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Abstract
Taking advantage of the measurements undertaken during the Albanian and Italian magnetic repeat station networks since 1990, as well as of a selected set of Ørsted satellite total field measurements, a magnetic reference
model for the region comprising the Albanian territory, the southern part of the Italian Peninsula, and the Ionian
Sea is presented. The model, designed to model the components of the main geomagnetic field for epochs between 1990 and 2005, has been developed by means of spherical cap harmonic analysis applied to a cap of semiangle 8°, larger than that investigated to take into account the appropriate spatial wavelength content of the main
geomagnetic field over the region. The goodness of the fit to the real data suggests that the model can be used as
a reference model to reduce magnetic surveys developed in the area during the time of validity of the model.

epoch. The Balkan Peninsula is one of the European regions with the poorest coverage of magnetic observatories, so the need for a regular
monitoring of the magnetic field at some given
points is fundamental.
A scalar survey (measurements of total intensity F only) was undertaken in epoch 1990.0
by the ex-Geophysical Enterprise of Tirana that
covered all Albanian territory. The normal field
model derived from those data was presented
by Duka and Bushati (1991). In the framework
of a joint project between the Center of Geochemistry and Geophysics of Tirana, the
Physics Department of Tirana University, and
the National Institute for Geophysics and Volcanology of Italy, a vector magnetic survey (F
as well as declination D and inclination I were
measured: Chiappini et al., 1997) covering the
Albanian territory was carried out during September 1994 (epoch 1994.75). More recently, in
August 2003 (epoch 2003.6) a restricted scalar
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1. Introduction
The importance of a magnetic repeat station
network, where the three-component magnetic
field can be measured at intervals of some years,
is enhanced in those situations in which no magnetic observatories are operating in the near
neighbourhood. The values of the magnetic components, and especially the secular variation field
deduced from these measurements, can be used
to define regional models to produce magnetic
charts or reduce magnetic surveys to a given
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survey (6 points at repeat stations in the Albanian geomagnetic network and two new points)
was carried out during the short visit of one of
the authors (ADS) to Albania, funded by the
Italian Foreign Ministry.
In this paper we take advantage of all these
datasets, together with contemporary measurements from the Italian repeat station network
and with a selected total intensity data set from
the Ørsted satellite mission to develop a regional reference model for the considered area, i.e.
Albania, the southeastern part of the Italian
Peninsula, and the nearby Ionian Sea. The model, developed by means of Spherical Cap Harmonic Analysis (SCHA) with polynomial time
dependency, represents the values of the magnetic field better (with smaller scale) than global
models such as the International Geomagnetic
Reference Field (IGRF), and is, therefore, of
utility in reducing magnetic surveys carried out
in the same region.

peat stations were used to develop the reference
model. Details on most of these stations can be
found in Chiappini et al. (1997).
In order to define a model not only for the
Albanian territory but also for the Ionian Sea
and the southeastern part of Italy, measurements at seven locations from the Italian magnetic repeat station network (Coticchia et al.,
2001) at epochs 1990.0, 1995.0, and 2000.0
were also taken into account. A comparison of
the real data with the values predicted by the
IGRF showed that two repeat stations, one Italian (Madonna di Servigliano) and one Albanian (Rubik), had such high bias values with respect to the reference model, that we finally
decided not to include them in the inversion to
produce the model. Figure 1a shows the spatial
distribution of the Italian and Albanian stations
used.
To obtain proper temporal behaviour of the
model and improve the stability of the inversion,
considering the lack of vector data surveys at different epochs in the Albanian territory, we decided to synthesize X, Y, and Z components at
1990.0 and 2000.0 for the same 9 Albanian stations reducing the real vector measurements of
1995.0 to those two epochs, using the secular
variation predicted by the Italian geomagnetic
reference model (ITGRF; De Santis et al., 2003),

2. Data used
Scalar values at 1990.0 and 2003.6 from 31
and 8 Albanian stations, respectively, together
with vector and scalar measurements reduced to
epoch 1995.0 from a total of ten Albanian re-

a

b

Fig. 1a,b. a) Location of the Albanian and Italian repeat stations from which vector and scalar (stars) and only
scalar (squares) magnetic field data were used to develop the model; b) location of the satellite data used.
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a model that has been demonstrated to predict
the temporal change of the internal magnetic
field better than the IGRF.
A selected subset of total intensity magnetic field measurements from the Ørsted satellite
was also included to develop the model. The inclusion contributes to a homogeneous coverage
of the studied region, especially in sea areas.
Moreover, the satellite data act as a boundary to
develop a three-dimensional model, valid not
only at sea level but also at any distance between the surface and the satellite height. A total of 30 scalar values measured between
1999.5 and 2002.5 were selected according to
restricted criteria to reduce the presence of external magnetic fields in the data. In this way,
only nightside data were selected (in order to
reduce the effect of ionospheric fields) for periods in which the 3-hourly index Kp was lower
than 1+. The absolute value of the Dst index
was also limited to a maximum of 10 nT. The
data chosen are distributed in a height range between 650 and 850 km above the Earth’s surface. The spatial distribution of these satellite
data is shown in fig. 1b.
The ground and satellite data were weighted
differently according to the reciprocal of the
variance σ 2. This variance represents the contributions to the measurements of the crustal field
σ c and the measurement error σ m. The ground
data (vector and scalar) were assumed to have
σ c =50 nT and σ m =10 nT, whereas no crustal
contribution was assigned to the satellite data,
and σ m was set equal to that of ground data.

polynomial models. Although a similar approach was used by Chiappini et al. (1999), the
field was analysed for a fixed epoch only, without secular variation modelling.
The solution of Laplace’s equation for the
magnetic potential due to internal sources over
a spherical cap in spherical coordinates (r, θ, φ)
can be written as
K
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where the polynomial time dependency is included. The spherical cap harmonic coefficients
m
m
and h k,q
are those which determine the modg k,q
el. The number of coefficients depends on the
maximum spatial and temporal indices of the
expansion, K and Q respectively. The associated Legendre functions Pnmk(m)(cosθ) that satisfy
the boundary conditions (a zero of the potential
or its derivative with respect to colatitude at the
border of the cap; Haines, 1985) have integer
order m but a generally non-integer degree
nk(m), where k is the index used to order the different roots for a given order m. Legendre functions were computed using a procedure proposed by Olver and Smith (1983), since it seems
to provide more reliable values than the original
approach suggested by Haines (1985) when the
cap is rather small (Thébault et al., 2002).
The magnetic components are obtained as
the derivatives of eq. (3.1) in spherical coordinates, since the potential is non-observable. The
fact that vector measurements are combined
with total field measurements introduces a nonlinearity in the equations involved to obtain the
coefficients of the model. To avoid this problem, a first order Taylor expansion of the total
magnetic field intensity, as a square root function of the X, Y, and Z components, was used
(Haines and Newitt, 1997).
After many tests, the parameters that defined the best model in terms of fit to the input
data and spatial and temporal behaviour corresponded to K = 2 and Q = 1, covering the period
between 1990.0 and 2005.0. The coefficients
were obtained through a least squares regression procedure. Haines and Torta (1994) pro-

3. Model
The reference model was obtained applying
Spherical Cap Harmonic Analysis (SCHA;
Haines, 1985). This choice represents an improvement with respect to the previously presented polynomial models for the region (Chiappini et al., 1997), due to the fact that a SCHA
model allows for the computation of the field
component values through expressions that satisfy Laplace’s equation. Moreover, the radial
variation of the magnetic field is implicitly described in the model, without need to assume a
dipolar continuation of the field like as with
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Fig. 2. Maps (in nT) for X (top left), Y (top right), Z (bottom left), and F (bottom right) elements for epoch
1990.0 at sea level obtained from a SCHA model developed on a 3° semiangle cap. Clear large oscillations appear as symptom of lack of the proper spatial spectral content.

Table I. Coefficients of the Albanian Geomagnetic
Reference Model developed by SCHA.

posed a statistical estimation to include coefficients in the regression or remove them according to an F level. In our case this F level
was fixed to 0 due to the small number of coefficients involved in the regression, so no coefficients were rejected.
The cap over which the model was originally defined had a semiangle of 3°. Nevertheless some problems arose when such small cap
was considered, as typically happens when
SCHA is applied to small caps. Figure 2 shows
the behaviour of the magnetic field components at 1990.0 over the studied region. It is
clear the presence of fictitious oscillations in
the charts, especially for the Y component. This
is due to the lack of presence of lower harmonics in the spherical cap harmonic expansion

k m
0
1
1
2
2
2

0
0
1
0
1
2

nk(m)
.0000
16.7209
12.7139
26.9471
26.9471
21.4163

m
gk,0

m
hk,0

m
gk,1

m
hk,1

45.735
−219.959
6.221
7.429
−.564 16.519
5.745 −40.357
−2.824
−3.997
−1.448 −2.800 −1.972 8.893
−5.127 −4.654
−.315 .257

(3.1): the smaller the dimensions of the cap, the
higher the degree of the Legendre functions
(for a 3° cap, the minimum degree nk(m) involved was roughly 45). To avoid these prob1612
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lems, we decided to enlarge the cap over which
to impose the boundary conditions up to 8°
semiangle, in order to cover the most significant harmonics (the minimum degree is approximately equal to 12 for this cap for a maximum spatial index K = 2).
The final model has a total of 18 coefficients (table I). The IGRF2000 model computed at 2000.0 was previously removed from the
input data to avoid mathematical problems related to the combination of small and large
values during the inversion procedure when
determining the coefficients, and to be used as
the first value in the iterative process to obtain
the model. The value of the IGRF2000 computed for a given location at 2000.0 has therefore to be added to the values provided by the
coefficients in table I to obtain the final field
value.

4. Results and conclusions

Fig. 3. Difference (in nT) for X (top left), Y (top
right), Z (bottom left), and F (bottom right) elements
between SCHA and IGRF models at sea level for
epoch 2000.0.

Fig. 4. Maps (in nT) for X (top left), Y (top right), Z
(bottom left), and F (bottom right) elements for
epoch 2000.0 at sea level obtained from a SCHA
model developed on an 8° semiangle cap.

Table II shows the goodness of the SCHA
model in terms of fit to the input data. The spherical cap model improves the fit to the observatory X component and to the satellite total field
with respect to IGRF by about 50%, whereas the
improvement is around 30% for the Y, Z, and F
ground elements. Figure 3 shows the difference
Table II. RMS fit to input data of SCHA and IGRF
models (in nT).

Model
IGRF
SCHA
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Ground

Ørsted

RMSX RMSY RMSZ RMSF

RMSF

50.0
26.8

73.6
53.5

49.2
32.7

57.3
36.4

9.9
4.3
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between the SCHA and the IGRF models for
epoch 2000.0. This difference is between 20 and
− 60 nT for all the components in the area from
which data were available, being a bit higher as
we move towards areas without data.
Once the validity of the model has been
demonstrated, we can recommend its use as reference model over the investigated region, with
particular application to the production of regional charts as those shown in fig. 4 for epoch
2000.0 at sea level, to reduce magnetic surveys
developed in the area, or to study phenomena
related to the Earth’s internal magnetic field.
For example, the temporal evolution of the isolines in the magnetic charts for the Y component shows a clear westward drift of the east
component of the magnetic field (fig. 5). The
value of the drift deduced from these charts is
about 0.6° per year, which is comparable to the

values observed elsewhere in the Atlantic hemisphere (Barraclough and Malin, 1999). Other
kinds of studies can be developed through the
inspection of the secular variation of the magnetic field. The secular variation for all the
magnetic elements for epoch 1995.0 (fig. 6),
obtained from the SCHA model as the field differences between epochs 1995.5 and 1994.5,
confirms that the region under study presents
low values for the temporal variation of the geomagnetic field for this period (see for example
Gubbins, 1990).
All these results will be confirmed when new
real vector data are available for the region. It is
planned to make a vector survey over the Italian
region as well as in Albania during the period
2004-2005, and the model presented in this paper will be a great help to know a priori the values one can expect to find during the surveys.

Fig. 5. Maps (in nT) for Y component for epochs
1990.0 (top left), 1995.0 (top right), 2000.0 (bottom
left), and 2005.0 (bottom right) at sea level obtained
from the SCHA model developed on an 8° semiangle cap.

Fig. 6. Maps for the secular variation of X (top
left), Y (top right), Z (bottom left), and F (bottom
right) magnetic elements for epoch 1995.0 at sea level obtained from the SCHA model. Contour lines are
shown at 1 nT/year interval.

1614

A geomagnetic reference model for Albania, Southern Italy and the Ionian Sea from 1990 to 2005

DE SANTIS, A., L.R. GAYA-PIQUÉ, G. DOMINICI, A. MELONI,
J.M. TORTA and R. TOZZI (2003): ITalian Geomagnetic
Reference Field (ITGRF): update for 2000 and secular
variation model up to 2005 by autoregressive forecasting, Ann. Geophysics, 46 (3), 491-500.
DUKA, B. and S. BUSHATI (1991): The normal geomagnetic
field and the IGRF over Albania, Boll. Geofis. Teor. Appl., XXXIII (130/131), 129-134.
GUBBINS, D. (1990): Geomagnetism: the next Millennium,
Palaeogeogr. Palaeoclimatol. Palaeoecol., Global Planet. Change Sec., 89, 255-262.
HAINES, G.V. (1985): Spherical cap harmonic analysis, J.
Geophys. Res., 90 (B3), 2583-2591.
HAINES, G.V. and L.R. NEWITT (1997): The Canadian geomagnetic reference field 1995, J. Geomagn. Geoelectr.,
49, 317-336.
HAINES, G.V. and J.M. TORTA (1994): Determination of
equivalent currents sources from spherical cap harmonic models of geomagnetic field variations, Geophys. J. Int., 118, 499-514.
OLVER, F.W.J. and J.M. SMITH (1983): Associated Legendre
functions on the cut, J. Computat. Phys., 51, 502-518.
THÉBAULT, E., J.J. SCHOTT and M. MANDEA (2002): Geomagnetic field modelling on small spherical caps, in
Proceedings of the EGS XXVII General Assembly,
Nice, France, EGS02-A-04673, SE6.07-1WE2A-003.
WESSEL, P. and W.H.F. SMITH (1991): Free software helps
map and display data, Eos, Trans. Am. Geophys. Un.,
72 (41), 441, 445-446.

Acknowledgements
Part of this work was funded by the Italian
Foreign Ministry. All the figures contained in
this paper were obtained using the Generic
Mapping Tools subroutines (Wessel and Smith,
1991). The satellite data selection was done
with the collaboration of Nils Olsen, from Danish Space Research Institute. We are grateful
for the support of the Ørsted Project Office and
the Ørsted Science Data Centre at the Danish
Meteorological Institute.

REFERENCES
BARRACLOUGH, D.R. and S.R.C. MALIN (1999): A fast moving feature of westward drift, Ann. Geofis., 42 (1), 21-26.
CHIAPPINI, M., O. BATTELLI, S. BUSHATI, G. DOMINICI, B.
DUKA and A. MELONI (1997): The Albanian geomagnetic repeat station network at 1994.75, J. Geomagn.
Geoelectr., 49, 701-708.
CHIAPPINI, M., A. DE SANTIS, G. DOMINICI and J.M. TORTA
(1999): A normal reference field for the Ionian Sea
area, Phys. Chem. Earth A, 24 (5), 433-438.
COTICCHIA, A., A. DE SANTIS, A. DI PONZIO, G. DOMINICI,
A. MELONI, M. PIEROZZI and M. SPERTI (2001): Italian
magnetic network and geomagnetic field maps of Italy
at year 2000.0, Boll. Geod. Sci. Affini, 4, 261-291.

(received October 27, 2003;
accepted March 30, 2004)

1615

