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Abstract

Geomagnetic secular variation, the generally slow, continuous change in the core magnetic field, is character-
ized by occasional rapid variations known as geomagnetic jerks. Recent studies on magnetic data obtained by
satellites with a good global coverage suggest that more rapid and smaller scale features than previously thought
occur in the field change. We have taken advantage of the comparatively high density of geomagnetic observa-
tories in Europe and have derived a regional model for the detailed study of secular variation and acceleration
over the past four decades from 1960 to 2001 by means of improved and regularized spherical cap harmonic
analysis. We show the improvements to our regional model over a global model. All the known jerks are seen in
our model, but further times with rapid changes in secular variation exist. Moreover, times of zero acceleration
in general do not occur simultaneously in all magnetic field components, although this nearly is the case in
1969.6 and 1982.2. Secular variation and acceleration show very dynamic patterns indicating rapid and complex
causal processes in the Earth’s fluid core.

Key words European secular variation — secular mainly caused by external sources. The tempo-
acceleration — geomagnetic jerks ral variation of the dominant part of the Earth’s
magnetic field, the core field, on time scales
from years to decades and longer, is referred to

1. Introduction as secular variation (henceforth SV). One in-
triguing characteristic of SV is its rapid change

The geomagnetic field observed at the in the trend occurring on short-time scales,
Earth’s surface contains components internal from months to years. These events, known as
(core and lithospheric fields) and external geomagnetic jerks (Courtillot et al., 1978;
(ionospheric and magnetospheric fields) in ori- Courtillot and LeMouél, 1984; Mandea et al.,
gin. These various contributions interact and 2000 and references therein), are still not com-
vary on large temporal and spatial scales, the pletely understood. They were first detected in
lithospheric field alone, over time scales of time series of the magnetic east component, and
decades to centuries. The short variations, with due to the sparse global distribution of magnet-
periods from seconds to the solar cycle, are ic observatories their true spatial nature (global

or regional; effects in other field components)
could not be clearly determined. The occur-

B o ) rence of a recent magnetic jerk, captured by the
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banac@irb.hr clear picture, showing the regional nature of a
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jerk that was most obvious in the vertical com-
ponent (Olsen and Mandea, 2007a). The signa-
ture of geomagnetic jerks is an abrupt change,
mostly including a change of sign, in the secu-
lar acceleration (henceforth SA), the second-or-
der magnetic field derivative.

The spatial and temporal changes of the ge-
omagnetic field have been described by various
kinds of models, on both global and regional
scales. Among the global modeling techniques,
the most widely considered is Spherical Har-
monic Analysis (SHA). This method has been
used, for example, to specify the International
Geomagnetic Reference Field (e.g. Macmillan
et al.,2003). Some other global models have re-
cently been produced, based on ground and
satellite data, like the Comprghensive Model
CM4 (Sabaka et al., 2004), C FM (Wardinski
and Holme, 2006), CHAOS (Olsen et al.,
2006), or the GRIMM model (Lesur et al.,
2008). After about 2000, when a good global
coverage of magnetic data started to become
available from the satellites @rsted, CHAMP
and SAC-C, good results can be obtained from
global SH models. Before this date, higher spa-
tial resolution can be obtained by local models
when the magnetic field is described only over
a given region of the Earth’s surface for which
high density data exist.

Such regional models of the core field and
its SV are commonly derived using Spherical
Cap Harmonic Analysis, SCHA, (Haines,
1985) and improvements thereof. The original
SCHA method has been widely used to de-
scribe the magnetic field over different regions
(Garcia et al., 1991; Torta et al., 1992; De San-
tis et al., 1997; Haines and Newitt, 1986; Kotzé,
2001). Although satisfactory results were ob-
tained, a few problems were also encountered
and pointed out. For example, when the cap be-
comes smaller, a high degree expansion is
needed to describe the large wavelengths if ex-
pansion cannot be reached. Recently, two ap-
proaches to overcome some of the problems
have been proposed. One is to apply a physical
method of regularization (Korte and Holme,
2003), the other is the Revised SCHA, named
R-SCHA (Thébault et al., 2006) which allows
data from different altitudes to be taken into ac-
count. A version to apply R-SCHA to data from
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only one level on or above the Earth’s surface
has just become available at the time of writing
(Thébault, 2008).

New attempts to develop regional models are
currently based on wavelet analysis (Holschnei-
der et al., 2003; Chambodut et al., 2005). This
approach, however, is still in a developing phase.

In this study, we have used the regulariza-
tion proposed by Korte and Holme (2003) to-
gether with an improved (Verbanac, 2007) SCH
regional modeling approach to investigate in
detail the SV over Europe, the region covered
most densely by geomagnetic observatories, for
four decades (1961-2002) where several jerks
had been identified in the east component time
series (Alexandrescu et al., 1995; Macmillan,
1996; Mandea et al., 2000). The data basis for
this study was European observatory annual
means, which we had studied in detail in a pre-
vious work (Verbanac et al., 2007a), assessing
their quality and eliminating external field con-
tributions as well as possible.

This paper is organized as follows. The da-
ta used in this study, with their distribution, are
presented in Section 2. To model them we have
applied the continuous, regularized SCHA. In
order to better understand the model behavior
with respect to the mathematical-short comings
of the method, as well a the data distribution, a
few parameters in the modeling process were
tested first (spherical cap harmonic angle, max-
imal degree of the spherical cap harmonic ex-
pansion, temporal splines, norms, regulariza-
tion factors) to find the appropriate ones (Sec-
tion 3). The results from the preferred model in
terms of SV and SA features are presented in
Section 4. In Section 5 we discuss the improve-
ments brought by our regional model when
compared with a global one. We show that rap-
id changes in the SV and SA over Europe are
well described by this new regional model.

2. Data and processing

The data set comprised the annual mean val-
ues of X, Y and Z components of the core (main)
field at 46 European observatory locations, ob-
tained from the World Data Center Edinburgh
(http://www.geomag.bgs.ac.uk/gifs/an-
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nualmeans.HTML). Short-period variations of
external origin exist in all annual means, and as
Verbanac et al. (2007b) and the references
therein conclude, means of an empirical ap-
proach as described in detail by Verbanac er al.
(2007a). This approach is based on the clearly
homogeneous external field variation pattern
seen for the whole region.

Indeed, Verbanac et al. (2007a) have shown
that a better reduction of the external field is
achieved when applying this method compared
to the use of the the CM4 external and induced
description.

The observatory time series of X, ¥ and Z
components, after subtracting the core field as
predicted from the CM4 model and constant
offsets to account for the lithospheric field,
were median averaged in each year to obtain the
external magnetic field signals typical for the
studied region. This averaged external field ap-
proximation time-series was subtracted from
each observatory data series. Secular variation
(SV) at each location was thereafter calculated
as the difference between two successive annu-
al mean values (AM) for each component (e.g.
SVios1.0 = AM 19815 — AMi9s0.5).

The corrected data set was further examined
by plotting these SV time series for each obser-
vatory and each component over the time span
1961-2001. These showed that there was a sig-
nificant difference in data quality among the 46
observatories. Some of the SV series look sig-
nificantly more scattered than others, some-
times even showing very sharp features. It is
very difficult to find an objective criterion to
discard individual values in scattered time se-
ries. However, if the scatter is normally distrib-
uted and not some systematic error it will only
add to the uncertainty of the model parameters
and not affect our deductions. We therefore do
not discard the data from observatories with ob-
vious scatter. However, the time series of three
observatories (Pendeli — PEG, San Fernado —
SES and Almeria — ALM) show very high scat-
ter of SV in the order of 20 nTyr', including
some extremely large and sudden changes. We
discarded these data series in the modeling.

Unfortunately the three excluded observato-
ries are located on edges of the investigated re-
gion. Moreover, a large area in the north-west-
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ern part is void of observatories. So, we have
decided to include synthetic data for some
«synthetic observatories» to minimize the edge
effects and maximize the reliable region of the
model. The locations of these synthetic obser-
vatories were carefully chosen: they must not
be situated too close to the cap boundary, and
not too close to the real observatories. Thus, an
improvement in data distribution without a sig-
nificant influence on the model prediction at the
observatory places can be reached, as we will
demonstrate in Section 4. A map indicating all
used observatories, real and synthetic, is shown
in fig. 1. A table linking the numbers from fig.
1 to the IAGA codes and names of the observa-
tories is given in table I. The synthetic data se-
ries for the 11 «synthetic observatories» were
obtained from the CM4 model which covers the
full time interval of interest, namely the period
1961-2002. The core field components were es-
timated for each year by using the spherical
harmonic expansion up to degree/order 13. No
external field contributions were considered.
Similarly as for the real observatory data, SV at
each location was thereafter calculated as the
difference between two successive core field
values.

The final data set amounts to 4857 real ob-
servatory secular variation values, and 6210 da-
ta when including the synthetic time series from
the synthetic observatories.

3 Modeling method and parametrization

In a source-free region, the magnetic field B
can be represented as the negative gradient of
the scalar potential ®,B = -V® , where ® has
to satisfy the Laplace’s equation: V> ® = 0. The
global solution is obtained by the well-known
method of spherical harmonic analysis (see e.g.
Langel (1987) for a detailed description) and is
given in terms of Legendre polynomials in co-
latitude and trigonometric functions in longi-
tude.

When observations are available only over a
small portion of the Earth a similar method, de-
veloped by Haines (1985) and named spherical
cap harmonic analysis (SCHA), can be applied
for a spherical cap of half-angle 8y. The gener-
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Fig. 1. Locations of the geomagnetic observatories (full circles) and synthetic observatories (triangles) for
which synthetic data sets are computed from CM4 model. The geomagnetic observatories are labeled by a num-
ber corresponding to the alphabetical order of their IAGA code (see table I). The large circle shows the border
of the spherical cap of 6y = 35° used for the SCHA-modeling. The dashed boundary indicates the region of in-
terest, over which all maps and animations are produced. The green circles and inset are used to label four close
observatories. Equidistant azimuthal projection.

al solution of Laplace’s equation in the case of ries of associated Legendre functions {Pj}
SCHA for one epoch is: with non-integer degrees nx and integer orders
A et m. The integer index k is use.d to order the func-

CI)(r,G,tp) - REZ z (&) tions and the SCHA coefficients, {g'k",hi”}.
om0 T G.D The values of n have to be non-integer in or-
[g¥ cos(me) + hi'sin(mg)| P (cos 6)] der to satisfy certain boundary conditions for
the spherical cap instead of a whole sphere. The
The potential, a function of radius r, co-lat- order of the Legendre functions remains inte-
itude 6 and longitude ¢, is developed into a se- ger, ensuring the continuity of the potential in
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Table I. Geomagnetic observatories considered in the present study.

Nr TIAGA code Station Geographic Long (°) Coordinates Lat (°)
1 AQU L'Aquila 13.32 42.38
2 BDV Budkov 14.02 49.07
3 BEL Belsk 20.80 51.83
4 BFE Brorfelde 11.67 55.63
5 BOX Borok 38.97 58.03
6 CLF Chambon-la-Foret 2.27 48.02
7 COI Coimbra 351.58 40.22
8 CTS Castello Tesino 11.65 46.05
9 DOB Dombas 9.12 62.07
10 DOU Dourbes 4.60 50.10
11 EBR Ebro 0.50 40.82
12 ESK Eskdalemuir 356.80 55.32
13 FUR Fuerstenfeldbruck 11.28 48.17
14 GCK Grocka 20.77 44.63
15 HAD Hartland 355.52 51.0
16 HLP Hel 18.82 54.60
17 HRB Hurbanovo 18.18 47.87
18 ISK Istanbul - Kandilli 29.07 41.07
19 KIR Kiruna 20.40 67.80

20 KIV Kiev - Dymer 30.30 50.72

21 LER Lerwick 358.82 60.13

22 LNN Leningrad - Voiekovo 30.70 59.95

23 LOV Lovo 17.83 59.35

24 LRV Leirvogur 338.30 64.16

25 LVV Lvov 23.75 49.90

26 MAB Manhay 5.68 50.30

27 MNK Minsk - Pleshchenitzi 27.88 54.50

28 MOS Krasnaya - Pakhra 37.32 55.47

29 NCK Nagycenk 16.72 47.63

30 NGK Niemegk 12.68 52.07

31 NUR Nurmuijarvi 24.65 60.52

32 ODE Odessa - Stepanovka 30.88 46.78

33 OUL Oulujarvi 27.23 64.52

34 PAG Panagjuriste 24.18 42.52

35 SOD Sodankyla 26.63 67.37

36 SPT San Pablo 355.65 39.55

37 SUA Surlari 26.25 44.68

38 THY Tihany 17.90 46.90

39 TRO Tromso 18.93 69.67

40 VAL Valentia 349.75 51.93

41 WIK Wien - Cobenzl 16.32 48.27

42 WIT Witteveen 6.67 52.82

43 WNG Wingst 9.07 53.75
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longitude. Rg is the mean radius of the Earth.
When deriving the mathematical model by
means of the linear inverse method, the classi-
cal approach is to minimize the difference be-
tween the observed data and prediction. In or-
der to find the model with the minimum struc-
ture required by the data where any data errors
are not fit too closely, a regularization can be
applied.

The maximum likelihood solution is then:

m=(ATC;A+AN'ATCH (3.2)
where y is the data vector, A is the operator
mapping model vector on to the data vector m,
C. is the data error covariance matrix, A is a
damping matrix and 4 is a Lagrange multiplier.
We did not apply any weighting to the data, so
C. simply is the unit matrix in this case. The
damping matrix is determined by the norm and
the regularization is performed by minimization
of certain properties of the field over the cap
surface. Following Korte and Holme (2003), we
used a combination of the mean square values
of B* and (dB/dr)* over the cap as regularization
norms. To provide a temporally continuous de-
scription of the field, each of the SCHA coeffi-
cients is expanded in time as a linear combina-
tion of cubic B-splines Bj(f) with equidistant di-
vision of knot points:

L

an(t)=> au.B;(t) (3.3)

j=1

A detailed discussion of splines and the B-
spline basis is given by de Boor (1978).

The aji, are temporal coefficients and in this
case a temporal regularization is added in eq.
3.2. Korte and Holme (2003) implemented reg-
ularized temporal continuity by splines in the
SCHA formalism. Following this approach, we
minimize the functional:

(y-Am) C (y-Am)+ / A (Bl+0.1Ré(%)z)dQ

+ j((%)+01}2(§—[(‘2—f)))d9]dt

Here, A and 7 are the spatial and temporal
damping constants, respectively. We multiplied

(34)
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(dB/dr)* with factors 0.1 and R to ensure that
the two damping norms have similar contribu-
tion and units. Note that the accuracy by which
the Legendre functions are computed greatly
influences the SCHA results. The original sub-
routine for computing these functions (Haines,
1985) often encountered a lack of convergence
of the series leading to incorrect values of the
{Pr(cosB)}

The problem arises especially for large val-
ue of degree ny or high values of latitude. Note
that this is no intrinsic problem of SCHA
method. To compute the associated Legendre
function values appropriately, the algorithm
proposed by Olwer and Smith (1983), which
uses extended-range arithmetic subroutines,
was implemented and successfully applied to
model the main geomagnetic field over Europe
within the time span 1960-2001 (Verbanac,
2007).

The theoretical background presented above
is valid for the regional magnetic field model-
ing. This approach can also be applied to direct-
ly describe the secular variation. Indeed, in-
stead of computing magnetic field coefficients
based on magnetic field data, the secular varia-
tion coefficients are obtained directly from sec-
ular variation values. This has two advantages
for our study. first, by considering differences
of field values the constant lithospheric field
contribution is eliminated. Second, by applying
the temporal regularization to the second time
derivative we also obtain a smooth description
of SA where fast changes will show only when
truly required by the data.

We investigated different SCHA parameters
such as spherical cap half-angle, maximum
spherical cap harmonics order and damping fac-
tors. The region to be studied has to be defined
by a spherical cap well covering that area, with
margins large enough to prevent, as far as possi-
ble, the influence of the cap boundary. A cap
centered at 53° N latitude and 14° E longitude
with the spherical cap half angle of 35° defines
well the region of interest, as seen in fig. 1.

The maximum spherical cap harmonics in-
dex was chosen as kyx = 8, considering that the
model structure should be controlled by a trade-
off between good fit to the data and smoothing
regularization constraint and not by the spheri-
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Fig. 2. Trade-off curve of the spatial norm (n7Tyr /45 ) vs. misfit (nTyr™") for EU_MIX model. Logaritmic scale.

cal expansion truncation level. For temporal
modeling with splines, we chose 20 splines,
that means a total of 1620 coefficients had to be
calculated, 81 for each knot point.

Special attention was paid to find the best
spatial (A) and temporal () damping factors.
We first investigated a broad interval of spatial
and temporal damping factors. Over a wide
range the misfit changes very little with tempo-
ral damping, and we kept the largest temporal
factor before the misfit starts to change more
significantly for a broad range of spatial factors.
Then, keeping temporal damping factor con-
stant we analyzed the misfits for a wide range
of spatial damping factors and looked at the
plot of the norm value against misfit, a trade-off
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curve. The optimal spatial damping factor was
taken as the «knee» of this trade-off curve (see
fig. 2).

The values used for our preferred models
presented in the following are A = 5x107°nTyr?,
7 = 5x107'nT?yr*. With our data set and chosen
parameters there was no need to apply any ad-
ditional numerical damping.

The models computed and presented in the
following simultaneously describe the secular
variation and secular acceleration. Before dis-
cussing specific features of these two core field
characteristics, in the region of interest we com-
pare in detail three models: the regional models
with and without data from the synthetic obser-
vatories and the global CM4 model (Sabaka et
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Fig. 3a-c. Maps of the X (left), Y (center) and Z (right) secular variation components at epoch 1980.5 obtained
from: (top) SCHA at 43 observatory locations (model EU_OBS) (middle) SCHA at 43 observatory locations
complemented with eleven synthetic observatories (model EU_MIX). Maps of differences between EU_MIX
and EU_OBS, (EU_MIX- EU_OBS), model values are also shown (bottom). Triangles show the observatory lo-
cations. Units nTyr'. Mercator map projection.
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al., 2004). The following discussion of field
characteristics is based on our preferred region-
al model based on the results of this comparison.

4. Results

4.1. Models

Figure 3 presents contour maps of two com-
puted secular variation models, one based on
data from 43 European observatories (EU
OBS), and one (EU-MIX) based on the same
data set complemented with synthetic data
computed at 11 additional synthetic sites, from
the CM4 global model. The model values for all
maps were calculated on a regular grid of 1°x 1°
in the region of interest, indicated by a dashed
line in fig. 1. We show maps for the epoch
1980.5, as representative example to illustrate
the following discussion of differences between
the models and fit to the data. It should be kept
in mind that the model region is larger than the
region of interest. Artificial effects at the edges
of the considered region are not very promi-
nent, even without synthetic observatories. The
isolines are slightly smoother in the case of
EU_MIX.

For a better insight on the influences of the
synthetic observatories, we calculated the dif-
ferences between the two models, EU_OBS
and EU_MIX, and the results are presented in
the bottom panels of fig. 3. The strongest differ-
ences appear near the edges, predominantly at
the southern border. This could be explained by
a lack of observatory data in the south-west and
south-east parts of the region, where the SV
gradients are relatively strong. Very small dif-
ferences are found in the north-west part de-
spite the poor data coverage. The SV gradients
are smaller there. Indeed, this is the only area
where a real observatory exists outside our re-
gion of interest (LRV on Iceland), but within
the modeling region, so that these data were
used in the modeling. Over the whole central
part of the studied area the differences take val-
ues of less than 0.5 n7y"~'. We can conclude that
the synthetic data from synthetic observatories
minimize the numerical instability, without in-
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fluencing the model performance in the region
covered by real data (where we strive for an im-
proved regional model compared to the global
one). Comparing our regional model EU_MIX
to CM4, the contour maps look quite similar
(top panels of figs. 3 and 4, respectively). For a
more detailed investigation of SV structures,
the differences between the CM4 and EU_MIX
model were calculated (bottom panels of fig. 4).
As expected, the differences are somewhat larg-
er, on average with values in the order of 1 to 2
nTyr”', but reaching values of up to 7 nTyr" in
certain years, regions and components. Some
details about these differences will be discussed
in the following.

4.2. Model quality

Performance and reliability of different
models can be judged by the fit to the data,
overall and for individual observatories and
components. The rms misfit of the reference
model CM4 to all the real observatory data is
4.0 nTyr'. Both our regional models achieve a
somewhat better fit. It is worth noting that the
overall rms misfit is reduced strongest in EU_
MIX, the model stabilized at the borders by
synthetic data. The misfit amounts to 3.6 nTyr"
for EU_OBS, and is 3.3 nTyr" in EU_MIX. We
therefore consider EU_MIX as our best region-
al model and will not consider EU_OBS any
further in the following. The rms misfits of
CM4 and EU_MIX for the individual observa-
tories are displayed in Figure 5. With few ex-
ceptions the rms misfits are somewhat larger in
the case of the global model in all three compo-
nents.

In the X component, the rms misfits at many
locations are less than 2 nTyr", some are be-
tween 2 and 4 nTyr™" and only a few are larger
then 4 nTyr". The worst fits (rms misfit higher
than 7 nTyr™") are found at MOS and THY, and
the best at NGK. The largest differences be-
tween the global and the regional model
amount to ~ 1.4 nTyr" at TRO and COI.

For the Y component, there are a number of
observatories with very low rms misfits, around
1 nTyr. The best fit is again found for NGK.
Only at some locations are the rms misfits larg-
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350" 0

Fig. 4a-b. Maps of the X (left), Y (center) and Z (right) secular variation components at epoch 1980.5 obtained
from the CM4 model (top). Maps of differences between EU_MIX and CM4 models, (EU_MIX- CM4), are al-

so shown (bottom). Units nTyr'. Mercator map projection.

er than 2 nTyr'. Here, two observatories are
outstanding, namely HAD and MNK, with rms
misfits larger then 8 nTyr'. At MNK also the
difference between the two models is largest
(more than 1 nTyr™).

Slightly larger rms misfits are more com-
mon in the Z component. There are several ob-
servatories with rms larger then 6 nTyr" (COI,
ISK, KIR, LVV, MAB, MNK, TRO), while the
lowest rms is again noticed at NGK. The most
distinct discrepancy between global and region-
al model rms misfit is found at COI and
amounts to almost 2 n yr'.

The bar chart showing the overall rms mis-
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fit per observatory in the bottom panel of fig. 5
reveals rms misfits mostly below 2 n yr™', but al-
so many values larger then 4 nTyr". The largest
difference between two models is found at COI,
amounting to ~ 1.5 nTyr .

The rms differences between the two mod-
els are largest at those locations where the
misfit is largest. Indeed, the regional model
does fit those data better, but the large misfit
might also indicate high uncertainties or prob-
lematic data at such observatories. At the syn-
thetic observatories (not shown on the charts
of fig. 4), the rms misfits of EU_MIX in all
components are similar. With values below or
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Fig. 5a-d. The X, Y, Z and the overall rms misfit at each observatory locations from the regional, EU_MIX
model (black) and the global, CM4 model (white).

around 1 nTyr' this demonstrates the close which fit very well by both the regional and the
agreement of the regional model with the glob- global model over the whole time span and in
al model in this peripheral area where no real all three components. Figure 6b shows the time
data are available. We have to examine some series at TRO, where large rms misfits and sig-
individual time series in detail in order to be nificant differences between the models are
sure that our regional model is not giving a bet- found in X and Z. Some scatter in the data is
ter fit only because it is fitting unreliable data obvious, which is not fit by any of the models.
more closely. The results at three locations, Both models fit the general trends well, but
NGK, TRO and COlI, are presented in fig. 6 as EU_MIX fits some of the patterns on interme-
representative examples for different situa- diate time-scales more closely than CM4. For
tions. The data series are shown together with instance, the outstanding structure observed
the continuous CM4 and EU_MIX predictions between 1971 and 1973 in X is better described
for that location. Figure 6a shows an example by the regional model. That feature is quite

for observatory data with high quality (NGK), sharp to be a natural effect, but similar behav-
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ior is noticed also in the time series at the
neighboring KIR observatory, and some other
observatories on the western side of the region
of interest (see for example fig. 6¢). An error in
a particular annual mean gives successive SV
points which are above and below the trend, re-
spectively, or vice versa. The reason of the out-
standing structure at 1971-1973 in Z may be
possibly due to this effect, but does not influ-
ence our model in any significant way.

Figure 6¢ is an example of large differ-
ences in both X and Z between the EU_MIX
and CM4 models (COI observatory). Again, at
some times the data are quite scattered and it
is difficult to judge with absolute certainty
whether the regional model is fitting the actu-
al secular variation better. However, from ex-
amining the fit to all the data series we sup-
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Fig. 6a-c. Time-series for X (first row), Y (second
row) and Z (third row) SV components in nTyr', at
(a) NGK, (b) TRO and (c) COI locations (see fig. 1
for the locations). The time series are corrected ob-
servatory data (thick black), computed values from
the EU_MIX model (gray) and CM4 model (black),
respectively.

pose that this is the case. Some patterns in the
scattered data, e.g. those resembling jumps in
Y in 1990 and 1994, are observed similarly
(with different magnitude) at some other ob-
servatories (see fig. 6b). They appear too sharp
to be secular variation features, but very likely
contain contributions from external fields, that
still have not been eliminated despite our ef-
forts.

In summary, there is no indication that our
model is fitting any unreliable data too close-
ly. The examination of the time series also
shows the capability of EU_MIX to model the
data well even at the beginning and the end of
the considered time span, where edge effects
of the spline representation can generally in-
troduce larger uncertainties in continuous
models.
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4.3. European secular variation and secular
acceleration

We use the EU_MIX model to study in de-
tail the SV and SA over Europe. Animations of
both SV and SA in 0.1 yr time steps for the
three orthogonal magnetic components are
available as supplemental material. This time
step interval has been chosen mainly to obtain a
reasonable speed for the animation. Although
the temporal resolution of the data is one year,
our continuous model provides a smooth inter-
polation between the data epochs. Figure 7
shows the SA around epoch 1970 as an exam-
ple where large areas of zero acceleration for
each component are detected. The following
discussions, however, are based on the anima-
tions. All components show complex patterns,
with some varying extrema. We only discuss
the large-scale variations of SA, because small-
scale features of the model, particularly in X
and Z, might be slightly contaminated by exter-
nal field influences not completely removed by
our approach. The X component shows a gener-
al ENE-WSW trend in SV changes. The SV
isoline motion is rather constant for the Western
European area, even though the direction
changes from time to time. These changes are
clear for the center Europe, around 1969, 1983,
1994 and 1996, and much more accentuated in
the North-Eastern part. For the SA, after a
rather nearby zero acceleration in 1965, the first
epoch with significantly large values (some
4nTyr?) in South-Eastern and Northern Europe,
is beginning of 1969. However, they are rapid-
ly decreasing, and at the beginning of the next
year, nearby zero acceleration values cover
large part of Europe. The next deceleration
regime reaches some extreme values around
1976 (some —5nTyr?), and exists until 1980,
again a characteristic mainly for South-Eastern
Europe. During the next years the SA values are
rather small, with a largely vanishing SA at the
beginning of 1985, but with an accelerating ten-
dency, with a maximum around 1992, this time
in the South-Western part. After a rapid de-
crease, the SA accelerates again, with notably
large values all over Europe around 1997. To
summarize this component behavior, it appears
that for SV and the SA the general trend in
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changes is ENE-WSW, with dynamic SA foci
mainly in the South-Eastern and South-Western
Europe, and clear periods over which the
changes in magnetic field accelerate or deceler-
ate. These intervals are interrupted by periods
over which the SA changes the sign, more or
less rapidly.

The Y component SV, similar to the X com-
ponent, shows larger values in the Western than
in the Eastern part, and this for the entire time
interval. The general trend for the isoline mo-
tion is again mainly ENE-WSW. An overall in-
crease of SV over the 41 years is observed,
most strongly over the western part. Alternating
east—west movements of isolines are noticed,
with rather abrupt changes in the years 1961,
1969, 1978-1980, 1990 and 1995. Most of these
changes reflect the geomagnetic jerks known
from the Y component of the European observa-
tory data. The general large deceleration values
for SA are slowly decreasing, vanishing over
near all Europe towards 1969. This is one of the
quietest periods, when null-curve SA remains
over the whole continent for a few months. A
change in SA sign appears after this, simultane-
ously in the South-Western and North-Eastern
parts, the acceleration continuously increasing
until the end of 1971, to some 7 nTyr~. High ac-
celeration values characterize the next years,
until the middle of 1977, when again a near null
acceleration is observed over the whole of Eu-
rope. Interestingly, over the next few years the
SA keeps very low values, with a clear deceler-
ation starting with the end of 1982. The decel-
eration remains at the some level, of a couple of
nTyr~ until the beginning of 1989, when again
a nearly zero SA characterizes the whole area.
The change in sign appears rapidly, from the
east. Over the next few years no clear epoch of
null curves coverage can be distinguished, even
if the null isoline exists, with rapid changes in
its position. At the end of 1992 large accelera-
tion values cover all area, with maximum of
some 7 nTyr”. This maximum value, as does
the one observed at the end of 1971, occurs at
an edge part of the investigated area. We can
consider it an upper boundary level of SA in the
European region. At the beginning of 1997 two
clear SA foci co-exist, a positive one centered
largely over Austria, and a negative one over

——



Vol52,5,2009 1-12-2009 13:29 Pagina 500 $

G. Verbanac, M. Korte and M. Mandea

Fig. 7a-c. Maps of the X (left), Y (center) and Z (right) secular acceleration components at epochs around 1970
obtained from EU_MIX model. The largest areas of zero SA are seen in 1969.3 for Y (top), 1970.3 for X (mid-
dle) and 1970.1 for Z component (bottom). Note that data resolution is one year and the decimal years reflect
the smoothness quality of the model. Units nTyr . Mercator map projection.
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the Ukraine. Again, at the beginning of 1999
Europe is characterized by SA values close to
zero, although not everywhere. In summary it
can be said for this component that the spatial
patterns shown by SA around the different jerks
(changes from acceleration to deceleration or
vice verse) are quite different, perhaps except
for the ones occurring in 1990 and 1995.

The Z component SV changes are more
complex than in the relatively simple ENE-
WSW trends seen in the X and Y components.
Moreover, the SV behavior is more dynamic, in
both time and space. It is more difficult to iden-
tify epochs when dramatic changes in the SV
for Z component occur over the whole region of
interest. These changes are better described by
the SA. The first years covered by our model
indicate that the SA changes from a decelerat-
ing regime to an accelerating one, around 1963.
The next important change arrives in mid-1969,
when the entire area is covered by near-zero
values. During the next years, SA shows a co-
existence of both regimes, with a deceleration
dominating all area starting with mid-1976,
with some values as large as -9 nTyr, until the
beginning of 1979. With this date and for the
next few years again both regimes exist, the ze-
ro curve positions changing rapidly from the
south-west to far north, and back. The acceler-
ation behavior is thereafter characterized by
large extreme values up to some 8 nTyr* around
1986 over the Northern Scandinavian region.
The last decade covered by our model reveals
mostly an acceleration regime nearly all over
Europe. However, for the last three years a large
deceleration characterizes the whole area. Al-
though the complicated pattern of co-existing
acceleration and deceleration regions over Eu-
rope seems to show somewhat regularly alter-
nating changes during some epochs in this com-
ponent, this does not occur periodically in time.

5. Conclusions

We have modeled the geomagnetic field
changes over Europe for the past four decades
by applying a regularized SCHA approach to
the SV data series from 43 geomagnetic obser-
vatories. The modeling technique also provides
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a smooth and detailed description of SA. Edge
effects due to the data distribution have been re-
duced by adding 11 additional ‘synthetic obser-
vatories’, with synthetic data obtained from a
global model. We have shown that in this way
we can minimize the numerical instability,
without affecting the model quality in the re-
gion covered by real data. A comparison be-
tween our preferred regional model, EU_MIX,
and the global CM4 model shows generally
similar behavior. However, the overall rms mis-
fit calculated from EU_MIX is smaller than the
rms obtained from CM4, suggesting that the
new regional model gives an improved fit to the
data in both time and space. Moreover, with few
exceptions, the misfit for the individual obser-
vatories is smaller when the EU_MIX model is
considered. Both models provide a good fit for
all three components at all sites, however, over
the center region of interest the differences be-
tween the EU_MIX and CM4 predictions reach
maximum values of about 6 nTyr™" in X, 7 nTyr"
inY, and 8 nTyr" in Z.

Animations for the SV and SA allow yeld a
detailed insight into their behavior on a region-
al scale. The SV of both X and Y components
show a general ENE-WSW tendency in their
general changes in direction in which the plot-
ted contour lines are moving. For the Z compo-
nent, the SV changes are more dynamic, in both
time and space. Exact times and spatial distri-
bution of significant changes in SV are ob-
tained by studying extrema and zero accelera-
tion periods in the SA animations. Some strik-
ing features have been discussed, with mainly
rapid changes for some epochs and no or very
small changes for some others. We note that
mainly for two epochs, 1969.6 and 1982.2, SA
nearly vanishes for the whole region and in all
components. A zero level in acceleration is an
indication for a change of trend in the secular
variation, i.e. a geomagnetic jerk. Interestingly,
the EU_MIX model demonstrates its ability to
show the existence of the well-known geomag-
netic jerk of 1969 in all components (fig. 7),
even though the null SA curves do not cover the
very full region for that epoch.

It is worth noting that in general the null-
SA-curves do not occur uniformly in the whole
field vector over Europe. Indeed, each compo-
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nent shows some other epochs when the gener-
al SA behavior is vanishing. These epochs can
be summarized as following: for the X compo-
nent around 1965, 1970, 1985 and 1994; for the
Y component rather during 1969, end 1977,
1989 and 1996; and for the Z component in
1969, 1982 and 1987. Some years of these
abrupt changes match the well-known epochs
of geomagnetic jerks already noted in the Y
component of the European observatories.

The results obtained from the EU_MIX
model concerning the Y component are trust-
worthy. Those for the X and Z components are
less robust as the data describing these field
variations might still contain external and in-
duced field influences, even after applying the
approach proposed by Verbanac et al. (2007a).
We have only discussed large—scale features
shown by the model. We emphasize that never-
theless our model suggests complex, rather
small-scale and rapid sources of jerks, in accor-
dance with the rapid fluctuations proposed for
the fluid core by Olsen and Mandea (2008).
Moreover, the SA animations show rather dras-
tic changes starting with 1999, with a very com-
plicated pattern, when large acceleration and
deceleration values co-exist.

Although this is near the end of the studied
time interval and spline edge effects might oc-
cur, we note a coincidence with the very fast
change observed in the north magnetic pole po-
sition, which is moving northwest toward
Siberia by about 50 km each year (Olsen and
Mandea, 2007b). Further studies of geomagnet-
ic field behavior in all regions of the Earth with
highest possible spatial and temporal resolution
will be necessary to understand this complex
behavior of the geodynamo. For most regions
of the Earth, however, this was only been possi-
ble for less than a decade, as it can only be
achieved from the combination of the observa-
tory timeseries with data from the recent and
upcoming satellite missions.
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