitudinal Dec |

pattern. Nov |
Octf|
Sepf

Aug .
(Stolle et al., 2006) VO s A — o
100 140 180 220 260 300 340 20 60 100

Longitude / °E

Month

N) N
o o
Occurrence rate / %
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Probing electric currents by using Ampere's integral law

i |
j=— {Bar
Ho4
'T‘ 'T‘ Magnetic field data of Swarm A and
o C, flying side-by-side, are used for
2+\2> 3 estimating current density.
a4+ o, Along-track variation, By, is
‘ derived from two subsequent
1 ” 4 measurements
) dt=5sec 2 dl; ;=38km
SWA swC Cross-track separation is

1.4° in longitude.

Vertical current, jz, is projected
on the field direction, to get FAC.

(Ritter et al., 2013, EPS)

Current probe

ADC/] [DAC Analog
nC Out
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Ionospheric current systems

There are several current systems that X 1e-01 [uA/m?] 12h
can well be sensed and investigated with

satellites like CHAMP and Swarm.

2.00

1.20
At high latitudes we have the auroral
electrojets and the field-aligned currents, 0.40
connecting to sources in the 18h 06h
magnetosphere. ~0.40
At middle latitudes the solar quiet (5q)
currents are dominating. -1.20
Above the magnetic equator the strong 500
equatorial electrojet (EEJ) is flowing. ' 00h

Auroral field-aligned currents
(yellow, red: upward current)
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AY /nT AX/nT

AZ/nT

Niemegk 1 hour avg, 2004-06-22

: . Solar quiet (5q) current system, seasonal variation
-Zgz ------------- e eaiaial Famess .

‘zg; --------- \_/

ZE;"J-t(- _____________ sezecae

20 i~

Local Time [h]

The Sq system
involves current
vortices in the two
hemispheres.

It is limited to
dayside hours and
stronger in the
summer hemisphere.

Having field
measurements from
above and below the
ionosphere enables
reliable current
estimates on global
scale.

1 October 1 January

Derived from the combination of ground-based and satellite data (Chulliat et al., 2016)
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Inter-hemispheric field-aligned currents (IHFAC) from Swarm

Mid-Latitudes
Field-Aligned Currents

Wy /
3| 4
evening
N
o

Meridional Current
System of the
Equatorial Electrojet

Equatorial

Electrojet current system

Fukushima (1979)

Swarm-A/IRc2nti-symmetric_; ;\ymedian

quiet

Swarm-A/IRC3"
qui
60 F

30
0

-30

t

delay=0 day

9 12
MLT (hours)

15

(2014-04-17~2019-04-16)

symmetric.pgciedian  (2014-04-17~2019-04-16)

Park et al. (2020)

Earlier models predicted inter-
hemispheric currents from the Sq
focus in the winter hemisphere to
the summer hemisphere.

For June conditions observations
mainly confirm predictions, except
at dusk. But the source region is
south of the focus. North of 35° Lat
opposite IHFACs appear.

For December conditions, opposed
to predictions, no clear IHFAC
patterns are observed.
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scalar residual [nT]

35
-40

Magnetic signature of the equatorial electrojet (EEJ) from CHAMP

=30

-20 -10 0 10 20 30
degrees latitude about dip equator

40

0.15 -

0.1

0.05

sheet current density [A/m]

-0.05

NV

-20

GFZ

-15

-10 -5 0 5 10 15
degrees latitude about dip equator

2

o

The EEJ is an intense ionospheric eastward
current at the magnetic equator during
daytime. It is mainly driven by the large-scale
electric field, but also modulated by
atmospheric tidal winds.

Satellite observations provided the first true
global distribution of the current density.

(Luhr et a|.’ 2004) -0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20

Sheet current density (A/m)
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Longitudinal distribution of the EEJ current density (tidal signals)

The true longitudinal
distribution of the EEJ

debate.

Only CHAMP data
showed its strong
seasonal dependence,
and it is largely
controlled by solar tidal
activity.

Generally, the EEJ can
be considered as a
sensitive indicator for
atmospheric dynamics.

EEJM-2, March, 7 F10.7 =150

EEJM-2,

June, F10.7 =150
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Cause for tidal signal in electrojet

Tidal signals are
particularly strong during
autumn. These are driven
by atmospheric
disturbances from below.

The activity patterns are
well consistent with the
phase propagation of the
tidal wave (DE3).

(LGhr and Manoj, 2013)

CHAMP radio occultation
measurements confirm
the presence of
thunderstorm cells below
activity maxima.

Local Times [h]

EEJ Model-2, September, F10.7 = 150 [mA/m]
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Polar vortex and stratospheric sudden warming (SSW)

3
5 Commonly, a strong wind vortex forms over F
ﬁ the Artic in winter enclosing very cold air. g
& In the 1950s it was discovered that in some :
Di’g years the vortex splits (Scherhag et al. 1954) .
é During those years (such as 2003) warm air ™
£ drifts towards the pole and splits the polar ‘g 10 Temperature
¥ vortex, pushing the cold air towards North LK
5 America and Siberia. This is termed R A e N
§ stratospheric sudden warming (SSW). 2 2000
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3 SSWs cause major reconfigurations of the -4 PR
& upper atmospheric dynamics. 1 4 \al - B,
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s e Interestingly, during the period of an SSW : | \. N A< '
S ANSES the modulation of the EEJ by the lunar tide is 1°L A8 | ’ ) &‘ f-e'ﬂ/,j\ [
€ LR strongly enhanced. |V ¥ Fﬂ 78 e (A%
% . ,“;1; The mechanism responsible for it is still not LV w’\ o, =
: £} / @ e /s well understood. al
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For checking the relation £ | ! '
between SSW and lunar 3 ., i
tides, EEJ current “ R 1
estimates have been ) ; 2 BLTIm P s
derived for the whole = l :
CHAMP mission period 3
(2001-2010). By 3 MR
performing a spectral 8 108 Y 7
analysis of the EE] M A S s s 'V
temporal variation we i
identified times of strong %
tidal signals. They %
correlate very well with 3 10-3’\ ' '
times of sudden = 1 N \/uj\, /\’_,,VJ ,th ’l‘ \--_/J'
temperature rises at o 1 J !
polar regions. o0lboon ~ Teoon 21 10 P2 \ ‘ |
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Thus lunar tides in EE] : of nn ‘W‘ .’(y\, \\\ *‘hﬂ ‘M"‘\ﬁ« ‘;h ‘,‘-‘w»ﬁ»\_\‘\ |'rf".,\if /‘"\!_‘ : V ‘.‘,’.ﬁ-/* -3 v
can be used as marker f WAl AT "'N My Y|
for SSW occurrence. '2°H|+ ; ﬂ‘—; N ‘H}‘ % \ — =

60 zonal mean zonal wind at 60°N and 10 hPa *’t'ﬂ :
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Lunar tidal signal in EEJ as estimates for SSW events

observatory since the early 1920s.

Reliable EEJ observations are
available from the Huancayo
These have been used for
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events for the time before direct
observation (1926-1951).
In this way, SSW occurrences of

calculating the tidal amplitude in
past times can be estimated.

EEJ.
They provide estimates of SSW

The applied threshold level is
deduced from EEJ/SSW
comparisons of modern times.
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(Siddiqui et al., 2015)
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Modulation of Sqg variation by lunar tides

Niemegk 1 hour avg, 2004-06-22

During quiet days observatories at middle latitude record
the typical diurnal variation (Sq system).

Also the Sq signal is modulated by the lunar tide.

Again, the tidal amplitude is largely enhanced during times
of SSW occurrences. Reliable magnetic field recordings from
middle latitudes are available since the 1830s. These can be
used to analyse the tidal amplitude in Sq signals.

SSW events cause major changes of atmospheric dynamics.
Therefore, their consideration in climate models is essential.
Having a proxy for the SSW back to the pre-industrial aera
is important for properly understanding past climate
evolution.

Historical magnetic field recordings are probably the only
candidate, which can serve this purpose of SSW spotting.
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Summary

® The geomagnetic field is an ever changing physical phenomena that
cannot be well predicted. Therefore, continuous observations are
required.

®* Presently, the geomagnetic field strength is getting weaker, in
particular in the South American/Atlantic region, which reduces the
efficiency of shielding against adverse radiation from space.

® Satellite measurements have significantly improved the quality of
main field modelling. But field contributions from other sources limit
the resolution.

® This “noise component” contains a lot of information about processes
in the ocean, the ionosphere, and the atmosphere.

® Historical magnetic field recordings can even make contributions to
the reconstruction of past climate evolution.
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