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Abstract

Several global geomagnetic field models exist for recent decades, but due to limited data availability models for several
centuries to millennia are rare. We present a continuous spherical harmonic model for almost 3 millennia frem. 1600
1800a.p., based on a dataset of directional archaeo- and paleomagnetic data and axial dipole constraints. The model, named
Continuous Archaeomagnetic and Lake Sediment Geomagnetic Model for the last 3k years (CALS3K.1), can be used to
predict both the field and secular variation. Comparisons and tests with synthetic data lead to the conclusion that CALS3K.1
gives a good general, large-scale representation of the geomagnetic field, but lacks small-scale structure due to the limited
resolution of the sparse dataset. In future applications the model can be used for comparisons with additional, new data for
that time span. For better resolved regions, the agreement of data with CALS3K.1 will provide an idea about the general
compatibility of the data with the field and secular variation in that region of the world. For poorly covered regions and time
intervals we hope to iteratively improve the model by comparisons with and inclusion of new data. Animations and additional
snapshot plots of model predictions as well as the model coefficients and a FORTRAN code to evaluate them for any time can
be accessed undettp://www.mahi.ucsd.edu/cathy/Holocene/holocene.hfimé whole package is also stored in the Earthref
digital archive athttp://www.earthref.org/. .
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction gin of the geomagnetic field and its secular variation.
Under the frozen-flux hypothes{Roberts and Scott ,
Global geomagnetic field models can offer valuable 1965)temporal variations in magnetic flux at the CMB
information for improved understanding of the dynam- can reveal fluid flow patterns. Apparently persistent,
ics of the Earth’s core. The widely used modelling stationary flux lobes observed in recent and historical
technigue using spherical harmonic basis functions al- models give rise to theories about thernf@loxham
lows, under the assumption of a source free, insulat- and Gubbins , 19879r topographical{Gubbins and
ing mantle, the downward continuation of the model Richards , 1986¢oupling of core and mantle.
obtained from data at or above the Earth’s surface to  Systematic measurements of the full vector geo-
the core-mantle boundary (CMB), the region of ori- magnetic field, however, exist for less than 200 years,
a very short interval compared to the time-scales of
E-mail addresses: monika@gfz-potsdam.de (M. Korte), secular variation. A whole suite of global models
cconstable@ucsd.edu (C. Constable). representing the geomagnetic field and its secular
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variation have been developed for recent decades,of the epochs. In this paper, we present a temporally
like the temporally continuous models GSF&abaka continuous model where all epochs of that dataset
et al. , 1997) CM3 (Sabaka et al. , 2002r DGRF, have been modelled consistently, thus increasing the
a set of individual models adopted every 5 years reliability of structure changing with time and allow-
by International Association of Geomagnetism and ing the study of secular variation.

Aeronomy (IAGA) Working Group V-8 (e.gMandea We compare the continuous models to snapshots
and Macmillan , 200)) to name just a fewBloxham and to GUFM for the overlapping time interval. An
and Jackson (1992)overed the time from the begin-  error-analysis and additional tests with synthetic data
ning of magnetic vector measurements in 1840 with are used to investigate the reliability of features seen
their continuous model UFM1lackson et al. (2000) in our model. The structure of a preferred continuous
complemented the data with historical measurements model is briefly discussed with respect to the spa-
of declination and inclination going back as far as tially smoother snapshot models discussed in detail
the 16th century and developed a continuous model, by Constable et al. (200050me instantaneous snap-
GUFM, for the past 400 years starting in 1500.For shots and averages of the model’'s secular variation
older times only indirect records of the field from prediction for the radial component are shown and
the remanent magnetisation preserved in archaeo-the outlook for planned improvements of the model
and paleomagnetic samples are available. This kind is given in Section 7.

of data has significantly higher uncertainties than di-

rectly measured data: assumptions about the way the

magnetisation was acquired are involved (&grrill 2. Data

et al., 1998 and in particular the dating of samples is

often problematic. Uncertainties on the order of afew  For the continuous models presented here we use
years to decades may be realistic for some archaeolog-PSVMOD1.0 by Lund and Constable (in preparation)
ical artefacts or lava flows, but when radiocarbon dat- as the primary dataset. PSVMOD1.0 has been mod-
ing or similar methods have to be used the uncertain- elled as 100-year snapshots®gnstable et al. (2000)
ties easily become on the order of centur{8suiver Details of the dataset are given in those two papers,
and Reimer , 1993; Stuiver et al. , 1998herefore, we only summarise some important features here. The
on a global scale time-averaged models over long data consist of 24 globally distributed time series, 12
intervals have been the main objects studied, e.g. by of them regionally composite archaeomagnetic series
Carlut and Courtillot (1998), Johnson and Constable and 12 of them lake sediment paleomagnetic data
(1997), Kelly and Gubbins (1997), McElhinny et al. (Fig. 1). All data are claimed to have independent
(1996), Schneider and Kent (1990), Hatakeyama and good quality age control. Wherel€dating was used
Kono (2002) Only recently were efforts started to the time-scales were originally transformed to calen-
extend the non-averaged global models further back dar ages using the calibration curve @fark (1975)

in time. Based on archaeomagnetic data compiled by and were susbequently checked for consistency with
Daly and Goff (1996)Hongre et al. (1998)nvesti- the calibration byStuiver et al. (1998)The records
gated a low-degree spherical harmonic model of the consist of 100-year interval data, which were obtained
field over the last 2000 years. Lund and Constable by an evaluation of a composite, continuous curve at
(in preparation) compiled the dataset PSVMOD1.0, those times. Each datum represents something like
a combination of archaeomagnetic and lake sedimenta 20-30 year average of the field. Only directional
paleomagnetic data for the past 3000 yedohnson data, i.e. declination and inclination, are used. Errors
and Constable (199&)erived a time-averaged model, were estimated by a comparison of the most recent
ALS3K, from that dataset and global individual 100 parts of the data series with the historical UFM model
year snapshots were modelled Konstable et al.  (Bloxham and Jackson , 1998tandard error values
(2000) Those snapshot models show a coherent tem- of 2.5° were assigned to both inclination and declina-
poral evolution of the field, but smoothness and misfit tion of archaeomagnetic records 3.5 an@’5respec-

of each model had been chosen merely by the ex- tively for inclination and declination of lake sediments
pected or desired appearance of the model for some(Constable et al. , 2000Even with good age control,
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Fig. 1. PSVMODL1.0 sites. Dots have lake sediment data, diamonds archaeomagnetic. Archaeomagnetic site AUS and Lake Keilambete
(KEI) in southern Australia are closely adjacent.

however, we have to remember that dating uncertain- We follow closely the methodology dloxham and
ties are an additional problem in archaeo- and paleo- Jackson (1992)ising the conventional spatial expan-
magnetic data compared to recent and historical data.sion in spherical harmonic functions with a tempo-
For individual data points dating uncertainties can ral expansion in cubic B-spline basis functialfs (r)
reach the order of a few hundred years, and smooth as briefly outlined in the following. By adopting the
time series for sites can be streched or compressed inwidely used approximation of an insulating mantle,
time by dating uncertainties of the individual points and neglecting crustal fields and external fields the
of which they are compiled. Note also the uneven time-dependent geomagnetic fieR{r) can be writ-
spatial distribution of sites ifrig. L With only one ten as the negative gradient of a scalar poterial,
site in South America and Africa, respectively, the B(t) = —VV(¢) everywhere outside the Earth’s core
southern hemisphere is poorly represented. More- e 1 e 1

over, the single African record is inclination only and V(r. 6. 6. 1) = Re Z Z (RE)

the South American time series only starts at.0., r

there are no South American data at all for the earlier l;ln’"zo":l —

; ; ; cogme) + k" sin(me)]
millennium. Also the New Zealand archaeomagnetic x[g] !
record only covers the most recent 1000 years and P/"(cosO)M, (1) Q)

the Australian archaeomagnetic series has a long gap . .
between Oa.n. and 1000a.p. The coverage of Asia where (. 0. ¢) are spherical polar coordinates ar,]d
is worse than that of Europe and North America: Re = 63712km is the mean radius of the Earth's
The Mongolian archaeomagnetic record is inclination surf_ace. Dowanrd continuation o the CMB is
only and goes back no further than 7@®., and achieved by setting the rati®g/r to 1.828. The

the Japanese record only covers the time span from Py" (cosp) are the Sphmidt quasi-normalised associ-
0 to 18004A.D. In addition to PSYMOD1.0 we used ated Legendre functions of degreand ordenn. The

T m,n m,n
interpolated values of global axial dipole moment to coefficients{g,"", h;"" } }are related to the standard
provide an intensity constraint (s&ection 3.

time-dependent Gauss coefficiefig”, 1"} by
Nmax
§'0 =) g"" My )
3. Modelling method n=1
and the same fok;". Cubic B-splines are piecewise
To develop a time-dependent global model a com- cubic polynomials, which form a basis of minimal
bined representation in space and in time is necessary.support(de Boor , 1978) The ith cubic B-splineM;
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is non-zero §£;(t) > 0) only if ¢ lies in the interval
(t;, ti + 4) of knot pointst,, n = 1 to npax

We use the inverse method based on the work of
Whaler and Gubbins (198 a&ndGubbins (1983)min-
imising the function

(y — fm)TCHy — fm) + m" Am 3)

where(y — fm) is the error vector given by the differ-
ence between data and the prediction of the model
m and f is the operator relating the data vector to the
model according t&q. (1) Ccis the data error covari-
ance matrix and the second term is the regularisation
condition, which consists of a spatial and a temporal
part:

A=28"t4r71 (4)

with the spatial and temporal damping factarand

7, respectively. The operatots and T are diagonal
matrices, the elements of which depend on the cho-
sen norm. LikeBloxham and Jackson (1998)r their
UFM models we will use the minimum Ohmic heating
norm of Gubbins (1975¥or the spatial regularisation

4
(te — 1s)
tolmax 21+4
e (I+1)(21+1)(214+-3) [(Re
X112: l §J

m'Stm =

r
S =1

1
< Y [ + ()3 dr

m=0

(5)

and the temporal norm of minimum surface integral
of second derivative of the radial field

1 [
(te — 1s) /z /(:l\/||3(aIZBr)2 ds2 di ©)

where(zs, fe) is the time interval over which we solve.
Except for the additional time-dependence the method
is basically the same as used®gnstable et al. (2000)
for the individual snapshot models. The measured di-
rectional and intensity data are non-linearly related to
the coefficients. We therefore have to find the solution
iteratively, which we do using the scheme described
in detail by Gubbins and Bloxham (1985)

m' T 'm =

miy1=m;+ (A]Cg1A; + A)71

x[A]Cg (y — f(m))) — Amj] @)
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wherem; is the model at théth iteration and
af
om

m=m;

is the Fréchet derivative ak;. This is a different
approach from Occam’s iteration procg§®onstable
et al. , 1987; Parker , 1994jsed byConstable et al.
(2000) but from the comparisons that we did we sup-
pose that the results do not differ significantly in this
case.

We choose the maximum degree and order of the
spherical harmonic expansion high enough that the
roughness of the models is determined only by data
and regularisation, not by truncation level. With our
maximum of 24 sites we used maximum degree and
order 10. Bloxham and Jackson (199@%e degree and
order 14 because they have much better data coverage
at least for recent epochs.) Note, however, that this
does not mean that we can actually resolve all these
coefficients well. Only the lower degree and order co-
efficients can be resolved with any confidence. The
same requirement applies to the number of splines,
and that number was chosen as 50. With 3000 years
of data this gives knot points every 60 years as op-
posed to 2.5 years fdBloxham and Jackson (1992)
andJackson et al. (2000)

The directional dataset can determine the field mod-
els only to within an arbitrary multiplier due to the
lack of intensity informationHulot et al. (1997show
that this is true if two and only two magnetic poles
exist, but conclude that this can generally be taken
as a valid assumption for historical or archaeomag-
netic data. Constraining the axial dipole coefficient
gg resolves this ambiguity. For their snapshot models
Constable et al. (200@hose to fngg to the value of
30T, the order of magnitude of the present field. We
are, however, planning to eventually supplement the
dataset with intensity information, in which case we
must not have a completely fing but might still
want to utilise some weaker constraint on it for ro-
bustness of the models. Therefore we chose to treat
the default values for thg‘l’ coefficient as data in-
put, i.e. additional components gfin Eqg. (3)which
the modelm should fit. We assigned values t§
to the epochs of the knotpoints of our spline basis,
that is every 60 years. For comparison with the snap-
shot models we preserved the fixed value ofu30
For our preferred new models, however, we used the

A = 8)
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values ofg‘l) plotted inFig. 6a. We set the values to  continuing decrease of the dipole coefficient. We eval-
those of GUFMJackson et al. , 2000r the overlap- uated GUFM between 1690 and 1970 in twenty-nine
ping epochs back to 1600. The axial dipole moment 10 year intervals at exactly the 24 or fewer sites of our
gives the largest contribution to the total dipole mo- twenty-nine 100 year interval data of declination and
ment. For the earlier epochs we therefore adopted lin- inclination. We then modelled these synthetic records
ear approximations to the rate of change of the global and compared the results with GUFM again. We used
dipole moment as determined from paleointensity data the constant axial dipole assumption again to see what
compiled byMcElhinny and Senanayake (198 difference if any that makes. Additionally we added
that time span. Our simplﬁ-model now consists of  normally distributed errors of the order as the esti-
three linear segments, one for every 1000 years, with mated uncertainties of the data to the synthetic data
this coefficient monotonically decreasing since 1000 prior to modelling.The results of this test are instruc-
B.c.Compared to the more recent studyYgng et al. tive for the evaluation of our subsequent models: As
(2000) of the global virtual dipole moment, we may we hoped, we can reproduce the original GUFM quite
have assumed slightly too high a dipole moment for well, even with errors added to the data. The choice of
the earliest few centuries. We chose the more linear axial dipole constraint does not make a significant dif-
older assumption in order to avoid overly complicated ference. Declination and inclination anomaly, the de-
assumptions as we hope to include field intensity in- viation of inclination from an axial dipole, do not show
formation in future models soon so that we will no a lot of small scale structure, so our 24 sites for most
longer need this constraint. Just as the directional dataepochs are sufficient to produce very similar mod-
are weighted separately by a division by the uncer- els. For the radial compone® at the CMB and the
tainty estimates, a constant multiplication weighting non-axial-dipole part of itBynap, GUFM shows more
factor controls how closely the model fits the data in- small scale structure in the more recent epochs, where
put for theg(l’ coefficient. Setting this factor to 18 an increasing number of reliable data were available.
ensures the close fit desired in this case of missing in- Naturally our few sites cannot resolve this small scale
tensity information. The misfit between the artificial structure, but the general agreement particularly with
coefficient information and output model, however, is the older, less structured epochs of GUFM is good.
not considered in the determination of the RMS misfit Fig. 2 shows the comparison of the original GUFM
discussed irSection 5 and a reproduction of the synthetic data with added
errors, regularised just within the tolerance of those
errors, for epoch 1970 when GUFM already shows a
4. A test with synthetic data substantial amount of small-scale structure. The pa-
rameters used for this model axre= 107/ nT-2, r =
Compared to modern datasets the 24 sites used herel0° nT—2 yeaf*, 35 iterations by which we obtain an
provide very sparse coverage of the glabghnsonand ~ RMS-misfit of 1.0 with a spatial norm of 19108 nT?
Constable (1998)based onJohnson and Constable and atemporal norm of 2810° nT—2 yeaf*. The gen-
(1997) showed by defining a sampling function how eral agreement is good, only the small scale features
these few sites sample the field at the CMB and con- of Binap often cannot be represented too well. The re-
clude that when all sites are present there is adequateproduction lacks some of the flux lobes and others are
coverage for sampling the radial magnetic field at the clearly distorted by the under-sampling. The spatial as
CMB between 40S and 80N. We used an additional  well as temporal lack of structure is also reflected by
approach to obtain a better notion of how well the lim- a comparison of the norms: the values of the repro-
ited dataset can represent a more complex structureduced model are significantly smaller than those of the
by modelling synthetic data. We utilised the GUFM original GUFM which are 35< 102nT? for the spa-
model(Jackson et al. , 2000% continuous magnetic  tial and 68 x 10 nT-2 yeaf* for the temporal norm.
field model from historic and recent data, covering the However, the centres of the flux lobes that are present
400 years between 1590 and 1990. The historical datain the reproduced model are generally at the right po-
prior to 1840 used for that model also consisted only sitions and change according to the original model.
of directional measurements along with an assumed We conclude that if we keep in mind the limitations
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Declination 1970 AD

Inclination anomaly 1970 AD

Fig. 2. GUFM (Jackson et al. , 200Q0r) and model from GUFM predictions at the 24 sitesFa§. 1 with normally distributed errors
added (b). Radial compone® and non-axial-dipole contributioBnap at the CMB; inclination anomaly and declination at the Earth’'s

surface with equal colour scheme.

of our sparse dataset, it can give us a good generalin those cases the coefficients show unreasonable high
representation of the field and secular variation at the frequency oscillations in time. Comparisons confirm
CMB. Note, however, that this test can tell us nothing that the constraint on the dipole is mainly a scaling
about the temporal resolution of the data. To test that factor in our case and does not change the structure of
we would need a realistic model of the field evolution models with equal parameters significantly. We there-
over 3000 years with detailed spatial and temporal res- fore do not consider constant axial dipole models any

olution. Despite efforts to develop one from statistics
of the historical fieldHulot and LeMouél (1994yere
only able to use information on time-scales of a tenth
of the interval we are studying.

5. Comparison of different models

Solution of this inverse problem generated a whole
suite of models obtained with different regularisation

further. To quantify the fit of different models to the
data we look at the RMS misfit

1 2

N o — %
1 1
NZ( i )

i=1

RMS = )

between data; and model predictions;, normalised
by the uncertainties; and the number of dat¥. The
initial misfit between the data and a constant dipole
starting model withg9 = —30.T is 3.04. The values

parameters. To present just one, we have to decide onfor the individual data epochs are listed Table 1

a preferred model which we consider to be the clos-

est representation of the real magnetic field. The mod-

els with the closest fit to the data are obtained with

very low damping parameters. Such models, however,

are not predominantly dipolar, either for older times
or for the time overlapping with the GUFM model

which clearly is dipole dominated. A predominantly

dipolar structure of the magnetic field also is a sen-
sible assumption for the whole time span of the last
3000 years. We therefore rule out all damping param-
eters that do not give dipole dominated models, i. e.
very small ones and certain combinations of tempo-
ral and spatial damping. Very small root mean square
(RMS) misfits can also be obtained if the temporal
damping factor is small relative to the spatial one, but

Considering only dipole dominated models and rul-
ing out models with oscillating coefficients the mini-
mum normalised misfit at convergence reaches 0.99,
which means that we can fit the data right to the toler-
ance of our uncertainty estimates. Although the mis-
fit for the individual data epochs is close to 1 for
many epochs, the extremes vary considerably: from
as low as 0.18 for 180@.p. to 1.94 for 7008.c. (see
Table 1. This agrees with the results @onstable

et al. (2000)who chose models with different levels of
misfits for different epochs, arguing that they were not
always able to fit their individual epoch models within
the tolerance of the estimated errors without creating
overly complicated models. Their misfits range from
1.00 to 2.93(able ), which gives an average of 1.62,
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Table 1
Normalised RMS misfit between 100-year data and different models
Epocha.p. Number of data Constant dipole Rough model Interm. model Smooth model Snapshot®models
—1000 31 3.74 0.81 1.03 1.42 1.87
—900 31 4.76 1.14 1.47 1.87 2.36
—800 31 5.33 1.38 1.82 2.20 2,51
—700 31 5.35 1.94 242 2.67 2.93
—600 33 4.58 121 161 2.00 2.14
—500 35 4.00 0.94 1.40 1.88 215
—400 35 3.12 0.92 1.26 1.65 1.79
—300 35 291 0.92 1.26 1.76 1.80
—200 35 3.32 0.93 1.27 1.61 1.55
—100 34 245 1.28 1.53 1.84 1.79
0 40 2.28 1.08 1.47 1.74 1.67
100 40 2.00 0.88 1.12 1.32 131
200 41 2.14 0.85 1.08 1.33 141
300 41 211 0.88 1.13 1.39 1.35
400 41 2.27 0.90 1.27 1.50 1.45
500 41 2.52 0.91 127 1.56 154
600 41 2.80 1.24 1.62 1.96 1.90
700 42 2.58 121 147 1.66 157
800 42 2.37 0.81 1.09 1.24 1.23
900 42 2.96 0.81 124 1.53 1.44
1000 45 3.29 0.86 1.17 1.46 1.39
1100 46 3.16 1.07 1.28 1.59 1.42
1200 46 2.72 0.97 1.20 1.47 1.38
1300 46 2.13 0.97 1.14 1.39 1.30
1400 45 2.06 0.73 1.03 1.37 127
1500 43 2.28 0.76 1.16 1.55 1.52
1600 41 2.50 0.73 0.93 1.23 1.00
1700 35 2.62 0.49 0.80 111 1.00
1800 28 3.26 0.18 0.39 0.78 1.00
Overall - 3.04 0.99 1.30 161 1.62

aConstable et al. (2000)
b Average of the individual models’ misfits.

significantly larger than the estimated tolerance. For 1.3. It gives a misfit of close to 1.0 for many of the
comparison we produced a model with a comparable epochs and is also listed fable 1“Close to 1.0” of
misfit of 1.61 and the constant axial dipole constraint, course is subjective and that model was chosen more
the values are also listed ifable 1 Even here, the  or less arbitrarily from a range of models with misfits
misfit for 1800a.p. is smaller than 1.0. between 1.5 and 1.1. Models with very similar misfits
We have to ask ourselves whether we are over-fitting do not show significant differences in their field pre-
the recent epochs if we obtain normalised misfits dictions. Moreover, this is the average between the
smaller than 1.0 for them, or whether those data are model with overall fit within the tolerance (RMS 1.0)
more accurate than estimated and we are under-fittingand the model comparable in its misfit to the snapshot
the older epochs when we are not obtaining fits close models, where only one epoch has a misfit smaller
to their specified tolerance. A rigorous answer is not than 1.0.Table 2gives an overview over the param-
possible and we will describe the arguments used eters that were used to obtain the three models with
to choose a preferred model. Apart from the mod- different misfits which we compare in the following.
els with overall fit to the tolerance and comparable  We studied the different model predictions in com-
fit to the average misfit of the snapshot models, we parison with the individual data series. The level to
also compared a model with an in-between misfit of which individual series of declination and inclination
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Table 2

Parmaters and norms of three models with different rms-misfits

RMS A (nT72) Spatial norm 7 (nT-2 yeaf) Temporal norm g3-constraint Number of
(nT?) (nT~2 year) iterations

0.99 108 56 x 10° 1073 16 x 10° Decrease 35

1.30 107 2 x 10° 1072 18x 10* Decrease 35

1.61 106 13 x 10° 10° 55 x 107 Constant 35

are fit is quite different. It is not always true that for a this case, however, this is not supported by declination
larger RMS misfit the model shows a smoother varia- (Fig. 40 or one of the other European sites, so it is
tion in time than the data; the most extreme example not clear what causes this effect. Iterative refinement
is shown inFig. 3. Generally data series which lie far  of the model with an improved dataset should answer
away from the adjacent locations are fit better than that question.

some of the ones which are closer together. This is We compared our continuous models to the snap-
understandable, because we are looking for a spatially shot models byConstable et al. (200(nd, for the
smooth model. If sites close to each other differ too overlapping time interval, to GUFMJackson et al. ,
much they cannot both be fit equally well without a 2000) Fig. 5shows, for epoch 1800.p., the snapshot
lot of spatial structure. However, there are exceptions model, two temporally continuous models with nor-
as shown inFig. 3 for Hawaii, which lies far from malised misfits 1.30 and 0.99 and GUFM. A continu-
any other site in the middle of the Pacific. Around 0 ous model with comparable overall misfit of 1.61 gives
A.p.there is a bump in the model prediction for incli-  very similar field predictions to the independent snap-
nation that is not supported by the data. The fact that shot models for all components and all epochs. The
this bump decreases and almost vanishes for modelsmodels with smaller misfitand GUFM show more spa-
with smaller misfit suggest that at least parts of the tial structure. GUFM and the 3000-year models agree
data are clearly under-fitted in models with larger mis- very well, particularly remembering that they originate
fit. In other cases, comparing data series and model from independent data sets: No historical data were
seems to hint at dating problems with the data, as in used for the 3000 year models and no indirect data for
the example of the archaeomagnetic site WUR (West- GUFM. The data distribution is quite different. While
ern Europe) shown ifrig. 4a The model shows the the archaeo- and paleomagnetic sites are mostly lo-
same behaviour as the data but with an apparent timecated on the main continents, the historical data for the
shift of a few hundred years in the older epochs. In early epochs of GUFM mainly come from shipboard

HAW HAW HAW
60 60 60
50 50 50 -
Y 40 Y 401 Y 40
9 9 9
& & &
© 30 ° 30 ° 30
20 20 20
10 1 I 1 I 1 I 10 1 I 1 I 1 I 10 1 I 1 I 1 I
—1000 0 1000 —-1000 0 1000 —-1000 0 1000
@ year (b) year (© year

Fig. 3. Inclination data (thin black line) and model predictions (thick grey line) for Hawaii. Models with RMS-misfit (a) 1.61, (b) 1.30
and (c) 0.99.
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Fig. 4. Inclination (a) and declination (b) data (black) and model predictions (grey) for site WUR. Model with RMS misfit 1.30.

measurements for navigational purposes, and are dis-additional structure which is most likely caused by
tributed over the oceans. Moreover, the historical data data uncertaintiesConstable et al. (200@)Iready ar-

are dominated by declination measurements, whereasgued that data uncertainties might be underestimated
declination has larger uncertainties or is completely in PSVMOD1.0. On the other hand, for the model
missing in palaeomagnetic samples. However, if we with overall misfit of 1.30 even the highly over-fitted
believe GUFM to give a good representation of the epoch of 1800..p. with an RMS of 0.39 for the data
actual field, our model with misfit 0.99 gives some of that epoch does not display more structure than
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Fig. 5. Comparison of different geomagnetic field models for epoch 18060Radial componeniB, and non-axial-dipole part Rap of
radial component at the CMB, inclination anomaly and declination at the Earth’s surface. (a) Snapshot nttedtable et al. (2000)
(b) continuous model with normalised RMS misfit of 1.30, (c) continuous model with misfit 0.99, (d) GU&bkson et al. , 2000)
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Fig. 6. Dipole coefficients of continuous model with misfit 1.30. For the axial dipole coefficient the dots are the preset values of the
modelling constraint at the knotpoints of the spline basis.

GUFM, asFig. 5 shows. So taking into account all Animations of the model give a much better idea of
the comparisons of this section, we decided to make how the field evolves with time and and the reader is
the model with misfit 1.30 our preferred model, which referred to our digital resources: movies from differ-
shows as much structure as we believe is reliably re- ent viewpoints showing the continuous change and
quired by the data. Ifrig. 6 we show the behaviour  additional plots of snapshots every 100 years of the
of the dipole coefficients of that model through time, field and secular variation are availablenép://www.
with the axial dipole coefficient meeting the imposed mabhi.ucsd.edu/cathy/Holocene/holocene.htmiThe
constraint. We name that model Continuous Archaeo- whole package of files can also be downloaded from
magnetic and Lake Sediment Geomagnetic Model for the Earthref digital archive atttp://earthref.org/. .
the last 3k years (CALS3K.1) following the naming of The radial component at the CMB shows two re-
Johnson and Constable (1998) the averaged model  gions of strong negative flux over Asia and North
from the same dataset. We introduce a version num- America at 1000s.c., similar to the two historically
ber 1 to leave room for planned improvements of the persistent lobegBloxham and Jackson , 199Zhey
model by adding additional data, especially intensity show up again in the last centuries of the model,
information. but are clearly not persistent throughout all the time.
Strong negative flux occurs in parts of the northern
Pacific about 20®.c., 300 a.p. and 1200a.p. The
6. Discussion of CALS3K.1 radial component is strongly dominated by the ax-
ial dipole contribution, the strength of which was
CALS3K.1 essentially confirms the findings of assumed to account for the lack of intensity data.
Constable et al. (200Gjom their individual snapshot  Binap, the radial component after subtraction of the
models, but we observe some more detall in the struc- axial dipole contribution, shows more clearly the flux
ture of our preferred model. Moreover, the continuous pattern deviating from a simple axial dipole. Those
representation allows a direct study of secular varia- anomalies display complex changes over the three
tion, and more clearly distinguishes between location millennia. Both location changes and growth and
changes and stationary growth and decay of structures.decay of more or less stationary flux lobes can be
The lack of structure in the southern hemisphere must seen. None of the flux lobes, however, are persistently
be attributed to the sparser data distribution there com- stationary for the whole time span.
pared to the northern hemispheFdg. 7 gives some Inclination anomalies and declination predictions of
snapshots from the continuous model CALS3K.1. We CALS3K.1 also confirm those of the snapshot models,
do not want to repeat a display of a dense time seriesthe only difference is one additional anomaly focus
of snapshots as in the paper®gnstable et al. (2000)  in each of those components in the early part of the
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Fig. 7. Snapshots from the continuous model CALS3K.1. Columns showB(Bnd (2) Binap at the CMB, (3) inclination anomaly and
(4) declination at the Earth’s surface. Unequal time intervals were chosen to highlight some of the features described in the text. Inclination
anomaly and declination have the same colour scale.Small black dots are the actual data sites available for each 100 year interval.
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Fig. 8. Averages fomB, and Binap at the CMB and declination and inclination anomaly at the Earth’s surface.

model. In addition to the initial large negative inclina- tive focus lasting to about 60fc. Declination natu-

tion anomaly in the central Pacific region and the pos- rally is strongest close to the poles. The initial simple
itive one centred in the Indian ocean, there appears atwo hemisphere pattern of negative declination cen-
second negative anomaly over the Atlantic from 1000 tred from eastern Asia to south of Australia and posi-
B.c. to 850 B.c. which gives way to a second posi- tive declination centred on the Atlantic is disturbed by
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Fig. 9. Snapshots of secular variation of the radial compomerat the CMB for the same epochs as showrFig. 7. The B; plots from
that figure are repeated on the right for comparison.
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another area of negative declination stretching south observations are hard to quantify and they also might
from South America. However, this feature vanishes be influenced by the data distribution. A lot of sites are
by 6008.c. and might be spurious, as it lies far from contributing to the central northern region of the Euro-
any of the data sites available for those early epochs. pean hemisphere. In contrast, when looking at the Pa-
ReceniHulot et al. , 2002and historica(Bloxham cific region centred at longitude 18Careas of denser
et al. , 1989)bservations of low secular variation in  coverage lie only near the border of that hemisphere.
the Pacific region compared to the rest of the worldled  Time averages might reveal systematic regional dif-
us to look for regional distinctions in our model, too. ferences. An average of CALS3K.1, obtained as the
With the amount of change displayed in the model pre- sum of the annual coefficients divided by the total
dictions, however, it often is hard to decide which im- number of years, differs only slightly from the aver-
pressions are reliable. At several intervals we observe aage of the individual 100-year epoch snapshot models.
third negative flux lobe over the European region, buta Fig. 8 shows the averageBt, Bnap, Declination and
similarly strong feature never seems to appear over the Inclination anomaly.
central Pacific region. Looking at the animated evolu-  The Asian flux lobe dominateB; in the 1000s.c.
tion of the field, in particular the non-axial-dipole ra- to 1800a.p. time-averaged field, but a second, weaker
dial component, one might also get the impression that lobe over North America is also present. Remember
there are regions where spatial movement of anoma- again that the lack of structure in the southern hemi-
lies dominates and others where growth and decay of sphere is most likely due to the scarce data cover-
more stationary patches prevails. However, all these age thereBnap additionally shows a strong positive

B, CALS3K.11800 AD B, GUFM 1800 AD

Fig. 10. Comparison of secular variatidh from CALS3K.1 (left) and GUFM (right) for three epochs. GUFM shows significantly more
small-scale structure.
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anomaly with two foci in the Pacific region. Average we show secular variation snapshots &y for the
declination and inclination anomaly at the Earth’s sur- equivalent epochs of the model snapshotBim 7. A
face show quite simple patterns with one large positive complete set of 100 year snapshots and a movie are
and one negative sector each. The negative inclination also available in the Earthref digital archive. A large
anomaly covers a sector from Australia and eastern amount of change is visible, but CALS3K.1 shows
Asia over the Americas well into the northern Atlantic  significantly less small scale secular variation struc-
with a strong focus over the central Pacific. The focus ture than GUFM, as shown for three epochfig. 10
of the positive anomaly is weaker and located over These comparisons show general agreement of larger
central Africa. In declination the negative sector cov- areas of positive or negative secular variation, respec-
ers the region from the Indian Ocean eastward to the tively for 1700 a.n.and more or less for 180A.p.,
middle of the Pacific. Two foci per sector are located but for 1600a.p. the pattern looks quite different.
near the poles, respectively, reflecting the geometric The reliability of secular variation of global models at
influence of increasing latitude on declination. the CMB is controversial even for recent models. We
Continuous models like CALS3K.1 also allow the cannot answer the question whether the differences in
direct investigation of secular variation by looking at the older epochs are due to generally unreliable sec-

the temporal derivative of the coefficients. fig. 9 ular variation predictions of the models or simply to
GUFM, 1600 AD — 1700 AD GUFM, 1890 AD — 1990 AD
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Fig. 11. Power spectra of 100 year averages of secular variation at the CMB. Examples from early and recent time intervals of the GUFM
and CALS3K.1 models.
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Fig. 12. Averaged secular variation for the time intervals 330-0 a.p. (a), 1300A.0.—1800 a.p. (b) and the whole 3 millennia (c).
Radial componenB;, non-axial-dipole radial componet#nap and non-dipole componemnp at the CMB.

significant differences in data distribution of sparse variation are often associated with regions whBfe
data sets. The agreement in the comparison of theis strong.

youngest epochs of CALS3K.1 with GUFM, however, It is easier to interpret the change going on when
led us to present the secular variation predictions of looking at averages of secular variation over longer
CALS3K.1 and encourage further investigations about time intervals. InFig. 12 we show two examples of

the reliability of those predictions. 500 year averages of annual secular variation, and
A comparison of spherical harmonic power spectra the overall average for our model. Note the different
(Lowes , 1974; Mauersberger , 1958f)secular vari- colour levels in comparison t&ig. 9. Most of the

ation at the CMB for 100 year averages reveals that observed secular variation averages out significantly
for GUFM the power in secular variation is mainly (Fig. 129. The historically low secular variation in the
concentrated around degrees 5—7 for the earlier cen-Pacific region is supported by CALS3K.Eig. 12,
turies and 5-10 for the more recent on€&sy( 1la but that is only a short-lived phenomenon and at ear-
and B. In contrast, for our model secular variation lier times significant amounts of secular variation can
power is mainly concentrated in degrees 2-5 for the be observed in that area, toeig. 1293.

whole time spanKig. 11c and §l These power concen-

trations again reflect the spatial resolution of the mod-

els. It also means that secular variation is dominated by 7. Conclusions and outlook

changes of the non-dipole contribution, which is con-

firmed when comparing predictions Bfnap of Binp, With CALS3K.1 we presented a first attempt at
the radial component after subtraction of the complete a temporally continuous global geomagnetic field
dipole contribution, to those a8,. The plots look al- model for the last 3000 years. The minimum struc-
most the same, as we demonstrat€im 12 The com- ture constraint in both space and time used in the

parison inFig. 9 suggests that areas of strong secular modelling provides a highly improved reliability of
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temporal change compared to individual snapshot improved model can answer the question of whether
models. The regularisation tries to preserve smooth a different field evolution in those regions might not

structure through time so that the influence of changes be compatible with an as-smooth-as-possible global
in data distribution is reduced. The evolution of both representation and the existing data.

the geomagnetic field and secular variation can be

studied for any time within the interval 100fc.
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