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Abstract

Vector and scalar magnetic anomaly maps have been determined from Magsat data on a spherical grid
(35–60� in latitude and �10–30� in longitude) at an altitude of 400 km over the European region. These
anomaly maps have been derived using Gaussian and Laplacian weight functions to interpolate the vector
and scalar anomaly data. The parameter value of the Gaussian and Laplacian weight functions controls
the cut-off wavelength (the shortest wavelength) processed by the interpolation procedures. This parameter
value has been determined from the power spectrum of the vector and scalar anomalies of 12 pass sections,
covering the European region. The shortest wavelengths for the derivation of the vector and scalar mag-
netic anomalies have been set at 1000 and 2000 km, respectively. The derived �X, �Y, �Z and �T maps
reflect the regional magnetic anomalies of the European region at the altitude of the Magsat. # 2002
Elsevier Science Ltd. All rights reserved.

1. Introduction

The US Magsat satellite measured vector and scalar magnetic fields of the Earth following a
sun-synchronous orbit with inclination 96.76� during the period from 30 October 1979 to 11 June
1980 (Langel et al., 1982a). The results obtained during the last 20 years, the applied data pro-
cessing, and future perspectives of the satellite magnetic measurements are summarized by Langel
and Hinze (1998). One of the aims of the Magsat mission was the derivation of magnetic anomaly
maps which reflect the magnetic field of crustal origin. Extensive research has been made for the
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derivation of these kinds of magnetic anomaly maps and their interpretation (e.g. Frey, 1982;
Langel et al., 1982b,c; Arkani-Hamed et al., 1994; Ravat et al., 1995).
This paper discusses the derivation of vector and scalar magnetic anomaly maps for the Eur-
opean region. It contributes to a series of papers, presenting the scalar and vector magnetic
anomaly maps of Europe (e.g. Meyer et al., 1983; Arkani-Hamed and Strangway, 1986; Nolte
and Hahn, 1992; Ravat et al., 1993; Taylor and Ravat, 1995; Kis and Wittmann, 1998).
The Magsat data used for the determination of magnetic anomaly maps were filed on Investi-
gator-B magnetic tapes, obtained from the World Data Center A (control number RG 8800). The
applied data processing i.e. the corrections and the data selection is the same as published by Kis
and Wittmann (1998). The corrected and selected dawn Magsat data set is used for further com-
putations. The spatial distribution of used data is presented in the authors’ above mentioned paper.
An interpolation procedure forms the basic element for the determination of the scalar and
vector anomaly maps. In the next section the applied equations of the interpolation procedure
will be introduced. Determination of the parameters of the interpolation procedures is based on
the spectral analysis of the satellite anomaly data measured along the individual passes of the
satellite. Finally, the implementation of the interpolation procedures and the derived magnetic
anomaly maps will be presented.

2. Interpolation on a spherical grid

Determination of magnetic anomalies from satellite measurements is considered as a problem
of interpolation on a spherical grid. The objective of this section is to outline the procedure of the
interpolation methods which can be regarded as 3D filtering of the data.
The satellite data measurements are distributed over a three-dimensional spherical shell. The
vector �X, �Y, �Z and scalar �T anomaly values are obtained by the substruction of the cal-
culated model field values determined from the spherical harmonic model, respectively. This field
model (MGS 481 No. 2) was given in the Investigator-B tape for values up to degree and order
14. During this phase of the data processing the magnetic field originating from the Earth’s core
is removed. In this way the longest wavelength of the anomaly data is also determined, which is
approximately 3000 km (Bullard, 1967).
The interpolation equations are presented for the vector �X, �Y, �Z and scalar �T anomaly
values in a spherical coordinate system, respectively. The equations are as follows:

�X interpolated r; �; lð Þ ¼
XN
i¼1

wi�Xmeasured ri; �i; lið Þ; ð1Þ

�Y interpolated r; �; lð Þ ¼
XN
i¼1

wi�Ymeasured ri; �i; lið Þ; ð2Þ

�Z interpolated r; �; lð Þ ¼
XN
i¼1

wi�Zmeasured ri; �i; lið Þ; ð3Þ
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�T interpolated r; �; lð Þ ¼
XN
i¼1

wi�T measured ri; �i; lið Þ; ð4Þ

where r, �, l are the spherical coordinates (radius, colatitude, longitude) of the point of inter-
polation; wi, is the weight of the interpolation for the i-th data; and ri, �i, li are the spherical
coordinates of the measured point. N is the number of the data used for the interpolation.
Data are interpolated for the spherical grid, ranging from 35 to 60� in latitude, and �10–30� in
longitude. The increment in latitude and longitude is 0.2�. The grid is distributed over a sphere
with a radius of 6771 km, covering the European region (Fig. 1).
The solution to the interpolation problem includes the determination of the appropriate weight
function, and its digitized value, wi. The interpolation procedure is designed in a three-dimen-
sional spatial frequency domain, and it is implemented in a space domain. The weight function of
the interpolation is selected according to the following requirements:

(a) the weight function should be a three-dimensional energy signal, i.e.

ðþ1

�1

ðþ1

�1

ðþ1

�1

w x; y; zð Þ
�� ��2dxdydz < 1; ð5Þ

and its Fourier transform exists (Bracewell, 1978);

Fig. 1. Schematic view of the spherical surface which is divided into a spherical grid.
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(b) the weight function should be spherically symmetrical, which is a non-directive transfer
property;
(c) the low-pass property and its cut-off spatial frequency can be defined.

The Gaussian and Laplacian low-pass filters are subject to the requirements (a), (b), and (c)
written above. The Gaussian low-pass filter has the additional advantage that the product of
signal-duration and frequency-bandwidth is minimum (Bracewell, 1978).
The interpolation is calculated in a three-dimensional Cartesian coordinate system with the x-
axis and y-axis oriented North and East, respectively, while the z-axis points vertically downward.
The origin of the coordinate system is located at the point at which the value is interpolated. The
fx, fy, and fz spatial frequencies are directed in the x-, y-, and z-axis, respectively.

3. Gaussian and Laplacian low-pass filters

The transfer function of the three-dimensional Gaussian low-pass filter in the spatial frequency
domain is

SGaussian
Low-pass fr; kð Þ ¼ exp � kfrð Þ

2
� �

; ð6Þ

where fr is the radial spatial frequency which can be expressed as f
2
r ¼ f 2x þ f 2y þ f 2z . The para-

meter k controls the cut-off frequency of the Gaussian filter.
The cut-off spatial frequency f cut-offr or cut-off wavelength lcut-off of the interpolation can be
defined by the �3 dB attenuation. The relationship between the cut-off spatial radial frequency or
cut-off wavelength and the parameter k is given by

for � 3dB attenuation f cut-offr ¼
0:5887

k
or lcut-off ¼

k

0:5887
: ð7Þ

The weight function of the Gaussian low-pass filter is obtained from the three-dimensional
inverse Fourier transform of the transfer function (6) (Meskó, 1984):

wGaussian
Low-pass r; kð Þ ¼ �3=2=k3exp �

�r

k

� �2� 	
; ð8Þ

where r is the distance between the point of the spherical grid and the data observed.
The transfer function of the three-dimensional Laplacian low-pass filter in the spatial frequency
domain is given by

SLaplacian
Low-pass fr; �ð Þ ¼ exp �� fr

�� ��� �
; ð9Þ

where the parameter � controls the cut-off spatial radial frequency. The cut-off spatial frequency
or the cut-off wavelength will again be defined by the �3 dB attenuation. The relationship
between the cut-off spatial frequency or cut-off wavelength and the parameter � is given by
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Fig. 2. Surface plot of the transfer function of the Gaussian low-pass filter (the value of the parameter k0 is 14.71)

versus the dimensionless spatial frequencies f 0x and f 0y, and spatial frequency f 0z fixed at 0, and 0.02, respectively.
Horizontal contour shows the -3 dB attenuation.
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Fig. 3. Surface plot of the transfer function of the Laplacian low-pass filter (the value of the parameter �0 is 8.66)
versus the dimensionless spatial frequencies f 0x, and f 0y, and spatial frequency f 0z fixed at 0, and 0.02, respectively.
Horizontal contour shows the �3 dB attenuation.
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for � 3dB attenuation f cut-offr ¼
0:3466

�
or lcut-off ¼

�

0:3466
: ð10Þ

The weight function of the Laplacian low-pass filter can be obtained now from the three-
dimensional inverse Fourier transform of the transfer function (9) (Meskó, 1984):

wLaplacian
Low-pass r; �ð Þ ¼

8��

�2 þ 4�2r2ð Þ
2
: ð11Þ

For numerical calculations, the dimensionless spatial frequency f 0r and the dimensionless para-
meters k0 and �0; and the dimensionless variable r0 are introduced as f 0r ¼ fr�, k

0=k/�, �0=�/�,
and r0=r/�, where � is the sampling interval. The average distance of the measurements over the
spherical shell for the dawn data is approximately 40 km (see Kis and Wittmann, 1998).
The transfer function of the Gaussian low-pass filter is displayed on a surface plot versus the
dimensionless spatial frequencies f 0x and f

0
y for f

0
z ¼ 0, and f

0
z ¼ 0:02, respectively (Fig. 2). For a

cut-off wavelength of 1000 km, the value of the parameter k0 is 14.71 [Eq. (7)]. Determination of
the parameter k0 will be given in the next section. The solid horizontal contour in Fig. 2 indicates
the value of the �3 dB attenuation of the transfer.
The transfer function of the Laplacian low-pass is displayed on a surface plot versus the
dimensionless spatial frequencies f 0x and f

0
y for f

0
z ¼ 0, and f

0
z ¼ 0:02, respectively (Fig. 3). When

the value of the parameter �0 is set to 8.66, it means that the cut-off wavelength of the inter-
polation is 1000 km. Determination of the parameter �0 will be given in the next section. The
solid horizontal contour in Fig. 3 indicates the value of the �3 dB attenuation of the transfer.

Table 1
Position of six dawn pass sections (19,433,588,911,1437,1438) and six dusk pass sections (1072,1397,1430,1460,1849,
2096)

Pass
number

Starting coordinates
of the pass section

Ending coordinates
of the pass section

Number of
the data

Latitude Longitude Radius Latitude Longitude Radius

19 60.90� 14.75� 6726.61 km 13.72� 0.94� 6763.56 km 149
433 67.14� 42.60� 6809.32 km 12.15� 23.97� 6900.17 km 176

588 67.02� 19.20� 6861.38 km 12.60� 0.73� 6911.39 km 176
911 69.75� 45.28� 6881.45 km 14.98� 24.59� 6830.18 km 172
1072 23.75� 57.92� 6876.79 km 73.32� 34.13� 6871.77 km 165

1397 21.98� 58.39� 6845.68 km 75.79� 29.50� 6764.86 km 176
1430 21.86� 11.57� 6835.60 km 76.68� �19.56� 6751.98 km 163
1437 61.36� 38.13� 6713.47 km 13.55� 24.12� 6719.95 km 149

1438 62.12� 14.76� 6713.23 km 13.31� 0.85� 6720.21 km 149
1460 22.02� 34.55� 6825.55 km 77.24� 1.89� 6741.70 km 177
1849 24.89� 10.69� 6708.64 km 65.55� �3.93� 6702.07 km 127
2096 26.60� 57.25� 6715.14 km 73.43� 34.03� 6756.63 km 149
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Fig. 4. The �X, �Y, �Z and �T anomaly data of the pass section 1438, plotted as a function of distance from the

starting point. The normalised power spectra of the corresponding anomalies are plotted as a function of the dimen-
sionless spatial frequency on a logarithmic scale. The �20 dB attenuation of the power spectra is indicated in the plots.
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4. Spectral analysis of the Magsat anomalies

The determination of the parameters k and � of the interpolation functions requires some con-
siderations. The spectral analysis of the anomaly values yields the basis of the certain considerations.
Data have been obtained at equidistant intervals of 40 km (approximately) along the passes.
The number of the discrete Magsat data points along each pass for the European area varies
between 100 and 200. Assuming the measured data along the European section of passes as an
autoregressive process, enables the power spectrum of such a processes to be determined by means
of the technique of maximum entropy spectral analysis (Ulrych and Bishop, 1975; Ulrych and
Clayton, 1976). This method has produced considerable success on the analysis of different geo-
physical time series (e.g. Currie, 1973; Courtillot and Le Mouël, 1976; Jin and Thomas, 1977, etc.).
There are several effective computer algorithms for the implementation of maximum entropy
spectral analysis: the Burg, and the Yule-Walker procedures suggested by Ulrych and Bishop
(1975); a different approach is presented by Barrodale and Erickson (1980a,b); an application of
Marple’s algorithm is suggested by Barrodale et al. (1983). We applied Marple’s algorithm to
determine the power spectrum of Magsat vector and scalar anomalies, respectively.
The power spectrum of �X, �Y, �Z and �T for 12 pass sections will now be discussed. The
data obtained from 6 dawn, and 6 additional dusk pass sections were spectrum analysed by
means of maximum entropy. Table 1 contains the starting and ending coordinates of these pass
sections. It is apparent from Table 1 that certain pairs of pass sections are relatively close to each
other. Pass numbers of these pass sections are as follows: 19–1438, 433–911 for the dawn data;
and 1072–1397, 1460–1849 for the dusk data, respectively. Fig. 4 shows the �X, �Y, �Z and �T
anomalies of the dawn pass section 1438, plotted versus distance measured along the track.
The aim of the spectrum analysis was to determine the upper spatial frequency or shortest
wavelength with a power spectrum corresponding to a value of �20 dB attenuation. As an
example, for the vector and scalar data of the dawn pass section 1438 the following results have
been obtained: the characteristic shortest wavelength is 400 km for the �X component; 517 km

Table 2
Shortest wavelength of the anomalies determined by spectral analysis

Pass number Meridian Shortest wavelength in Kp index

�X Anomalies �Y Anomalies �Z Anomalies �T Anomalies

19 Dawn 570 km 1300 km 1200 km 1600 km 10
433 Dawn 1300 km 800 km 1060 km 1600 km 2-
588 Dawn 690 km 670 km 1600 km 1330 km 1+
911 Dawn 800 km 900 km 1200 km 2600 km 2+
1072 Dusk 1140 km 890 km 800 km 4000 km 1+
1397 Dusk 1380 km 640 km 1170 km 4000 km 1+
1430 Dusk 800 km 570 km 1290 km 1200 km 1+
1437 Dawn 730 km 1600 km 570 km 1330 km 10
1438 Dawn 400 km 517 km 660 km 1900 km 10
1460 Dusk 1820 km 400 km 300 km 1140 km 0+
1849 Dusk 670 km 1000 km 800 km 2660 km 20
2096 Dusk 2220 km 1330 km 1050 km 1000 km 10
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Fig. 5. Contour plots of interpolated vector and scalar anomalies (the Gaussian weight function is applied for the interpolation) for the European

region on a sphere with radius of 6771 km. The contour interval is 2 nT, while negative values are indicated by downhill hachures, plotted on an
equidistant cylindrical projection.
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for the �Y component; 660 km for the �Z component, and 1900 km for the �T field, respec-
tively. The normalized power spectrum of the vector and scalar data of this particular pass sec-
tion is also shown in Fig. 4. The power spectra are plotted versus the dimensionless spatial
frequency for the interval of 0–0.2. The position of the dawn pass section numbered 19 is close to
the position of the previously discussed pass section of 1438. The spectral analysis of the �X, �Y,
�Z and �T data, however, shows different characteristic upper spatial frequencies. Table 2 con-
tains the shortest wavelength determined from the power spectrum for the data of the pass sec-
tions presented in Table 1. From this we can conclude that:

. the noise level for the scalar data is less than that of the vector data, it probably expresses the
higher error budget of the vector data (Langel et al., 1982a; Langel and Hinze, 1998);

. the noise levels of the analysed dusk and dawn data do not differ significantly;

. the effect from perturbations as characterised by the Kp index (up to 20) is not detectable in
the noise level (it should be noted the data used in this analysis are in the latitude interval of
13–69� approximately);

. the low spatial frequency band of the power spectra is dominant in some cases.

5. Magnetic anomaly maps

The vector and scalar magnetic anomaly maps as derived from our interpolation procedure for
a spherical grid are presented in this section. The altitude of the spherical grid is 400 km which
corresponds to the average altitude of the Magsat satellite. The radius of the three-dimensional
sphere (which surrounds a grid point) is determined by the decrease of the weight function for its
0.01 fraction. This requirement determines the number of the data points used for interpolation.

Fig. 6. A contour plot of interpolated scalar anomalies (the Laplacian weight function is applied for the interpolation)

for the European region on the surface of a sphere of the radius of 6771 km. The contour interval is 2 nT, while
negative values are indicated by downhill hachures, using an equidistant cylindrical projection.
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The corresponding values of the parameters k0 and �0 were obtained from the power spectrum
of the analysed pass sections. A value of 1000 km is considered to be an appropriate shortest
wavelength based on the results presented in Table 2 for the both �Z and �T anomalies. For this
shortest wavelength the parameter value for the Gaussian low-pass filter is set to 14.71 [see Eq.
(7)]. This Gaussian low-pass filter was then applied as the weight function of the interpolation
procedure to derive the �X, �Y, �Z and �T magnetic anomaly maps shown in Fig. 5. These
maps represent the regional character (for the wavelength range between 3000 and 1000 km) of
magnetic anomalies over the European region at satellite altitude.
The total magnetic anomaly for the European region, shown in Fig. 6, is derived using the
Laplacian weight function interpolation procedure with a cut-off wavelength set at 2000 km. The
parameter value �0 is 17.33 accordingly set to [see Eq. (10)]. The regional character (for the
wavelength range between 2000 and 3000 km) of the total magnetic anomalies present in the
European region, can be clearly seen.
The interpretation of the �Z anomalies determined by the suggested method was discussed by
the present authors (Kis and Wittmann, 1998). The following characteristic regional magnetic
anomalies can be recognized in Figs. 5 and 6. The Tornquist–Teisseyre tectonic line is indicated
by a high gradient zone in the northeast part of the �Z and �T maps. The magnetic low is in the
middle part of the European continent. It correlates with the north Germano-Polish depression
which is called the Central European Magsat low by Ravat et al. (1993). The magnetic high zone
(in the central part of the vertical magnetic anomaly map and a relative high zone in the central
part of the total magnetic anomaly maps) is located in the south of Italy. They correspond to the
area of low heat flow a thicker lithosphere (Della Vedova et al., 1991)

Acknowledgements

The authors are indebted to Dr. W.B. Agocs and Dr. P.T. Taylor for their encouragement and
the detailed discussion of the material. This research was supported by the OTKA (Hungarian
Scientific Research Fund) Project No. T 025799. The award of the project is highly acknowl-
edged.

References

Arkani-Hamed, J., Langel, R.A., Purucker, M., 1994. Scalar magnetic anomaly maps of Earth derived from POGO

and Magsat data. J. Geophys. Res. 99 (B12), 24075–24090.
Arkani-Hamed, J., Strangway, D.W., 1986. Magnetic susceptibility anomalies of lithosphere beneath eastern Europe
and the Middle East. Geophysics 51, 1711–1724.

Barrodale, I., Delves, L.M., Erickson, R.E., Zala, C.A., 1983. Computational experience with Marple’s algorithm for
autoregressive spectrum analysis. Geophysics 48, 1274–1286.
Barrodale, I., Erickson, R.E., 1980a. Algorithms for least-square linear prediction and maximum entropy spectral
analysis—Part I: theory. Geophysics 45, 420–432.

Barrodale, I., Erickson, R.E., 1980b. Algorithms for least-square linear prediction and maximum entropy spectral
analysis—Part II: Fortran program. Geophysics 45, 433–446.
Bracewell, R.N., 1978. The Fourier Transform and Its Applications. McGraw-Hill, New York.

Bullard, E.C., 1967. The removal of trend from magnetic surveys. Earth Planet. Sci. Lett. 2, 293–300.

128 K.I. Kis, G. Wittmann / Journal of Geodynamics 33 (2002) 117–129
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