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SUMMARY

Accurate models of the magnetospheric field during magnetically quiet times are essential for
high-resolution mapping of core field dynamics, mantle and ocean induction, crustal fields
and ionospheric currents. Satellite data sampled at low-Earth orbit allow for a separate de-
termination of the external contributions from currents in the magnetosphere. We have used
Orsted and CHAMP data from the years 1999-2004 to investigate this field component. In
contrast to earlier studies, the field is decomposed here into contributions from sources in the
solar-magnetic (SM) frame and those in the geocentric-solar-magnetospheric (GSM) frame.
For an observer on the Earth, stable fields in those frames generate different diurnal and annual
variations which, in response, induce currents in the subsurface. All of these effects have been
modelled here. Our primary findings are: in the GSM frame, there is a dominant constant
magnetic field of about 13 nT, pointing due southward. This field component is attributed to
the quiet-time tail current system. The interplanetary magnetic field (IMF) contributes to the
near-Earth field with 10 per cent of its Bx and about 25 per cent of its By component. For the
SM frame, we obtain a constant field of 7.6 nT and a variable part which can be parametrized
by the Dgr index. The field in SM is attributed to the combined effect of the magnetopause and
ring current. A comparison of the external field variations, predicted by our satellite-derived
model, with the measurements of five latitudinally distributed ground observatories shows a
remarkable agreement.

GJI Geomagnetism, rock magnetism and palaecomagnetism
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eight static, eight annually and eight semi-annually varying coef-

1 INTRODUCTION ficients as independent parameters in his OSVM series of models.

In high-resolution geomagnetic field modelling, a proper consider-
ation of the field contribution coming from outside the Earth is very
important and can be the limiting factor in accurately determining
the various contributions to the field. The relevance of external con-
tributions for main field modelling has been outlined, for example,
by Langel et al. (1996). The sources for the external fields can be
roughly divided into three classes. When considering a low-Earth
orbiting satellite, there are magnetospheric currents flowing above
the spacecraft, ionospheric currents below it and field-aligned cur-
rents connecting the two regions. In addition we have to take the
induction currents in the subsurface into account, which are driven
by temporal or spatial changes of the current systems in space. Here
we concentrate on the magnetospheric currents and their magnetic
effect close to the Earth.

It has been recognized for some time that an accurate represen-
tation of the magnetospheric field in geomagnetic field modelling
requires spherical harmonic (SH) coefficients varying with multi-
ples of annual and diurnal frequencies. Indeed, Olsen (2002) used
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The comprehensive model (Sabaka et al. 2002, 2004) additionally
includes multiples of diurnal frequencies and uses a total of 800 in-
dependent parameters to describe a magnetospheric field to SH de-
gree 2. We take a somewhat different approach. The current systems
of the inner- and outer magnetosphere are treated separately. Within
the inner magnetosphere, the strong geomagnetic field determines
the charged particle motion and, hence, the current geometry. In the
outer magnetosphere, the electrodynamics are controlled primarily
by the interaction of the solar wind with the weaker geomagnetic
field.

The ring current is the most prominent system in the inner mag-
netosphere. Since it is closely coupled to the magnetic field, it can
be described quite efficiently in the solar-magnetic (SM) frame. The
origin of this frame is the centre of the Earth. The z-axis is aligned
with the geomagnetic dipole axis, pointing northward, the x-axis
points in the direction of the Sun and y completes the triad. Dominant
currents in the outer magnetosphere are the magnetopause surface
currents and the cross-trail current. These currents are thought to
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be organized in the geocentric-solar-magnetospheric (GSM) frame.
The origin of that frame is again the centre of the Earth. However, the
x-axis always points towards the Sun, the y axis is perpendicular to
the geomagnetic dipole axis pointing eastward and z completes the
right-handed system. The main difference between SM and GSM is
that z is aligned with the dipole axis only in the SM frame. More
details of the coordinate systems can be found in Kivelson & Russell
(1995, pp. 536).

Traditionally in main field modelling, the magnetospheric field is
treated in a geocentric-Earth-fixed (GEO) system (e.g. Cain 1966;
Langel & Estes 1985; Olsen 2002). The derived spherical harmonic
external coefficients are based on data sampled on the nightside.
While the derived external magnetic field model and its parametriza-
tion produces acceptable results on the nightside, it shows clear
deficits when extrapolated to the dayside. This is particularly dis-
turbing for satellite studies of the ionospheric current systems which
are strongest by far on the dayside. In view of these known shortcom-
ings, the Comprehensive Model (Sabaka et al. 2002, 2004) made an
important step forward by including an external field parameteriza-
tion in SM. However, for the parametrization of the corresponding
induced fields it was incorrectly assumed that the induction fre-
quency is the highest frequency of the external field in SM. This
implies that the Earth is stationary in SM, which is formally equiv-
alent to the earlier assumptions of a co-rotating magnetosphere. As
shown here, a correct representation of the induced fields has to
account for the rotation of the Earth against the external fields. This
is formally equivalent to a stationary Earth with the magnetosphere
rotating around it.

In this study we try to distinguish between the contributions from
the inner and outer magnetosphere by separating the magnetic ef-
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fects which are organized, respectively, in SM and GSM frames.
Diurnal and annual changes in the orientation of the SM against
the GSM frame lead to different magnetic field signatures of cur-
rents organized in SM and GSM. Exploiting these differences, and
including further physical considerations about the sources, we con-
struct a simple magnetospheric field model with contributions from
SM and GSM. With the help of this model, we claim that the ef-
fect of the quiet-time magnetospheric field can be predicted more
reliably at all latitudes and local times. In the sections to follow we
first describe the necessary theoretical tools for parametrizing GSM
and SM fields, including the secondary internal fields induced by
Earth rotation. Then we estimate a simple 14 parameter field model
from CHAMP and Orsted satellite data, which is finally validated
on independent ground observatory measurements.

2 THEORY

The time-varying magnetospheric field, as seen by observatories and
low orbiting satellites, does not, even during quiet times, average
out to zero. We will refer to this time average field as the steady
magnetospheric field. We expect this steady external field to be well
ordered when treated by a combination of GSM and SM parameters.
Constant fields in GSM and SM appear as time varying fields in
GEQ, as illustrated in Fig. 1. This offers the intriguing possibility to
describe a significant part of the observed periodic time variations
of the magnetic field by a small set of constant coefficients. In the
following we discuss the properties of constant GSM and SM fields,
as seen in GEO, and derive the necessary tools for estimating them,
including their induction effects, from near-Earth observations.
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Figure 1. A stable field in the negative GSM z direction is seen as a seasonally and daily varying field by an Earth-fixed observer. Shown here is a projection
onto the GSM xz-plane. An observer at Greenwich (G) sees a nearly horizontal field at noon in the summer and a nearly vertical field at noon in the winter,
perceiving this as an annual variation (top row). Similarly, a nearly vertical field at midnight in summer, versus a nearly horizontal field at noon, is recorded as

a daily variation (bottom row).
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2.1 Spherical harmonic representation of the external field

For sources in the distant magnetosphere, the magnetic field near
the Earth can be represented by the negative gradient of a scalar
potential B= — V V. The potential /' can be expanded into spherical
harmonics (SH) as

Ny n o n
V(V, 19’ @, l) = RE Z (RLE) Z E;T(I)B;T(ﬁ’ g[)), (1)

n=1 m=—n

where r, ¥ and ¢ are the radius, co-latitude and longitude, re-
spectively, in the chosen Earth-centred spherical coordinate system
(GEO, GSM or SM), Ry = 6371.2 km is the traditional geomag-
netic reference radius, N; is the spatial degree of the expansion,
E" are the SH coefficients of the external field, and B;" (0, @) are
Schmidt semi-normalized surface spherical harmonic functions in
the convenient notation of Backus et al. (1996, p. 141)

B, = cosm¢ i’:’(cos 0), 0 <m <n, 2

B = sinm¢ P"(cosf), 1 <m <n. 3)

Here, the functions Pé"(u) are defined as

/2221% Pr(n) ifl<m<n

Pl () = )

where P)"(u) are the associated Legendre functions (Backus et al.
1996, eq. 3.7.2).

2.2 Co-estimating a GSM field

Ifthe induced field is ignored, the SH coefficients of an external field
in GSM can be co-estimated with an SH expansion of the internal
field in GEO, as was done for the main field model POMME-1.4
(Maus et al. 2005). In a linear least-squares estimation, as applicable
to magnetic vector measurements, the equation

Gm=d+e 5)
is solved by
m=(G"G)"'G"d, (6)

where G is the Green tensor relating the vector of model parameters
m (see Table 2 of the Results section as an example), to the vector
of observations d, with data errors e. The Green tensor gives the
expected effect of a unit perturbation of the model parameters on
the observations. For example, if the kth datum is a measurement
Z(r, t) of the vertical magnetic field, the entry in the ith column
and kth row of the Green tensor specifies the effect § Z(r, ¢) at this
particular location r and time 7 of a unit perturbation of the ith model
parameter. Hence, to co-estimate a spherical harmonic coefficient
in GSM, all one has to do is

(1) transform the location of each data point from GEO to GSM,

(2) compute the magnetic field vector for a unit perturbation of
this coefficient and

(3) transform this vector back to GEO to include it in the Green
tensor. The necessary coordinate transforms can be found in the
space physics coordinate transforms users guide of Hapgood (1992).

The caveat of this approach is, however, that the field resulting
from currents induced in the subsurface cannot be accounted for.
To correctly model the field induced in the Earth due to its rotation
in a constant GSM field, one has to determine the full temporal and
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spatial variability of the corresponding field in GEO. Interestingly,
these apparent time variations in GEO result from the superposition
of two different effects, discussed in the following.

2.3 Rotation in the Sun-synchronous field

To appreciate the first effect, assume that the dipole is aligned with
the Earth’s spin axis. Then, a constant Sun-synchronous zonal (order
m = 0) field would appear as a constant field in GEO, whereas a
field of order m > 0 would primarily appear as a time varying field
of frequency m cpd (cycles per day) in GEO. This line of reasoning
still holds when the geomagnetic dipole axis is not parallel to the
spin axis, that is, for a constant field in SM coordinates. However,
magnetic fields from the outer magnetosphere are better described
in GSM coordinates, which adds an additional important effect,
described next.

2.4 Wobble of the GSM z-axis in GEO

The geomagnetic dipole axis performs a daily rotation at an angle
of about 10.5° about the Earth’s spin axis. In addition, the spin axis
performs an apparent annual rotation at an angle of 23.4° around the
normal to the ecliptic plane, tilting towards the Sun in summer and
away from it in winter. The crucial point of the GSM frame is that its
z-axis follows the dipole axis only in its movements perpendicular
to the Sun—Earth line. The GSM z-axis does not follow movements
of the dipole axis towards and away from the Sun. This generates
a wobble of the GSM z-axis in the GEO frame (in contrast to the
SM z-axis which remains fixed in GEO). This wobble has a daily
and an annual modulation. Therefore, a constant zonal field in GSM
appears as a diurnal and annually varying field in GEO, due to the
changing orientation of the GSM z-axis. The dominant frequencies
of this wobble are 1 cpa (cycle per annum) and 1 cpd, but higher
multiples are also required in order to accurately describe it.

2.5 Joint effect in GEO of Earth rotation and wobble of
the GSM z-axis

Combining the effect of rotating within a steady GSM field of spatial
degree N; with the wobble of the GSM z-axis, we require a temporal
expansion to degree N, >N, + 1 to describe the temporal variation
of the field in GEO. This field in GEO then results as a modulation
(product) of annual variations (1st factor in eq. 7, below) of fre-
quencies 0, ..., N, cpa with diurnal variations (2nd factor in eq. 7)
of frequencies 0, ..., N, cpd. Regarding spatial structure: The part
of the field that can be described by spherical harmonics of degree
n is invariant under rigid rotations (Backus et al. 1996, p. 59). In
other words, a field of degree » in GSM remains a field of degree n
in GEO. Combining these temporal and spatial considerations, one
arrives at the following ansatz: A constant field of degree N, with
SH coefficients E;”’ in GSM can be represented by a time varying
SH expansion in GEO of the same degree, with coefficients €' of
all degrees » and orders m given as

n Ny Ny
Errzn(t) = Z Z Z m'{An,m’,m,j eijwat} m{Dn,m’,m.k eikwdt}E,T,a
m'=—n j=0 k=0
@
where N denotes the real part, i = +/—1, annual frequency w, =

27 /a where a is the number of seconds in a year, diurnal frequency
wq = 21 /d where d is the number of seconds in a day, and A4, ' .
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and D, .« are complex transform coefficients, with the imagi-
nary parts of the special cases I{ A4, ' mo} =0and I{D, w mo} =
0 by definition. Note that the product in (7) is between two real parts.
This is because the physical realizations of the annual and diurnal
variations, respectively, are given by their real parts. Multiplying the
non-physical imaginary parts results in a non-physical real number.
Indeed, if the real parts were not specifically taken in (7), one could
combine the complex coefficients 4, 7 . ; and D, ' 1 x to a single
complex coefficient C,, . . j.x. We have verified that (7) cannot be
simplified in this way, necessitating the more complicated repre-
sentation given in (8), below. The transform coefficients A, ' . ;
and D, v .« could probably be derived analytically. However, this
seemed a daunting task, so a numerical estimation was chosen
here.

2.6 Coefficients for the transform of an SH expansion
from GSM to GEO and from SM to GEO

For time variations of the external field with periods significantly
smaller than 24 hr, the effect of Earth rotation can be ignored. For
periods longer than 24 hr, and for stable external fields, one has to
transform the SH expansion coefficients in GSM into corresponding
static and time varying SH coefficients in GEQ, the latter represent-
ing the inducing field. Estimating A, v, ; and D, & in (7) is
a non-linear problem. Since only the products of these coefficients
are required, we estimate the matrix C of all possible permutations
of real and imaginary parts of 4 and D, given by
m{An,m’.m,j}m{l)n.nﬂ,m.k} lf] 0&k = 07
ﬂ{{"‘171.)71’,r'r1.j}‘“,\S{Dn,m’.m,\kl} lf] > 0& k< 07
S{An,m’,m,lj\}En{Dn.m’,m.k} lf] <0& k > 09 (8)
S{A"ln,m’,m,l/'\}3{1);1,m’,m,|k\} lf] <0&k<0.

%

Cn,m’,m,jk =

Here, the indices j and £ for the matrix C run from — N, to N,, while
the complex coefficients 4 and D of ansatz (7) take only positive
indices j and k. For this reason, the absolute of the index is used for
A and D, whenever j or k is negative. The matrix C comprising (2N,
+ 1)? coefficients per n, m’, m was estimated here by the following
scheme:

(1) For a given SH coefficient (n, m’) in GSM, generate a one
year time series (1-hr sampling interval) of the magnetic potential
on an equal area grid in GSM.

(2) Transform the potential for every grid cell to GEO.

(3) Make a least-squares estimate of the coefficients C,, ' ..«
using (7) and (8).

(4) Repeat it for all pairs (n, m’) up to the desired degree Nj.

For an SH expansion up to spatial degree N; and temporal degree
N,, this yields a total number 7, of transform coefficients, where

Ny
ne=@N,+17) Qv+ 1) )
v=1

For transforms from SM to GEO one can drop the annual terms,
reducing the number of coefficients by a factor (2N, + 1). Tables of
the coefficients up to Ny = 3 and N, = 6, which are generally valid
for any transform from GSM to GEO and from SM to GEO, are
available at http://'www.ngdc.noaa.gov/seg/geomag/gsm2geo.shtml.
Depending on the required accuracy, these coefficients must be up-
dated after about 10 yr to reflect the slowly changing orientation of
the geomagnetic dipole axis.

2.7 Induced field

An external field organized in a local-time frame induces secondary
magnetic fields in the Earth. For time variations of the external field
with periods significantly longer than one day, the induction is dom-
inated by the effect of Earth rotation in a constant field (Balasis ez al.
2004). Similarly, for external fields which are steady in GSM over
years, there is a contribution due to induction at annual frequencies
and multiples thereof, caused by the changing orientation of the
Earth’s rotation axis relative to the Sun—Earth line.

In general, a time varying external field of given degree and order
induces a field with contributions to all degrees and orders. However,
due to the dominant radial symmetry of the Earth, cross-coupling
between different degrees and orders is small, and the difference
between transfer coefficients of the same degree but different order
is less than 10 per cent at the induction frequencies considered here.
For the present purpose, we can therefore define simplified complex
transfer functions ¢,(w), for each SH degree n, as

i (@)

&)’

gn(®) = (10)
where €' and 7)) are the complex Fourier transforms of the external
and induced fields in GEO, respectively. The values of ¢, (w) used in
this study, listed in Table 1, are degree averages of transfer function
coefficients computed by Jakub Velimsky from a model combining
heterogeneous surface conductance (Everett ef al. 2003; Velimski
etal. 2003) with the 1-D conductivity model B of Utada et al. (2003).

The induced field, ¢)', of degree n and order m at a particular time,
t, is then given in GEO by a summation

o0 =Y Mgu@)e) (@) e, (1n

[

where the discrete frequencies w are integer multiples of the annual
and diurnal frequencies. Using relation (7), one can now directly
write down the equation for the induced fields caused by the move-
ment of the Earth in a stable GSM field:

For the annual induction, the daily varying terms (k > 0) average
to zero. The non-annually varying j = 0 terms give no induction.
Thus, the induction, &, is only due to the £ = 0, j > 0 terms

n Ny

al)= > > g Anmm; €} Dymo EN. (12)

m'=—n j=1

where 0{} is omitted for the second term because D, . ¢ is real
by definition.

For the induction by multiples of daily frequencies, one has to
add the annual harmonics (sum over j) to get the amplitude of the
diurnal variation (right side in 13), and then multiply this combined
amplitude with the individual diurnal terms. Summing over & then

Table 1. Transfer function values used in this study.

Degree 1 Degree 2

Period Re Im Phase Re Im Phase

12 month 0.128 0.089 35° 0.062 0.082 53°
6 month 0.192 0.109 30° 0.118 0.122 46°
4 month 0.231 0.102 24° 0.165 0.130 38°

24 hr 0.387 0.039 5.8° 0.433 0.073 9.6°
12 hr 0.406 0.039 5.5° 0.469 0.075 9.1°
8 hr 0.417 0.037 5.1° 0.491 0.073 8.5°
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gives the combined diurnal induction 87’ as

n Ny

ey =Y > R{qukwq) Dy €'}

m'=—n k=1

Nt
<Y Ay €7} E (13)
=0

2.8 Model including external and induced field

A time-invariant external field, expanded to SH degree N, in GSM,
can be represented in GEO, together with the fields induced by Earth
rotation, by a time varying scalar potential

Ng n

Vi d,0,00=) " > V9.0, (14)
n=1 m=—n
” n
Vi, 0, e, t) = Rg |:e,’,"(t)<—>
Rg

n+l
+(a;1(;)+ay(t))(%> }B;”w,w), (15)

where €)'(¢), ' (t),and 87/ (¢)) are given by (7), (12) and (13), respec-
tively. Contributions from steady fields in SM can be represented in
a similar way, without the annually varying terms o' (¢). To a lim-
ited extent, contributions from GSM and SM can be co-estimated, as
shown below for SH coefficients £¢, E} and £5"'. Where possible,
physical considerations can be invoked to attribute a source term to
a particular coordinate system. For example, the variable ring cur-
rent is organized in SM, while the penetration of the Interplanetary
magnetic field is probably better described in GSM.

3 RESULTS

We estimate a basic magnetospheric field model from CHAMP and
Orsted satellite data, taking into account stable and dynamic contri-
butions, and the respective induction in the rotating Earth. Subse-
quently, the model is validated on the ground by magnetic observa-
tory measurements from the northern and southern hemispheres.

3.1 Model parameter estimation from satellite data

We use CHAMP and Orsted scalar and vector data from 1999 to
2004, sampled at all local times. Vector measurements are used
only within +50° magnetic latitude. Data are selected for magnet-
ically quiet times by |Dsr| < 30nT and Kp < 14. At high lati-
tudes we further demand |IMF By| < 8nT and —2 nT < IMF Bz
< 6nT, following the study on polar magnetic disturbances by
Ritter et al. (2004). Predictions of the eight dominant solar and
lunar ocean tidal magnetic fields (Maus & Kuvshinov 2004), and an
internal field model (POMME-2.1) (Maus et al. 2005) to SH degree
36, including linear and quadratic secular variation, is subtracted.
CHAMP data are corrected for the diamagnetic effect of the ambi-
ent plasma (Liihr et al. 2003). We do not subtract a model of the
day time Sq current system. However, this is a source internal to the
sphere of satellite observations. For data equally distributed over a
sphere, internal and external fields separate well in the SH analysis.
Thus, taking care that data are equally distributed over local times
and downweighting them by their number per unit area, this inter-
nal field should not substantially contaminate the estimation of the
external field coefficients.

© 2005 RAS, GJI, 162, 755-763
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Table 2. Model coefficients estimated from satellite data.

Order m
n 0 1 —1 2 -2
SM Stable field 1 757
Stable field 2 0.48 1.74

Egr/Ist factor 1 0.79

GSM Stable field 1 1290 0.11 —0.03
Stable field 2 012 -040 —-0.07 -—=0.15 0.15
IMF correlated:
IMF Bx factor 1 —0.10
IMF By factor 1 —-0.23

The derived external field model has 14 static coefficients:

(1) asteady homogeneous field aligned with the magnetic dipole,
corresponding to a degree 1, order 0 (1,0) external field in SM;

(2) two parameters, (2,1) and (2,-1), of a quadrupole field, as
proposed by Balasis ef al. (2004), describing the asymmetry of the
steady ring current field,;

(3) ascaling factor for the time varying disturbance field in SM,
tracked by the Egr/Isr index (Maus & Weidelt 2004), which is a
decomposition of the Dgr index into external and induced fields in
the SM frame;

(4) eight SH coefficients for a steady magnetospheric field in
GSM and

(5) two correlation factors with IMF Bx and By in GSM, ac-
counting for a penetration of the horizontal part of the IMF (Lesur
et al. 2005).

The result of the least-squares estimation for the values of these co-
efficients is given in Table 2. The numbers are listed separately for
field contributions in SM and GSM coordinates. Due to the similarity
of contributions from SM and GSM, a complete automatic separa-
tion of GSM and SM fields is difficult. Therefore, we have limited
the free parameters in SM. Even then, the first of the quadrupole
terms assumes a positive value of 0.47 in SM and an almost equal
negative value of —0.40 in GSM. This is likely to be an effect of
the ambiguity of the separation and the true values for these two
parameters may be close to zero. The separation of all of the other
parameters appears convincing. Indeed, none of the eigenvalues of
the inversion is exceptionally small. All values are given in nT for
Schmidt semi-normalized coefficients. A positive sign for the degree
1 order 0 (1,0) coefficients indicates a southward directed magnetic
field, a positive sign for (1,1) points in the —x direction (away from
the Sun), and a positive sign for (1,—1) points in the — y direction
(dawnward). The constant SM field amounts to 7.6 nT and the vari-
able part is parametrized by Dsr with a scaling factor of 0.79. This
factor indicates that 79 per cent of the disturbance field described
by the Dgr index has a (1,0) symmetry in SM, while 21 per cent are
probably due to higher degree variations of the field. In the GSM
frame we find a fairly strong field of 12.9 nT, well aligned with the
z axis and also pointing southward. In this frame we estimate all of
the dipole and quadrupole coefficients. Interestingly, though, none
ofthese extra terms makes a significant contribution. This still holds
true when the GSM field is expanded to SH degree 3 (not shown in
Table 2). This suggests that the steady GSM field consists almost
entirely of a homogeneous field in the negative (southward) GSM
z direction. Finally, also the penetration of the horizontal IMF was
modelled. Since GSM (1,1) points in the negative x direction and
GSM (1,—1) in the negative y direction, the estimated correlation
factors with the observed hourly averages of the IMF Bx and IMF
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Table 3. Details of observatories Wingst, Mbour, Bangui, Gnangara and
Port-aux-Francais, used in this study. Earlier data from PAF were not used
due to a baseline shift in Z.

WNG MBO BNG GNA PAF
Location Germany Senegal Central African Rep. Australia Kerguelen
Latitude 53.7 14.4 43 —31.8 —49.4
Longitude 9.1 —17.0 18.6 116.0 70.3
Data since 1981 1989 1990 1994 1989

By mean that the penetrating field is roughly parallel to the direction
of the horizontal part of the IMF field, with a stronger penetration
of IMF By (23 per cent) than IMF Bx (10 per cent).

Itis interesting to note that previous modellers obtained a constant
external degree 1 term of the order of 20 nT (e.g. Langel & Estes
1985; Olsen 2002). If we add up the constant parts of our fields, we
reach a similar value. The contribution in SM, which is the frame
for the ring current, is, however, only 7.6 nT. This means that a large
part of the so-called ‘steady ring current field” must actually be due
to other magnetospheric sources, as discussed further below.

3.2 Model validation on observatory measurements

Satellites sample the magnetic field above the active ionospheric
E-region. The Birkeland current system connecting the ionosphere
with the magnetosphere (Kivelson & Russell 1995, Section 13.3),
passing through the region of satellite orbits, generates toroidal dis-
turbance fields which are observed by the spacecraft, but are largely
absent at ground level. Since we used satellite data from all local
times and all latitudes, there is ample scope for contaminations from
these additional currents. A powerful test is to compare the model
results with independent ground observatory measurements.

A stable GSM field generates daily variations for Earth-fixed
observers, but these are difficult to distinguish from other diurnal
variations, the Sq (solar quiet) current system in particular. However,
the GSM field also generates apparent annual variations when the
field is sampled at a fixed local time. This local time can be chosen
at night time, when the influence of ionospheric currents is smallest.
Our model predicts the strongest annual variation in the northward
component, X, at 0:00 LT and in the eastward component, Y, at 6:00
LT. To avoid readings from sunlit times during local summer, we
sampled Y at 4:00 LT. While the field in the vertical component, Z,
has a strong constant part, the annual variation in Z is much smaller,
also peaking at 0:00 LT.

Five observatories were chosen at latitudes ranging from —50°
to 50°, as summarized in Table 3. The choice was based on the
availability of data from a previous analysis (Maus & Kuvshinov
2004), the availability of the Cartesian components X and Y (op-
posed to declination and horizontal intensity), the availability of a
long time series of minute values, and the absence of major base-
line shifts. Observatory data were selected for |[Dsr| < 30nT and
Kp < 1+.

The annual variation was determined by moving a 3-yr window
over the considered time interval in steps of 1 yr. A linear trend was
subtracted from the data in the 3-yr window. All 1-year pieces of the
resulting zero-mean time-series for all 3-yr windows were finally
averaged to obtain the mean annual variation. These annual varia-
tions are plotted in Fig. 2 on top of the predictions from our external
field model including the contributions from induction effects. The
night-time annual variation in all of the components of the obser-
vatory measurements is indeed largely explainable by a constant
magnetospheric field in GSM. When applying our selection crite-

ria, this magnetospheric field is remarkably stable over the years.
In case all data are used, however, the amplitude of the observatory
annual variation shows differences in the amplitude of about 5 nT
between solar maximum and minimum.

4 DISCUSSION

The quiet-time magnetospheric field can be accurately described
when separated into GSM and SM frames. We have shown here
that a large number of coefficients is required to represent such
steady magnetospheric fields in GEO coordinates. However, these
coefficients are not independent and the number of free model pa-
rameters can be reduced tremendously when the magnetospheric
field is represented by a combination of magnetospheric (GSM) and
SM coordinates.

We have derived a simple 14 parameter external field model with
constant parts in SM and GSM, a variable part in SM parametrized
by the Egr /sy disturbance field index, and a variable contribution in
GSM correlated with the IMF By component. For all external fields
in SM and in GSM, the corresponding fields induced in the rotating
Earth are fully accounted for. Considering that the external field
parameters were estimated exclusively from CHAMP and Orsted
satellite data, the agreement of our model predictions with ground
observatory measurements is quite remarkable.

As was mentioned in the introduction, the current systems in
the outer magnetosphere are probably better organized in the GSM
frame. Here we want to discuss which currents could be responsible
for the observed fields. Possible candidates are the tail currents and
the magnetopause currents. The magnetic field of the tail is Earth-
ward in the northern lobe and away in the southern. This gives a
southward field component at the Earth. In order to be more quan-
titative we made a simple model calculation to check the observed
field strength. We adopted the model of Olsen (1982), shown in
Fig. 3, a circularly shaped tail which is divided in the mid plane by
a cross-tail current flowing from dawn to dusk. The cross-tail cur-
rent is split evenly and routed back over the southern and northern
lobes. This current configuration is assumed to start at a distance d
from the Earth and extend into infinity. For this simple geometry,
the magnetic field on the centre axis of the cross-tail current can be
expressed analytically and has only a z component

woJRr {1 n Ry +/d*+ R2 N 1 (16)
2 Ry d /> + R )’

where Rr is the radius of the tail, J is the cross-trail current density
and d the distance between the Earth and the start of the tail. We
applied typical numbers for the variables: d = 10 Rz, Rr = 20 Rg
and J =30 mA m~', as can be found in Kivelson & Russell (1995,
pp- 310). As a result, we obtain a field of 14 nT pointing southward.
This fits nicely the number in Table 2 for the constant field in GSM.
Based on this match we may assume that our constant GSM field
originates from the quiet-time tail currents. The fact that the order
m = 0 coefficient in the degree 1 term strongly dominates over the
others means that the Earth lies on the symmetry plane of the tail
system (Fig. 3). This suggestion is also supported by the values
of the quadrupole coefficients. The first three coefficients can be
interpreted as a displacement of the Earth from the symmetry centre
line. Since all of them are comparably small, there is no indication
of a displacement of the Earth into any direction.

The field in the SM frame we have attributed largely to the ring
current in the inner magnetosphere. The field value of 7.6 nT for
the quiet-time ring current seems, however, to be quite low. We can

B. =
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Figure 2. Night-time annual variations of the magnetic field at four observatories (see Table 3), compared with the predictions from our model (dashed line).
The northernmost observatory is shown in the top row and the southernmost at the bottom. Since observatory measurements have no absolute control (due to
the unknown crustal bias) constant offsets have been added to the observatory curves to shift them to the level of the model.

make use of the Parker—Dessler—Sckopke relation which relates the
total energy of the charged particles carrying the ring current to the
magnetic field, B¢, generated at the Earth.

)

where W is the total energy of the particles, B, the magnetic
field strength at the equator and Ry the Earth radius. The minus
sign indicates that the B-field is directed southward. Estimates of
the ring current energy content can be derived from the measure-
ments on board the AMPTE/CCE spacecraft. A typical number for
the quiet- time ring current is W, = 1 x 10'°J (Hamilton ez al.
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1988). Inserting this value into eq. (13) results in a ring current field
of Brc = 27 nT. This is much larger than the value we obtained in
the SM frame. So far we have, however, not considered the dayside
magnetopause current. When assuming a magnetopause stand-off
distance of 11 Ry the estimated effect of the Chapman—Ferraro cur-
rents, Bcr, is 22 nT. The direction of this field is northward. When
superposing both fields we obtain 5 nT southward, which is close to
our constant field in SM. This result suggests that the magnetic field
of the Chapman—Ferraro currents is better organized in SM than in
GSM. This conclusion is also supported by the fact that all changes
of the ring current plus Chapman—Ferraro current, as monitored by
the Dg7 index, can well be accounted for in the SM frame.
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Figure 3. A simple model of the tail currents with the Earth on the centre
line (dashed) in the ecliptic symmetry plane. (After Olsen 1982).

The quadrupole term (2, —1) in SM can be regarded as significant.
It represents a local time dependence of the ring current intensity,
with stronger fields on the dusk side compared to the dawn side.
This effect has been reported earlier by Langel e al. (1996) and has
also been considered in induction studies (Balasis et al. 2004).

The annual variation of the observatory night-time values was
observed already earlier. Campbell (1984) made use of the obser-
vatories in the American sector and constructed a global model for
the expected seasonal baseline variations. Several of the features
predicted by his model are in good agreement, for example, an an-
nual variation of the horizontal components with an amplitude of
up to 6 nT and the dominance of the semi-annual variation close to
the equator. His variations of the Z component, on the other hand,
have little in common with our results. Campbell (1984) constructed
also an equivalent current system in the ionosphere, which could be
responsible for the field variations on the ground. Such a system
has, however, little resemblance with the real current distribution.
The validity of that model is, therefore, limited to the surface of the
Earth and not applicable in space.

5 CONCLUSIONS

We have presented an approach for describing the quiet-time magne-
tospheric field contributions in appropriate coordinate systems. This
helps to minimize the number of required parameters. A number of
interesting results emerged from this study concerning the signals
on the ground and the current systems in the magnetosphere.

(1) A constant field of about 13 nT in the GSM frame causes
diurnal and annual variations on the Earth, which amount, together
with the induction effects, to about 6 nT.

(2) Magnetospheric tail currents have been identified as the main
source for the GSM field.

(3) The fractions of the IMF horizontal components penetrating
into the magnetosphere amount to about 25 per cent for the By
component and 10 per cent for the Bx component.

(4) The ring current is well described in the SM frame. There
is some indication of a local time dependence of this current, sug-
gesting an asymmetric ring current centred around the late evening
hours during quiet times.

(5) The Chapman-Ferraro currents on the magnetopause seem to
be better ordered in the SM frame than in GSM.

(6) The remarkable agreement of the annual variation estimated
by our approach with average night-time values of the observatories
provides confidence in the obtained results.

Coefficients and software for transforming a spherical har-
monic expansion from GSM or SM to GEO are available at
http.://www.ngdc.noaa.gov/seg/geomag/gsm2geo.shtml.
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Corrigendum

Maus, S. & Liihr, H., 2005. Signature of the quiet-time magneto-
spheric magnetic field and its electromagnetic induction in the
rotating Earth (Geophys. J. Int., 162, 755-763)

In Maus & Liihr (2005) we were under the incorrect impres-
sion that eq. (29) of Sabaka, Olsen & Langel (2002) provided
a magnetospheric field representation and its induced counter-
parts in solar magnetic (SM) coordinates, while this equation is
in fact given in Earth-fixed coordinates. Contrary to the state-
ment in our introduction, the induced fields are therefore cor-
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rectly related to their external sources in the Comprehensive
Model.
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