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Chapter 1

Introduction

Ninety percent of the Earth’s magnetic field are consistent with a magnetic field
that would be generated from a dipolar magnetic source located at the centre of
the Earth, aligned with the Earth’s rotational axis. This first order description of
the Earth’s magnetic field was initially given by William Gilbert in 1600. Such a
simple description is not sufficient for analysis of the Earth’s magnetic field, since

the remaining ten percent of the magnetic field cannot be explained well.

As observed on the Earth’s surface, the magnetic field can be separated into three
components:

The Main Field is the major component of the magnetic field and is believed to be
caused by electrical currents in the Earth’s fluid outer core. The temporal variation
of this part of the magnetic field is known as secular variation.

The Crustal Field is the portion of the magnetic field associated with the mag-
netism of crustal rocks. This part of the field contains both, magnetism caused by
induction and from remanent magnetisation.

The External Magnetic Field is a relatively small portion of the observed mag-
netic field. It is generated from magnetic sources external to the Earth. This field is
believed to be mainly produced by currents in the Earth’s ionosphere and magneto-
sphere and their interactions with the solar wind (charged, high energetic particles).
Hence, temporal variations associated with the external magnetic field are coupled

to solar activity.

If the Earth had neither a global magnetic field nor a magnetosphere, the solar wind

would directly penetrate our atmosphere which would have severe consequences for
1



2 CHAPTER 1. INTRODUCTION

life on Earth. Instead, the solar wind interacts with the Earth’s magnetosphere.
This generates impacts which deform the Earth’s magnetosphere. And the solar
wind is diverted around our planet. The changes in the magnetosphere are more
intense during magnetic storms, when explosive events on the Sun give the solar
wind an unusually high velocity or density. Although the magnetosphere efficiently
averts off the solar wind, an influence on the Earth is noted. Since the solar wind
plasma comprises of electrically charged particles that are moving rapidly past the
Earth’s magnetic field, electric currents are generated, which flow along the Earth’s
magnetic field lines into the ionosphere. Especially above the polar regions, this
causes aurora. Very large magnetic storms, as on October 29/30, 2003 and the as-

sociated aurora represent a clear signature of these kinds of field variations.

Spherical harmonic analysis (SHA) is commonly used to describe the magnetic field.
In SHA it is possible to distinguish between internal and external contributions to
the Earth’s magnetic field. The spherical harmonic coefficients describe dipolar,
quadrupolar and higher parts in spherical coordinates. Differences between two se-
ries of models are interpreted as secular variation. Such an approach requires highly
reliable models. Care must be taken that spurious effects like instrumental drifts
or unmodelled field contributions do not cause artificial changes. A still not very
well known part of the Earth’s magnetic field is the external field caused by elec-
tric currents in the ionosphere and magnetosphere. This work concentrates on the
magnetospheric current systems, in order to correct the effect of large-scale magne-
tospheric current systems. Their exact knowledge is vital to improve the main field

and secular variation models.

Until 1980 geomagnetic measurements were only undertaken using observatories.
Since then, additional magnetic vector data are provided by satellites. The era of
satellites was the beginning of an advanced understanding about the very complex
magnetosphere. After series of satellite missions, as Magsat or @Orsted, CHAMP
(CHAllenging Minisatellite Payload) was launched in 2000. It is the basis for im-
proved main field modelling and a better determination of secular variation. On
board the satellite are gravity, atmospheric, and magnetic field instruments which
are of most interest for this study. Due to the inclination CHAMP is changing the

orbit in local time. From time to time CHAMP is flying in resonance with the



Earth’s rotation, i.e. the satellite is flying over the same ground track after a couple
of days. To model changes during a period of a few days (in main field modelling
usually 2-5 quiet days) these so called repeat tracks are very helpful for an im-
proved main field /external field model. For example, in October 2000 they covered

three days. This is also a commonly used period in main field models.

On the Earth’s surface the magnetic effect of magnetospheric currents is charac-
terised by several indices. One possibility, used in main field modelling, is the
Dgr-index. In main field modelling, the external magnetic effect in the equatorial
plane has been parametrised in terms of a linear dependence on the Dgr-index. For
an improved main field model it is necessary to have a precise description of the ef-
fect of magnetospheric currents during the covered period at satellite altitude. One

possibility is given by this study.

In a first order model, called ‘model 1’°, scalar data from the Overhauser Magne-
tometer on board CHAMP are used. A model using solely the total field intensities
needs several assumptions of the properties and the behaviour of the magnetosphere.
It is assumed that the external field is produced by a symmetric ring current which
is located in the equatorial plane of the geomagnetic dipole. A correction function
for external currents is found which shows a local time dependence of the spherical

harmonic coeflicients.

For further improvements, the method using vector data from the Fluxgate Mag-
netometer on board CHAMP is introduced. The model from vector data, called
‘model 2’ can be yield through a direct inversion for each component of the mag-
netic field. Obtained are SHA coefficients which describe the effect of external
currents at satellite altitude. As expected, the results are very similar to ‘model

1’°. The resulting correction function shows a clear local time dependence.

Finally, it will be explained how a possible constitution of the external sources of the
geomagnetic field can look like and how the effect of these magnetospheric currents

can be corrected in main field modelling.






Chapter 2

The Earth’s magnetic field

The geomagnetic field is enclosing the Earth completely. It is a very complex system
which is a combination of fields of different origin and it changes in space and time.
The sources are the Earth’s interior and currents in the ionosphere and magneto-
sphere.

A first way to visualise the direction of the Earth’s magnetic field was possible with
the help of a magnetised needle. A very well known version is the compass. Since
centuries the geomagnetic field has been used for navigation. But, the compass is
showing us only the direction of this vector field, not its magnitude. Magnetic ob-
servations over the last 200 years and several satellite missions in the past decades
have been very useful for a better understanding of the structure of the geomagnetic

field [Stern, 2002], [Jonkers et al., 2003].

2.1 The internal field

2.1.1 The main field

The dominant part of the Earth’s magnetic field originates in the Earth’s core. The
core field generates ninety percent of the magnetic field at the Earth’s surface.
Currently, its intensity at the Earth’s surface ranges from about 30000 nT at the
equator to 60000 nT at the poles. This field, often called main field, has its origin
in the Earth outer core below the core mantle boundary at a depth of about 2900

km [Campbell, 1997]. In a first approximation it is a dipole field at the Earth’s
5
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surface.
It is not possible that the Earth is a permanent magnet, because the Curie tem-
perature is already reached at a depth of about 20 km. One mechanism which can

produce this dipolar field is a geodynamo [Merrill et al., 1998].

The Earth’s magnetic field varies significantly in space and time. Spatial varia-
tions are the movement of the geomagnetic poles over the last centuries [Mandea
& Dormy, 2003] and the increase or decrease of its intensity in some areas [Maus

et al., 2002].

The time scales of temporal variations range from seconds to millions of years [Cain
et al., 2003]. Usually, although it is not very distinct, variations with periods of a
few tens of years or longer are of internal origin while variations with periods of less
than a year are of external origin. The slower, internal change in the magnetic field
over time scales of decades to centuries (Fig. 2.1) are referred to as secular varia-
tion [Bloxham & Gubbins, 1985]. The three historically measured components (H, Z,
D) are shown. The report of the declination, D, already starts in the early nineteenth
century. The nearly linear increase from about -19° to about 1.5° is continuously
measured, first in Freiberg and thereafter in Potsdam, Seddin and Niemegk. Due
to more disturbed surroundings the observatories were moved. It also can be seen,
that the Z-component increased from about 43000 nT to about 45000 n'T from 1890
to 2000. The third component is the horizontal component, H, which varies between

18400 n'T and 18800 n'T.

It also has been shown that a reversal of the Earth’s magnetic field is possible. A
record that the direction and intensity as it reverses can be obtained from a Miocene
volcanic sequence. During a reversal the field is decreased to about 20% of its normal
intensity at the surface and it is loosing its typical axisymmetry. The polarity of
the magnetic field is not turning over for 180° at once. A reversal needs several
thousands years during which its formation is more or less chaotic. During that
time period, e.g., cosmic radiations might have been increased drastically and life

on Earth might have been affected [Pervot, 1985].
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Figure 2.1: Secular variation (Z, D and H component) from 1800 to 2000 at
the observatories Freiberg, Berlin and Potsdam-Seddin-Niemegk (from

M. Korte, pers. corr.).

2.1.2 The lithospheric field

One other, small part of the internal magnetic field is the crustal or lithospheric
field. Here, the lithosphere is meant to be the Earth’s crust and its upper mantle. In
ground magnetic measurements its magnitude varies from fractions of nT to several
thousands of nT. Compared to the distance of external sources of several Earth radii
(1Rg = 6371.2 km) the thickness of the crust (up to about 100 km) is very small.
Because of these comparably small source dimensions the spatial gradients are larger.
This part of the Earth’s magnetic field is also called ‘anomaly field’. The variations
are associated with different geological properties of the crust. An example is shown

in Fig. 2.2 (light colours indicate weak magnetisation). The contrast between a
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weakly magnetised oceanic and a stronger magnetised continental crust and upper
mantle can be seen. For a better description of these small-scale features, a good

external field model is necessary.

Figure 2.2: Predicted vertical field anomaly maps for spherical harmonic degrees
16-80 at an altitude of 400 km, from [Hemant, 2003]. The bootom
panels show the polar view of the North pole (left panel) and the
South pole (right panel).

2.2 The external field

2.2.1 The ionospheric field

The region between the neutral atmosphere and the magnetosphere is a partially
ionised plasma, which expands from about 70 km altitude up to about 1500 km

and is referred to as the ionosphere. It is divided into three layers, the D-, E- and
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F-region. The plasma density ranges from 10° to 10*® m=3.

The ionospheric current systems, e.g., the equatorial [Ivers et al., 2003] and polar
electrojets [Akasofu et al., 1965], are quite difficult to describe. They change rapidly
in time and space. For example, the magnetic effect of the equatorial electrojet, due
to higher plasma density, is only prominent on the dayside. Other currents, which
are not described in detail, are the field aligned, Region 1 and Region 2 currents
(Fig. 2.3). They are the connection between the ionosphere and the magnetosphere.
Figure 2.3 also shows the magnetospheric currents which will be explained in more
detail in the following section.

.- Magnetopause
Current

Partial Ring

Ring
- Current
Current i

,Hegion 1
A Current

L-Substarm
o7 Current

S 3 — -

TSI
» \\ —~%
Tail~ .
Current Widnight

Figure 2.3: Currents in the Earth’s ionosphere, and magnetosphere, from [Kivelson
& Russell, 1995].

2.2.2 The magnetospheric field

In this study the most interesting part of the Earth’s magnetic field has its origin
in the magnetosphere. This external, magnetospheric field is caused by currents

on the magnetopause on the sunward side, in the magnetotail (tail current) on the
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anti-sunward side and by the (partial) ring current which is surrounding the Earth
in the equatorial region at a distance of several Earth radii (Fig. 2.3). At the Earth’s
surface the measured effect has an amplitude of a few tens of n'T during quiet times
(e.g., Sept. 16-26, 2002, B.1) and up to a few hundreds of nT during disturbed
periods (e.g., Sept. 4-11, 2002, B.1).

The magnetic effect caused by the ring current is usually parametrised by the Dgp-
index. This index describes the variations of the equatorial ring current monitored

by observatories close to the geomagnetic equator (Fig. 2.4 and Appendix B).

180 1807,
80 220 140°

- 100%
300°340+ 20+ 60",

@5t
60°
-0, % s
2@ Kakiokal
20" Hopolulu - an Juan ~
o MRS 5
y ] s
n:' x.'.
20 } JL'? DA ("
J crmantys
pry Q
60"

Dst NETWORK

Figure 2.4: Network of Dgp-Observatories. The Dgr index is calculated from
these four observatories around the geomagnetic equator (black line),

from [WDC-Kyoto, 2003].

The network of these observatories computes the difference to their baseline and
hourly mean values are provided as Dgr-index [WDC-Kyoto, 2003] by each of these
four observatories. The intensity of the magnetic effect depends strongly on the solar
activity. During a magnetic storm (high solar activity) the dayside magnetosphere
is compressed. This affects the currents in the ionosphere and magnetosphere and
can be noticed as an increase of the magnetic field. In addition, the ring current
intensities during active periods cause a decrease of the Earth’s magnetic field.

Around the Earth is a plasma environment whose dynamics are dominated by the
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o v o= . - [Neutral Sheet Current|
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Figure 2.5: The Earth’s magnetosphere: Currents in the magnetosphere whose
magnetic effect will be modelled are coloured in red. The FACs (yellow)
are the connection between the ionosphere and the magnetosphere.

Their effect is quite difficult to model, from [Kivelson & Russell, 1995].

magnetic field of the Earth. Figure 2.5 illustrates the magnetosphere and its currents
whose magnetic effect will be modelled. The shape of this volume is much influenced
by the interplanetary magnetic field (IMF) and the solar wind (SW). The solar wind
- outside - is a highly conductive plasma streaming away from the Sun with a typical
velocity of about 400 km s~!. The average electron and ion density is 5000 m~2 and
the strength of its magnetic field is less than 10 nT.

The more charged particles are erupted by the sun and the higher their velocity the
stronger is the pressure of the solar wind against the magnetopause (MP) and the

closer it is pressed to the Earth on the sunward side.

On the anti-sunward side the solar wind flow stretches the magnetic field lines which
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form a geomagnetic tail (about a few hundred Rg long). The magnetosphere (MS)
solar wind interaction consists of several coupling mechanisms. Under ‘optimal’
conditions no SW-particles should enter the magnetosphere. But, especially at the

poles the penetration with SW-particles is stronger.

2.3 Common main field models

Up to now there is no model of the effect of all external currents which are flowing in
the magnetosphere. A common opinion about the magnetic field of external origin
is, that it is produced by a ring current which is caused by trapped particles. These
solar wind particles entered the magnetosphere and caused an electric current which
flows westward around the Earth at a distance of 2 to 9 Rg [Daglis et al., 1999].
The particle drift of electrons is eastward and that of ions is westward. This results
in a westward ring current. The theory about a stream of charged particles from the
sun which enter the magnetosphere was first found by Chapman & Ferraro [1930].
This is still very close to the description today. The models of magnetospheric cur-
rents were improved more and more. During the 1960s the large-scale structure of
the magnetosphere already contained the magnetopause current and the tail cur-
rent as illustrated in Figure 2.5. The progress in understanding the magnetosphere
occurred during several satellite missions. An overview of magnetospheric studies is
given in [Stern, 1996]. In this thesis it is concentrated on the integral effect of all

known magnetospheric currents.

In main field modelling today, the effect of magnetospheric currents is modelled

by a linear dependence on Dgr. A list of several main field models is given here:

e Magsat model: The main field of the Earth is modelled up to degree 13 for
internal contributions and up to degree 1 for external contributions. The
external contributions are parameterised by the Dgp-index. The model is

produced using Magsat data, done by Langel et al. [1996].

e OIFM model: The Qrsted initial field model of Olsen et al. [2000a] is a main
field model of degree 19 for the internal field and of degree 2 for the external

field. Again, the ring current is parameterised by the Dgr index.
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e CM3: The ‘Comprehensive Model Phase 3’ [Sabak et al., 2002] is a field model

which first tried to coestimate all contributions to the Earth’s magnetic field.
The internal field is modelled up to degree 65 and the secular variation up to
degree 13!. The ionospheric field is approximated by a sheet current at an
altitude of 110 km. The major contributions of the magnetospheric field are
caused by currents on the magnetopause, in the magnetotail and by the ring
current. The effect of magnetospheric fields is parameterised by the Dgp-index
as given by Langel & Estes [1985]. Another external field is caused by coupling
currents between the ionosphere and the magnetosphere. The induction effect
of the contributions of these external fields is modelled as well. In this model

data from observatories, Magsat and POGO satellites from 1960-1985 are used.

CO2 model: Model of the magnetic field of the Earth, especially to use with
CHAMP data. This model of Holme et al. [2003] is obtained from CHAMP
data, data from observatories and both @rsted experiments. It contains the
main field, linear secular variation and external contributions. The internal
field is calculated up to degree 29, the secular variation of the main field up to
degree 13 and the large-scale external field up to degree 2. The ring current

is parameterised by the Dgr index.

POMME: The ‘POtsdam Magnetic Model of the Earth’ (POMME) [Maus
et al., submitted 2003| is a main field model from the upper mantle up to an
altitude of several kilometres above the Earth’s surface. It includes contribu-
tions from a time varying core field, a ring current field which is modulated
by Dgr and a time averaged magnetospheric field. The internal field and
the secular variaton are modelled up to degree 15 and secular acceleration up
to degree 10. The ring current is Dgr dependent with ¢! = 0.76 - Dsr and
g = 0.32 - ¢}. The input data are from the @rsted and CHAMP satellites till
September 2002.

1The secular variation is parameterised with 13 cubic B-splines, Eq. (5) and (6) in [Sabak et al.,

2002]
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2.4 Mathematical Description

2.4.1 Coordinate systems

Because there are so many coordinate systems, as combined in [Russell, 1971],
the used coordinate systems and their corresponding transformations are described
briefly. Figure 2.6 illustrates the different coordinate systems on board CHAMP.
The components of the Earth’s magnetic field are measured in an instrument-related
coordinate system. The two coordinate systems of the Fluxgate Magnetometers are
called FGM1 and FGM2. The magnetic vector data, available at the CHAMP data
centre, are from the Fluxgate Magnetometer No. 1 (FGM1 in Fig. 2.6, further on it
is called FGM).

Figure 2.6: Coordinate systems on board CHAMP. The measurements of the
Fluxgate Magnetometer are in an instrument related coordinates sys-
tem which have to be transformed into an Earth fixed system (from

M. Rother, pers. comm.).

In this system the X-component points into the flight direction of the satellite, the
Z-component points down to the centre of the Earth and the Y-component com-

pletes the system. E.g., the Y-component points to the East if CHAMP is flying



2.4. MATHEMATICAL DESCRIPTION 15

exactly to the North, what means X is the North component. If this is not the case
the components have to be transformed into the North-East-Centre (NEC) system.
Therefore, the precise attitude is necessary which is obtained from the Advanced
Stellar Compass (ASC). At the CHAMP data centre the magnetic field data are

available in both coordinate systems, the instrument-related FGM and the Earth-
fixed NEC system.

The transformation between these two systems is rather sophisticated taking into
account the attitude, the orbit and the Earth’s rotation. In this work only NEC
data are downloaded from the data centre. Only for the correction around the poles

(Sec. 5.2.2) the coordinates are going to be transformed back into the spacecraft

system (SC = FGM).

Other difficulties occur because of the different Earth fixed coordinate systems. At
observatories the geodetic coordinate system is used. That means, the Earth is not

approximated by a sphere but by a reference ellipsoid [EUROCONTROL, 1997].
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Figure 2.7: Earth-fixed coordinate systems: Illustrated are the Cartesian NEC sys-

tem and spherical coordintes, after [Bronstein & Semendjajew, 1989).

Using CHAMP satellite data the coordinates are in the geocentric NEC system.

In Figure 2.7 the Cartesian, geocentric coordinates, x, y and z, are visualised in
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comparison to spherical coordinates depending on r, § and ¢. The NEC system is
illustrated by red arrows. It contains the Northward component, N, which points to
the North pole, along ey, the Eastward component, E, which is aligned with e, and

the centre component, C, which points down to the centre, along e,.

Commonly, most measurements are not done in a spherical coordinate system but
in a local topocentric system (Fig. 2.8). There are several components that can be
monitored. Historically, declination, D, inclination, I and the horizontal component,

H, are measured.

Actually, at observatories, other components, X, Y and Z, and the total field in-
tensity B or F are measured. At the location of the measurement the X component
is pointing to the North, the Y component to the East and the Z component verti-

cally down.

X A
D

X = geographic North
Y = East

7, = vertically down

H = geomagnetic North

F = total field intensity, F = |B|

I = inclination, I = arctan(%)

D = declination, D = arctan(¥)

Z

Y

Figure 2.8: Orientation of typical components of the Earth’s magnetic field mea-

sured at observatories, after [Jacobs, 1987].

As already explained, using satellite data the meaning of X, Y and 7 is slightly
different. The coordinate system is now in geocentric coordinates, i.e. the Earth is
replaced by a reference sphere and 7 is pointing to the centre of the Earth. Then,

the three components X=N, Y=E and Z=C in the Cartesian, geocentric system are
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connected to the spherical field components as follows:

X =—-By,Y =By and 7 =-0B,. (2.1)

2.4.2 Spherical harmonic analysis

One description of the magnetic field can be obtained by using spherical harmonic
functions. Spherical harmonic analysis (SHA) is nowadays a common method to
describe the behaviour of physical phenomena in spherical coordinates. This tech-
nique was introduced - in geophysical questions - by C. F. Gauss in 1839 [Gauss,
1839]. Using this method the magnetic field is separated into fields of internal and

external origin (see Eq. 2.7 and following).

If measurements are made at the Earth’s surface, the core and crustal fields are
of internal origin, and the fields caused by ionospheric and magnetospheric currents
count as external fields. In case of satellites the effect of ionospheric currents is
added to the fields of internal origin. The satellite altitude, especially of CHAMP,
defines the separation border between internal and external sources and the origin

of ionospheric currents is below the altitude of the satellite.

A starting point for describing the field components by spherical harmonic func-

tions are Maxwell’s equations [Jacobs, 1987]:

V-B=0 (2.3)

with the permeability of free space, py and current density, J. Assuming the geomag-
netic field to be curl-free (J is negligible between the Earth surface and ionosphere)

the field B can be represented as the gradient of a scalar potential V

B=-VV. (2.4)
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The potential V then must satisfy Laplace’s equation

V2V = 0. (2.5)

In spherical coordinates (6 =colatitude, ¢ =longitude, r = radius) Equation 2.5 thus

is transformed to

18%(rV) 1 8 ov 1 8V
r Or? + r2sin @ 00 ( ) =0 (2:6)

sin § — —_—
r2sin? § O¢?

00

A solution for V is found by separation of variables. Its general form is:

V = aggo {[g::’ cos(me) + hl)' sin(me)] (;)nﬂ

+ [g cos(me) + s sin(me)] (g)n} P (cost) (2.7)

where a = 6371.2 km is the radius of the reference sphere? (Earth’s surface) and
r, 8 and ¢ are the radius, colatitude and longitude of the measurement point.
P™(cosf) are the associated Schmidt quasi-normalised Legendre Functions. The
factors g¢,', hy', g and s are called Gauss coefficients of degree n and order m.
They represent fields from internal sources (g, ™) and external sources (¢, s™™).
For m = 0 they are called zonal harmonics and for m = n sectorial harmonics.
Since no magnetic monopoles exist, g)) is always zero. Coefficients of internal degree
1 describe geocentric dipoles which are oriented along the z-axis (m = 0) or along
the x-axis (g7) and y-axis (hi). Higher degree coefficients then represent geocentric
quadrupoles (n = 2), octupoles (n = 3) and so on. Thus, the ¢ term is meant to

describe an internal dipole situated in the Earth’s centre and oriented in the direc-

tion of the rotation axis of the Earth.

2As this value is used in data preprocessing and most geomagnetic studies not the WGS84

(World Geodetic System 1984) committed value of 6371.0 km is chosen.
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The components of the magnetic field can be computed from Equation 2.7 (us-
ing Eq. 2.4). Calculating the gradient of this potential gives the three components

in spherical coordinates as follows [Jacobs, 1987].

) VAR ) _ o) 2
B, = => Y < (n+1)[gy cosmeg + hy sinmg] (—)
or n=1m=0 r
n—1
—n[gT" cosme + s sin me| (f) } P™(cosf), (2.8)
a

oo a n+2
B = gy =53 o cosms - zsnmal ()

n=1m=0
n=11 dP™(cos b
+[g) cosme + s sin m] (f) } %, (2.9)
a

-1 =0V 1 &= g\ 12
B = = m o _: _pm a
¢ rsinf O¢ sin ;gom {[gn sin mg — hl'' cos mg| (r)
n—1
gy’ sinmé — s cos mg] (t) } P (cosd). (2.10)
a

In principal the radial intensity, i.e. B,, and one horizontal intensity, e.g., By, has
to be known to separate internal from external fields. To simplify these equations,
different assumptions are made for scalar and vector data. These will be explained

in Sections 4.2 and 5.1.

2.4.3 Other magnetic field descriptions

Some other modelling methods exist, such as harmonic spline modelling [Shure
et al., 1982] or wavelet techniques [Holschneider et al., 2003], [Mayer & Maier,
2003]. Using splines to model the Earth’s magnetic field the model is smoothed ac-
cording to objective criteria which are nevertheless consistent with the data. These
criteria can be chosen to minimise the complexity of well-defined parameters of the
field, like the energy outside the core or the mean square radial field component
at the core-mantle boundary. Short-wavelength fields originating in both, core and

crust, are suppressed [Shure et al., 1982], [Parker & Shure, 1982].
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Recently, a new representation of the magnetic field on the sphere has been sought,
the chosen approach making a direct relation between the spherical harmonics and
wavelets. Holschneider et al. [2003] present the theoretical description of the wavelets
on the sphere in order to use them in field modelling. The first comparisons between
the spherical harmonic basis and wavelet basis show how well the wavelets are able

to reproduce the spherical harmonics, and the potential of wavelets has been shown.

Any kind of geomagnetic field modelling can be described when optimising the cost
function "error + smoothness”. In general, the smoothness part can be associated
with some (physically motivated) norms. It is in general implemented through an a
priori damping of the basis functions in the inversion. The function that gives the
optimal solution is sometimes referred to as a spline solution. As it stands, it does
not appeal to any family of basis functions in which the actual numerical computa-
tions are carried out. Therefore in the limit of infinitely many functions and without
any numerical errors, it is possible to get the same models, if spherical harmonics,
wavelets, or any other complete family of functions are used. However, given finite
resources it does matter, since for a fixed number of basis functions, wavelets have
sometimes better approximation properties than spherical harmonics. Moreover,
wavelets may play an additional role in modelling of strongly heterogeneous fields,

such as from external currents [Mandea, 2003].
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CHAMP

The age of geomagnetic vector measurements from space started in 1979 with Magsat
(Fig. 3.1 (left panel), [MAGSAT, 2003]). This American satellite of the National
Aeronautics and Space Administration (NASA) and the United States Geologi-
cal Survey (USGS), had a lifetime of 6 months and an orbit fixed in local time
(dawn/dusk (6:00/18:00 LT) orbit). Magsat collected scalar and vector magnetic
data in a low, near-polar orbit at an altitude of 350 to 570 km and an inclination of
96.8°.

Twenty years later, in 1999, @rsted (Fig. 3.1 (centre), [@rsted, 2003]) was launched.
In 2003 this Danish satellite is still measuring the total field and the three vector
components (X, Y, Z) of the geomagnetic field. Its orbit is elliptical at altitudes of
650 - 860 km. Because of the inclination of 96.5°, the orbit plane drifts through all
local times in about 470 days.

One year later, in 2000, two further missions were launched. SAC-C, the Argentinien
satellite, is flying in a sun-synchronous circular orbit with an inclination of 98.2° and
an altitude of about 700 km (Fig. 3.1 (right panel), [SAC-C, 2003]). The magnetic
experiments are often called ‘@Drsted 2’ because of the same set of instruments as
the one on the (rsted satellite. The third satellite for magnetic field measurements
is CHAMP. It will be described in the following section in more detail. Because of
the special orbit constellation (sometimes CHAMP is flying over the same ground

track after a couple of days) in this study mainly CHAMP data are used.
21
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Figure 3.1: Images of magnetic satellites, on the left: MAGSAT [MAGSAT, 2003],
in the middle: Qrsted [Orsted, 2003] and on the right: SAC-C [SAC-C,
2003].

3.1 Satellite

CHAMP (CHAllenging Minisatellite Payload, Fig. 3.2) is a georesearch satellite
of the GeoForschungsZentrum (GFZ) Potsdam, Germany and the German Space
Agency (DLR). The motivation was the better understanding of geoscience, the

gravity and the magnetic field, and atmospheric questions.

On July 15, 2000 at 11:59:59.628 Universal Time Coordinated (UTC) the mini
satellite CHAMP was launched from the Russian cosmodrome Plesetsk aboard a
Russian COSMOS launch vehicle.

The satellite consists of two parts, the boom and the body. When CHAMP was
launched the boom was stowed on top of the body. After the satellite was set into
its orbit at an initial height of 454 km the boom was unfolded.

The complete length is 8333 mm including the boom with a length of 4044 mm. It
is a quite large satellite because of the width of about 1600 mm, the height of 750
mm and a total mass of 522.5 kg. The dimension of the boom is 224 mm by 224

mm and its mass is 20 kg.
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Figure 3.2: Image of the magnetic satellite CHAMP, from CHAMP web-
page [CHAMP, 2003].

3.2 Magnetic instruments

Several instruments for gravity, magnetic field and atmospheric measurements are
on board CHAMP. The instruments for magnetic measurements (explained in more
detail later on in this section) are on the boom to reduce magnetic disturbances
from the spacecraft (see Fig. 3.3). Thus, the magnetic instruments are at a certain
distance from the satellite body and all its currents and residual magnetic fields. The
boom is mounted at the front end of the satellite. One Overhauser Magnetometer
(OVM) is carried at the tip of the boom, in the middle segment on an optical bench,
two Star Sensors (ASC) and two Fluxgate Magnetometers (FGM) are placed. The
OVM is used to calibrate the two vector magnetometers. In this work scalar data
were also used for an initial study of the magnetic field caused by external current

systems.

Because there are only web-publications (on the CHAMP webpage [CHAMP, 2003]
or on the webpages of the relevant institutions, Appendix C) about the instrumen-

tation on board CHAMP, the magnetic instruments are described briefly:
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Figure 3.3: Instruments on board CHAMP, from CHAMP webpage.

e Global positioning system

The GPS receiver is, in combination with the STAR accelerometer, the main
instrument for obtaining the exact position of the satellite. From these two
instruments the orbit can be determined with very high precision. The GPS
was provided by National Aeronautics and Space Administration (NASA) and
built at their Jet Propulsion Laboratories (JPL). Another important task of
the GPS receiver is the precise timing possibility due to a synchronisation

pulse. It is also used for atmospheric studies, e.g., atmospheric sounding.

Electrostatic STAR Accelerometer

The ACC was provided by the Centre National d’Etudes Spatiales (CNES) and
was manufactured by the Office National d’Etudes et de Recherches Aerospa-
tials (ONERA), France. It uses the basic principle of an electrostatic micro-
accelerometer. The electrostatic forces are measured which effect the freely
floating test body in a cage. The detected acceleration is proportional to the

forces which are needed to keep the proof-mass in the centre of the cage.

Advanced Stellar Compass

The ASC was developed and fabricated by the Technical University of Den-
mark (DTU), Lyngby. On board CHAMP are two pairs of these star sensors.
One is fixed to the accelerometer which is mounted exactly in the centre of
mass of the satellite on the body. The other one is situated on the optical

bench close to the FGM. That makes precise measurements of the attitude of
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CHAMP possible which is necessary to use the magnetic vector readings.

e Fluxgate Magnetometer
The FGM was developed and manufactured by the Technical University of
Denmark (DTU). The design is based on a spherical coil sensor, which was
newly developed for the (rsted mission. It measures the three vector com-
ponents of the magnetic field (full range of £ 65000 nT). The measurements
are taken with a 50 Hz (nominal) sample rate. The deviation from linearity is
+ 100 pT and the overall noise level is less than 100 pT (rms). The magne-
tometer is installed close to the star sensors on the optical bench because the
knowledge of exact sensor attitude and time of measurement is necessary for
the interpretation of vector data. The three measured components are relative
to a satellite related coordinate system and have to be rotated into an Earth
fixed coordinate system. A second FGM sensor is installed 600 mm away from

the primary sensor for redundancy reasons.

e Overhauser Magnetometer
The OVM was developed and manufactured by the Laboratoire d’Electronique
de Technologie d’Information (LETT), France. This scalar magnetometer pro-
vides an absolute measurement of the field magnitude. The total field intensity
ranges from 18000 to 65000 nT', which is needed for the in-flight calibration
of the FGMs. The measurements are taken at a sample rate of 1 Hz and an
absolute accuracy better than 0.5 nT'. Its working principle is based on proton

precession magnetic resonance.

e Digital Ion Drift Meter
The DIDM was donated by the US Air Force Research Laboratory (AFRL),
Hanscom. Its purpose is the measurement of the ion distribution and its
moments in the ionosphere. From these measurements the ion density and
temperature, the drift velocity and the electric field can be determined. This
additional instrument can be useful to estimate ionospheric current systems.
For interpretation a Planar Langmuir Probe (PLP) is necessary which is op-

erating in combination with the DIDM.
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3.3 Orbit

After the launch CHAMP was placed into a nearly circular orbit. The near polar
orbit has an inclination of 87.3°. At the beginning of the mission CHAMP had an
orbit height of 454 km which is decreasing to 300 km during five years (Fig. 3.4).

CHAMP Decay Scenario (Mid April 2003)
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Figure 3.4: Prediction of satellite altitude above the Earth’s surface (from H. Liihr,

pers. COIIlIIl.) .

Fig. 3.4 shows the actual altitude of the last 3 years and the prediction until the
end of the mission (July 2007).

The satellite lifetime depends on several conditions. In terms of size and geometry
the satellite is constructed to survive these five years. But especially the solar ac-
tivity may change the lifetime. A nominal solar activity is assumed and a higher or
lower activity changes the end point which is set at an altitude of 300 km. If the
solar activity is higher the end point is reached earlier. At the end-altitude of 300
km the friction is too big for a longer lifetime and the satellite will come down to
the Earth quite fast.

Due to two orbit manoeuvres in June and December 2002 the satellite was lifted by

about 20 km to reach the scheduled lifetime with some margin.
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Because of the high inclination (87.3°) the orbit plane moves through all local times
(LT) in only four months. The resulting homogeneous and complete global coverage
over the Earth is very advantageous for good magnetic field models. This provides
a very dense set of data. Figure 3.5 illustrates the global coverage of June, 19, 2002
(black lines) and the repeat tracks two days later (red lines).

Figure 3.5: ‘Two-day’ repeat tracks over +50° geographic latitude of day 900/902.
The difference between ground tracks is about 1.7°. Black lines show
ground tracks of day 900, red lines illustrate the repeat track on day
902.

3.4 Data

Figure 3.7 (top) shows an example of one day of data measured by the CHAMP
vector magnetometer. The three vector components, X,Y, and Z of the Earth mag-
netic field are in the NEC system, i.e. X=N, Y=E and Z=C (Sec. 2.4.1).

At the Earth’s surface the strength of the total field varies between approximately
30000 nT at the equator and about 60000 nT at the poles. At the geomagnetic
poles the total field is dominated by the Z-component (downward component). The
strongest contribution at the equator is the X-component (Northward component)

while the Y-component (Eastward component) is quite small, but most affected by
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disturbances from, e. g., field-aligned currents (FAC).

For an application in main field modelling usually a restriction to quiet times has
to be done. Typical selection criteria are the indices Dgr and Kp! or the selection
is done on local times [Chambodut et al., 2003]. The CO2 main field model [Holme
et al., 2003], for example, selects data for K, < 1+ for the time of observation and
K, < 20 for the previous three hours and |Dgr| < 10nT and |d(Dgsr)/dt| < 3nT. In
this study no data selections on Dgr, Kp or local time criteria are done. All data
are used which gives a good global coverage. Because of an enormous effect of field-
aligned currents in the polar region, for calculations using scalar measurements, only
data between +50° geomagnetic latitude are included (Chapter 4). When modelling

whole orbits using vector data first a ‘pole correction’ has to be applied (Chapter 5).

For the investigation in this study differences of residuals of two repeat tracks are

used. What are repeat tracks and how to get these differences?
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Figure 3.6: Longitude of equator crossings of CHAMP for the year 2002 (left panel)
and for July to December 2002 (right panel). Discontinuities indicated
by arrows are related to 2 orbit manoeuvres during 2002. Around path
number 13000 the accuracy of the repeat tracks is best (indicated by

the horizontal line).

! The global K, index is obtained as the mean value of the disturbance levels in the two horizontal

field components, observed at 13 selected, subauroral stations [Jacobs, 1989].
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Figure 3.6 shows the longitude of each ascending equator crossing of CHAMP in
2002. A clear 2-days pattern with 31 distinct equator crossings emerges. The mini-
ma of the parabolic shaped curves (emphasised by the horizontal line) give the best
periods for repeat tracks. In an optimal case the difference in longitude is less than

0.1°.

Usually the periods, when repeat tracks are available, last about two months. Be-
cause of two orbit manoeuvres in 2002 (two discontinuities - indicated by arrows -
seen in Fig. 3.6) the repeat cycle of two days lasts nearly the whole year.

Around path number 13000 (November 2002) the difference in longitude between
such two repeat tracks was only 0.1°. While the agreement in colatitude is much
more important a difference in longitude of 2.0° is still reasonable. For this work
repeat measurements with differences in colatitude less than 0.2° and less than 2.0°

in longitude are chosen.

The first step is the computation of the residuals between the measured data and
the CO2 main field model [Holme et al., 2003] (Sec. 2.3). For this purpose the
correction for external currents (up to degree 2) is excluded in the CO2 model. In
principle the removal of the main field from the measurements is not necessary for
our purpose, but this would require an extremely precise repeat track which is in

practise not achieved.

In case of scalar data the residuals of the total field, and in case of vector data
the residuals of each component with respect to the CO2 model are calculated. An
example for residuals calculated from vector data is shown in the bottom panel of

Fig. 3.7.
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August 2002 (top panel). The bottom panel shows the residuals of
each component and the CO2 model (éz (black line), §y (red line) and
6z (green line)).
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From these residuals the differences between two repeat tracks (the residual for the
first measured point and the one of the repeat track, e. g., two days later in 2002)
are calculated and used in the model. The resulting model is describing the changes

which occur during the corresponding repeat intervals.

This means for vector data: z¢m, yog and zgg are the measured components in
the Earth-fixed coordinate system and z,,, ¥, and z,, are the corresponding com-
ponents obtained from the CO2 main field model. From these two sets of magnetic
field components the residuals are calculated for the first day (6z; = zomgi — T,
8Yi = YoH i — Ymi and 62; = zom,i — Zm,;) and the second day - in 2002 two days later
- (5331:+2 = TCHi+2 ~ Tmi+2, 5y1:+2 = YCHi+2 — Ym i+2 and 52124-2 = ZCH,i+2_2m,i+2) are
computed. Thereafter, the difference between two repeat tracks (rcz = §z; — 52,42,

rey = 6y; — 6Yir2 and rcz = 6z; — 62,42) are used as model input.






Chapter 4

Modelling external currents from

scalar data

In principle vector data are always best for any kind of magnetic field modelling.
To obtain good quality vector data the precise position and attitude of the satellite
has to be known. Because of all these difficulties a first study based on scalar data
is done. Scalar data are obtained in a straight forward manner and less complicate,
e. g., it is less likely that observed features are due to instrument artifacts. For a first
model scalar data alone are used over tracks from 40° to 140° geographic colatitude.

This method is called ‘model 1°.

4.1 ‘Model 1’

One justification for using only the total field intensity is the fact that - because of the
large distance - large-scale magnetospheric currents generate a fairly homogeneous
field in the near-Earth space which is approximately aligned with the geomagnetic
dipole. At low latitudes the external fields are almost parallel to the main field at
the Earth’s surface. Figure 4.1 shows the resulting magnetic field of a symmetric
ring current in the equatorial plane. Assuming a simple dipole field close to the
Earth, the effect of this ring current is thus only little attenuated in the total field
at low latitudes.

The first step in data processing is to remove the main field. The CO2 main field

model [Holme et al., 2003|, including secular variation, is used to estimate the
33
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P

yvyy

ring current

Figure 4.1: A ring current around the Earth in a distance of several Earth radii
produces a homogeneous field at the surface. In SHA this resulting

field is described by the ¢{ term.

appropriate main field for a given location and epoch. The residuals contain contri-

butions from lithospheric magnetisation, external current systems and deficiencies

of the field model.

During the first months of the CHAMP mission the repeat cycle was three days.
Two data sets in October and December 2000 are analysed. By computing the dif-
ference of the residuals between such two successive repeat tracks all constant parts
(with respect to a three day period) are cancelled while the variable contributions
are emphasised. They are generated by external currents and they are an indication
of the shape and amplitude of external signals.

For the first example, measurements of the scalar magnetic field are chosen along
an orbital arc, the —10°-meridian, over a latitude range of +50°. The readings have
been taken on 24 and 27 October 2000, when CHAMP was flying in a dawn-dusk
orbit, i.e. on 24 October 2000 the satellite was crossing the equator at 0517 local
time, respectively 1817 L'T. First the residuals between measured field and the CO2
model field are calculated for the first and second day (Fig. 4.2). The third curve in
Figure 4.2 represents the difference between these two residuals.

Undulations present on both curves are indications of lithospheric magnetic signa-

tures. Ionospheric currents are expected to be negligible at this local time. When
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calculating the difference between the two sets of readings the small-scale wiggles
disappear and a smoother large-scale variation results which is attributed to the ring

current effect.
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Figure 4.2: Repeat track on 24 and 27 Oct. 2000, dawn side at 0517 L'T: Calculated
residuals of the first (black) and second (red) day and the difference of
these residuals (birst — Dsecond, green) are shown. The corresponding
Dgr values are: -28 n'T for the hour of the track on the first day and
-17 nT for the track of the second day. This results in -11 n'T' for the

difference.

Figure 4.3 shows a similar situation two month later in December 2000, when the
satellite was flying in a noon-midnight orbit (1200 - 2400 LT'). This measurement
is taken when the satellite path is crossing the equator, flying North, on the day
side at 1146 LT. The track is along the orbital arc from £50° latitude at the 21° E
meridian. Here another prominent feature can be seen: small to medium-scale undu-
lations which are caused dominantly by ionospheric currents (equatorial electrojet,
Sq currents). When calculating the difference between the two tracks the small-scale
features do not disappear, since they are not stationary in time. The residuals of
the ionospheric currents are added to the ring current effect. In Chapter 5 it will be

shown that noon-time estimates exhibit the largest scatter.
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‘MODEL 1’

Figure 4.3: Repeat track on 24 and 27 Dec. 2000, day side at 1146 LT: Calculated
residuals of the first (black) and second (red) day and the difference

of these residuals (green) are presented. The arrow points out the

equatorial electrojet

4.2 SHA description of the ring current signal using

scalar data

An introduction in using SHA in modelling the Earth’s magnetic field has already

been presented in Section 2.4. For determining a main field model typically an in-

terval of 3 to 5 quiet days is used. The external field resulting from the modelling is

the average over the interval considered. The magnetospheric currents are known to

be rather variable on all time scales. Changes taking place within the corresponding

interval have to be corrected before the inversion.

For simplicity two assumptions are made:

e only the ring current is the main part of the external field

e the ring current is axially symmetric around the dipole axis of the Earth, which

only takes into account terms with order m = 0.
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For the external part, this simplifies Eq. 2.8 to 2.10 in the following way:

b = 53'{01+1J92(§)n+2——nq2(g)n_l}ff(am9>, (4.1
o = =3 o (&) (D)7 B0, 42)

by = 0. (4.3)

For an absolutely symmetric ring current which is only allowed to move up and down
along the rotation axis the use of geomagnetic coordinates is appropriate. There-
fore, the position, usually given in geocentric coordinates, has to be transformed

into this geomagnetic coordinate system.

A comfortable description of the geomagnetic field can be obtained by a magnetic
dipole in the Earth’s centre. The horizontal direction in the dipole system is shown
by the angle 1) against the true North direction. The transformation from geocentric
to geomagnetic dipole coordinates (indicated by a star, *) is obtained by application

of a rotation matrix:

B: 1 0 0 B,
B*(r,0,¢)=| By | =] 0 cost® siny By |, (4.4)
B 0 —sin®y cos® By

where 1 is the angle between the geographic and geomagnetic meridian [Kertz,
1989]. The poles of this dipole are changing in time (Tab. 4.2).

For the transformation the pole (latitude Bp and longitude ¢p) of this dipole has
to be known. In this work the latitude and the longitude are calculated from the
‘International Geomagnetic Reference Field 2000’ [Olsen et al., 2000b] (IGRF2000:
g = —29615.0 nT, g = —1728.0 nT, h{ = 5186.0 nT). With

H=/(g))* + (¢1)° + (h})? (4.5)
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Coordinates of the magnetic poles:

latitude longitude
arctic 1984 | 77°00' N | 102° 18’ W
1994 | 78° 18’ N | 104° 00’ W
2001 | 81° 18 N | 110° 48 W
antarctic 1962 | 67° 30’ S | 140° 00’ W
1986 | 65°20° S| 139° 100 W
2000 | 64° 40" S | 138° 20 W

Table 4.1: Geographic coordinates of the arctic and antarctic magnetic pole. Val-

ues from Mandea & Dormy [2003].

the horizontal component results in A = 30115.3 nT. And from the two following

equations:
0
-9
cosfp = Fl (4.6)
hl
tan¢p = — (4.7)
91
the obtained colatitude and longitude of the geomagnetic pole are p = 10.46°

and ¢p = 288.43°, respectively. From the position of the geomagnetic pole and
the actual position of the satellite (geocentric latitude, S and longitude, ¢), the
geomagnetic latitude (5*), the geomagnetic longitude (¢*) and the shown angle (?)

can be computed:

sin 5% = sin fp - sin 8 + cos Bp - cos B - cos(¢p — ¢p) (4.8)
sin ¢ = cos 3 - sin(¢ — ép) (4.9)

cos [3*
siny = _cosfp - sin(é - QSB). (4.10)

cos [3*

1 will then be used in the transformation matrix of Equation 4.4.

In this first model only latitudes of +50° around the geomagnetic equator are used
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because at higher latitudes the field is more influenced by other currents, e. g., cur-

rents at polar latitudes may cause problems.

The difference of the total field residuals (ARC') between two adjacent repeat tracks
is treated as the signal to be investigated in subsequent calculations. The underlying
assumption is that all varying magnetic fields are generated by linear processes. In
that case ARC can be treated as the residuals themselves which represent the effect

of an additional field on top of the main field.

In spherical harmonics (simplifying Eq. 2.8 and 2.9) the additional axisymmetric

field can be expressed as:

3
b, = 23} (E) cos 0% — & cos 0* — Gy (f) (3cos®6* — 1) (4.11)
r a
~0 (@ ’ : * ~0 : * ~ (T : * *
by = g, (—) sin §* + ¢ sin 0" + 3¢5 (—) sin §* cos 6 (4.12)
r a
by =0 (4.13)

with a = 6371.2 km (the radius of the reference sphere), r is the radius and 6* the
colatitude of the satellite position in geomagnetic coordinates. Because of the limi-

tation to m = 0 there is no longer a dependence on the longitude ¢*.

The observed difference ARC can be equated to the sum of the internal field
(B, By, By from main field model) and the components of the additional field (un-
known field, b,., b, by):

ARC = \/(B, +b,)2 + (By + by)> + (By + by)? — | B]. (4.14)

The effect of the ring current has the order of 0.2% of the main field intensity at the

Earth’s surface. That justifies the linearisation of equation (4.14) and

B,b, + Bgbg + Byb,
|B| '

A linear relation between the ‘measured’ difference (ARC ) and the SHA coeflicients

ARC =

(4.15)

is obtained:
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ARC = Clgg + CZQ? + Cg(jg. (416)
The factors ¢;,ca,c3 only depend on known variables and can be calculated for each
position:
1 3 3
¢ = E(2BT (%) cos 0 + By (%) sin %) (4.17)
1 * : *
cy = E(_Br cos 6% + By sin 6%) (4.18)
1 r 2 px r : * *
c3 = E(_Br " (3cos®0* — 1) + 1.5B, . sin 6% cos 6%). (4.19)

These elements are dependent on the geomagnetic colatitude, 8*, the height and the

components of the main field which is presented by the CO2 model.

All k£ data points along one orbital arc between 40° and 140° colatitude get their

own Equation (4.16). This system of equations can be written as:

C-gq= ARC, (4.20)

where A RC is the k-dimensional vector of the measurements, gq is the 3-dimensional
vector of the results with the components 39, 7, @ and C is the k-by-3 matrix con-
taining all ¢, (cl, ¢y and 03) for each data point. This matrix combines the unknown

g’s and ¢’s with the measurements.

To get the unknowns, Equation (4.20) can be solved by matrix inversion:

gq=(CT.-0)™'-CT.ARC (4.21)

After the inversion the result is a set of coefficients (g7, ¢} and §9) for one track from

40° to 140° geomagnetic colatitude.

4.3 Results of external field modelling

To show the quality of the resulting coefficients the modelled differences of the ring

current effect are compared with the ARC' derived from the data. Figures 4.4 and
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4.5 show the results of modelling external field effects for the same tracks as in
Section 4.1 and their following tracks, i. e. the dusk track after the dawn track in
October 2000 and the night side track following the day side track in December
2000.
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Figure 4.4: 24th and 27th of October 2000, dawn side (left panel) and dusk side
(right panel). In each panel, the two residuals of the total field inten-
sity for the first (resl, black line) and the repeat day (res2, red line)
and their difference (RC, green line) are shown. The solid blue line

illustrates the model result.

Figure 4.4 (left panel) is showing again the dawn side track of the residuals from the

24 and 27 October 2000. Additionally the result of the inversion (blue line) is plotted.

The readings for the dusk side track in Figure 4.4 (right panel) are from the con-
secutive track (1717 LT), when CHAMP was flying ‘on the other side’ of the Earth.
Here, also small to medium-scale undulations can be found which disappear after
calculating the difference of the residuals for the two repeat tracks. The model again

is very promising.

One problem, as explained in Section 4.1, can be seen in the day side curve in Fig-
ure 4.5 (left panel). The external field on the day side is influenced by ionospheric
currents which are not considered in the inversion. At about 90° geomagnetic co-

latitude the equatorial electrojet and its effect in the differences can be seen clearly.
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Perhaps due to the influence of the electrojet and other ionospheric currents the

modelled curve does not fit the measurements as good as in the other graphs.
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Figure 4.5: 24th and 27th of December 2000, day side (left panel) and night side
(right panel). In each panel, the two residuals of the total field inten-
sity for the first (resl, black line) and the repeat day (res2, red line)
and their difference (RC, green line) are shown. The solid blue line

illustrates the model result.

The last example of ‘model 1’ is the consecutive night side track (Fig. 4.5, right
panel) in December 2000. The satellite was crossing the equator at 2346 LT on 24
December 2000. Similar signatures of the lithosphere to the one of the dawn and
dusk tracks (Fig. 4.4) can be seen. Also the ionospheric currents are again negligible
and after taking the difference between the two tracks on 24 and 27 December 2000
the wiggles largely disappear. The model fit is very good.

4.4 Correlation of spherical harmonic coefficients

with magnetic indices

A common index to describe the effect of the ring current at the Earth’s surface is
the Dgr index (see Chap. 2). Another index is the ‘ring current’ index RC*. It has
been kindly provided by Olsen [2002]. It is determined from many observatories in

the midnight sector.
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Figure 4.6: Top: Period of 10 days in October 2000, dawn side (left panel) and

dusk side (right panel). Bottom: Period of 10 days in December 2000,
day side (left panel) and night side (right panel, gap due to missing
data). The coefficients (g% (black crosses), ) (red stars) and g3 (green
pluses)) are compared to the Dgr index (blue circles) and RC* index

(yellow triangles).

Figure 4.6 shows the three SHA coefficients (37, ¢ and §3) that are obtained from

the inversion over a period of 10 days both in October and December 2000. It can

be seen that the model for the dawn side track fits very well. The §? term represents

the induced internal field, ¥ describes the symmetric part of the ring current. The

q} coefficient is the one of main interest and will be compared with commonly used

indices. The importance of 9 is not very clear up to now. In Figure 4.6 (top) the
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calculated 0 for October 2000 obtained from the dawn and dusk orbits is compared
with the two indices. Since the differences between repeat tracks are considered, also
the differences in Dgr and RC* between the epochs of CHAMP equator crossings
are used. The hour (in LT) of the equator crossing of the first repeat tracks gives

the timing which is presented.

Figure 4.6 (bottom) shows two diagrams with the similar situation in December

2000. The satellite orbit is now in the noon-midnight-orbit near 1200 and 2400 LT.

As Figure 4.6 shows, the §} term (expected to describe the ring current) follows
the Dgr index and the RC* index rather closely. There is, however, a clear differ-
ence in amplitude between §) and the indices. While in the dusk sector ¢ values are
comparable with Dgr and RC*, their amplitude is a bit smaller on the night side,
but they are significantly smaller in the dawn and noon sector. This is consistent
with the fact that the RC* index has been specially developed for the night side.
Also the internal term ¥ tracks the indices reasonably well, but at a lower level. In

contrast, §J varies around zero and shows no local time dependence.

After having presented the qualitative relations between the derived SHA coeffi-
cients and the ring current indices, the correlation parameters of the quantities will
be analysed. In particular the correlations of §0 with the Dsr and RC* index, the
g} and @) will be shown. The obtained coefficient ¢ describes the homogeneous

external part of the geomagnetic field.

Figure 4.7 (left panel) shows the dependence of ¢ on the magnetic index Dgr. A
good correlation for the four local times is found. The linear regression curves show
different slopes for the various local times. All lines intercept close to zero (as can

be seen in Table 4.2).

In Figure 4.7 (right panel) ¢ is also compared with the RC* index. One can see
a very good correlation of § with Dgy and RC*, respectively. Both indices are
very similar, apparently exhibiting no significant differences. In order to proof this,
the correlation between the two indices is plotted in Figure 4.8. It shows good

correlation between the two indices. Since the Dgr index is readily available from



4.4. CORRELATION OF SHA COEFFICIENTS WITH Dgr AND RC* 45

50 T 50

DSTinnT
RCinnT

= October dawn

= October dusk
December dayside

- December nightside|

= October dawn

= October dusk
December dayside

- December nightside|

-100 L L - L L
-110 -60 -10 40 -110 -60 -10 40
qlinnT glinnT

Figure 4.7: Correlation between Dgr and ¢} (left panel) and correlation between

RC* and ¢! (right panel).

geomagnetic data centres (e. g., see [WDC-Kyoto, 2003]), it will be used further in
this study.
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Figure 4.8: Correlation between Dgr and RC* index.

Figure 4.9 (left panel) depicts the correlation between G and ¢ which is very good.
Except for the day side, the correlations are very good, and the regression lines have
similar slopes for the different local times.

Since g! is an internal coefficient, it reflects the induction caused by the ring current

effect. The deviating slope at noon is another indication that the method so far pre-
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Figure 4.9: Correlation between G and g} (left panel) and correlation between §°
and g5 (right panel) for the four local time periods in October and
December 2000.

sented may not reveal the ring current effect reliably on the day side. For example,
also the effect of the electrojet and the Sq currents are not included. There is no
correlation between ¢ and 3 (Fig. 4.9, right panel). All the correlation coefficients
and the slopes are small. The coefficient §) is obviously not controlled by the ring

current effect.

The numerical results of the correlation analysis are compiled in Table 4.2. It in-
dicates the high degree of correlation obtained between the coefficient ) and the
indices Dgr and RC*. On average Dgr is slightly better over all local times. The
excellent correlation between i and ¢} (except day side) becomes also clear (see

column ‘g) vs ¢’ in the top section of the table).

How do the slopes obtained here compare with results from other studies? Langel
et al. [1996] recommended for the correction of the ring current effect to use on the
dawn side §} = 18.6 —0.63 - Dgr and g9 = —29992.3 4+ 0.29 - ¢¥ and for the dusk side
G = 20.3—0.68- Dgr and ¢¥ = —29987.7+0.24-§". The results of this study imply
a significantly larger difference between dawn and dusk for §0/Dgsr. The average
value of this ratio is about 17 % larger. In case of the ratio between external and

internal part, ¢¥/g} the ratio is even larger by some 50 % than those from Langel
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Correlation Coefficient

Dsy vs RC* | Dsr vs @ | RC* vs @ | 3 vs @ | &0 vs 4o
October, dawn 0.97 0.94 0.92 0.93 -0.27
October, dusk 0.96 0.97 0.96 0.94 0.41
December, day side 0.96 0.83 0.79 0.60 -0.03
December, night side 0.93 0.93 0.93 0.94 0.06

Slope

Dgr vs RC* | Dgr vs @ | RC* vs @ | ) vs & | @) vs @5
October, dawn 0.96 0.57 0.57 2.28 -0.05
October, dusk 0.99 0.96 0.93 2.72 0.05
December, day side 1.09 0.57 0.48 0.96 -0.01
December, night side 1.01 0.80 0.74 2.53 0.01

Intercept

Dgsr vs RC* | Dsr vs @ | RC* vs @ | Y vs @ | & vs @0
October, dawn -0.48 0.63 0.68 -0.07 0.12
October, dusk -0.64 0.75 1.03 2.08 -0.09
December, day side -1.09 -0.28 0.27 -0.58 -0.14
December, night side 0.98 1.04 0.79 3.06 0.88

Table 4.2: Correlation results of ‘model 1°.

et al. [1996]. Further studies have to be done in order to verify these differences.

In a recent paper, Olsen [2002] used Orsted data from 1900 LT through the night
side to 0700 LT for main field modelling. He finds a ratio ¢)/RC* = 0.70 for the

ring current effect. If the average of the three slopes of §?/RC* for dawn, dusk and

night side are taken, 0.74 results which is close to the value found by Olsen. In that

paper the ratio ¢¥/3? was not further examined.

4.5 Local time dependence

From only these four periods (0600/1800 and 0000/1200 LT) a local time depen-

dence of the slope of the linear regression is estimated by a harmonic expansion.
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Figure 4.10: Resulting local time dependence of the four considered time periods

compared with published values.

The result is shown in Figure 4.10. Only a restricted comparison to other studies
is possible. Therefore the plot has to be improved. Vector data will allow a direct

separation between internal and external parts.

The assumption of a totally symmetric ring around the equator is rather simple.
One possible arrangement in the equatorial plane of the magnetosphere is shown in
Figure 4.11. It seems, the external contribution is more influenced by the asymmet-
ric, partial ring current (PRC), the magnetopause (MP) and tail current (TC) than
expected. One has to look at it in more detail. Probably an asymmetric, ring cur-
rent which is moving up and down along the rotation axis is describing the situation

better.

The maximum at about 1800 LT would be caused by the ring current, the par-
tial ring current and the tail current. An explanation for the minimum at about
1000 LT maybe the direction of the magnetopause current which is in the opposite

direction then the ring current.
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Figure 4.11: Magnetospheric currents in the equatorial plane: ring current (RC),
partial ring current (PRC), magnetopause current (MP), and tail
current (TC), after [Kivelson & Russell, 1995].

4.6 Conclusion for ‘model 1’

The ring current effect in scalar satellite data is determined by inverting the measure-
ments. In contrast to previous approaches only differences between repeat tracks
which are separated by a couple of days are considered. This procedure removes
problems caused by biases and slow trends both in satellite data, main field model

and ring current indices.

The obtained correlations of the homogeneous external field with ring current in-
dices and with the induced field are excellent for most local times. Poor results are

obtained on the day side where the E region currents are significant.

It has to be noted that the ratio between the external coefficient ¢, and the Dgr
index has a rather strong dependence on L'T. This means, the equation for correcting

the data becomes LT dependent. For an orbit in the dawn/dusk plane the correction
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function is plotted in Figure 4.12 for the two successive orbit parts. It is evident
that the two graphs do not match at the poles. There is a discrepancy of the order
of 5 nT. This problem has not been addressed in the literature. It is well possible
that all present main field models suffer from it, giving rise to errors of the order of

5 nT at the poles.
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Figure 4.12: Modelled calculation to the poles of an orbit in the dawn/dusk plane.
Inversion for tracks expanded from 10° to 170°, almost one whole

orbit, which show the discrepancy at the connecting point.



Chapter 5

Modelling external currents from

vector data

In principle vector data are always best for any kind of magnetic field modelling.
The use of scalar data (previous chapter) showed that there are still problems which
cannot be solved by using only the total field intensity. Vector data are used to find
out more about the behaviour at the poles and the local time dependence of the
ring current. It is not necessary to have a look at all three components of the vector
data. The vertical and one horizontal component can be inverted directly. The

computations then give the Gauss coefficients which describe the external currents.

5.1 Inversion of ring current signal

Using vector data one can do a straight forward inversion of each component. Only
the vertical component and one horizontal component is necessary. The horizontal
component, X, is chosen because Y is most disturbed by the influence of field aligned
currents.

Here, the calculations of the vector data are done for the orbit height (a = r) and
the longitude was set to & = 0° in case CHAMP was flying northward and ¢ = 180°
if the satellite was flying southward. m = 0 is no longer assumed.

In this attempt, called ‘model 2’, the two components used can be described by

SHA like:
51
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by = {28 — §}cosb*
+{2G1 — G } sin 8* cos ¢*
{363 — 2} 5(3cos? 0" — 1)
+{37% — 2G5 }V/3 cos 0* sin 6* cos ¢* (5.1)

by = {3 +q)}sin6*
—{3] + G} cos 6* cos ¢*
+{35 + 4 }3sin 0* cos 0*
—{33 + (ﬁ}\/g(cos2 6* — sin” 6*) cos ¢* (5.2)

with cos¢* = 1 or —1, depending on the flight direction of CHAMP. Equations 5.1
and 5.2 are the description of the components at one point. The expressions in
brackets are presenting the combination of Gauss coefficients, g and ¢ (e. g.,
& =230 — ), d) = 3Y + ) which have to be found. Everything that is depending
on the position (6*, ¢*) in Equations 5.1 and 5.2 is combined in the k-by-4 matrices

P and dP. For each track (later on for each orbit) it can be written as:

b,=P-C and by=dP-D. (5.3)

One has to do two inversions to get the ‘helping’ coeflicients ¢’ and d' for each
combination of order n and degree m which are combined in C, D respectively, for

each track.

C=(PL-P)7'-PL-b, and  D=(dPL dP)™"-dP” by (5.4)

The results of these inversions give the relation between the ‘helping’ coefficients
(¢, d) and the corresponding Gauss coefficients (g, ¢). For each combination

of degree n and order m the two ‘helping’ coefficients are computed:

= (4 1)F—ngy)  and  dP= (@40, (5.5)
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From these equations the set of Gauss coefficients can be calculated (using their

relation from Equations 5.1 and 5.2):

~m __ ~m __

" 4 nd™ (n4+1)dr—cr

Jp = —(———— and = .
2n+1 2n+1

For a robust model, first the inversion is done only for n=1 and m=0, followed by a

(5.6)

20-throwout. This procedure is repeated before a complete model is generated for
all coefficients (n=1,2 and m=0,1). Since the terms of degree and order 2 are no
longer linearly independent in a single orbit solution the summation is stopped at

the order 1.

5.1.1 Comparison with ‘model 1’

To confirm that ‘model 2’ is valid, a comparison with ‘model 1’ is done. For the
comparison the same conditions are chosen, i.e. two weeks of data in October and
December 2000 and only coefficients up to degree n = 2 and order m = 0 are used.

That simplifies Equations 5.1 and 5.2 to:

b = {241 — &} cos”
1
+{355 — 2@3}5(3 cos® 0% — 1) (5.7)

be = {3)+d}sin6*
+{39 + & }3 sin §* cos 6*. (5.8)

Results of such two repeat tracks in December 2000 are shown in Figure 5.1. On the
nightside (Fig. 5.1, right panel) the measured data are very quiet. Only at about
150° geomagnetic colatitude, there are large disturbances caused by auroral/polar
currents. On the day side (Fig. 5.1, left panel) is more activity and it is more difficult
to model these variations.

For a first quality check of ‘model 2’, as done for ‘model 1°, the obtained coeffi-
cients (3%, 35, ¢ and §3) are compared with Dgr (Fig. 5.2). In the top panel the
result for the two weeks period in October 2000 is shown. Terms of degree 2 (39, 5)

vary insignificantly around zero. The coefficients of degree 1, especially the ¢! term,
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Figure 5.1: 24th and 27th of December 2000, day side (left panel) and night side
(right panel), result of ‘model 2’ using vector data for tracks from 40°

to 140° colatitude.

correlate very well with Dgr. That is not surprising, because 0 is supposed to de-

scribe the effect of external currents - like the Dgr index - and ¥ their induced part.

The comparison with Dgr is also done for a two weeks period two month later
in December 2000 (Fig. 5.2, bottom). Again, it demonstrates the good agreement.
The night side results are of major interest, especially for main field modelling.
(Fig. 5.2, bottom, right panel). The ¢ follows the Dgr index very well and the
amplitude behaviour agrees well with Dgr, although it is a little less on the day side

(Fig. 5.2, bottom, left panel).
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Figure 5.2:

Top: Inversion result of 15 days of data in October 2000, dawn side

(left panel) and dusk side (right panel); bottom: Inversion result of

13 days of data in December 2000, day side (left panel) and night

side (right panel). Compared are the resulting coefficients (g (black

cross), gs (red plus), ¢} (green star), @) (blue square)) with Dgr (yellow

diamond).
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The following Figure 5.3 shows the correlations between each of the coeflicients
(3%, 3, @7, §9) and Dgr for the calculations computed from 13 days of data from
December 2000. This example demonstrates very well the correlation of §¥ and &

with Dgr, as expected. Also the low correlations with terms of degree n = 2 can be

seen.
50 T T T T T 75
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X
25 -
T 10} =
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2 2
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Figure 5.3: December 2000, day side (left panel) and night side (right panel): Co-
efficients plotted against Dgr (g as black crosses with black regression
line, g9 as red crosses with red line, ¢ as green crosses with green line

and ¢) as blue crosses with blue regression line).

Due to the higher significance of correlations of Dgr with g0 and § , they are com-

pared with each other for the four calculated local time zones.

For comparison, the numerical results between the different local times and the
two different models - using scalar or vector data from October and December 2000

- are presented in Table 5.1. The results for both methods are quite similar.

Figure 5.4 depicts the correlations of 3} and g} as a function of Dgr (left and right
panel, respectively). In both panels the good correlations for these four local time

zones can be seen.
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Correlation Coefficient

Dgr vs (j? Dgr vs g? Dgr vs [j? Dgr vs Lij?

Oct, dawn 0.88 0.92 0.94 0.89
Oct, dusk 0.95 0.89 0.97 0.89
Dec, day side 0.87 0.74 0.83 0.81
Dec, night side 0.91 0.87 0.93 0.88
Slope

Dsy vs G | Dsr vs 37 || Dsr vs @ | Dsr vs g}
Oct, dawn 0.46 0.18 0.57 0.22
Oct, dusk 0.96 0.24 0.96 0.30
Dec, day side 0.69 0.24 0.57 0.35
Dec, night side 0.83 0.22 0.80 0.28

Intercept

Dgsr vs @ | Dsr vs &} || Dst vs @} | Dsr vs 39
Oct, dawn 0.01 -0.36 0.63 0.09
Oct, dusk -0.63 -1.69 0.75 -0.82
Dec, day side 0.36 0.44 -0.28 0.41
Dec, night side 0.39 -0.28 1.04 -0.51

Table 5.1: Statistical results of the comparison between the Gauss coefficients and

Dgr for ‘'model 1’ (right columns) and *model 2’ (left columns).

40 T T T 100
80
20 60

40

g10innT
ql0innT

X Oct. 2000, dawn

x Oct. 2000, dusk
Dec. 2000, day side
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—40 | X Oct. 2000, dawn 4 60
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X Dec. 2000, night side
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DSTinnT DSTinnT

Figure 5.4: Correlation results for the two weeks periods in October/December

2000: Dgr against §! (left panel), Dsr against G (right panel).
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5.1.2 ’Model 2’ for all LT zones

In order to cover a wider range of local time zones, data from a period of 150 days
from June to December 2002 are investigated. Due to two orbit manoeuvres (the
first one on June 10 and 11, 2002 and the second one on December 9, 2002) the
condition of CHAMP flying in resonance with the Earth lasted for the whole period.
During this time the repeat cycle was two days long.

The same model, as explained in Section 5.1.1, using vector data for tracks from
40° to 140° geomagnetic colatitude is computed. Now, each inversion is done for
a period of eleven days. Every five days a ‘new’ inversion is started. This gives a
good LT coverage. During the 150 days a set of coefficients for all local time zones

(about every 30 minutes) is calculated.

Figure 5.5 shows one example for July 2002 when CHAMP was flying in the 0800/2000
LT orbit. In both panels larger wiggles are seen which are difficult to model, although
the trend is modelled quite well. More examples can be found in Appendix A.

20 10
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Figure 5.5: 13th and 15th of July 2002, 0759 LT (left panel) and 2000 LT (right
panel).

5.1.3 Correlations with Dgp

Again a quality check of ‘model 2’ for all LT zones is done for the calculated vector

data during the 150 days period in 2002. Figure 5.6 shows the inversion results. A
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Figure 5.6: Inversion result of 11 days of data in July 2002, 0800 LT (left panel)
and 2000 LT (right panel). The resulting coefficients (g (black line),
39 (red line), ¢ (green line), g9 (blue line)) are compared with Dgr

(orange line).

period of 11 days in July 2002 is chosen. The four coefficients (3¢, g3, ¢ and ¢3) are
compared with the Dgr-index. Figure 5.6 demonstrates the good agreement of G
and Dgr for the 0800 LT track (left panel) and for the 2000 LT track (right panel).
For each LT hour the linear regression between 30 with Dgr and ) with Dgr is
calculated. While only the g} and ¢ coefficients are significant Figure 5.7 shows the

correlation results for all calculated local times for these coefficients.

The statistical results of each linear regression between Dgr and the two signifi-
cant Gauss coefficients g} and g} and the linear regression between ¢ and 3! are
summarised in Tab. 5.2. Good correlation coefficients are obtained for the linear

regression between Dgr and ¢ (> 83%).

5.1.4 Conclusion of ‘model 2’ using tracks

The slope of all statistical results from ‘model 1’ and from ‘model 2’ are compiled
in Figure 5.8. The four local time zones for the inversion of scalar data in 2000

(green squares and blue diamonds) are reproduced by the inversion using vector
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Figure 5.7: Top: Correlations between Dgr and g! for all local time zones for June

to December 2002. Bottom: Correlations between Dgp and (j(l] for all
local time zones. The ‘day side’ from 7 L'T to 18 LT is illustrated in the
left panel and the ‘night side’ from 19 LT to 6 LT in the right panel.
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Correlation Coefficient

Dsr vs 30 | Dsr vs @ | @) vs 3! Dsrvs @) | Dsr vs @ | @) vs 3¢
19 LT 0.83 0.90 0.95 07 LT 0.86 0.83 0.86
20 LT 0.89 0.93 0.97 08 LT 0.87 0.82 0.82
21 LT 0.81 0.87 0.97 09 LT 0.88 0.90 0.82
22 LT 0.83 0.87 0.95 10 LT 0.75 0.83 0.58
23 LT 0.77 0.83 0.86 11 LT 0.63 0.77 0.49
00 LT 0.82 0.89 0.96 12 LT 0.77 0.87 0.87
01 LT 0.77 0.88 0.95 13 LT 0.55 0.82 0.81
02 LT 0.90 0.95 0.97 14 LT 0.90 0.97 0.94
03 LT 0.71 0.83 0.92 15 LT 0.70 0.86 0.79
04 LT 0.94 0.95 0.94 16 LT 0.89 0.96 0.93
05 LT 0.88 0.90 0.96 17 LT 0.74 0.89 0.73
06 LT 0.91 0.85 0.88 18 LT 0.88 0.92 0.95
Slope
Dsrvs 3} | Dst vs @ | & vs 3 Dsrvs 3 | Dstvs @ | @) vs 3
19 LT 0.24 1.01 0.24 07 LT 0.20 0.49 0.33
20 LT 0.28 1.09 0.26 08 LT 0.21 0.48 0.33
21 LT 0.20 0.82 0.26 09 LT 0.20 0.67 0.26
22 LT 0.20 0.88 0.23 10 LT 0.21 0.66 0.21
23 LT 0.20 0.77 0.24 11 LT 0.20 0.65 0.19
00 LT 0.16 0.69 0.24 12 LT 0.22 0.65 0.34
01 LT 0.19 0.74 0.27 13 LT 0.17 0.61 0.33
02 LT 0.20 0.76 0.28 14 LT 0.18 0.73 0.25
03 LT 0.13 0.50 0.28 15 LT 0.27 0.99 0.26
04 LT 0.19 0.62 0.29 16 LT 0.28 0.93 0.30
05 LT 0.18 0.56 0.31 17 LT 0.26 0.98 0.23
06 LT 0.21 0.47 0.37 18 LT 0.28 1.08 0.26

Table 5.2: Statistical results of the comparison between the two Gauss coeflicients
g} and ¢ and Dgy for all local times calculated from vector data using
tracks from 40° to 140° colatitude. The complete table can be found in
Appendix A (Tab. A.1).
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data in 2002 (black crosses and red stars).

The comparison with literature values [Langel et al., 1996], [Olsen, 2002] shows the
same result as already presented in Section 4.5. The fit produced from only 4 values
(Fig. 4.10) can be reproduced. The value of 0.7 used by Olsen [2002] for local times
from 1900 to 0700 LT corresponds approximately to the mean value of this study.
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Figure 5.8: Local time dependence for each hour calculated from vector data of

150 days period in 2002.

To find a better description for the local time dependence of the ratio between Dgy

and ¢} and the ratio of ¢} to 3’ a harmonic fit is done for all LT zones:

ay cos(15° - t)
by sin(15° - t) Ay sin(15° - t 4+ wy)

s=1| az || cos(30°-t) | = | A2 |- | sin(30° ¢+ wo) (5.9)
ba sin(30° - t) c 1

c 1

with t as hour of local time and a Amplitude A; = \/a? + b? and a phase of w; =
arctan (I:_Z can be found. First, the fundamental mode is investigated only, then the
first harmonic is included in the regression. Figure 5.9 illustrates the resulting fits.
It can be seen that the fundamental mode already describes the slope quite well,

but it can be improved by including the first harmonic.
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Figure 5.9: LT dependence for inverting 11 days each 5 days over a period of 150

days in June to December 2002, using tracks.

From Equation 5.9 the result of the linear regression between Dgr and §? can be

expressed as
s(§)/Dsr) = 0.7079 — 0.3148sin(15° - t) 4 0.0298 cos(15° - t)
— 0.013sin(30° - t) — 0.0159 cos(30° - ¢) (5.10)
In a more obvious way, this equation can be rewritten as
s(§)/Dsr) =0.71 + 0.32sin(15° -t + 15° - 11.6) (5.11)
+ 0.02sin(30° -t — 30° - 4.3).

From these equations it can be seen that the function which describe the ratio be-

tween ¢ and Dgr has a phase shift of about 12 hours (compare Fig. 5.9).

The ratio between G and ¢! has the following form:

s(g/d}) = 0.2386 + 0.0135sin(15° - ) + 0.01 cos(15° - t)
+0.0522sin(30° - t) 4+ 0.0097 cos(30° - t)
= 0.24 4 0.02sin(15° - t + 15° - 2.4) (5.12)
+0.05sin(30° - ¢ + 30° - 0.35).
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5.2 Modelling orbits

To further improve ‘model 2’ the inversion is expanded to whole orbits. This has
not been done before. Especially in main field modelling, vector data are only used
for latitudes of +50° around the equator and scalar data for poleward regions (e. g.,
in CO2 main field model [Holme et al., 2003]). Another attempt is the reduction
of the misfit at the poles (Fig. 4.12). Therefore full orbits are going to be modelled
after a pole correction at +20° around the poles is applied. Another extension is the
order 1 term in Equation 5.1 and 5.2. Now the full set of coefficients up to degree

2 and order 1 is used.

5.2.1 Transformation

One problem of using vector data in polar regions is caused by the transformation
from geocentric to geomagnetic coordinates and components when employing the
fairly simple approach given in Kertz ( [Kertz, 1989], Eq.(8.10)). The transforma-
tion of scalar or vector data for tracks from 40° to 140° colatitude works well, while
the Equations 4.8 to 4.10 are not unique around the poles. An alternative transfor-
mation between geocentric and geomagnetic systems based on Cartesian coordinates
is introduced. The transformations of the coordinates and the field components can
both be performed by a rotation about the z-axis.

First, the spherical coordinates have to be expressed in Cartesian coordinates. At
one point on a unit sphere, which has its origin in the origin of the geocentric coor-
dinate system (compare Fig. 2.7), their relation is as follows, e. g., from [Bronstein

& Semendjajew, 1989]:

z cos 6
xz | = | sinfcos¢ | . (5.13)
Y sin 0 sin ¢

Hence, for the transformation between the two coordinate systems (geocentric co-
ordinates, z,y and z, and geomagnetic coordinates, z*,y* and z*), the position of
the geomagnetic North pole has to be known. It can be found with the help of a
reference model like the IGRF2000 (as already done in Section 4.2).

The transformation matrix
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cos By cos ¢, cosBysin ¢, —sinb,
A= —sin ¢y cos ¢y, 0 (5.14)
sinf, cos ¢, sinfysin¢g, cosby
allows to compute the geomagnetic colatitude, 8* and longitude, ¢* for each position.

Then, the matrix, A is used to calculated the ‘geomagnetic, Cartesian’ coordinates

*

Z Z

*

Il
[N

(5.15)

*

from which the geomagnetic colatitude 8* and longitude ¢* then can be evaluated:

T* 2 + * )2
* = arctan Sl () (5.16)
Z*

¢* = arctan v (5.17)

m*
The same transformation matrix can be used to rotate the field values from the
geocentric into the geomagnetic system. First, the Cartesian field components (B,,

B,, B.) have to be computed from the spherical field components (B,, By, By):

B, = Bycosfcos¢p — Bysin ¢ (5.18)
B, = Bycosfsin ¢ + By cos ¢ (5.19)
B, = —Bysiné. (5.20)

Then, with the help of the transformation matrix A the field components can be

computed in the geomagnetic system:

B! B,
B: | =A-| B, (5.21)
B? B,

From the resulting field components (B, By, B?) the spherical components (B},
Bj, Bj) are obtained:

B} = (B, cos ¢" + B, sin ¢")sin 0" + B} cos 0" (5.22)
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By = (By cos ¢* + B, sin ¢*) cos §* — B sin 6 (5.23)
B} = B, cos¢” — B;sin¢". (5.24)

These spherical, geomagnetic field components (B}, By, B(’;) and the geomagnetic

coordinates (6*, ¢*) are used in the following calculations.

5.2.2 Pole correction

Before the inversion of the signal for whole orbits can start a correction is applied for
non-scalar potential fields caused by several currents at the poles, like field aligned
currents or Pedersen currents, which are disturbing the measurements. The cross-
polar cap ionospheric currents connecting the dawn and dusk or the day side and
night side Region 1 FACs. Around the North and South pole a correction using
Ampere’s law is applied, as suggested by Stauning & Primdahl [2000].

Convection
Streamlines Cross Polar Cap
(Hall currents)  Currents

Dusk
Dawn Orsted

. 93\\’\ L
Orbit A Closing _
rbi 1o

N Ground Track

Figure 5.10: Illustrated is the situation of a satellite flying in the noon/midnight

orbit, crossing polar currents, from [Stauning & Primdahl, 2000].

Therefore stationary conditions are assumed (e. g., the orbit is exactly closed). Then
the total current Is which is flowing through the surface spanned by the closed

contour L (= satellite orbit, with differential element dl) can be expressed as:

Is =y /L B.dl. (5.25)
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where B is the measured magnetic field vector. The correction is applied at latitudes
of £20° around the poles. Each orbit starts at the equator when CHAMP is flying
northward. B - dl is the dot product of the magnetic perturbation vector and the
velocity vector multiplied by the sample interval. Its unit is nT - km and the value
of the along-track component (Bj) at the first point and the sum along the orbit

(B3) at the last point is necessary for the correction factor (Ko in n'T):

By — By

KCO'I"T = )
271.(7, _I_ altl-galtz )

(5.26)

with the Earth’s radius r and alty/; as altitude at the first (alt;) and last point (alts).
Then, the differences of the residuals of the North component, X, in the spacecraft
(SC) coordinate system (SC = FGM1 in Fig. 2.6, see Eq. 5.28 and following) is

corrected in the latitude range from 70° to 90°, respectively from —70° to —90°:

rex’ = rex — Koopp. (5.27)

The transformation from the NEC coordinate system into the spacecraft (SC) system

is a rotation about the z-axis. The transformation matrix is:

1 0 0
R.(v) =] 0 cosy siny (5.28)
0 —sinvy cosvy

where + is the rotation angle which depends on the flight direction and the position
of the satellite. If CHAMP is flying northward, the rotation angle can be calculated

(with inclination w = 87.3° and colatitude 6) as:

cos w
= in|——-——- 5.29
v = arcsin (cos(90° — 0)) (5.29)

or, if CHAMP is flying southward, as:

180° i e (5.30)
= —arcsmm | ———— | . .
g cos(90° — 0)
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The (back) transformation between the NEC system and the SC system then can

be done as follows:
NEC = R,(—v)-SC and SC = R.(y) NEC. (5.31)

5.2.3 ‘Model 2’ results for orbits

The following Figure (Fig. 5.11) shows the results which are obtained from ‘model
2’ using CHAMP vector data for whole orbits. In principle the procedure is the same
as ‘model 2’ using tracks (Sec. 5.1). First, the inversion is (twice) done for n=1 and
m=0, followed by a 20-throwout. Afterwards the complete inversion is done. Addi-
tionally, the results are achieved after the transformation into magnetic coordinates
(explained in Sec. 5.2.1) and the current correction for +£20° around the poles (ex-

plained in Sec. 5.2.2) is applied. For the inversion each orbit starts at the North pole.

In Figure 5.11 (top panel) one whole orbit is plotted over time. The satellite starts
at a colatitude of 2.75° flying southward, reaching the South pole after about 2700
seconds, flying up to the North pole again. The satellite crosses the geomagnetic
equator on the night side (Fig. 5.11, bottom, left panel) at 0320 LT at a longitude of
96.58° and on the day side (Fig. 5.11, bottom, right panel) at 1520 LT and a longi-
tude of —95.08°. The night side half-orbit is less influenced by local currents but it
is still very much influenced by currents at high latitudes. The day side path is more
disturbed in general. E. g., at the geomagnetic equator the equatorial electrojet can

be seen in the X-component.
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4/6 September 2002: Modelling full orbits using vector data after

applying Ampere’s law. The satellite is flying in a 0300/1500 LT
orbit. The orbit is starting at the North pole. Bottom: The two

half-orbits are shown separately. The left panel shows the half-orbit

which is crossing the equator at 0322 L'T'. The second half-orbit covers

the day side with the equator crossing at 1522 LT (right panel).
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5.2.4 Correlations with Dgp

Again, the obtained Gauss coefficients (g?, g1, 35, 3, 45, di, ¢3 and g3 ) are compared
with the Dgr-index. Figure 5.12 shows a very good correlation between ¢ and Dgr.
The §? coefficient shows some similarity but with a lower amplitude. For all other

coeflicients no significant dependence can be seen.

100

50 r

—— g10
—— g11

coefficients in nT

— g21
gqlo
— qll
gq20
-100 r — g21
-DST

-150 I I I I I
245 247 249 251 253 255

day of year 2002

Figure 5.12: Comparison of Gauss coefficients with Dgr using vector data and
modelling full orbits: All calculated coefficients are shown, g9 (black
line), g; (red line), g3 (green line), g; (blue line), G} (yellow line), 4
(violet line), G5 (cyan line) and §; (magenta line) compared to Dgr

(orange line).

Looking at the linear regression between the obtained Gauss coefficients and Dgr
and between ! and ¢ in more detail reveals that only the degree 1, order 0 terms
(g9 and @) with each other and with Dgr correlate well. There is no correlation
visible for the other coefficients with Dgr. Their correlation coefficients are below
+0.5.

Some very interesting aspects can be found on a closer look at the slope of the
correlation results (Fig. 5.14). Most slopes are not significant. The correlation co-
efficients already showed that only the correlation for Dgr with ¢ and ¢ with 3%

are reasonably high.
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Figure 5.13: ‘Model 2’ for whole orbits: Correlation coefficients for 150 days
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period from June to December 2002.

The statistical results are summarised in Table A.3. It shows the correlation coef-
ficients, the slopes and the intercepts for all calculated LT zones modelling whole
orbits. Because of good correlations (seen in Fig. 5.13), the results for Dgr versus
3), @) and @ versus §? are listed in Table A.3. Motivated by induction studies it is

also looked into the result of the linear regression of Dgp versus Ga.
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Figure 5.14: ‘Model 2’ for whole orbits: Slope of regression for all coefficients

compared to DST for a 150 days period from June to December 2002.
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5.3 Interpretation

The choice using repeat tracks in the beginning removes a lot of problems and
greatly simplifies the calculations. But for the interpretation several points have to
be explained and have to be taken into account. A closer look is taken on the §?,
the G0 and the i coefficients. As already said, for g and g} this is motivated by

the good correlations with each other and with Dgr.

Figures 5.15 and 5.16 show the slopes of these two coeflicients. As expected, no
LT dependence can be seen. The LT dependence found in ‘model 2’ using tracks
from 40° to 140° colatitude is cancelled by averaging over the ‘day side’ and ‘night
side’ when full orbits are used. The slope of the linear regression between Dgr and

¢} (Fig. 5.15) can be fitted by the constant mean value of 0.72 for all local times.

0.9
X slope(DST vs q10)
fitted slope, fundamental mode
0.85 F —— mean slope
X
0.8
X
© X
& 075 x
@ X X X X
X
X X
0.7 r x X X X X X
X X
X
X
0.65
X
0.6 1 1 1 1 1 1
-2 0 2 4 6 8 10 12

LT

Figure 5.15: Slope of the linear regression of Dgy against §) plotted over local
time. The fit of the dominant mode (red line) is quite close to the

mean value (blue line) of the slope.

Figure 5.16 shows the relation between ¢ and V. In principle the same can be
found. There is no clear LT dependence. The §) coefficient can be described as

0.29 - ). The amplitude of a possible dominant mode

s(37/d)) = 0.28 + 0.02sin(15° - t — 15° - 2.4) (5.32)
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with t as the hour in local time, is small.
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Figure 5.16: Slope of the linear regression of §} against G plotted over local time.

There is no justification from the correlations for an detailed look into the Gi coeffi-
cient. And no LT dependence in the ¢ term can be seen, but possibly the difference
in the results of ‘model 2’ using tracks and using orbits can be explained by the

quadrupole term (g3 ).

Figure 5.17 illustrates the slope of the linear regression between Dgr and g;. On an
enlarged scale the slope shows some systematic LT dependence.
The fit which describes the relation between the (j% coefficient and the Dgp-index

can be expressed in geomagnetic coordinates as:

s(d/Dsr) = 0.059sin(15° - t — 15° - 2.8) (5.33)

where t is the hour in local time.

Up to now, the azimuthal angle, ¢, was always chosen to have its origin in the
orbital plane. For a better interpretation of the results the dependence on the longi-
tude has to be implemented. Therefore the result is transformed into a geomagnetic,

local time frame. In this frame A is the longitude and 0000 LT is defined as its origin.
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Figure 5.17: Slope of the linear regression between Dgr and G plotted over local

time. The red line represents a dominant mode fit.

The variable part of the ring current magnetic field may thus be described in this

system by the coefficients:

¢l =—0.72 - Dgr, G =—0.04-Dgp  and 33 =0.044-Dgp. (5.34)

For a complete description the constant part of the magnetic field caused by exter-
nal currents has to be determined, too. Therefore the same calculations (‘model
2’ using orbits) are done for the residuals, obtained as the measured data minus
the CO2 main field model. The difference between the repeat track is no longer
calculated. This is done for the 0200/1400 LT orbit and the perpendicular orbit at
0800/2000 LT over a period of 11 quiet days.

Table 5.3 lists the obtained results of the linear regression of ‘model 2’ from resid-
uals (but no differences between repeat tracks) using whole orbits for 0232 LT and
0914 LT. Again, good correlations can be seen for §¢ and ¢ with each other and

with DST-
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Correlation Coefficient

Dsrvs 3 | Dsr vs @ | 4} vs ) | Dsr vs g3
0232 LT 0.64 0.82 0.80 0.12
0914 LT 0.81 0.89 0.83 0.19

Slope

Dsr vs 3 | Dst vs @ | @) vs &Y | Dsr vs G
0232 LT 0.19 0.65 0.30 0.01
0914 LT 0.23 0.65 0.32 0.03

Intercept

Dsrvs §) | Dst vs @ | @ vs §) | Dsr vs G
0232 LT -1.41 22.04 -8.06 -0.25
0914 LT -0.33 18.78 -6.36 1.83

75

Table 5.3: Statistical results of the comparison between the three Gauss coeflicients

3}, @, G and Dgr for the two local times calculated from vector data

residuals (no difference between repeat tracks) using whole orbits.

In this case the correlation with the Dgr-index is not so important. Intervals with

little variation were selected, in July and September 2002, to obtain a stable bias

value. The mean values resulting from the calculations for these two LT-intervals

give an indication for the constant part of the ring current. They are combined in

the following Table 5.4:

0232 LT | 0914 LT mean
Dgr 12.49 nT | -1.55 nT | 5.47 nT
& 17.76 nT | 30.16 nT
@ +0.72 Dgr | 26.75 nT | 29.04 nT | 27.90 nT
& 0.13nT | 1.79 nT

Table 5.4: Resulting mean values of the constant part obtained for the two calcu-

lated local time periods.
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From these results the ¢ coefficient in the geomagnetic, local time frame can be

written as:

¢} =27.9 - 0.72Ds7. (5.35)

As expected, the §3 coefficient is close to zero around 0200 LT and significantly
larger at around 0900 LT. The correction has to be expanded to the n=2, m=1
terms. However, the correlation of 3 with Dgy is not significant, the constant part
of G3 and 3} will therefore be deduced from the already obtained results of the repeat
tracks (Eq. 5.33). The ratio between the amplitude g = 0.059 and the variable
part of the ring current ¢/Dgr = 0.72 has the value of 0.082. This ratio gives
a mean amplitude of G; of 2.29 nT. Altogether, the constant part of the external

currents can thus be described by the following coefficients:

¢} = 27.9nT, g =1.55nT  and 3§ = —1.69nT. (5.36)

N =



Chapter 6
Improved model of the ‘ring current’

To find the best possible model of the ‘ring current’ the different data sets used for
‘model 2’ are compared with each other. An overview over the obtained outcome
from ‘model 2’ using tracks and orbits will be given. Moreover, a test calculation
is performed to check the compatibility of the two models. Thereafter, it will be

described, before a comparison with other field models is done.

6.1 Comparison of ‘model 2’ using tracks or whole

orbits

First, the main differences for ‘model 2’ using tracks from 40° to 140° colatitude
and ‘model 2’ using full orbits are compared. They are obtained from the statistics

of the linear regression between the Gauss coefficients and the Dgp-index.

Tracks:

e Significant correlations can be found between the symmetric part of the ring
current, ¢ and the Dgp-index and between the induced internal part, ¢ and
qQ

e The two coefficients ¢) and §) (compare Figure 5.9) show a clear local time

dependence.

e Minimum and maximum amplitudes can be found for ¢} and g!:

77
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— @ A minimum of the slope of about 0.5 at about 0700 LT and a maxi-

mum of about 1 at about 1800 LT can be seen.

— §9/q) varies between about 0.2 and 0.3.
Orbits:

e The local time dependence of ¢ cannot be seen anymore. ¢ depends linearly

on Dgr with a factor of 0.72.

e The slope of the linear regression between 3’ and G} shows only a small local

time dependence. A reasonable fit can also be done by the mean value of 0.29.

e On an enlarged scale the ¢} shows a local time dependence. This quadrupole

term has to be added to get a better correction for external currents.

The slope of the linear regression between each component and the Dgp-index can

be described in general as:

a; cos(15° - t)
by sin(15° - t) Ay sin(15° - t + w1)
s=1| ag || cos(30°-t) | =| Az || sin(30° ¢+ ws) (6.1)
bo sin(30° - t) c 1
c 1

with the amplitude A; = \/a? + b? and the phase w; = arctan ‘g—:, if a harmonic
analysis is done. In comparison, the obtained values for the different data sets

(using tracks or full orbits) of ‘model 2’ are summarised in Table 6.1.

The §0-average of the LT dependence in the model using tracks of 0.71 is comparable
to the mean value for ¥ of 0.72 in the model using orbits. The same is true for
the ratio between §i and . The value of 0.24 (using tracks) is close to 0.28 (using
orbits). From these values a model for the external current system will be proposed

in the following section.

While all these values are reasonable for the altitude of the satellite orbit, a normal-

isation to the reference sphere (= Earth’s surface) has to be done before. During
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tracks: orbits:

@/Dsr | 39/& | @/Dsr | §1/d | @/Dsr

c -0.71 0.24 -0.72 0.28 0
a; | -0.0298 | 0.01 - -0.012 | -0.04
b; | 0.3148 | 0.0135 - 0.017 | 0.044

ap | 0.0159 | 0.0097 - - -
bo 0.013 | 0.0522 - - -

A, 0.32 0.02 - 0.02 0.06
A, 0.02 0.05 - - -
w1 -5.4° 36.5° - -36.3° | -42.6°

wa 50.7° 10.5° - - -

Table 6.1: Obtained correction factors in comparison between the two model pos-

sibilities using ‘model 2’

the period in 2002 the mean altitude of CHAMP was a bit above 400km. With
a = 6371.2km and r = a + 400km the constant and the Dgr dependent part of the

coefficients can be obtained, in a first approximation, by

0 OI r
=g = 6.2
91 = q a ( )

B=a (3)2 (6.3)

9 =gi (%)3 (6.5)

where the primed coefficients have to be determined. As result (j?' = 26.3nT, (j%' =
1.4nT" and .§; = —1.5nT and for the Dgr dependent part (j?l = —0.68 - Dgrp, (j%' =
—0.035 - Dg and §%’ = 0.039 - Dgr are received.
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6.2 A test of model compatibility

One possibility to include the obtained results in main field modelling can be
achieved from Equations 5.1 and 5.2. For the two components, X and 7, the varia-

tion of the external magnetic field can be described by:

rcx = —¢ sin¥
+G2v/3(cos® ¥ — sin® W) cos A (6.6)

rcz = §;cosW
+2 - GiV/3 cos Usin U cos A (6.7)

with ¥ (=0*) as the magnetic colatitude and A the longitude in the geomagnetic-
local time frame. Assuming CHAMP flying in the orbital plane of 0°/180° gives
cosA = 1, if CHAMP is flying northward, and cos A = —1, if CHAMP is flying

southward.

For the period from June to December 2002 the two important coefficients are set to
¢} = 0.72 and g = 0.059 (more reasonable value from the model using tracks). As
a test they are included in a calculation producing synthetic data for the difference
of the residuals of the X- and Z-component (using Eq. 6.6 and 6.7). The synthetic
values rcx and rcz are computed for a whole orbit. Thereafter, to reproduce the
synthetic data, the obtained synthetic rcx and rcz are put into the usual inversion
model (‘model 2’) using tracks limited to colatitudes between 40° and 140°. Fi-
nally, the curves are extrapolated to the poles. The resulting synthetic data and the

obtained model are plotted in Figure 6.1.

It can be seen that the modelled curve fits only close to the equator. The discrepancy
increase to the poles. While the synthetic values are calculated for whole orbits, the
modelled values were obtained from ‘model 2’ using tracks and extrapolated to the

poles.
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Figure 6.1: Synthetic values (calculated with ¢ = 0.72 and g3 = 0.059) for the X-
and Z-component of the external field variation in the second half of
2002 (rcx: black line, rcz: green line) on the night side (left panel) and
day side (right panel).

After the inversion the values for the §0 coefficient show a local time dependence
with 0.84 on the night side and 0.62 on the day side, which is not fully compara-
ble with the minimum and maximum value obtained from ‘model 2’ using tracks

(compare Figure 5.9).

To obtain model values for ¢ which are of similar amplitude to the obtained co-
efficient in ‘model 2’ using tracks (Fig. 5.9), a synthetic model is calculated for

g} = 0.72 and g} is increased to 0.15.

Figure 6.2 shows the behaviour of the synthetic and modelled data. The result of
the @) coefficient is 0.98 on the night side and 0.51 on the day side. This is quite

close to the minimum of about 0.5 and the maximum of about 1 in Figure 5.9.

Another look is taken into the phases compiled in Table 6.1. From Figure 5.9 a
phase shift of nearly 12 hours can be seen which correlates very well with the one
obtained from ‘model 2’ using orbits (Tab. 6.1). The phase shift of w; = —5.4°
corresponds to a shift of -0.4 hours. From the g coefficients of ‘model 2’ using
orbits a phase shift of —42.6°=—2.8 hours is found. That means there is a difference

in the phase for the local time effect of about 2.4 hours for the two methods.
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Figure 6.2: Synthetic values for the X- and Z-component of the external field vari-
ation in the second half of 2002 (rcx: black line, rcz: green line) on
the night side (left panel) and day side (right panel). Calculated with
¢} = 0.72 and G = 0.15.

Limiting the fit of the effect of external currents to low and mid-latitudes over-
estimates the local time dependence. The misfit at the poles, between the synthetic
and inverted curves, of the in principal quite good fits in Figure 6.1 and 6.2, increases

more and more.

6.3 How to include the correction into main field

models

In conclusion, the potential of the magnetic field caused by the external current

systems can be written as:

vV = a{(j? (f) Plo(cos\ll)
a
_|_(A1 N+ &l r S,
g5 cos —|—.5251n)\) - Py (cos V)
20 (@)? 5o
+4; (;) P(cos V) (6.8)

with the colatitude ¥ and longitude A in the geomagnetic-local time frame. This
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potential suggests a model for the external field which includes the variation of the

ring current (4)), its induced part (§?) and the external quadrupole terms (43, 33).

Two possible sets of coefficients are found directly from ‘model 2’ using orbits
and another one from the tracks, adjusted by the compatibility test. The two sets

of coeflicients reduced to the Earth’s surface are:

result of ‘model 2’ using orbits: result of tracks and compatibility test:
¢} =26.3—0.68 - Dgr (6.9) ) =26.3—0.67- Dgr (6.13)
gy = 1.4—0.035- Dgr (6.10) 43 = 0.5—0.013 - Dgr (6.14)
8y = —1.540.039 - Dgy (6.11) 8y = —5.0+0.13 - Dgr (6.15)
47 =0.33-0.86 - Dgr (6.12) 97 =0.33-0.86 - Dsr (6.16)

The two sets of coefficients give the range of values for a ring current model as
determined here. From this study it is recommended to use a mean value of the
sets, probably with a slight preference of the second set of correction coefficients

found from the test of model compatibility.

6.4 Comparison with other field models

Finally, the obtained results are compared to other main field models. The different
corrections for the external field are combined in Table 6.2. The comparison is done
with POMME [Maus et al., submitted 2003], a Magsat model [Langel et al., 1996]
and the OIFM [Olsen et al., 2000a].

Because there is a correction for the ring current and other magnetospheric currents
in POMME, the comparison is done in more detail. The unique feature of this model
is the representation of the magnetospheric field in geocentric solar magnetospheric

(GSM) coordinates. In an Earth fixed coordinate system (GEO) this constant mag-
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‘model 27* POMME* OIFM Magsat
¢} | 26.3-0.68-Dsr 15.5**-0.76-Dgr 22.43-0.59-Dgr 18.4-0.63-Dgr
qi - - 0.844-0.04-Dgr -1.1-0.06-Dgr
S{ - - -3.7340.10-Dgp -3.340.17-Dgp

Gt | 1.4-0.035-Dgr - - -
sl | -1.540.039-Dgr - - -
¢ | 033§ | -20593.85+0.32-§" | -29617.37+0.27-8 | -29991.6+0.27-

Table 6.2: Comparison between different models of the external current system at
the Earth’s surface (all values are in nT). (* The values for ‘model 2’
and POMME are in a geomagnetic - local time frame. * POMME
uses an additional constant term in GSM coordinates. *** the variable

part of g9.)
netospheric field appears as an annually and daily varying external field.

Commonly the factor for the Dgr dependent correction is found by co-estimation
during the inversion. While |Dgr| is restricted to values below 10nT this takes only
a small range of possible Dgr values into account. A look into the whole range of
D g7 showed that the usual values are too low. In POMME, a factor of 0.76 is found
by the most reasonable fit for all Dgr values. The factor for the ratio between >
and §) is set to 0.32. These values are comparable to the obtained values found in

‘model 2’ using orbits of ¢ = 0.68 - Dgr and §) = 0.33 - §} at the Earth’s surface.

A link can be found to induction studies. A possible explanation of the small
LT dependence of the g3 coefficient (Fig. 5.17) is probably given by suggestions
from induction studies of S. Constable [Constable & Constable, submitted 2003]
and G. Egbert (pers. comm.).

Magnetic satellites provide the possibility of electromagnetic induction studies with
the aim to measure the Earth’s conductivity. While magnetic satellites measure
more than just the induced field S. Constable used the Comprehensive Model Phase
3 (CM3, [Sabak et al., 2002]) to remove the main field and its secular variation,

the crustal field (caused by remanent and induced magnetisation), the field of iono-
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spheric currents (like field aligned currents and the equatorial electrojet) and the

coupling and induction effect of all these.

G. Egbert considered that the induced internal field can be described by the sum of
the dipole surface harmonic (g!) and the quadrupole surface harmonic (G;). Espe-
cially, when using satellite data this quadrupole term has to be added. His result is
that a g3 coefficient which is about 0.25 of @ produces roughly the correct amount
of variation with local time, which is caused by external currents. In comparison,
here the value 0.21 is obtained at satellite altitude, if the corrections are done like

suggested from the test of the model compatibility (Eq. 6.13 - 6.16).






Chapter 7
Summary and Outlook

The aim of this study was to find a model which describes the effect of the external
current system. A typical description is done by spherical harmonic analysis (SHA).
Each component of the Earth’s magnetic field can be described by a set of coeffi-
cients. A separation between internal and external contributions is possible. Here,
SHA are used to describe the external part of the Earth’s magnetic field. Using
vector data and repeat tracks is very helpful to model external field components.
The analysis was done using the vertical component, Z, and the northward horizon-
tal component, X. The corresponding matrices can be inverted directly. From time
to time CHAMP is flying in resonance with the Earth. During such periods repeat
tracks were available. For each of the two repeat tracks the residuals between
the measured data and the CO2 main field model were calculated. The difference
between these ‘repeat track residuals’ are free of inconsistencies linked to the main
field model or the Dgp-baselines. Moreover, lithospheric signals are eliminated. The

residuals were used as input for a model of the external magnetic field.

First, a model was computed using scalar data for tracks from 40° to 140° co-
latitude (‘model 1°) while vector data were not yet available. Scalar data were
easier to handle, however, more assumptions had to be made. The suggested model
of the external contributions to the Earth’s magnetic field was a totally symmetric
ring current in the equatorial plane. From these investigations it could be seen,
that this model was too much simplified. The results of ‘model 1’ showed that not

only the symmetric part of the ring current is influencing the geomagnetic field at
87
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TC

Figure 7.1: Magnetospheric currents in the equatorial plane: ring current (RC),
partial ring current (PRC), magnetopause current (MP), and tail cur-

rent (TC). The dashed line illustrates the put off ring current.

the Earth’s surface. The asymmetric part of the ring current and currents in much
higher orbits, like the magnetopause current and the tail current, have to be taken
into account. In spite of these problems a local time dependence was found. To
improve 'model 1’ the use of vector data was considered (‘model 2°). To produce
vector data is more difficult (e. g., the exact position and attitude has to be known),
but after May 2001 the three components of the magnetic field from the CHAMP

vector magnetometer were available.

Results of ‘model 1’ (Chap. 4) and ‘model 2’ (Sec. 5.1) using tracks from 40°
to 140° colatitude, showed that the influence of currents at high latitudes has to
be corrected before modelling the effect of large-scale magnetospheric currents. For
further improvements the use of whole orbits was suggested. With the approach
of using vector data for whole orbits and applying a correction around the poles, a

more precise model of the Earth’s magnetic field of external origin was obtained.

Figure 7.1 shows the resulting effective ‘ring current’. This is meant to be the effect

of the combination of all external currents. The effect of all external currents (ring
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current, partial ring current, magnetopause current and tail current) are summed
up and can be compared to a ‘ring current’ with an offset in the direction between
noon and dawn, as it is shown. It would produce a minimum in the morning hours
at around 0900 L'T and a maximum in the evening at around 2100 LT as obtained
in Chapter 5 (compare Fig. 5.9).

From these results it is clear, that it is better to describe the external magnetic field

in geomagnetic coordinates and in a local time frame.

These promising results will allow to include the obtained parametrisation of ex-
ternal fields in main field modelling, in order to correct the effect of large-scale mag-
netospheric current systems. A first main field model including results of ‘model
2’ using tracks from 40° to 140° colatitude was done during a visit at the Institute
de Physique du Globe de Paris (IPGP), France.

Figure 7.2: Difference of the X-component of an ‘uncorrected model’ and the X-
component of a ‘corrected model’. The differences range from -85 nT

to 70 nT (from A. Chambodut, pers. comm.).

Figure 7.2 shows a comparison for the X-component between an ‘uncorrected’ and
a ‘corrected’ model. The aim of this test was to estimate the differences between
main field models computed with and without our ring current model. The residuals
between the CO2 model and a model which is uncorrected for external currents
(‘uncorrected model’) and the residuals between the CO2 model and a model which

is corrected for external currents (‘corrected model’) were calculated. Afterwards
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these residuals were subtracted from each other and the difference between these

two new residuals is plotted in Figure 7.2. Deviations of the order of some tens

of nT can be observed. The result of this first model shows the problem of using

vector data only from 40° to 140° in main field modelling. It can be seen, that some

edge effect may occur just near the limit of the considered latitude interval, indeed

around 140° colatitude (arrows). Also the behaviour of the power spectra (Fig. 7.3)

was analysed, which indicates some differences, especially at higher latitudes.

Energy (nT 2)
=
=

77777

Energy (0T 2i

1000
8

— corrected
—— nocamectad

16

Figure 7.3: Power spectra of usually corrected and ‘rccorrected” models. Detailed

view in right panel (from A. Chambodut, pers. comm.).

It is emphasised how important it is to include a parametrisation of the external

current systems in main field modelling. Applying the obtained correction in the

geomagnetic-local time frame will help to improve the results in main field modelling.

The model presented here could be used for a continuous monitoring of the ring

current from low Earth orbiting satellites. Considering the three presently active
magnetic field satellites, SAC-C in its 1030/2230 LT orbit could be used for a rou-

tinely determination of a space-based equivalent to the Dgr index. This new index

would then be used for parametrising the magnetospheric currents in studies of data

from the other satellites. This kind of external field correction is not only needed for

main field modelling, but also required for all kinds of ionospheric current studies.
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Appendix A

More model results

Model results from ‘model 2’ using tracks

Correlation Coefficient

Dsr vs g} | Dst vs ¢} | 4} vs g} Dsr vs g} | Dsr vs ¢} | ) vs g}
19 LT 0.83 0.90 0.95 07 LT 0.86 0.83 0.86
20 LT 0.89 0.93 0.97 08 LT 0.87 0.82 0.82
21 LT 0.81 0.87 0.97 09 LT 0.88 0.90 0.82
22 LT 0.83 0.87 0.95 10 LT 0.75 0.83 0.58
23 LT 0.77 0.83 0.86 11 LT 0.63 0.77 0.49
00 LT 0.82 0.89 0.96 12 LT 0.77 0.87 0.87
01 LT 0.77 0.88 0.95 13 LT 0.55 0.82 0.81
02 LT 0.90 0.95 0.97 14 LT 0.90 0.97 0.94
03 LT 0.71 0.83 0.92 15 LT 0.70 0.86 0.79
04 LT 0.94 0.95 0.94 16 LT 0.89 0.96 0.93
05 LT 0.88 0.90 0.96 17 LT 0.74 0.89 0.73
06 LT 0.91 0.85 0.88 18 LT 0.88 0.92 0.95

95
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Slope
Dsr vs ¢¥ | Dsr vs ¢! | ¢! vs ¢ Dsr vs ¢ | Dsr vs ¢ | ¢) vs ¢¥
19 LT 0.24 1.01 0.24 07 LT 0.20 0.49 0.33
20 LT 0.28 1.09 0.26 08 LT 0.21 0.48 0.33
21 LT 0.20 0.82 0.26 09 LT 0.20 0.67 0.26
22 LT 0.20 0.88 0.23 10 LT 0.21 0.66 0.21
23 LT 0.20 0.77 0.24 11 LT 0.20 0.65 0.19
00 LT 0.16 0.69 0.24 12 LT 0.22 0.65 0.34
01 LT 0.19 0.74 0.27 13 LT 0.17 0.61 0.33
02 LT 0.20 0.76 0.28 14 LT 0.18 0.73 0.25
03 LT 0.13 0.50 0.28 15 LT 0.27 0.99 0.26
04 LT 0.19 0.62 0.29 16 LT 0.28 0.93 0.30
05 LT 0.18 0.56 0.31 17 LT 0.26 0.98 0.23
06 LT 0.21 0.47 0.37 18 LT 0.28 1.08 0.26
Intercept
Dsr vs g} | Dst vs ¢} | ¢f vs g} Dsr vs g} | Dsr vs ¢} | ¢} vs gY
19 LT -0.06 -1.80 0.37 07 LT -0.06 -0.55 0.17
20 LT 0.14 -0.03 0.15 08 LT 0.68 -0.59 0.53
21 LT -0.21 0.15 -0.22 09 LT 0.06 -0.22 0.11
22 LT -0.02 -0.91 0.19 10 LT 0.30 -0.44 0.52
23 LT -0.21 -0.06 -0.17 11 LT 0.06 0.17 0.16
00 LT 0.03 0.12 0.01 12 LT 0.64 0.30 0.54
01 LT 0.22 1.21 -0.25 13 LT 0.91 2.16 -0.05
02 LT 0.93 -0.27 1.08 14 LT -0.88 0.85 -1.07
03 LT 0.05 1.43 -0.44 15 LT -0.28 -0.09 -0.19
04 LT 0.25 -0.90 0.46 16 LT 0.10 2.66 -0.68
05 LT -0.10 0.12 -0.14 17 LT -1.53 0.40 -1.67
06 LT -0.05 -1.77 0.51 18 LT -0.01 -0.01 0.03

Table A.1: Statistical results of the comparison between the two Gauss coefhi-

cients ¢? and ¢¥ and Dgr for all local times calculated from vector data using

tracks from 40° to 140° colatitude.
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Figure A.1: One day of modelled tracks from

geomagnetic colatitude in deg

‘model 2’ using tracks from 40° to

140° colatitude. Plotted are the 1st to 6th tracks on the chosen day
September, 4, 2002.
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Figure A.2:
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One day of modelled tracks from ‘model 2’ using tracks from 40° to

140° colatitude. Plotted are the 7th to 12th tracks on the chosen day

September, 4, 2002.
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Figure A.3: One day of modelled tracks from ‘model 2’ using tracks from 40° to

140° colatitude. Plotted are the 13th to 19th (the 17th track is missing
due to a gap in the data) tracks on the chosen day September, 4, 2002.
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One day of modelled tracks from ‘model 2’ using tracks from 40° to

140° colatitude. Plotted are the 20th to 26 tracks on the chosen day

September, 4, 2002.
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Figure A.5: One day of modelled tracks from ‘model 2’ using tracks from 40° to
140° colatitude. Plotted are the 27th to 31st tracks on the chosen day
September, 4, 2002.
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The following Table A.2 contains the longitude and local time of the equator crossing

of the shown tracks in Figures A.1 to A.5.

Plot Longitude | Local time
Fig. A.1, top, left 38.8° 3:26
Fig. A.1, top, right -152.9° 15:26
Fig. A.1, middle, left 15.5° 3:26
Fig. A.1, middle, right -176.2° 15:25
Fig. A.1, bottom, left -7.8° 3:26
Fig. A.1, bottom, right 160.6° 15:25
Fig. A.2, top, left -31.0° 3:25
Fig. A.2, top, right 137.3° 15:25
Fig. A.2, middle, left -54.3° 3:25
Fig. A.2, middle, right 114.1° 15:24
Fig. A.2, bottom, left -77.5° 3:25
Fig. A.2, bottom, right 90.8° 15:24
Fig. A.3, top, left -100.8° 3:24
Fig. A.3, top, right 67.6° 15:24
Fig. A.3, middle, left -124.1° 3:24
Fig. A.3, middle, right -147.3° 3:24
Fig. A.3, bottom, left 21.0° 15:23
Fig. A.3, bottom, right -170.6° 3:23
Fig. A.4, top, left -2.2° 15:23
Fig. A.4, top, right 166.2° 3:23
Fig. A.4, middle, left -25.5° 15:22
Fig. A.4, middle, right 142.9° 3:23
Fig. A.4, bottom, left -48.7° 15:22
Fig. A.4, bottom, right 119.7° 3:23




Fig. A.5, top, left -72.0° 15:22
Fig. A.5, top, right 96.4° 3:22
Fig. A.5, middle, left -95.3° 15.21
Fig. A.5, middle, right 73.1° 3:22
Fig. A.5, bottom -118.5° 15:21
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Table A.2: September, 4, 2002: Longitude and local time of the equator cross-

ing for each track corresponding to Figures A.1- A.5.

Model results from ‘model 2’ using orbits

Correlation Coefficient

Dsr vs g} | Dst vs ¢ | ¢l vs gi | Dst vs @
2240 LT 0.79 0.88 0.93 -0.26
2308 LT 0.84 0.92 0.93 -0.46
2335 LT 0.84 0.93 0.93 -0.49
0003 LT 0.81 0.93 0.91 -0.45
0026 LT 0.76 0.92 0.91 -0.66
0057 LT 0.67 0.87 0.82 -0.62
0124 LT 0.74 0.93 0.86 -0.17
0152 LT 0.81 0.93 0.92 -0.26
0219 LT 0.84 0.93 0.96 -0.50
0245 LT 0.76 0.86 0.93 0.04
0313 LT 0.70 0.83 0.92 0.40
0340 LT 0.70 0.87 0.90 -0.03
0407 LT 0.88 0.96 0.96 0.26
0434 LT 0.90 0.96 0.96 0.38
0501 LT 0.87 0.92 0.95 0.47
0528 LT 0.91 0.96 0.94 0.61
0555 LT 0.91 0.94 0.94 0.59
0622 LT 0.78 0.82 0.92 0.33
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0650 LT 0.87 0.91 0.94 0.41
0717 LT 0.90 0.96 0.92 0.53
0744 LT 0.88 0.95 0.90 0.53
0812 LT 0.84 0.90 0.90 0.51
0839 LT 0.83 0.90 0.91 0.25
0906 LT 0.82 0.93 0.91 0.15
0934 LT 0.85 0.95 0.91 0.20
0944 LT 0.88 0.94 0.92 0.24
1028 LT 0.89 0.94 0.92 0.51
Slope
Dsr vs g7 | Dsr vs q7 | ¢i vs g | Dsr vs ¢;
2240 LT 0.19 0.70 0.29 -0.03
2308 LT 0.22 0.74 0.30 -0.05
2335 LT 0.18 0.68 0.27 -0.04
0003 LT 0.16 0.67 0.26 -0.04
0026 LT 0.19 0.69 0.26 -0.07
0057 LT 0.17 0.69 0.27 -0.07
0124 LT 0.18 0.71 0.24 -0.02
0152 LT 0.18 0.77 0.24 -0.03
0219 LT 0.18 0.72 0.27 -0.04
0245 LT 0.19 0.70 0.28 0.0
0313 LT 0.18 0.70 0.28 0.04
0340 LT 0.15 0.72 0.26 0.0
0407 LT 0.20 0.72 0.29 0.02
0434 LT 0.21 0.74 0.29 0.03
0501 LT 0.21 0.70 0.31 0.04
0528 LT 0.25 0.74 0.33 0.07
0555 LT 0.25 0.75 0.33 0.07
0622 LT 0.24 0.72 0.32 0.05
0650 LT 0.21 0.70 0.29 0.05

0717 LT 0.22 0.71 0.30 0.06




0744 LT 0.23 0.72 0.32 0.07
0812 LT 0.27 0.73 0.31 0.08
0839 LT 0.22 0.70 0.32 0.03
0906 LT 0.20 0.71 0.30 0.02
0934 LT 0.20 0.72 0.28 0.03
0944 LT 0.20 0.74 0.27 0.03
1028 LT 0.22 0.76 0.28 0.0
Intercept
Dsr vs g} | Dsr vs qf | ¢ vs g7 | Dst vs
2240 LT -0.55 -2.51 0.15 -0.05
2308 LT 0.36 0.82 0.11 -0.02
2335 LT 0.06 -0.27 0.17 0.08
0003 LT 0.16 0.03 0.16 0.01
0026 LT 0.38 0.44 0.29 -0.01
0057 LT 0.93 3.95 -0.19 -0.53
0124 LT -0.12 4.53 -1.27 0.17
0152 LT -0.70 0.77 -0.94 0.24
0219 LT -0.51 -0.51 -0.39 0.11
0245 LT 0.07 0.94 -0.27 0.15
0313 LT -0.04 0.75 -0.36 -0.24
0340 LT 0.22 0.87 -0.17 0.01
0407 LT -0.49 -0.62 -0.25 -0.16
0434 LT -0.02 0.58 -0.12 0.18
0501 LT -0.40 0.61 -0.58 -0.10
0528 LT 0.09 0.02 0.08 -0.01
0555 LT 0.39 -0.08 0.43 0.08
0622 LT 0.10 -1.07 0.39 0.19
0650 LT -0.63 -1.14 -0.29 -0.19
0717 LT -0.06 -0.56 0.10 -0.09
0744 LT 0.27 -0.37 0.37 0.02
0812 LT -0.09 -0.67 0.17 -0.17
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0839 LT 0.04 -0.62 0.23 -0.16
0906 LT -0.24 -0.12 -0.19 0.10
0934 LT 0.00 0.14 -0.04 0.19
0944 LT 0.09 -0.21 0.15 0.03
1028 LT -0.49 -0.37 -0.38 -1.00

Table A.3: Statistical results of the comparison between the three Gauss coef-

ficients ¢¥, ¢?, ¢3 and Dgy for all local times calculated from vector data using

whole orbits.
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Figure A.6: One day of modelled orbits from ‘model 2’ using full orbits. Plotted
are the 1st to 2rd orbits (first half-orbit in the left panel, starting at
the North pole and second half-orbit in the right panel) on the chosen

day September, 4, 2002.
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Figure A.7:

geomagnetic colatitude in deg

geomagnetic colatitude in deg

One day of modelled orbits from ‘model 2’ using full orbits. Plotted
are the 3rd to 5th orbits (first half-orbit in the left panel, starting at
the North pole and second half-orbit in the right panel) on the chosen

day September, 4, 2002.
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Figure A.8:

One day of modelled orbits from ‘model 2’ using full orbits. Plotted
are the 6th to 8th orbits (first half-orbit in the left panel, starting at
the North pole and second half-orbit in the right panel) on the chosen

day September, 4, 2002.
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Figure A.9:

One day of modelled orbits from ‘model 2’ using full orbits. Plotted
are the 9th to 11th orbits (first half-orbit in the left panel, starting at
the North pole and second half-orbit in the right panel) on the chosen

day September, 4, 2002.
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Figure A.10: One day of modelled orbits from ‘model 2’ using full orbits. Plotted
are the 12th to 13th orbits (first half-orbit in the left panel, starting
at the North pole and second half-orbit in the right panel) on the
chosen day September, 4, 2002.
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Plot Longitude | Local time
Fig. A.6, top, left 15.5° 3:26
Fig. A.6, top, right -176.2° 15:25
Fig. A.6, bottom, left -7.8° 3:26
Fig. A.6, bottom, right 160.6° 15:25
Fig. A.7, top, left -31.0° 3:25
Fig. A.7, top, right 137.3° 15:25
Fig. A.7, middle, left -54.3° 3:25
Fig. A.7, middle, right 114.1° 15:24
Fig. A.7, bottom, left -77.5° 3:25
Fig. A.7, bottom, right 90.8° 15:24
Fig. A.8, top, left -100.8° 3:24
Fig. A.8, top, right 67.6° 15:24
Fig. A.8, middle, left -124.1° 3:24
Fig. A.8, middle, right 44.3° 15:23
Fig. A.8, bottom, left -147.3° 3:24
Fig. A.8, bottom, right 21.0° 15:23
Fig. A.9, top, left -170.6° 3:23
Fig. A.9, top, right -2.2° 15:23
Fig. A.9, middle, left 166.2° 3:23
Fig. A.9, middle, right -25.5° 15:22
Fig. A.9, bottom, left 142.9° 3:23
Fig. A.9, bottom, right -48.7° 15:22
Fig. A.10, top, left 119.7° 3:23
Fig. A.10, top, right -72.0° 15:22
Fig. A.10, bottom, left 96.4° 15:22
Fig. A.10, bottom, right -95.3° 3:22

Table A.4: September, 4, 2002: Longitude and local time of the equator cross-
ing for each orbit, corresponding to Figures A.6- A.10.






Appendix B

DST network

Observatory geographic | geographic | geomagnetic
longitude (E) | latitude | dipole latitude
Hermanus 19.22° —34.40° —33.3°
Kakioka 140.18° 36.23° 26.0°
Honolulu to April 1960 201.90° 21.30° 21.0°
after April 1960 201.98° 21.31° 21.0°
San Juan to January 1965 293.88° 18.38° 29.9°

Table B.1: Coordinates of the four observatories, which build the network for Dgy.

From these observatories the Dgp-index is determined as defined in the IAGA Bul-
letin No. 40 [Berthelier & Menvielle, 1991]. The description how the Dgr-index
is derived can be found on the webpage of the World Data Centre, Kyoto [WDC-
Kyoto, 2003]. Here, only a short extract what Dgr is:

‘The Dst index represents the aztally symmetric disturbance magnetic field at the
dipole equator on the Earth’s surface. Major disturbances in Dst are negative,
namely decreases in the geomagnetic field. These field decreases are produced mainly
by the equatorial current system in the magnetosphere, usually referred to as the ring
current. The neutral sheet current flowing across the magnetospheric tail makes a
small contribution to the field decreases near the Farth. Positive variations in Dst
are mostly caused by the compression of the magnetosphere from solar wind pressure

increases. ...’
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Figure B.1: Plot of Dgr values for September 2002, from [WDC-Kyoto, 2003].

Figure B.1 shows the plot of one month of D gy values. In main field modelling mostly
undisturbed data are necessary. Often only night side data are used and a data
selection is done on Dgr (and other indices). In the CO2-main field model [Holme
et al., 2003], e.g., requires Dgy within £10nT and |d(Dgsr)/dt| < 3nT/hr (and
requires K,< 14 and K, < 20).



Appendix C
Institutes

e CNES - Centre National d’Etudes Spatiales:

http://www.cnes.fr

e DMI - Danmarks Meteorologiske Institut:
http://www.dmi.dk
(Orsted: http://web.dmi.dk/projects/oersted

e DSRI - Danish Space Research Institute:
http://www.dsri.dk

swarm: http://www.dsri.dk /swarm

e DTU - Danmarks Tekniske Universitet:
http://www.dtu.dk

e DLR - Deutsches Zentrum fiir Luft- und Raumfahrt:
http://www.dlr.de

o GFZ - GeoForschungsZentrum Potsdam:
http:/ /www.gfz-potsdam.de
CHAMP: http://www.gfz-potsdam.de/champ
CHAMP data centre: http://isdc.gfz-potsdam.de/champ/
Section 2.3: http://www.gfz-potsdam.de/pb2/pb23

o JAGA - International Association of Geomagnetism and Aeronomy:

description of the International Geomagnetic Reference Field:
115
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http://www.ngdc.noaa.gov/TAGA /wg8/igrf. html
coefficients of IGRF2000:
http://www.ngdc.noaa.gov/IAGA /wg8/tablel.txt

e [IPGP - Institute de Physique du Globe de Paris:
http://www.jpgp.jussieu.fr

e LETI - Laboratoire d’Electronique de Technologie d’Information:

http://www-leti.cea.fr

e NASA - National Aeronautics and Space Administration:

http:/ /www.nasa.gov

GSFC - Goddard Space Flight Center: http://www.gsfc.nasa.gov
SAC-C: http://www.gsfc.nasa.gov/gsfc/service /gallery /fact _sheets/spacesci/

sac-c.htm

JPL - Jet Propusion Laboratories: http://www.jpl.nasa.gov

NSSDC - National Space Science Data Center: http://nssdc.gsfc.nasa.gov/space
MAGSAT: http://nssdc.gsfc.nasa.gov/space/space_phys/nmagsat.html

e ONERA - Office National d’Etudes et de Recherches Aerospatials:

http://www.onera.fr

e T'U Braunschweig - Technische Universitdt Braunschweig:

http://www.geophys.tu-bs.de

e The University of Liverpool:

http.www.liv.ac.uk

e WDC Kyoto - World Data Center Kyoto:
http://swdedb.kugi.kyoto-u.ac.jp
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