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A b s t r a c t  

As an alternative to the commonly used method for the reduction of repeat 
station data, we have tested the relevance of the CM4 model for removing the 
external field. The dense network of observatories in Western Europe offers a 
good opportunity for this study. The prospect, however, is to elaborate a method 
which could be applied to the repeat station network of Madagascar, where only 
one observatory is available and the distance to the remotest repeat station is 
about 800 km. 

1. Introduction 

This study aims at improving the method of data reduction of repeat stations with 
application to the network of Madagascar. With the help of a nearby reference obser-
vatory, the classical method (Newitt et al. 1996) is based on the assumption that the 
transient variations of the magnetic field are identical at both the repeat station and the 
observatory. Under this assumption, the annual mean of the field at the repeat station 
S, centered on the date t of the measurement, is derived from the annual mean at the 
observatory O for the same time span by the equation: 

 ( )),(),(),(),( tOBtSBtOBtSB −+=  (1) 

The overhead bar stands for mean values, in this case, annual means. The error in-
volved in the assumption of transient variation uniformity is difficult to assess. In ad-
dition, bearing in mind that a repeat station network is mainly devoted to internal field 
surveying, this simple method of reduction does not completely eliminate the external 
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field. Indeed, it is well known that annual means are still contaminated by long term 
external contributions which may be significant (i.e., Gavoret et al. 1986). 

In an attempt to circumvent the drawbacks of the standard method, we have tried 
to model the external contributions by means of the comprehensive CM4 model (Sa-
baka et al. 2002, 2004) and to find out a formulae which could express the external 
field at any repeat station in an area around the reference observatory. 

2. External Field Modeling 

2.1  Preliminary  
In order to validate the method, we have taken advantage of the dense observa-

tory network in Europe. We have selected a set of observatories where data are avail-
able for the period 1993-2004. The observatory of Budkov (BDV), which is located in 
a more or less central position, has been chosen as reference observatory. The obser-
vatories THY, CLF, FUR, NCK, HRB, NGK, SUA play the role of repeat stations 
(Fig. 1a). Figure 1b displays an estimate of the error inherent to the classical method 
of reduction. The error is defined as the r.m.s. of G(O,t) – G(S,t), after removal of the 
secular variation (fitted by a parabolic function of time). G stands for X, Y, or Z 
hourly means, O is the reference observatory, and S is one of the observatories of the 
set mentioned above. X, Y and Z are the field components in the geographical refer-
ence frame. As expected, the error increases with the distance to the reference obser-
vatory. In this example, it is about 5.10-3 nT/km for X, 4.10-3 nT/km for Y and 4.10-3 
nT/km for Z. (As a matter of comparison, the distance between TAN and the farthest 
repeat station of the network of Madagascar is about 800 km). 

 
(a) (b)

 
 
Fig. 1. (a) Location of the reference observatory (BDV) and the set of observatories used as 
repeat stations. (b) R.m.s. misfit of the hourly means (second term of right-hand side of Eq. 1) 
as a function of distance to the reference observatory, for the field components X (crosses), Y 
(circles), Z (stars), respectively. 

2.2   Problem setting 
The modeling outlined below deals with hourly means, in order to be consistent 

with the CM4 modeling. Figure 2 shows that, in the case of TAN observatory in par-



 

ticular, the CM4 model yields only a first approximation. In order to improve the 
modeling, we have to add second order terms. At the reference observatory, we sug-
gest to model the field by the following equation: 
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where B(O, h) is the field measured at the reference observatory O (internal plus ex-
ternal); BBi,CM4(O, h) is the internal field given by the CM4 model at O; bi(O) is the bias 
field (various estimates of these bias fields have been published, i.e. Mandea and 
Langlais, 2002; however, for the sake of consistency, the bias fields computed by 
CM4 have been adopted); δBiB (O, h) is the secular variation not modelled by CM4; 
BBe,CM4(O, h) is the external field given by CM4; be(O, h) is the long-term external field 
not modelled by CM4; δBe,CM4B (O, h) is the short-term external field not modelled by 
CM4. 
 

 
Fig. 2. Comparison of the hourly mean values (HMV) for TAN observatory and the modeling 
provided by the CM4 model for the month October 2001. 

Let us define the residual field ρ(O, h) by: 

 , 4

, 4 , 4

( , ) ( , ) ( , ) ( , )

( , ) ( , ) ( , ) ( ) ,
i e e CM

i CM e CM i

O h B O h b O h B O h

B O h B O h B O h b O

ρ δ δ= + +

= − − −
 (3) 

where h stands for the time expressed in hours. 
With respect to the aim of this study, terms be(O, h) and δBe,CM4(O, h) are our 

main concern. In particular, we would like to construct δBe,CM4(O, h) in such a way 



 

that it is a stationary signal with annual zero mean. Figure 3 shows the distribution of 
ρ(O, h) for the year 2001. Although the distribution may not be symmetrical (i.e. its 
mode different from its mean), the mean turns out to be the most robust measure of 
location. As δBBi(O, h) and be(O, h) vary smoothly with time, the distribution reflects 
mainly the statistical properties of δBe,CM4B (O, h).  
 

 
 
Fig. 3. Distribution of the hourly residual ρ in nT (Eq. 3) for each component and for the yea
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2.3  Re

Let ),( hOρ  be the running mean value of ),( hOρ  over one y
Following et al. (1986) we model the long term external variation

ear centered on h. 
 Gavoret s using 

night  values e sola time  in order to exclude most of th r daily variation contribution. 
This selection is clearly equally valid for the identification of δBBi. With the constraint 

, 4 ( , ) 0e CMB O hδ = , Eq. 3 leads to: 
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igure 4b shows for each component X, Y, Z, the variatio

ρ 

F n of ),( hOρ  over the period 
1994-2004. 

e now to model We hav ),( hOBi ),( hObeδ  and . In the CM4 model, the secular 
variation is modelled with a set of B-splines constructed with equispaced knots at 2.5 
year pan 199 ay intervals. Over the time s 3-2004, it m  equally well modelled with or-
thogonal polynomials. Thus, the CM4 internal field may be represented by: 
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he coefficients ak may be computed by a simple lea
true CM4 internal field as data. The regression yields estimates of ak as well as a co-
T st-squares regression using the 

variance matrix. 
δBBi(O, h) may be considered as a perturbation of Bi,CM4B (O, h) likewise modelled 

with orthogonal polynomials restricted to low degrees. Accordingly, ),( hOBiδ  will be 
modelled with orthogonal polynomials. Their a priori coefficients 0

ka  as w
δBi(O, 

ell as a 
covariance matrix may be derived from the corresponding parameters of h). 



 

According to Gavoret et al. (1986), we tentatively model )(Obe ,h  (which, ac-
cording to its definition, is close to be(O, h)) as a function of time proportional to some 
inde ns out that the Wolf x of geomagnetic activity or solar-terrestrial conditions. It tur
numbers are the most appropriate. Finally, ),( hOρ  is modelled by the equation: 
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here )(hRw  is interpolated from its smooth monthly value

The parameters 

s by interpolating splines.  

α  and ak  are estimated by stochastic inversion. Figure 4b 
he mshows t odel of ),( hOρ  computed according to Eq. (6). 

2.4  Residual short-t ternal field 
Having modelled , h) and b (O, h), we may return to Eq. (2), where the l

erm ex
δBi(O e ast 

unknown term is δBBe,CM4(O, h). δBe,CM4B O, h) is assumed to be a small perturbation of (
the CM4 external field model. Of the a priori parameters involved in the CM4 model-
ling (conductivity model, solar flux F10.7, Dst index), it turns out that the most easy to 
handle is Dst. Figure 4a shows that it is possible to fit exactly δbe,CM4(O, h) by 
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Fig. 4. (a) Example of exact modeling of δBe,CM4(O, h) (Eq. 8) using hourly perturbations of the 
Dst index as adjustment parameter. Hourly mean data are r BDV observatory, in October 

001. See text for further explanation; (b) Black curves: variation of the running yearly mean 

usted curves cannot be distinguished from the actual ones. 

fo
2
value of ρ (Eq. 4) for each component X, Y, Z over the time span 1994-2004. Grey curves: 
modeling of ρ using Eq. (6). 

a slight change δDst of Dst (of course, δDst has no longer the meaning of a geomagnetic 
index). On Fig. 4a, the adj
According to its definition, the field δBBe,CM4 has a zero annual running mean. Let us 
recall that in the CM4 model, Dst parameterizes only the dipolar term of the magneto-
spheric field. 



 

Having computed, at the reference observatory, the perturbation δDst required to 
obtain the best fit of δBe,CM4B (O, h), it is obvious to compute the same field δBB

S by the incorporation of δDst into the CM4 external field model. Fi-
nally

e,CM4(S, h) 
at any station 

, our model for the external field is: 
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The last step is the computation of be(S, h), which, at the moment, is only known at the 
. We may assume that be(S, h) is the gradient of a time vary

xternal magnetic potential. be(S, h) being known at only one poi
reference observatory ing 
e nt, only the dipolar 
term can be resolved unambiguously. Thus, we derive be(S, h) from the equation 
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,1eg , ,1eg , ,1eh  may be easily derived from Be(O, h) by standard 

omputations taking into account the reference frame change from geodetic t
tric. 

Equation (7) yields the proposed formulae for the removal of the external field at 
y within some area around the reference observa-

ty by comparison with the standard method. Figure 5a 
show

c o geocen-

3. Example and Discussion 

any repeat station S. It is valid onl
tory. We may check its validi

s, for the year 2001, the “internal” field computed at CLF by means of the reduc-
tion equation: 

 ),(),(),( hSBhSBhSB ei −=  (9) 

where BB ) is computed with Eq. (7) as compared to Bi(S, h) computed with  
q. (1). The noisy pattern accounts for the imperfect rem
on. We observe an improvement on component Y only.

 still significantly contami-
nated

2). 
aroun

e(S, h
E oval of the external contribu-
ti  The most conspicuous result 
is the nearly 20 nT difference in the X and Z components. This difference is not con-
stant in time as shown in Fig. 5b where the monthly mean of the difference is dis-
played. Figure 6 is similar to Fig. 1a. It shows that the r.m.s. of the dispersion around a 
parabolic fit is nearly the same as for the standard method. 

Despite the rather modest improvement in the scattering of the “internal” field, 
Fig. 5 shows, to our mind, an important, although well-known result: the annual mean 
rather imperfectly represents the internal field because it is

 by field of external origin. The CM4-based modeling differs from the classical 
reduction of external field by a fluctuating non zero field. The fluctuations may ac-
count for the persistance of a long-term external component (Gavoret et al. 1986). 

Improvements of this modeling which is a first order perturbation of the CM4 
model can be easily imagined mainly along two lines. The first one would be to allow 
slight changes of the Gauss coefficients for the ionospheric field (Sabaka et al. 200

d their CM4 values. The second would be to consider small changes of the con-
ductivity model, which is valid essentially for Europe, in order to make the induced 



 

part of the ionospheric field more flexible. Both improvements would require a deep 
scrutiny of the CM4 model. In a recent paper, Olsen et al. (2005) suggest to split up 
the Dst index into an external and internal part. Although this new parameterization 
partly overlaps our empirical perturbation δDst, is could balance or constrain changes 
of the ionospheric field. Improvements should also take into account the spatial distri-
bution of the field be(S, h). The dipolar approximation is prescribed by the field being 
known at the reference observatory only. Although we believe that its geometry is 
simple, a worldwide analysis of observatory data could perhaps help to refine its de-
scription. 
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Fig. 5. (a) “Internal” field computed at CLF using Eq. (9) (curves labelled CM4) compared to 
the estimate given by Eq. (1) (curves labelled HMV); b) Monthly mean of the difference 

4 modeling) – (HMV modeling) over the intervall 1995-2004. The curves show that the 

ig. 6. R.m.s. misfi of distance to the 
ference observatory, for the field components X, Y, Z respectively. Same legend as Fig. 1 
hich it has to be compared to. 

ppropriate for the reduction of repeat station data. How-
ever, this step in the reduction process would be less critical either if the survey would 
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difference is a function of time. 

 
 
 
 
 
 
 
 

F t of the hourly means modelled by Eq. (9) as a function 
re
w

The last step, not considered here, would be to model field variation on the one-
minute scale, which is more a



 

be ca

The first order CM4 model complemented by some second order terms derived 
of the magnetic field variation at the reference observatory provides 
r data reduction at the repeat stations. On one hand, with the second 

order
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4. Conclusions 

from the analysis 
a promising tool fo

 modeling carried out in this study, its accuracy is only similar to the one of the 
standard method using a reference observatory. But, on the other hand, improvements 
of the external field modeling may be imagined, and may benefit from improvements 
of the CM4 model or the like. The most conspicuous result is the mean difference 
between the “internal” field yielded by this method and the “internal” field (i.e. the 
annual mean) given by the standard method. The validation of the former with respect 
to the latter requires, however, further investigations. Finally, we have not tried to 
further reduce the field of the “repeat” stations to a common epoch. This should not be 
a serious drawback as regional modeling, like global modeling, can easily take into 
account measurements performed at different times. 
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