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[1] The available European database of archeomagnetic field values and instrumental data has been used to
produce a regional model for the geomagnetic field in Europe for the last 3000 years (from 1000 B.C. to
1900 A.D., connecting with the epoch covered by the IGRF models). This new model, SCHA.DIF.3K,
constitutes an improvement with respect to the previous regional archeomagnetic model SCHA.DI.00-F,
which used relocated values and was only valid for the last 2000 years. The new model has been obtained
by least sums of absolute deviation inversion of paleomagnetic data using spherical cap harmonics for the
spatial representation of the field and sliding windows in time. An algorithm has been developed to jointly
model the three archeomagnetic elements declination, inclination, and intensity. The resulting model
provides the direction and intensity of the Earth’s magnetic field over the European continent, northern
Africa, and western Asia for the last 3000 years. The fit to the European archeomagnetic database is more
accurate than that provided by global archeomagnetic models. In addition, this model represents a step
forward in archeomagnetic dating studies (since the relocation error is avoided) and can also be used to
study the rapid changes of the geomagnetic field (archeomagnetic jerks) that have been recently proposed.
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1. Introduction

[2] Paleosecular variation (PSV) describes the long-
term temporal changes of the Earth’s ancient mag-
netic field. The study of this variation improves our
knowledge about the behavior of the magnetic field
and the dynamics of the Earth’s core.

[3] To define the geomagnetic field at any location
three independent elements are needed. Several
combinations are possible, but the measurements
made most commonly in historical times were
declination (D), inclination (/), and total intensity

(F).

[4] Instrumental measurements of the directional
(declination and inclination) Earth’s magnetic field
are available for the last few centuries, e.g., at
London, 1570—1900 A.D. [Malin and Bullard,
1981]. Early historical measurements do not come
from observatories, not even from single same
locations, since permanent geomagnetic observato-
ries were not established until the 19th century.
These historical data sets are complemented by
measurements of declination (mostly) and inclina-
tion for shipboard navigational purposes since the
end of the 16th century [Jackson et al., 2000;
Jonkers et al., 2003]. Instrumental intensity data
are scarcer, the first measurements being taken in
1832 A.D. when Gauss invented a method for
determining the absolute intensity values. For
times prior to instrumental values, paleomagnetic
data are needed. These data can be obtained from
heated archeological structures (archeomagnetic
data), from well-dated volcanic materials (lava
flows), and from lake sediments which are well
dated and undisturbed. Archeomagnetic data pro-
vide both directional and intensity data, whereas
lake sediments contribute with directions and rel-
ative intensity only.

[5s] Global models based on archeomagnetic data
have been obtained during the last decade by using
the Spherical Harmonic Analysis (SHA) technique,
like the one proposed by Hongre et al. [1998], and
the CALS family of models [Korte and Constable,
2003, 2005], which also includes lava flows and
lake sediments as input data. These models repre-
sent the paleofield at a global scale, but they are
usually too smooth to be used as a tool for
archeomagnetic dating and to record rapid changes
of the Earth’s magnetic field (i.e., archeomagnetic
jerks [Gallet et al., 2003, 2005]).

[¢] There are different reasons for the smoothness
of the global models. For example in the model of

Hongre et al. [1998] the smoothness is due to the
small number of paleomagnetic data, and their
inhomogeneous distribution around the globe. For
the CALS models a trade-off was imposed between
both spatial and temporal smoothness and fit to the
global data, leading to a damping of variations also
in regions and at times with dense data coverage.
Very recently [Lodge and Holme, 2009], a test has
been presented to demonstrate the feasibility of
using the same regularized inversion strategy as in
the CALS family to generate a viable regional dating
tool. However, a definitive model still remains to be
built.

[7] A possible solution to describe more accurately
the long-term geomagnetic variations comes from
the construction of Paleosecular Variation Curves
(PSVC). These curves are the classical approach
used by paleomagnetists to study the PSV in a
region. To build a PSVC, a high density of well
distributed in time paleomagnetic data from a small
region (usually less than 600-900 km radius) are
needed. The archeomagnetic data are then trans-
ferred from the sampling place to a reference point
by the Conversion Via Pole method (CVP [Noél
and Batt, 1990]). This relocation process introdu-
ces an error that, for the present geomagnetic field,
increases with the relocation distance (a maximum
of 7° for a 1700 km radius [Casas and Incoronato,
2007]).

[s] An intermediate approach between global mod-
els and PSVC is the determination of regional
models. When analyzing the recent paleomagnetic
compilations [e.g., Korte et al., 2005] for the last
3000 years, it is observed that data are not homo-
geneously distributed around the globe, and the
European continent is the region where the highest
density of paleomagnetic data (mostly archeomag-
netic data) is available: about 198 data/km?® com-
pared to 41 data/km? (Meso-America), 30 data/km?
(North America), 23 data/km?® (Asia), 3 data/km?
(Oceania) and 1 data/km?® (Africa) (values from
Korte et al. [2005] and the updated European data
set). Korte et al. [2005] show the temporal evolu-
tion of these data for each region or continent.
Consequently a regional model at the European
scale seems to be a realistic objective.

[o] In a recent paper, we proposed an initial
regional model (the SCHA.DI.O0 model [Pavon-
Carrasco et al., 2008a]) to describe the directional
behavior of the paleomagnetic field in Europe for
the last 2000 years, which was afterward updated by
also modeling the paleointensity (the SCHA.DI.00-F
model [Pavon-Carrasco et al., 2008b]). The
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SCHA.DI.00 and SCHA.DI.00-F models were de-
veloped using the spherical cap harmonic analysis
technique (SCHA [Haines, 1985]) applied to
directional data from five of the Bayesian Euro-
pean PSVC based on archeomagnetic data [Pavon-
Carrasco et al., 2008a, and references therein]. The
intensity was added from the recent European pale-
ointensity data set. These regional models seem to
better reproduce the variability of the geomagnetic
field over this region for the last 2000 years.
However, the use of the PSVC as input data implied
the inclusion of the relocation error into those
models.

[10] In this paper, we propose a new regional
archeomagnetic model for the European continent
valid for the last 3000 years (1000 B.C. to 1900 A.D.):
the SCHA.DIF.3K model (SCHA is the technique
used to develop the model, D comes for declination,
I for inclination, F for intensity, and 3K stands for
the last 3000 years). Only archeological material has
been used as input data because of the stability and
origin of its remanence, commonly a thermorema-
nence (TRM) or a partial thermoremanence
(pTRM) and because of the facility of some
archeological materials to be accurately dated.
Since the remanence acquisition mechanism for
lake sediments is depositional (or postdepositional)
a delay in the remanence acquisition time is
expected. In addition, there seems to be some
discrepancy in the determination of the paleointen-
sity between the archeomagnetic and the lava flow
records (M. Kovacheva, personal communication,
2008). For this reason we opted to use an internally
consistent database, and therefore decided not to
use any lake sediment and lava flow data in our
study.

[11] The main differences between the SCHA.
DIF.3K model and the initial SCHA.DI.00-F model
[Pavon-Carrasco et al., 2008b] are as follows:

[12] 1. For the input data, we have used the
complete (with measurements up to 2007) “in
situ” archeomagnetic data and three time series
of historical observations of geomagnetic field
directions, which we have denoted as “instrumen-
tal database.” By using “in situ” data, the model is
not affected by the relocation error. The instrumen-
tal database includes time series covering the last
4 centuries (from 1600 A.D. to 1900 A.D.) located
in three western European countries (the United
Kingdom, France and Italy).

[13] 2. The new model has been developed by
jointly modeling the three archeomagnetic compo-

nents (declination, inclination, and intensity). This
model is more coherent than the previous regional
models, for which in a first step the directional
geomagnetic model was developed, and in a sec-
ond step the intensity was added [see Pavon-
Carrasco et al., 2008a, 2008b].

[14] 3. The valid time period has been increased by
1000 years: from 1000 B.C. to 1900 A.D. (the
SCHA.DI.00-F model was only valid from year 0
onward).

[15] The paper finishes with a demonstration of the
main utility of the model as a tool for archeomag-
netic dating and for the analysis of the rapid
changes of the geomagnetic field (i.e., the so-called
archeomagnetic jerks [Gallet et al., 2003, 2005])
over the last three millennia.

2. Methodology

2.1. SCHA Technique

[16] The spherical cap harmonic analysis (SCHA)
presented by Haines [1985] has been applied in
many different studies [Torta et al., 2006, and
references therein]. The technique has been revised
by Thébault et al. [2006] developing a new tech-
nique called revised spherical cap harmonic anal-
ysis (R-SCHA), for which a complete boundary
value problem is solved. This method represents
the magnetic field in a closed conical domain by a
complete family of functions. The R-SCHA tech-
nique is an exact mathematical method, but the
numerical problems are difficult to solve when
only ground data are used. Very recently a new
method (R-SCHA2D) for regional modeling of
geomagnetic data over a spherical cap and at a
constant altitude by using R-SCHA has been
proposed [Thébault, 2008]. A further development
of our work will be the study of the differences in
the model results by using R-SCHA2D instead of
SCHA.

[17] Some modelers prefer to use SHA with a
regularized inversion strategy because of the
following inherent limitations to SCHA: spatial
structure limited by both the average minimum
wavelength considered resolvable and by the shape
of the limited number of basis functions, and
difficulty to adapt the basis functions to irregular
distributions of data within the cap. In regularized
global inversions, the structure is constrained to
minimize a specific measure of complexity in the
field, and it is inherently adaptive to provide simple
models in regions with few data. In our study, we
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decided to follow the classical approach by Haines
[1985], accepting the limitations of SCHA and the
fact that the model cannot be extrapolated outside
the limits of the cap. To model irregular distribu-
tions of data within the cap it is necessary to use a
low maximum degree of the expansion. This low
degree produces a spatial resolution for the regional
archeomagnetic model that could be not too differ-
ent from that of global models. On the other hand,
the SCHA technique imposes an artificial conical
boundary and it is not possible to study the power
spectrum of the field and its behavior at the core-
mantle boundary. In spite of these limitations, we
think that a regional approach could better repro-
duce the variability of the geomagnetic field in
Europe.

[18] The SCHA (and the R-SCHA) technique sat-
isfies the Laplace equation and therefore we prefer
to use this technique rather than other regional
techniques (polynomial or spline modeling). The
general solution that satisfies the conditions im-
posed by Laplace’s equation is expressed for a
spherical cap by an expansion in terms of spherical
harmonics. The internal geomagnetic potential is:

V(r,0,)) —azz<)k Py (cos0)
k=0 m=0
. <g:i cosmA + hy sinm/\> (1)

where Py (cos 9) are the colatitudinal Legendre
functions, (‘r’)""+1 is the radial dependence (with
the radial distance and @ the mean radius of the
Earth) and cosm\, sinmA the longitudinal Fourier
functions. g7’ and A}’ are the model’s coefficients
(SCH coefficients). The K;,, parameter is the
maximum degree of the expansion. The indices m
and k are integers and the index ny(m) is real.

[19] In paleomagnetic studies, the elements usually
determined for a given location are the declination,
the inclination and the intensity. These components
cannot be expressed by a linear combination of
SCH coefficients. In the next section we will
describe how we have solved this problem of
linearization.

2.2. SCHA Applied to Directional and
Intensity Data

[20] To express the archeomagnetic data as a linear
function of the SCH coefficients, we have used the
truncated Taylor’s series applied to the expressions
of the relationship between the declination, incli-

nation and intensity and the Cartesian components
of the geomagnetic field:

Y
D = arctan (—)
X

Z
[ = arctan | ——
(\/X2 + Y2)
F=+X?24+7Y*+27? (2)

[21] Expanding the series and taking into account
equation (2), we obtain the general expression for
the elements of the geomagnetic field:

alr,0,\, 1) = ao(r, 0, A\, t) + ba(r, 0, \ 1)
Aa(r, 0, \ 1)

:ao(?,@,/\,t)+ ag

-g(t) - (3)

a=aqg

a (r, 0, A\, t) is the studied archeomagnetic element
(dechnatlon inclination or intensity), g (7, 8, A, £)
is the initial value of the element given by a
reference geomagnetic field. The variation of the
element 6« (7, 0, A, £) is given by its derivative with
respect to the SCH coefficients and their variation
og(?).

[22] The values of the derivatives of the archeomag-
netic element by the SCH coefficients depend only
on the initial reference field oy (Xo, Yo and Zy):

1

6D =m (Yo - (45, 4%) + Xo - (45,4})) - 6

51:%3( ZI‘;)O(" (4%, 4%) — Z;IYO (45, 4%) + Ho (45, 4% )) g
1

6F = FO(XO(A)%,A”)+YO(A§,Ah)+ZO(A§,A”))-5g (4)

where H, is the horizontal intensity and F| the total
intensity of the reference geomagnetic field, and:

K =k g\ n+2 dPE (cos 0) .
- SO i
Kint m=k a\n+2m ~PI;(COS 9) X
(i) =35 () g (iAo
Kine m=k an n+2
(5.4) = 33 (&) + )P (cos)(—cos  —sin )
k=0 m=0

(5)

[23] There is an equation for every archeomagnetic
data (declination, inclination or intensity) accord-
ing to equations (4). These equations present
spatial and temporal dependence.

[24] Before solving the problem, it is necessary to
transform the coordinate system and the geomag-
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netic elements to the SCHA reference frame. Two
rotations are needed. First, we have transformed
the coordinates and geomagnetic elements from
geodetic (denoted by subscript gd) to geocentric
(subscript gc). After this, we have rotated both
coordinates and elements to the cap frame (subscript
sch).

[25s] For the first rotation, the geodetic longitude
and the intensity are invariant; i.€., Agq = Agc and
Foq = Fge. To transform from geodetic to cap’s
coordinates the intensity changes along with radius
but it is a small effect that cannot be taken account
of by the SCH model since it needs data at uniform
radius. To obtain the new geocentric colatitude
(0gc), the radial distance (ry), the declination
(Dgc) and the inclination (I,.) one can easily adapt
the subroutines given by Haines [1988]. It should
be borne in mind that (1) for the pair declination-
inclination, the transformation does not depend on
the intensity value and (2) for single inclination
values (without declination) we have associated a
value to the declination equal to 0°. The maximum
error made using this zero value for declination is
very low (we have tested this error with synthetic
data and it is lower than 0.02°).

[26] For the second rotation the radial distance, the
inclination and the intensity are invariant (ryc = I'sch,
Iy = Lien and Fye = Fyp). The remaining coordi-
nates (longitude Ay, and colatitude 6,.,) and the
declination (Dg,) can be transformed according to
De Santis et al. [1989]:

€08 O, = €08 B €0s g + sin O sin O, cos()\gc - /\0)
— sin Oy sin(/\g‘, — )\0)
sin 6 cos B — c0s 0y Sin Gy cos(Age — Ao)

tan Ao, =

(6)

tan Dy — tan Dg. — tan v
1 +tan Dg,. - tan v

where 0y and )\ are the cap’s center coordinates
and « is the angle between the north direction and
the cap’s center direction. This is given by:

c0s 0y — €08 O cOS Oy,
cosa = - L (7)
Sin g sin Oy,

2.3. Inversion Method

[27] To find the SCH coefficients that minimize the
misfit we have to choose an appropriate inversion
scheme. In a first attempt we used the classical
iterative least squares (LS, L2 norm) inversion
method. However, a detailed study of the error
distribution showed that this distribution was not

Gaussian but double exponential, so the use of the
L2 norm was formally inappropriate. Therefore,
and following the suggestion by an anonymous
referee, we used the iterative least sums of absolute
deviation (LAD, L1 norm) inversion. Differences
between the L1 and L2 norms are related to the
way the outliers are penalized. The L1 norm penal-
izes the outliers more than the L2 norm, so the
residual data distribution is sharper. This type of
distribution is called the Laplace (or double expo-
nential) distribution.

[28] The LAD method is based in minimizing the
absolute difference between real and modeled data.
Taking into account the global data uncertainty
(measurement uncertainty and time uncertainty)
of the data (09”%), we have to minimize the function

(xz1):

X (t,0) = x4, )

obs
g

Xu(ta) =y (8)
=1

where 7 is the time, a is the location, x?”*(¢, a) is the
real datum and x7°%(¢, a) is the modeled datum.

[29] For the inverse problem, we used an iterative
approach. First we used an initial model as a
reference model or input model (indicated by the
subscript 0 in equation (4)) to obtain a new model
by minimizing the equation (8). This new model
will be used as the input model for a second
iteration, and so on for successive iterations. The
RMS error for each component of the geomagnetic
field has been obtained taking into account the
weight of the data w?” = 1/09"* (the weighting of the
data is discussed in section 3.4):

n
z W;)bx (x;)bs o x;nod ) 2

= )
Sowih

i=1

rms =

[30] To solve the inverse problem for the temporal
part, we have used a sliding windows technique,
which is similar to the classical approach to con-
struct paleosecular variation curves. The size of the
window is related to the temporal data distribution
and the age uncertainties. For each window, we
have considered that each SCH coefficient (g«?))
can be defined by a cubic polynomial function, i.e.,
for the window i the SCH coefficients are given by:

3 J—
gl = g (5 (10)
p=0 ’
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where £ is the central time of the window and s the
size of the window. Thus, a spatial-temporal SCHA
model was constructed for every s-year window.
Finally, for every window we only took into
account the g;o parameter, so the resultant only
spatial model is assumed valid for the center of the
window (time fy). This main g;, coefficient is
conditioned by all the remaining data into the
window. The relation between two sets of con-
secutive SCH coefficients is smooth, because the
windows are overlapping (in our case, we used a
step of s/2). The size of the windows and the
overlapping step conditioned the temporal resolu-
tion of the model. To evaluate how the sliding
overlapping windows method affects the modeling
results, we have carried out a test using synthetic
data from the IGRF model at the same locations as
those used in the archaeomagnetic database, and
with similar dispersions and uncertainties. Results
show that the variations (generated by the sliding
windows method) are lower than the real variations
given by the SCHA.DIF.3K model (especially for
the inclination and intensity values). The temporal
resolution, using the sliding windows method, is
given by the time distance between 4 consecutive
windows. In our case the window is overlapping
s/2 years, so the temporal resolution is 3s/2.

3. Database and Input Data

3.1. Archeomagnetic Database

[31] We have used a recent data set of archeomag-
netic data for Europe for the last 3000 years. The
data set is based essentially on the database of
Korte et al. [2005], (which consists of globally
distributed paleomagnetic data). We have selected
only the archeomagnetic data in the considered
region (a cap of semiangle 40° center at 48°N and
9°E, i.e., Europe, north of Africa and west of Asia),
excluding data from lava flows and sediments.

[32] From 2005 new data have been included in the
database, largely because of the AARCH Network
Project. These new data correspond to different
European countries. For the directional data: Austria
[Schnepp and Lanos, 2006], Germany [Schnepp and
Lanos, 2005], Hungary [Marton and Ferencz,
2006], France [Chauvin et al., 2000], Italy [Evans
and Hoye, 2005; Tema et al., 2006], Spain [Gomez-
Paccard et al., 2006a; Ruiz-Martinez et al., 2008;
G. Catanzariti, personal communication, 2008]
and Greece [Evans, 2006]. And for the intensity:
France [Gallet et al., 2005] and Spain [Gomez-
Paccard et al., 2006c]. The initial number of the

directional paleomagnetic data considered is 1464
for declination and 2018 for inclination. Intensity
data also come from archeomagnetic artifacts. The
initial number of archaeointensity data is 927.

[33] We have applied a filter based on the statistical
uncertainty of directional paleomagnetic data. The
precision of directional data is given by the param-
eter aos° (value for the 95% confidence cone about
the mean direction). The intensity data has preci-
sion given by the parameter or. We have rejected
all data whose s is three times bigger than the
mean awse. A similar criterion has been applied to
intensity data (three times the mean og). After
applying this filter, we have rejected 26 directional
data (1 from Poland, 6 from Russia, 5 from Ukraine,
10 from United Kingdom, 2 from Germany, and
2 from Italy) and 12 intensity data (3 from Slovakia,
1 from France, 1 from Serbia, 3 from Egypt, 3 from
United Kingdom, and 1 from Russia). The mean
values of agse and o are 4.1° and 3.3 T, respec-
tively. We have also rejected those data with age
uncertainties greater than 500 years (9 data from
United Kingdom and 3 from Hungary).

[34] The definitive archeomagnetic database con-
sists of 1437 declination data, 1979 inclination data
and 913 intensity data.

3.2. Distribution of Archeomagnetic Input
Data

[35] Figure 1 shows the spatial distribution of the
archeomagnetic data (declination, inclination and
intensity) used as input data for the time interval
1000 B.C. to 1900 A.D. The distribution of data in
Europe is inhomogeneous, so in order to visualize
the number of data in every region we have
represented the spatial distribution of the data
according to the latitude and longitude coordinates
relative to the cap’s center: 48°N latitude and 9°E
longitude (orange lines in Figure 1).

[36] The colatitudinal distribution (Figure 2a) of
declination and inclination are similar. Both show
that the data are distributed inside a cap with
semiangle 22° (except for some inclination data,
up to 25° away from the cap center). A higher data
density is found between 3° and 15° of colatitude,
marked with high peaks between 5° and 10°. The
inclination registers two other maxima in the
number of data at about 11° and 19° of colatitude
(corresponding to Bulgarian and eastern European
data respectively). Intensity data are concentrated
between 11° and 15° of colatitude. There is a
second smaller concentration peak around 7°
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Figure 1.

20° 30° 40°

Locations of input data. Declination (red circles), inclination (blue pluses), and intensity (green crosses).

Orange grid shows colatitude and longitude relative to the cap’s center (48°N, 9°E).

corresponding to Hungarian data. The furthest data
are about 28° away from the center of the cap
(Middle East).

[37] Figure 2b shows the longitudinal distribution
of the data. Again, both declination and inclination
distributions are similar. The western European
data (negative longitudes) are almost identical, so
it is obvious that declination data have inclination
data associated. For positive longitudes, i.e., east-
ern Europe, the number of inclination data is higher
than declination data. France and the United King-
dom (about —125° longitude) in the western part of
the cap, and Bulgaria and Hungary (between 60° to
90° of longitude) in the eastern part have the
highest concentration of archeomagnetic directional
data.

[33] The spatial distribution of the intensity data of
Figure 2b is very significant since it shows the
elevated difference between the number of intensity
data from western and eastern Europe. From the
927 initial intensity data, only 139 data are from
western countries. This may have consequences for
the development of the regional model, because the
east intensity data are predominant over the rest of
the intensity data. The highest concentration of
intensity data are in Greece (50° longitude), Bulgaria
(about 70° longitude), and Hungary (90° longitude).

[39] The temporal distribution of data (Figure 2c)
shows a high density in the Roman period (between
100 B.C. and 500 A.D.) and between the 9th and
19th centuries A.D. There is a decrease in the
density of data for 500-1000 A.D. (the so-called
“Dark Ages”). There are more intensity data than
directional data before 100 B.C.

[40] In the time interval 1000 B.C. to 1900 A.D.,
the declination ranges in Europe between —33.7°
and 42.9° with an average uncertainty of 4.6° and a
standard deviation of 2.5°. Inclination varies be-
tween 32.5° and 86.0°, with a mean uncertainty of
2.3° and a standard deviation of 1.1°. The upper
and lower limits of intensity are 33.0 uT and
101.0 pT, with 3.4 uT and 2.0 T of mean uncer-
tainty and standard deviation respectively. The
mean age uncertainty for all data is 53.0 years with
a standard deviation of 67.0 years. All data uncer-
tainties are given at 68% of confidence.

3.3. Instrumental Data

[41] We have included three historical time series
of the direction of the Earth’s magnetic field for the
last 400 years (~1600—1900 A.D.) located at Lon-
don, Paris and many Italian localities (Figure 3). The
first series is given by the compilation of Malin and
Bullard [1981], which reports the direction of the
Earth’s magnetic field at London from 1570 to
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Figure 2. Histograms of declination (red), inclination
(blue), and intensity (green) data through (a) colatitude,
(b) longitude, and (c) time. Both colatitude and
longitude are referred to the cap’s center (orange grid
in Figure 1). The size of the bins are 1° for colatitude,
10° for longitude, and 50 years for time.

1975 A.D. Alexandrescu et al. [1996] compiled the
instrumental series of the geomagnetic field direc-
tion in Paris (from ~1550 to 1994 A.D.). Finally,
the instrumental series from Italy includes histori-
cal measurements at many localities since 1640
[Cafarella et al., 1992, and references therein],
complemented by the records of the Pola observa-

tory (north of Italy, nowadays in Croatia, from
1881 to 1909 A.D.).

[42] We have assigned a constant value to the
uncertainties of the instrumental series. The obser-
vatory directional data used have not been cor-
rected for crustal anomalies and they may present
an error related to correlation. According to this
reason the use of original uncertainties is not
appropriate. Jackson et al. [2000] indicated that
the use of different observation sites can generate
about 0.5° noise in the observations, so in order to
solve this problem we have assigned a constant
uncertainty of 0.5° for all declination and inclina-
tion instrumental data.

[43] We have not used instrumental intensity data
because they start progressively from 1832 A.D.
onward, while our model has an upper limit at
1900 A.D.

[44] Figure 3 shows all instrumental series, which
have been reduced (we have used the relocated
data as given in the original works) to three
reference points (London coordinates for the first
series: 51.5°N latitude and 0.1°W longitude), Paris
(48.1°N, 2.3°E) for the second and Viterbo
(42.5°N, 12.0°E) for the Italian series). They are
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Figure 3. Series of directional instrumental data. All
data have been reduced to the reference point (see
legend).
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in general annual mean values. We have analyzed
the relocation error for the three time series: The
directional Italian data set comes from many loca-
tions distributed all over the country. Using the
synthetic data from the GUFM model [Jackson et
al., 2000] we have calculated the relocation error
for all time interval (1600—1900 A.D.); this error is
lower than 0.2° for the declination and 0.1° for the
inclination. The French and English data sets are
distributed very near to the reference location. We
have also calculated the relocation error using
GUFM model for the corresponding time interval.
These errors are close to zero (0.07° and 0.03° for
declination and inclination respectively).

3.4. Weighting of the Data

[45] We have added an additional uncertainty (7;)
to the measurement uncertainty (p;) depending on
the age uncertainty value, applying the same crite-
ria as in the work by Korte et al. [2005] but
modified because of the use of sliding windows;
the final uncertainty is therefore the square root of
the sum of the squares of the measurement uncer-
tainty (p;) and the uncertainty associated to age
(7;). The value of 7; for each datum has been
normalized according to the following scheme.
Each datum is given by a mean age t, and an age
uncertainty t.,, so it spreads over the whole time
interval: [ty — t,,, to + t,]. To take this into account
in the model, we normalized the uncertainty by
introducing a factor depending on the location of
the datum inside the temporal window. There are 4
possible cases for a window limited by [t;, t5].

[46] 1. The datum is completely within the time
window: t; <ty — t, and ty, + t,, < t,. In this case
the normalization factor is 1. The datum mean age
is given by to.

[47] 2. Part of the datum is within the window.
There are two types: (1) Ifty — t, <t; and to + t,,, <t,
the normalization factor is given by f=2 - t,/(ty +
tm — t1), and the datum mean age is (to + t,, + t;)/2.
(2) If t; <ty — t, and ty + t, > t,, the normalization
factor is given by f=2 -t /(t, — ty + t,), and the
mean age is (t, + tg — ty,)/2.

[4s] 3. Finally, if ty — t,, <t; and t, <ty + t,, the
normalization factor is f = 2 - t, /(t, — t;), and
the datum mean age is given by the mean time of
the window, (t; + t,)/2.

[49] Therefore, the final uncertainty (o;) is given by:

=t ()" (i

and the weight of the datum is given by the inverse
of the uncertainty:

g (12)

1
W =—=

g J7(

4. Model Parameters and Result:
SCHA.DIF.3K Model

4.1. Model Parameters

[s0] Previous studies have shown that, in order to
produce a spatial-temporal model from archeomag-
netic data using SCHA it is necessary to consider
relatively large size caps and a low degree spher-
ical harmonic expansion [Pavon-Carrasco et al.,
2008a]. In this new study we keep the same
maximum spherical cap harmonic index that was
used for the initial model built from the European
PSVC [Pavon-Carrasco et al., 2008a], i.e., K = 2.
Given the size of the spherical cap used (6, = 40°)
and the maximum data resolution, the model rep-
resents the same spatial wavelength as a global
(SHA) model with maximum degree n = 5.

[s1] Taking into account the spatial distribution of
data, the cap has been situated centered on Austria,
at 48°N latitude and 9°E longitude (see Figure 1).
The temporal distribution of data and the associated
age uncertainty have conditioned the size of the
windows for the temporal expression of the inverse
problem. The optimal size of the window is
50 years, because the mean age uncertainty is 53
years. Within each window there are, on average,
29 declination data, 38 inclination data, and 15
intensity data (see Figure 2c), except for two
windows which have no declination values
(750 B.C. to 700 B.C., and 650 B.C. to 600 B.C.).

[s2] For each time window we have applied a
spatial-time fitting by the iterative LAD technique
using equations (8) and (10). By moving the
window at 25 years steps from 1000 B.C. to
1900 A.D., we obtain 117 sets of SCH coefficients.

4.2. Input Models

[s3] To obtain the new regional model, we have
used two initial reference models (these models are
only used in the first iteration) for two time
intervals: the SCHA.DI.1-F from 1000 B.C. to
1650 A.D., and the GUFM model [Jackson et al.,
2000] from 1650 to 1900 A.D.

[s4] The SCHA.DI.1-F is an extension of the
SCHA.DI.00-F, since the previous has a temporal
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Table 1. Number of Initial and Rejected Data

Initial Number Rejection Number of % of Rejected
Component of Data Criterion Rejected Data Data
Declination 1437 op>3-49° 89 6.2%
Inclination 1979 o1>3-29° 114 5.8%
Intensity 913 oF>3-6.6 uT 24 2.6%

validity from 0 to 1900 A.D. To build the new
model, SCHA.DI.1-F, valid from 1000 B.C. up to
1900 A.D., we have used the European PSVC from
1000 B.C. to 0 (France [Gallet et al., 2002],
Germany [Schnepp and Lanos, 2005], Hungary
[Marton and Ferencz, 2006], Iberia [Gomez-
Paccard et al., 2006b], and the United Kingdom
[Zananiri et al., 2007]) and applied the same
procedure described by Pavon-Carrasco et al.
[2008a, 2008Db].

[ss] From 1650 A.D. onward we used the GUFM
model because this model appears to be the most
suitable one after the 17th century. The model has
been modified with a new value for the first Gauss
coefficient g from 1590 A.D. to 1840 A.D. given
by Gubbins et al. [2006]; the modification thus
applies only to the prediction of the intensity
before 1840 A.D.

[s6] The change in initial reference models was
chosen at 1650 A.D. because the minimum differ-
ence between both models occurs at this epoch
[Pavon-Carrasco et al., 2008a, 2008b]. To esti-
mate the difference between the SCHA.DI.1-F and
the modified GUFM model at 1650 A.D. we have
calculated the difference between predicted data
from both models at the location of the input data
from 1625 A.D. to 1675 A.D. Declination shows
the most abrupt change, the main difference being
4.7° with a deviation of 3.2°. The differences for
inclination and intensity are more reasonable: 1.9° +
1.0°and 2.2 uT £ 1.5 uT, respectively. Despite these
differences, the final SCHA .DIF.3K model shows a
smooth behavior in the time period from 1600 A.D.
to 1700 A.D. The reason is that the difference
between SCHA.DI.1-F and modified GUFM mod-
els at 1650 A.D. is smaller than the uncertainties of
the archeomagnetic data in the window 1625—
1675 A.D.

[571 To evaluate how the input model affects the
final model, we performed tests using the follow-
ing three archacomagnetic models: (1) CALS7K.2
model, (2) SCHA.DI.1-F model, and (3) a simple
dipolar model. This dipolar model was obtained

from the relocation of all the data at the cap’s
center and calculating the average Fisher direction
and the average intensity (in the same way as a
palaeosecular curve is generated).

[ss] The study showed that for temporal windows
with a high data density, the final model was
similar for all three cases. However, for windows
with a low density of data (for B.C. windows), the
input model determined the final model. For this
reason, we decided to use the most suitable model
according to the updated input data, i.e., the
regional archacomagnetic model SCHA.DI.1-F.

4.3. SCHA.DIF.3K Model

[s9] The SCHA.DIF.3K has been obtained follow-
ing an iterative procedure in which outliers are
rejected. A first SCHA model is obtained and used
to remove those data with residuals greater than
3 times the average value of RMS misfit error.
Table 1 shows the number of rejected data. No data
from historical series have been rejected.

[e0] With the selected database, the regional
SCHA.DIF.3K model has been finally obtained
after an average of 6 iterations per window.
Table 2 shows the initial and final RMS misfits
for every temporal window and the number of
iterations. The optimal model is given by the
iteration not varying the RMS misfit by more than
1% of its value.

[e1] To obtain the model uncertainty (at 95% of
confidence) of the predicted values for the regional
model, we have used a spatial function, C(z, ¢, \),
for every element, i.e., declination, inclination and
intensity. This function is obtained by the spatial-
time distribution of the RMS misfits for each
window by using a gridding method (polynomial
in space and time). The C(¢, ¢, \) function defines
the prediction uncertainty for the three components
of the Earth’s magnetic field at any location and
time (at 95% of confidence). Figure 4 shows the
C(t, ¢, A function for different locations in the
valid time period.
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Table 2. Initial and Final RMS Misfits and Number of
Iterations for Every Temporal Window”
to Number of Iterations Initial RMS Final RMS

—975 5 0.81 0.50
—950 5 0.63 0.41
—925 5 0.58 0.39
—900 6 0.67 0.48
—875 6 0.65 0.49
—850 5 0.67 0.50
—825 6 0.73 0.60
—800 7 0.76 0.65
—775 6 0.71 0.60
—750 6 0.79 0.67
—725 8 0.79 0.64
—700 9 0.90 0.71
—675 7 0.97 0.82
—650 7 0.87 0.71
—625 7 0.89 0.73
—600 6 0.90 0.80
—575 6 0.81 0.70
—550 8 0.90 0.76
—525 6 0.82 0.71
—500 7 0.86 0.72
—475 9 0.86 0.70
—450 9 0.99 0.81
—425 6 0.98 0.87
—400 9 1.20 1.06
—375 7 1.13 1.03
—350 7 1.18 1.05
—325 6 1.19 1.09
—300 5 1.16 1.06
=275 5 1.09 1.01
—250 5 1.05 0.95
—225 7 0.93 0.81
—200 8 0.53 0.41
—175 7 0.85 0.71
—150 7 0.94 0.72
—125 4 0.93 0.83
—100 11 0.85 0.70
—75 4 0.87 0.83
—50 4 0.63 0.58
—25 5 0.80 0.74
0 5 0.69 0.52
25 6 0.91 0.80
50 6 0.91 0.79
75 6 1.01 0.93
100 5 0.86 0.81
125 4 0.80 0.78
150 6 0.82 0.74
175 5 0.84 0.80
200 7 0.86 0.77
225 7 0.93 0.86
250 6 0.91 0.81
275 7 0.83 0.75
300 4 0.60 0.58
325 5 0.85 0.80
350 5 0.89 0.83
375 5 0.92 0.85
400 6 0.74 0.66
425 5 0.76 0.70
450 6 0.71 0.62
475 7 0.86 0.75
500 7 0.78 0.59
525 6 1.11 1.00

Table 2. (continued)
to Number of Iterations Initial RMS Final RMS

550 7 1.09 0.90
575 7 0.88 0.77
600 6 0.48 0.38
625 6 0.62 0.53
650 4 0.44 0.39
675 5 0.63 0.55
700 4 0.59 0.50
725 4 0.78 0.70
750 4 0.62 0.59
775 4 0.69 0.66
800 5 0.58 0.50
825 4 0.74 0.72
850 4 0.71 0.68
875 4 0.83 0.78
900 5 0.75 0.66
925 4 0.58 0.54
950 5 0.57 0.52
975 5 0.69 0.63
1000 6 0.68 0.62
1025 3 0.72 0.70
1050 4 0.73 0.70
1075 4 0.82 0.78
1100 5 0.84 0.80
1125 4 0.88 0.85
1150 4 0.82 0.79
1175 5 0.81 0.77
1200 6 0.77 0.71
1225 5 0.94 0.87
1250 4 0.85 0.83
1275 4 1.01 0.98
1300 4 1.09 1.07
1325 5 1.20 1.15
1350 5 0.99 0.94
1375 6 0.98 0.90
1400 5 0.87 0.81
1425 4 1.03 0.97
1450 5 0.91 0.84
1475 6 1.02 0.96
1500 7 1.04 0.95
1525 5 1.18 1.03
1550 7 1.05 0.93
1575 3 1.00 0.96
1600 5 1.24 1.16
1625 5 1.54 1.45
1650 7 2.24 1.84
1675 8 2.14 1.61
1700 4 1.06 1.02
1725 6 1.02 0.94
1750 5 0.88 0.85
1775 4 1.14 1.11
1800 5 1.34 1.28
1825 5 1.36 1.31
1850 3 0.92 0.91
1875 5 1.44 1.38

#The window is denoted by the central time t,.

[62] The spatial-temporal distribution of the input
data, the uncertainty of the data and the technique
used for modeling define the spatial and temporal
resolution of the model. For the spatial resolution,
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Figure 4. C(¢, )\, @) error functions for (left) declination (Cy,, solid lines) and inclination (Cj,., dashed lines) and
(right) intensity (C;,;) components. This function has been calculated at different locations over Europe: north (red
lines), 52°N latitude, 9°E longitude; west (blue lines), 44°N latitude, —4°W longitude; south (yellow lines), 40°N
latitude, 12°E longitude; and east (green lines), 42°N latitude, 23°E longitude.

according to the model parameters (maximum
degree and size of the cap), the model can reproduce
wavelengths not lower than ~5000 km [Thébault
et al., 2006]. Furthermore, the use of the sliding
windows method with s = 50 years and 25 years
overlapping between windows limits the temporal
resolution to 75 years (3s/2).

[63] Figure 5 shows the declination, inclination and
intensity maps for Europe and adjacent areas every
100 years from 1000 B.C. to 1900 A.D. Further-
more, an animation with declination, inclination and
intensity maps is available as auxiliary material.'

[¢4] The obtained continuous geomagnetic field
model for Europe and adjacent areas is available
from the Web site: http://pc213fis.fis.ucm.es/scha.
dif.3k_model.html. To generate a PSVC from
SCHA.DIF.3K model it is only necessary to indi-
cate the latitude and longitude of the site (input
data). The output predictions are the declination,
inclination and intensity (and their prediction
uncertainties at 95% of confidence) versus time
in ASCII format from 1000 B.C. to 1900 A.D.

5. Discussion: SCHA.DIF.3K Model
and Input Data and Comparison With
Global Models

[6s] Values predicted by the model have been
compared with the input data. The RMS misfit
for data over the whole cap, averaged in 50 year
bins, for declination, inclination and intensity are
given in Figure 6. For comparison, we have added

'Auxiliary materials are available in the HTML. doi:10.1029/
2008GC002244.

the spatial RMS misfit associated to the CALS7K.2
model [Korte and Constable, 2005] and the input
models SCHA.DI.1-F and GUFM model (Jackson
et al. [2000] modified according to Gubbins et al.
[2006]).

[66] For the declination (Figure 6a) the RMS mis-
fits of the regional model vary from 0.3° in 1875 +
25 A.D. to 11.9° for 425 + 25 B.C. The RMS error
for CALS7K.2 model strongly increases between
1000 B.C. and 600 B.C. The distribution of the
residual individual data has a Laplacian behavior
with an average of —0.3° and a standard deviation
of 4.0°. In Figure 6b, we have plotted the Laplace
distribution curve (red curve) obtained with these
statistical parameters. We have also calculated the
cumulative distribution of the residual data and we
have compared it with the theoretical Laplace
cumulative distribution (Figure 6¢). This compar-
ison shows that the Laplace distribution is the
suitable distribution for the actual residuals.

[67] The inclination RMS misfits are lower than
the declination RMS misfits in absolute value
(Figure 6d). For the regional model, the RMS error
exhibits two maxima at 125 + 25 B.C. (5.4°) and at
525 +25 A.D. (5.2°, which is bigger than the RMS
errors from CALS7K.2), and two minima in 825 +
25 B.C. (0.7°) and 1875 + 25 A.D. (0.8°). The
intensity errors (Figure 6g) show minima between
1025 and 1175 A.D. (~ 4 uT) and maxima about
11.6 uT at 275 B.C. Figures 6e and 6h show the
distribution of the individual data residuals for
inclination and intensity, respectively. The Lap-
lacian parameters for inclination and intensity
residuals are —0.2°/0.1 uT (averaged residual)
and 3.2°/7.5 uT (standard deviation). In this case,
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Figure 6. (a—c) Declination, (d—f) inclination, and (g—i) intensity RMS misfits (Figures 6a, 6d, and 6g), the
residual distribution (Figures 6b, 6¢, and 6h), and cumulative residual distribution (Figures 6¢, 6f, and 61). Figures 6a,
6d, and 6g show the RMS miisfits (averaged for windows of 50 years) from the SCHA.DIF.3K model (blue line), from
the CALS7K.2 (red line), from the SCHA.DI.1-F (yellow line), and from the GUFM model (green line). Figures 6b,
6e, and 6h show histograms of residual data; red lines are the Laplace distributions with the same mean and standard
deviation. Figures 6c, 6f, and 61 show cumulative residual distribution (blue stars) and theoretical cumulative Laplace

distributions (red lines).

the cumulative intensity residuals show a little
difference with respect to the theoretical curve
(Figure 61) because of the high dispersion of this
component. No major differences are observed
between the RMS misfits associated with the
regional and CALS7K.2 models for the inclination
(except for the time interval 725 B.C. to 25 B.C.),
but the RMS errors of the regional model are
generally lower than the RMS errors of the
CALS7K.2 global model for the intensity (espe-
cially between 700 A.D. and 1250 A.D.).

[s] We have compared the SCHA.DIF.3K model
with the input models. The new regional model

improved the previous model (SCHA.DI.1-F) for
all the time interval (Figures 6a, 6d, and 6g). This
improvement is clear for the declination after
1600 A.D. The RMS errors from the GUFM model
are similar to the RMS errors from the regional
model; an obvious result, since the global model is
very similar to the regional one for the considered
1650—1900 period. Table 3 summarizes the aver-
aged spatial-temporal RMS misfits for each element
of the geomagnetic field and for the different models.
[o] To plot the SCHA.DIF.3K model with the
input data, we have selected seven reference points
to give predicted PSVC. These areas are shown in
Figure 7. We have transferred both directional and
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Table 3. Comparison of the Averaged Spatial-Temporal
RMS Misfits Between SCHA.DIF.3K and Global Models
CALS7K.2 and GUFM*

Models RMS D (deg) RMS I (deg) RMS F (uT)
From 1000 B.C to 1900 A.D.
SCHA.DIF.3K 2.4 2.3 7.6
CALS7K.2 5.3 33 8.8
From 1650 to 1900 A.D.
SCHA.DIF.3K 1.2 1.4 6.3
GUFM?* 1.2 1.1 6.4

#The GUFM model of Jackson et al. [2000] modified according to
Gubbins et al. [2006].

intensity data from each site to the reference point
by CVP and VADM methods respectively (VADM
is the Virtual Axial Dipole Moment, i.e., an axial
dipole field is assumed to transfer the intensity data
to a reference point). The maximum distance be-
tween the site and the reference point was decided
to be 700 km. Figure 8 shows the curves predicted
by the regional model for each of the seven loca-
tions, along with their prediction uncertainty inter-
vals at 95% of confidence. For comparison, we have
also plotted the CALS7K.2 [Korte and Constable,
2005] and GUFM [Jackson et al., 2000] global
models and the input SCHA.DI.1-F model.

[70] Declination and inclination curves, i.e., direc-
tional curves show different behaviors in western

Europe (Iberia, France, United Kingdom) and
eastern Europe (Hungary, Bulgaria and Greece).
The density of directional data is concentrated in
the western area. The declination (Figure 8, left) in
Europe shows several maximum peaks (easterly
declinations), concentrated mainly in two time peri-
ods, around 800 B.C. and 1000—-1100 A.D. The
declination curves for the eastern side (Hungary and
Bulgaria-Greece) show a significant maximum at
1575 A.D. For the Roman period, the declination
has low values and little variation (see also Figure 5,
from 100 B.C. to 400 A.D.). The minima declination
values (westerly declinations) are achieved at
400 B.C., 600 A.D. and at recent times, around the
18th century.

[71] The global model CALS7K.2 shows a similar
variation to declination as the regional model, but
underfitting all peaks because of the strong
smoothing of the model. This smoothing is clearly
visible for the period 1000 B.C. to 500 B.C., where
the global model gives declination values close to
zero, while the regional model records its highest
maximum of declination (between 23° and 25° for
the whole European area). The biggest differences
between global and regional models are recorded
during this time period; however, it is worth
remembering that input data from this epoch are
extremely scarce (CALS7K.2 model used lake
sediments data for this epoch).

60°
50°
40° Gr;ece—Bngaria
30°

-10° 0°

10° 20° 30°

Figure 7. Considered areas (blue circles) to compare the SCHA.DIF.3K model to the input data. Blue points are
the reference site (see text for details). Locations of archeomagnetic dating studies with all geomagnetic components
(D, 1, and F, red stars) and directional components (D and I, green stars). Location of the new intensity data (yellow

stars).
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[72] The inclination curves (Figure 8, middle)
show a sinusoidal appearance with maximums
peaks at 500 B.C., 750 A.D. and 1700 A.D. The
most relevant minimum peaks are found around
320 A.D. and 1325 A.D. This behavior is also
reflected in the CALS7K.2 global model, but the
predicted curves again show underfitting for these
peaks (especially for Italy, Hungary and Greece-
Bulgaria). The greatest discrepancy between the
regional and global models occurs again during the
years B.C.

[73] The density of intensity values (Figure 8,
right) is higher in eastern Europe (Hungary, Bul-
garia and Greece) than in western Europe, where
data are mainly divided into two time periods: 0—
400 A.D. and 1250—1800 A.D. This could indicate
an underfitting of intensity data in western Europe.
To evaluate this problem, we have considered
intensity data from western European countries
not included in the regional model (yellow stars
in Figure 7). These data come from recent publi-
cations [Nachasova et al., 2007, and references
therein; Gomez-Paccard et al., 2008] and from
archeointensity studies product of the European
AARCH project [Batt et al., 2008, and references
therein]. These new intensity data have been plot-
ted in Figure 8 reduced by VADM to the nearby
reference point. As shown in Figure 8, the predic-
tions by the regional model are in agreement with
the new intensity data, especially in the maxima
around 500-300 B.C. and ~ 800 A.D. Therefore,
we think that the model predicts the intensity over
Europe in a proper manner. The intensity curves
generated by the SCHA.DIF.3K model have a
common behavior throughout Europe.

[74] The regional model suggests that the Earth’s
magnetic field strength reached 10 maxima in
Europe at 600-500 and 275 B.C., and at 160,
325, 580, 820, 1310, 1550—1700 and 1780 A.D.
On the other hand, the CALS7K.2 global model
[Korte and Constable, 2005] is too smoothed to
describe fluctuations shown by the data at these
locations. This global model exhibits only two
maxima, around 500 B.C. and 800 A.D.

[75] The comparison between the new regional
model and the input models (Figure 8) shows that
the difference is due to the data density and their
temporal distribution. The new model is close to

the input models when the data density is low,
which is logical. Before 200 B.C., both new and
input models are very similar for the three compo-
nents in western Europe, again in agreement with
the low data density there (Figure 2c). However,
for this time interval, differences are found in the
inclination and intensity curves from eastern
Europe, where the density of inclination and inten-
sity data is higher (Figures 2b and 2c). The new
regional model agrees with the GUFM model
modified according to Gubbins et al. [2006].

6. Applications

6.1. Archeomagnetic Dating

[76] One of the immediate applications of SCHA.
DIF.3K regional model is its use as tool for
archeomagnetic dating. So far the PSVC deter-
mined for a region have been used for archeomag-
netic dating. The limitation of this application is
the distance from the dating point to the location of
the reference curve (the relocation error). In addi-
tion it must be borne in mind that the PSVC are
individually generated for each region, so there is
no consistency enforced between curves from
neighboring areas.

[77] The use of the SCHA.DIF.3K model as a tool
for archeomagnetic dating represents an improve-
ment for several reasons. First of all, the regional
model has been generated considering all elements
of the geomagnetic field (declination, inclination
and intensity). Second, the regional model is built
with an in situ archeomagnetic database. Further-
more, the database covers the whole time period
from 1000 B.C. to 1900 A.D., while the database
used in the PSVC has gaps of data for any time
interval. Finally, and more important, we can
generate a PSVC at the location of the archeolog-
ical structure, avoiding in this way the relocation
error associated with traditional PSVC.

[78] To demonstrate the utility of the regional
SCHA.DIF.3K model, we have used it to date five
archeological structures which have also been
dated by the classical archeomagnetic method
[Lanos, 2004]. Therefore the studied selected sites
are located close to the available Bayesian refer-
ence PSVC. Archeological evidence has estab-

Figure 8.

(left) Declination, (middle) inclination, and (right) intensity data (blue points with uncertainty bars) and

model predictions (solid red line) with the prediction uncertainty (gray shading) for the last 3000 years. The
CALS7K.2 (green line) and the input models SCHA.DI.1-F (yellow line) and GUFM (green line) have been plotted.
New intensity values (black points with error bars) have been plotted in different intensity curves (see text for details).
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Table 4. Archeomagnetic Dating by SCHA.DIF.3K Model®

Archeological

Site Estimation

Archeomagnetic Dating by
SCHA.DIF.3K Model

Archeomagnetic
Dating by PSVC

Misericordia (Portugal) Late Bronze Age, first
half of C9 B.C.
until C8 B.C.

From C3 to C4 A.D.

Second half of C10

until C12 A.D.

San Cesario sul Panaro (Italy)
Corroy-le-Grand (Belgium)

Zlatna Livada (Bulgaria) CI1-C12 A.D.
Katerini (Greece) Late C4 B.C. to early
C2 B.C.

[—834, —709] [—946, —745]
[—99, 650] [—150, 224] * [278, 552]
(1022, 1167] [1041, 1127]

[826, 1004] [984, 1084]

[—505, —287] [—368, —273]

4See text for details.

lished the age of each structure (age of the last
usage). Archeomagnetic data (declination, inclina-
tion and/or intensity) from these structures have not
been included in the generation of the regional
model, so they constitute an independent set of
data. The studied structures correspond to five
European sites: Misericordia (Serpa, Portugal
[Catanzariti et al., 2008]); San Cesario sul Panaro
(Bazzano, Italy [7Tema and Lanza, 2008]); Corroy-
le-Grand (Belgium [Spassov et al., 2008]); Katerini
(Greece [De Marco et al, 2008]) and Zlatna
Livada (Bulgaria [Herries et al., 2008]). Two of the
five sites (Misericordia and San Cesario sul
Panaro) have only directional data (declination
and inclination). The location of each structure is
shown in Figure 7.

[79] The archeomagnetic dating has been carried
out according to the mathematical method of Lanos
[2004], where archeomagnetic data are compared
with a PSVC. In our case, the PSVC is generated
by the regional SCHA.DIF.3K model avoiding the
relocation error. So, we can obtain the probability
density functions (PDF) for each data (D, I and/or
F), whose combination generates the final PDF
(combined PDF). The combined PDF is used to
define the dating period time at 95% of confidence.

[s0] Figure 9 shows the five archeomagnetic dat-
ings along with the PDF of each archeomagnetic
element and the combined PDF, with the deter-
mined confidence intervals at 95% of probability.
Table 4 summarizes these time intervals, the archeo-
logical information and time intervals obtained

from the archeomagnetic dating with PSVC close
to the sampling site. The structures used for this
application are located close to the published
Bayesian PSVC, therefore the relocation error
should be small and both archeomagnetic methods
should produce similar results. For all cases there is
a good agreement between the archeomagnetic
dating by SCHA.DIF.3K model, by the PSVC,
and by the archeological information.

[s1] This new method can also be applied in other
European regions where reference PSVC are not
available.

6.2. Archeomagnetic Jerks

[s2] Archeointensity data from Europe covering
the last three millennia show coincidence between
sharp changes in the direction of the geomagnetic
field with intensity maxima during short periods of
less than 1 century: archeomagnetic jerks (AMJ)
according to Gallet et al. [2003, 2005] with a time
scale between geomagnetic jerks (years) and excur-
sions (thousands of years). Gallet et al. [2005]
analyzed the intensity data from western Europe
and the eastern Mediterranean. They detected 4
AMI for the last three millennia, around 800 B.C.,
200 A.D., 750 A.D., and 1400 A.D. However, the
evidence for these jerks is limited, given the
density of data used by Gallet et al. [2003,
2005]. Snowball and Sandgren [2004] concluded,
from high resolution sedimentary data, that signif-
icant century scale increases and decreases in rela-
tive field intensity between 4000 and 2000 cal B.P.

Figure 9. Archeomagnetic dating. The PSVC from SCHA.DIF.3K model (red curve) at each location and the
archeomagnetic data (blue line). Their uncertainty envelopes are shown in red and green, respectively. The
probability density functions (a and b) for declination and inclination and (c—e) for intensity and combined
declination-inclination (Figures 9a and 9b) and declination-inclination-intensity (Figures 9c—9¢) are shaded at the
95% (orange line in probability density functions). The most probable age for every site is shown in brackets.
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Figure 10. Archeomagnetic jerks: (a) Velocity (blue line) and curvature for the directional curve (red line) and
intensity curve (green line) with the prediction uncertainty band (gray band) at the center of Europe (48°N, 9°E).
Directional curve plotted in an equal area diagram (b) from 1000 B.C. to 500 A.D. and (c) from 500 A.D. to
1900 A.D. with the prediction uncertainty (gray ellipses). Red circles are marked every 100 years. Green arrows
indicate proposed jerks according to Gallet et al. [2003, 2005] (coincidence between sharp changes in the direction of
the geomagnetic field with intensity maxima). Orange arrows indicate abrupt changes in the direction (small or no

intensity maxima). Brown arrows indicate possible jerks.

were associated with abrupt changes (jerks) in the
direction of the geomagnetic vector.

[83] The regional SCHA.DIF.3K allows for the
study of potential AMJ by analyzing the intensity
maxima, the magnitude of directional velocity, or
angular rate of change of direction and the maxi-
mum curvature of the archeomagnetic curve. We
have calculated the velocity and curvature of the
directional curve at the center of the cap (48°N of
latitude and 9°E of longitude). Results are shown
in Figure 10, along with the intensity curve for this
location.

[84] We can see 5 epochs where a maximum in
intensity coincides with a maximum of curvature
and a minimum in velocity (Figure 10) around
300 B.C., and 300, 800, 1350, and 1600 A.D. And
a less well defined event could also have occurred
around 1800 A.D. (small intensity maxima). An-
other event characterized by a directional change
together with a small intensity maxima occurred
around 650 B.C.; and rapid directional changes
associated with velocity minima (but no intensity
maxima) took place around 825 B.C., 125 B.C,,
650 A.D. and 1200 A.D.

[85] According to Gallet et al.’s [2003, 2005] def-
inition of AMJ, we can propose five clear AMJ
around 275-325 B.C. (AMIJ-300), 275-325 A.D.
(AMJ300), 775-825 A.D. (AMJ800), 1350 A.D.
(AMJ1350) and 1550—-1600 A.D. (AMJ1600) and a
suspected jerk at 1775—1800 A.D. (AMJ1800).

[86] It is important to point out that the AMJ1350
is best defined in western Europe, while the
AMIJ1600 is evidenced from eastern Europe stud-
ies. This is due to the inhomogeneous distribution

of data in Europe already mentioned. More arche-
omagnetic information, well distributed in Europe
and well dated, is necessary in both periods to
better define these events. Similarly, an additional
possible AMJ is suspected around 650—-700 B.C.
(AMJ-650), but it needs to be confirmed with more
data. During the period 600-900 A.D. two AMJ
could have occurred instead of the only one that we
propose here, but during the “dark ages” the
number of archeomagnetic data is small and the
confidence in dating is low.

[s7] The AMIJ proposed by Gallet et al. [2005]
around 800 B.C. correspond to an abrupt direc-
tional change (maximum curvature and minimum
velocity), but no global intensity maximum is
observed. It has to be noted that Gallet et al.
[2005] only had a single intensity datum for that
epoch. More studies are necessary to investigate
this event. Other abrupt directional changes are
observed around 125 B.C. and 1200 A.D.

7. Conclusions

[ss] We have developed a new regional archeomag-
netic model for Europe for the last 3000 years. The
model has been calculated by using the SCHA
regional technique, modified for modeling the three
elements of the geomagnetic field together: decli-
nation, inclination and intensity. The SCHA.DIF.3K
model allows a complete description of the geomag-
netic field over Europe and adjacent areas for the
last 3000 years, and suggests that the Earth’s mag-
netic field has experienced a minimum of 5 arche-
omagnetic jerks in Europe for the last 3000 years
(AMJ-300, AMJ300, AMJ800, AMJ1350, AMJ1600)
and a suspected jerk (AMJ1800). These events are
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characterized by intensity maxima, velocity minima
and a sharp change in curvature. Other events
are observed around 825 B.C., 650-700 B.C.,
125 B.C., 600—-650 A.D. and 1175-1200 A.D.
which seem ““directional jerks,” but need to be
confirmed with more data. We have also demon-
strated that the regional model is an appropriate tool
for archeomagnetic dating, since a PSVC can be
generated at the location of the archeological struc-
ture, thus avoiding the traditional relocation error.
The model fits the present archeomagnetic database
for Europe more accurately than the global model
proposed by Korte and Constable [2005] for the
1000 B.C. to 1900 A.D. time interval. The discrep-
ancies with CALS7K.2 reflect the difference in the
data sets used and uncertainties assigned, the choice
of least sums of absolute deviation versus regular-
ized inversion in the spatial domain, and the use of
sliding windows versus continuous time variations.
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