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Abstract. Magnetic measurements taken by the �rsted satellite during
geomagnetic quiet conditions around January 1, 2000 have been used to
derive a spherical harmonic model of the Earth's magnetic �eld for epoch
2000.0. The maximum degree and order of the model is 19 for internal, and
2 for external, source �elds; however, coe�cients above degree 14 may not
be robust. Such a detailed model exists for only one previous epoch, 1980.
Achieved rms mis�t is < 2 nT for the scalar intensity and < 3 nT for one
of the vector components perpendicular to the magnetic �eld. For scienti�c
purposes related to the �rsted mission, this model supercedes IGRF 2000.

Introduction

Twenty years after the Magsat mission, the �rsted
satellite was launched on February 23, 1999 in a near
polar orbit with an inclination of 96:5o, a perigee at
638 km and an apogee at 849 km. The principal aim
of the �rsted mission is to map accurately the Earth's
magnetic �eld.

The goal of this paper is to present an accurate
\snapshot" of the geomagnetic �eld at epoch 2000.0
based on geomagnetic quiet days around January 1,
2000. To reduce contamination of the lower degree ex-
pansion coe�cients by spatial aliasing, the analysis was
performed through degree and order 19 for the inter-
nal �eld and 2 for the external �eld. However, we only
recommend use of coe�cients up to degree 14 at most.

�rsted data from May to September 1999 were used
to derive the IGRF 2000 [Olsen et al., 2000]. However,
the satellite was still in the commissioning phase before
September 1999, and the measurements used for the
present study are more accurate.
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Data selection and pre-processing

Data from geomagnetic quiet conditions between De-
cember 18, 1999 and January 21, 2000 were selected ac-
cording to the following criteria: Kp � 1+ for the time
of observation, Kp � 2o for the previous three hour in-
terval, jDstj < 10 nT and jd(Dst)=dtj < 3 nT/hr. To
reduce contributions from ionospheric currents at mid-
dle and low latitudes, only night-side data (local time
about 22:00) were selected. Vector data were used for
dipole colatitudes 40o < �dip < 140o (�dip de�ned by the
�rst three coe�cients of IGRF 2000), and scalar data
for j90� �dipj � 50o or if attitude data were not avail-
able. To further reduce contributions from polar cap
ionospheric currents, only data for which By, the dawn-
dusk component of the interplanetary magnetic �eld
(IMF, in GSM coordinates) was weak (jByj < 3 nT)
were used. An equal area distribution was approxi-
mated by decimating the data to measurement times at
least 30s= sin � apart, where � is geocentric co-latitude.
All orbits were visually inspected and those suspected
of contamination by external currents were removed.
Attitude information over the South Atlantic Anomaly
(SAA) was sparse due to radiation e�ects on the star
imager, resulting in a paucity of vector data there. Since
this region is close to the dip-equator (the thin line in
Figure 1) where vector data are mandatory to avoid
the Backus e�ect [Stern and Bredekamp, 1975], 66 data
points during four orbits on the geomagnetic quiet days
October 9 and November 26, 1999 were added to con-
strain �eld direction in this region. Figure 1 shows the
distribution of the 2148 scalar data points and 3957
vector triplets used for the model.

The attitude accuracy of the �rsted star imager
(SIM) is anisotropic: determination of the SIM bore-
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Figure 1. Data distribution. Scalar measurements are
shown by small and vector measurements by larger sym-
bols. Open circles present additional vector data to �ll
the gap in the SAA.

sight direction (\pointing") is more accurate than de-
termination of the rotation around the bore-sight (\ro-
tation"). This results in relatively more noise in the
rotation angle, which is also more sensitive to distort-
ing e�ects like instrument blinding (for instance by
the moon). This attitude anisotropy results in corre-
lated errors between the orthogonal magnetic compo-
nents traditionally used for modeling, which should be
taken into account when deriving �eld models [Holme

and Bloxham, 1996; Holme, 2000].

Let bn be the unit vector of the SIM bore-sight, and
let B be the observed magnetic �eld vector. B andbn de�ne a new coordinate system (provided they are
not parallel), and the magnetic residual vector �B =
(�BB ; �B?; �B3) can be transformed such that the �rst
component, �BB , is in the direction of B, the second
component, �B?, is aligned with (bn�B), and the third
component, �B3, is aligned with B� (bn�B): The last
two components are perpendicular to the magnetic �eld.
In this coordinate system, the errors on the di�erent
�eld components are uncorrelated.

Let  be the attitude error of the bore-sight (point-
ing error), � that around bore-sight (rotation error) and
let � be the (attitude independent) error of the scalar
intensity. Considering only linear terms in  and �,
the component �BB is independent of attitude errors.
�B3 is a�ected only by pointing errors, whereas �B? is
in
uenced by both pointing errors and rotation errors
[Holme, 2000]. Since the rotation uncertainty is be-
lieved to be the main error source, the component B?
is more contaminated than the two other components
and should be down-weighted.

As an example, Figure 2 shows the residuals of the
nightside part of orbit # 4343. The upper panels
present residuals (�Br; �B�; �B�) as a function of co-
latitude �; the lower panels present the residuals as
(�BB ; �B?; �B3) : The noise is clearly spread over all
three components in the (�Br; �B�; �B�) system, but
is concentrated in �B? in the (�BB ; �B?; �B3) system.
�B3 is slightly noisier than �BB due to pointing uncer-
tainty and �eld-aligned currents. In particular, �B3 sig-
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Figure 2. Residuals (observations minus values pre-
dicted by the model of Table 2) as a function of co-
latitude � for the nightside part of orbit # 4343, De-
cember 22, 1999, 01:21 { 02:11 UT. Kp = 0o and
Dst = +9 nT.

natures at � � 25o and 170o are caused by auroral �eld-
aligned currents. The gap in the vector components be-
tween � = 100o and 135o is due to moon-blinding of the
star imager.

Most data selected span 35 days during which the
�eld changes by up to 20 nT due to secular variation
(SV). It has been decided to account for this change
by propagating all observations to epoch 2000.0 using a
model of the SV since this a) reduces the model mis�t of
�BB and �B3 by 10% and 6%, respectively (that of �B?
is not changed); and b) reduces the magnetic power Rn

for all degrees above n = 12 (mean reduction per degree:
17%). The latter indicates that SV between neighboring
measurements taken at di�erent epochs will, if not cor-
rected for, produce spurious high degree signals. Two
di�erent SV models were used: an updated version of
the IGRF 2000 SV model [Macmillan and Quinn, 2000]
and a model generated from �rsted data spanning 9
months. Negligible di�erence was found, so it was de-
cided to use the �rsted SV model for internal consis-
tency. This model is still in development, and will be
the subject of a future publication.
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Model parameterization and estimation

The magnetic �eld B = �gradV can be derived
from a magnetic scalar potential V which is expanded
in terms of spherical harmonics:
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a = 6371:2 km is the mean radius of the Earth, (r; �; �)
are geocentric coordinates, Pm

n (cos �) are the associated
Schmidt-normalized Legendre functions and (gmn ; h

m
n )

and (qmn ; s
m
n ) are the Gauss coe�cients describing in-

ternal and external source �elds, respectively. The co-
e�cients eq01 ; eq11 and es11 account for the Dst-dependent
part of the external dipole. Its internal, induced, coun-
terpart is represented via the factor Q1 = 0:27; a value
found from Magsat data by Langel and Estes [1985]
(The results are rather insensitive to the exact value of
Q1 since only data for which jDstj < 10 are used). The
model has 410 parameters (399 static internal, 8 static
external, and 3 coe�cients of Dst-dependency).

The coe�cients are estimated by an iterative least-
squares �t, minimizing eTC�1

d
e where the residuals

e = dobs � dmod are the di�erences between observa-
tions and values predicted by the model, and Cd is the
a priori covariance of residuals due to data errors and
�elds left unmodeled. To account for the anisotropic at-
titude accuracy, Cd was assigned the form of Eq. 18 of
Holme and Bloxham [1996], with � = 2:25 nT,  = 1000

and � = 6000 (these values are justi�ed by the a posteri-

ori model mis�t; pre-
ight instrument error estimates
were 300, 300 and 2000 for SIM angles and 0.2 nT for the
vector magnetometer magnitude).

When solving the least-squares problem, three itera-
tions were found to be su�cient for convergence. Out-
liers were removed after the second iteration; as outlier
selection criteria we have used 15 nT for �BB and �B3

but 30 nT for �B?. If one of the component residuals
was above its threshold value, all three components were
removed. All but one of the 49 vector outliers are due to
j�B?j > 30 nT and are probably associated with single
\spikes" in the attitude data (cf. �B? of Figure 2).

Results and Discussion

Number of data points �tted, residual means and
rms mis�ts of the model are given in Table 1. The
anisotropy of rms mis�t in (�BB ; �B?; �B3) components
is much larger than in spherical components. Figure 3
shows the data residuals as a function of dipole co-
latitude. The largest residuals in �BB are found in the
southern polar cap (�dip > 170o) and are attributed to

Ntot Nout mean rms
�Fpolar 1322 13 -0.16 2.77

�Fnon�polar + �BB 4783 49 0.04 1.87
�B? 3957 49 1.12 8.38
�B3 3957 49 -0.04 2.62
�Br 3957 49 0.63 4.79
�B� 3957 49 -0.20 5.58
�B� 3957 49 -0.36 5.21

Table 1. Number Ntot of data points, number Nout

of removed outliers, means, and rms mis�ts (in nT)
for the di�erent components retained. \Polar" denotes
data with j90� �dipj > 50o.

ionospheric currents in the summer polar cap. Electri-
cal conductivity is smaller in the northern (winter) po-
lar cap ionosphere due to absence of solar irradiation,
and therefore the �BB residuals in the northern polar
cap (�dip < 10o) exhibit a smaller scatter than their
counterparts in the southern polar cap. However, con-
tributions from ionospheric polar electrojets are present
even in the northern auroral zone (�dip � 23o).

The large rms value for �B? (present even when the
data are weighted isotropically) con�rms the necessity
to downweight this component using the covariance ma-
trix Cd. A resolution analysis [Tarantola, 1987] shows
that B? resolves only 6% of the model parameters if
the data are treated in this way, but 24% if data errors
are assumed to be isotropic. The corresponding values
for BB (B3) are 38% (27%) and 27% (23%), whereas
the resolving power of F is 30% and 27%, respectively.
The model �ts the data with a (normalized) chi-squared
mis�t of 1.01, consistent with the weighting (a priori

data errors �,  , �) being correct. Note also the non-
zero mean value for �B? (though much smaller than
the rms value). We currently have no explanation for
this non-zero mean.

The model coe�cients are given in Table 2. Only
internal coe�cients up to n = 14 are listed (Co-
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Figure 3. Residuals as a function of dipole co-latitude.
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e�cients above n = 14 are not considered ro-
bust because they typically change by over 20% un-
der plausible increases in the truncation level from
19 to 23); the complete model is available at
www.dsri.dk/Oersted/Field models/OIFM/.

Experiments with various truncation levels of the
spherical harmonic expansion gave the largest changes
close to the southern magnetic pole. This indicates that
contributions from ionospheric current systems in the
summer hemisphere are probably present in the data
and model in spite of our attempt to minimize external
current contributions by careful data selection accord-
ing to geomagnetic indices and IMF By.

To address these contributions will likely require in-
clusion of more satellite data, ground data, and perhaps
co-estimation of ionospheric �eld parameters, which is
beyond the scope of our model.

This initial model from �rsted, the �rst magnetic
mapping mission of the \International Decade of Geopo-
tential Research", provides a �rm basis for studies of
the ionospheric, magnetospheric, lithospheric and core
�elds. It will also aid interpretation of the additional,
continuous, high precision measurements of Earth's
time-varying geomagnetic and gravitational �elds ac-
quired by forthcoming missions like Champ and SAC-
C.
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n m gm
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1 0 -29617.37 11 0 2.54
1 1 -1729.24 5185.65 11 1 -1.58 0.36
2 0 -2268.46 11 2 -1.83 1.29
2 1 3068.92 -2481.77 11 3 1.47 -0.85
2 2 1670.76 -457.62 11 4 -0.08 -2.59
3 0 1340.16 11 5 0.18 0.90
3 1 -2288.34 -227.87 11 6 -0.74 -0.65
3 2 1252.09 293.28 11 7 0.78 -2.82
3 3 714.08 -491.32 11 8 1.85 -0.89
4 0 932.11 11 9 0.01 -1.08
4 1 786.66 273.21 11 10 1.05 -1.98
4 2 249.82 -231.70 11 11 4.07 -0.44
4 3 -403.30 119.53 12 0 -2.53
4 4 111.25 -303.65 12 1 -0.51 -0.40
5 0 -217.06 12 2 0.19 0.25
5 1 351.98 42.76 12 3 0.86 2.38
5 2 222.06 171.19 12 4 -0.22 -2.66
5 3 -130.52 -132.88 12 5 0.85 0.54
5 4 -168.40 -39.42 12 6 -0.60 0.29
5 5 -12.92 106.44 12 7 0.30 0.02
6 0 71.40 12 8 -0.34 -0.03
6 1 67.40 -16.86 12 9 -0.50 0.21
6 2 74.17 64.34 12 10 -0.26 -1.00
6 3 -160.81 65.34 12 11 -0.16 -0.48
6 4 -5.77 -61.03 12 12 0.30 0.54
6 5 17.00 0.80 13 0 -0.24
6 6 -90.38 43.96 13 1 -0.81 -0.81
7 0 79.07 13 2 0.44 0.23
7 1 -73.59 -65.03 13 3 0.07 1.79
7 2 -0.04 -24.69 13 4 -0.39 -0.49
7 3 33.10 6.17 13 5 1.31 -0.95
7 4 9.11 24.03 13 6 -0.46 -0.03
7 5 7.03 14.87 13 7 0.74 0.63
7 6 7.08 -25.34 13 8 -0.30 0.21
7 7 -1.31 -5.71 13 9 0.32 0.62
8 0 23.92 13 10 -0.14 0.29
8 1 5.99 12.18 13 11 0.26 -0.23
8 2 -9.20 -21.05 13 12 0.24 -0.24
8 3 -7.74 8.63 13 13 -0.08 -1.03
8 4 -16.54 -21.39 14 0 -0.57
8 5 8.95 15.30 14 1 -0.06 0.12
8 6 7.03 8.76 14 2 -0.20 -0.74
8 7 -7.97 -14.92 14 3 -0.13 0.19
8 8 -7.01 -2.46 14 4 -0.18 0.40
9 0 5.30 14 5 0.18 -0.11
9 1 9.63 -19.91 14 6 -0.06 0.42
9 2 2.93 13.07 14 7 0.05 0.20
9 3 -8.58 12.50 14 8 0.26 0.26
9 4 6.32 -6.23 14 9 0.03 0.30
9 5 -8.76 -8.31 14 10 0.59 0.03
9 6 -1.53 8.46 14 11 -0.41 -0.03
9 7 9.13 3.88 14 12 0.04 0.05
9 8 -4.24 -8.29 14 13 0.38 0.04
9 9 -8.09 4.88 14 14 0.44 0.21
10 0 -3.03
10 1 -6.46 1.87 n m qm

n
sm
n

10 2 1.56 0.34 1 0 22.43
10 3 -2.95 4.12 1 1 0.84 -3.73
10 4 -0.32 4.94 2 0 1.57
10 5 3.67 -5.86 2 1 0.29 -0.32
10 6 1.11 -1.18 2 2 -0.52 -0.04
10 7 2.09 -2.84
10 8 4.41 0.24 n m eqm

n
esm
n

10 9 0.42 -1.98 1 0 -0.59
10 10 -0.94 -7.67 1 1 0.04 0.10

Table 2. Expansion coe�cients of internal (gmn ; h
m
n )

and external (qmn ; s
m
n ) contributions, in nT. ~qmn and ~smn

present the Dst-dependent part of the external coe�-
cients.


