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Abstract

We obtained new archeointensity data from French faience potsherds dated from the 17th to 19th century. These results further

document the occurrence of sharp changes in geomagnetic field secular variation in Western Europe over the past three millennia.

The intensity variation curve shows several maxima whose rising parts appear to coincide in time with the occurrence of cooling

events documented in this region from natural and historical data. This coincidence suggests a causal link between enhanced

secular variation of the geomagnetic field and climate change over centennial time scales, challenging the role of solar forcing as

the sole factor provoking these climatic variations. We propose that the archeomagnetic jerks described by Gallet et al. [1] [Y.

Gallet, A. Genevey, V. Courtillot, On the possible occurrence of archeomagnetic jerks in the geomagnetic field over the past three

millennia, Earth Planet. Sci. Lett. 214 (2003) 237–242.] may engage the mechanism for centennial climate change.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Cyclic variations in Earth’s orbit around the Sun

govern the long-term (10 to 1000 kyr) climatic

changes on Earth, leading to alternate glacial and

interglacial periods. However, climatic variations
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also exist over much shorter, decadal to centennial,

time scales which cannot be simply related to orbital

(Milankovic) forcing. During the past millennium,

these variations include the Little Ice Age (~AD

1550 to 1850) and the Medieval Warm Period (~AD

900 to ~1300) climatic events (e.g. [2–4]). Such

anomalies, which likely have left worldwide imprints,

are generally interpreted as reflecting long-term varia-

tions in solar activity, in particular solar irradiance

(e.g. [5]). These latter fluctuations, inferred from the



Table 1

New archeointensity results obtained from French faience potsherds

Potsherd Sample n Tmin�Tmax f g q Hnon corrected SE Hanisotropy

corrected

Hmean value per

potsherd corrected

for the cooling rate

effect FrH

HmeanFrH Hmean

in Paris

VADM�1022

(A m2)

MON03 : Montpellier (E 3.98, N 43.68) — [1600–1620]

MON03-01 T575 14 225–550 0.53 0.92 19.48 61.6 1.5 58.8 56.1F1.0

T576 15 200–550 0.59 0.92 26.74 60.4 1.2 56.8

MON03-02 T579 17 150–575 0.80 0.92 60.35 60.0 0.7 59.1 55.0F0.0 55.0F1.1 58.1 9.1

T580 17 150–575 0.81 0.92 57.15 59.7 0.8 59.1

MON03-06 T596 16 150–550 0.81 0.92 45.13 59.3 1.0 59.3 55.2F0.1

T597 16 150–550 0.77 0.92 39.40 57.8 1.0 59.5

MON03-07 T600 16 150–550 0.80 0.93 42.90 57.6 1.0 58.4 53.5F0.4

T602 16 150–550 0.80 0.93 44.28 58.2 1.0 59.1

MON01 : Montpellier (E 3.98, N 43.68) — [1620–1650]

MON01-05 T692 10 150–400 0.40 0.88 9.19 45.4 1.7 55.4 52.0F0.7

T693 10 150–400 0.42 0.88 14.49 39.8 1.0 54.1

MON01-06 T695 14 150–500 0.60 0.91 21.48 38.8 1.0 63.1 57.2F1.6 53.2F3.6 56.2 8.8

T696 17 150–575 0.64 0.93 35.56 40.4 0.7 60.0

MON01-08 T704 16 225–600 0.81 0.92 50.27 38.8 0.6 52.8 50.4F0.3

T705 16 225–600 0.82 0.92 43.50 37.1 0.6 53.4

NE02 : Nevers (E 3.28, N 47.08N) — [1660–1680]

NE02-05 T042 12 150–475 0.73 0.90 63.05 50.2 0.5 51.4 48.5F0.2

T043 13 150–475 0.74 0.91 91.98 49.8 0.4 51.8

NE02-06 T046 12 200–475 0.62 0.89 54.07 48.2 0.5 47.9 45.4F0.1 48.8F2.8 49.7 7.8

T047 12 200–475 0.62 0.89 40.50 47.4 0.7 47.7

NE02-09 T419 10 150–400 0.69 0.88 30.90 54.3 1.1 54.3 52.3F1.3

T420 9 200–400 0.56 0.87 19.10 56.0 1.4 56.9

NE02-11 T427 11 150–425 0.73 0.89 22.23 52.8 1.5 52.8 48.9F0.8

T429 11 150–425 0.73 0.89 22.22 51.8 1.5 51.3

NE04 : Nevers (E 3.28, N 47.08N) — [1720–1735]

NE04-02 T077 13 150–475 0.61 0.88 36.55 53.2 0.8 55.6 51.2F0.6

T078 13 150–475 0.62 0.88 40.51 52.8 0.7 54.4

NE04-03 T081 13 150–475 0.61 0.90 28.28 49.8 1.0 50.8 48.0F0.3 48.5F1.9 49.4 7.8

T082 13 150–475 0.61 0.90 19.65 50.3 1.4 51.3

NE04-04 T085 12 200–475 0.45 0.90 20.23 44.5 0.9 49.4 48.1F0.2

T086 12 200–475 0.46 0.90 24.59 46.3 0.8 49.8

NE04-11 T488 10 150–400 0.65 0.88 23.17 47.9 1.2 49.3 46.6F0.3

T489 10 150–400 0.65 0.88 21.24 48.9 1.3 49.9

NE05 : Nevers (E 3.28, N 47.08N) — [1760–1780]

NE05-02 T101 18 150–600 0.75 0.93 40.56 45.8 0.8 46.7 45.8F0.1

T102 16 150–550 0.70 0.93 47.28 45.6 0.6 46.8

NE05-04 T110 10 150–400 0.57 0.87 20.80 46.8 1.1 47.7 44.0F0.4 42.6F2.8 43.4 6.8

T112 10 150–400 0.56 0.87 17.74 45.7 1.3 46.9

NE05-07 T372 10 150–400 0.52 0.86 17.36 44.3 1.2 43.0 41.3F0.5

T373 10 150–400 0.52 0.86 17.74 44.2 1.1 44.0

NE05-11 T501 18 100–575 0.93 0.94 67.98 40.3 0.5 43.9 43.4F0.8

T502 18 100–575 0.92 0.94 70.50 41.4 0.5 45.5

NE05-13 T508 10 150–400 0.54 0.87 11.99 40.2 1.6 40.6 38.6F0.5

T509 10 150–400 0.54 0.87 12.77 41.3 1.5 41.6
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Potsherd Sample n Tmin�Tmax f g q Hnon corrected SE Hanisotropy

corrected

Hmean value per

potsherd corrected

for the cooling rate

effect FrH

HmeanFrH Hmean

in Paris

VADM�1022

(A m2)

NE06 : Nevers (E 3.28, N 47.08N)— [1820–1830]

NE06-02 T126 16 200–575 0.72 0.93 43.24 42.8 0.7 44.5 43.2F0.0

T127 16 200–575 0.72 0.93 41.50 42.8 0.7 44.5

NE06-03 T130 17 150–575 0.86 0.93 61.25 39.8 0.5 46.3 43.3F0.3 43.7F0.6 44.5 7.0

T132 17 150–575 0.85 0.93 59.47 39.3 0.5 45.8

NE06-04 T133 17 150–575 0.88 0.93 86.00 41.3 0.4 46.9 44.4F0.2

T134 17 150–575 0.87 0.93 75.35 42.3 0.5 46.5

NE06-07 T523 17 150–575 0.86 0.93 61.82 39.8 0.5 46.3 43.8F0.2

T524 17 150–575 0.86 0.93 55.27 39.6 0.6 45.9

NE07 : Dijon (E 5.08, N 47.38)— [1845–1855]

NE07-02 T150 17 150–575 0.79 0.93 44.86 46.8 0.8 50.1 42.7F0.4

T151 17 150–575 0.79 0.93 43.34 44.8 0.8 49.3

NE07-03 T155 18 150–600 0.91 0.92 90.01 39.2 0.4 47.8 43.3F0.4 45.5F3.0 46.2 7.3

T156 18 150–600 0.92 0.92 83.21 39.4 0.4 48.5

NE07-04 T159 18 150–600 0.83 0.92 73.23 42.5 0.4 48.6 47.4F0.3

T160 18 150–600 0.82 0.92 65.96 42.5 0.5 49.1

NE07-06 T161 13 200–500 0.65 0.91 23.60 44.7 1.1 50.5 48.7F0.3

T163 14 150–500 0.77 0.91 33.59 43.8 0.9 50.0

n, number of heating steps used to determine intensity; Tmin�Tmax, temperature interval (in 8C) of intensity determination; f, fraction factor; g,

gap factor; q, quality factor (see in ref. [14]); Hnon corrected, archeointensity before TRM anisotropy and cooling rate corrections in AT; SE,
standard error in AT of the slope determination; Hanisotropy corrected, archeointensity after TRM anisotropy correction in AT; rH, standard

deviation of the mean determined at the fragment level in AT; HmeanFrH, mean intensity at dated-site level and standard deviation in AT, Hmean

in Paris, mean intensity reduced to the latitude of Paris (48.98N) in AT; VADM, virtual axial dipole moment. Note that all intensity experiments

were carried out using a laboratory field of 50 AT.

Table 1 (continued)
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time-varying production of cosmogenic nuclides in

the upper atmosphere after removing the long-term

influence of the geomagnetic dipole moment, are

traced back to the number of vortices of plasma

formed at the surface of the Sun (the sunspots) and

to the number of aurorae. It is usually thought that the

Earth’s climate was colder during periods of lessened

sunspot and auroral activity and warmer during peri-

ods of frequent sunspot and auroral occurrence (e.g.

[6]). This connection however remains debatable as

the coldest period of the Little Ice Age, at the end of

the 16th century and beginning of the 17th century,

preceded the Maunder minimum (~AD 1645–1715)

and did not coincide with low solar activity [7].

Up to now, the influence of forcing factors internal

to the Earth, such as rapid dipolar and/or non-dipolar

geomagnetic field variations has been only rarely

taken into account to explain climate change (e.g.

[8–10]). Holocene paleointensity records derived

from the St-Lawrence Estuary (Canada) sediments

recently led St-Onge et al. [9] to propose that the
geomagnetic field may control the millennial- and

perhaps some centennial-scale fluctuations in the pro-

duction of cosmogenic isotopes. These authors further

envisaged a connection between the geomagnetic field

and climate change over these time scales. New arche-

omagnetic results obtained from France allow one to

make a more detailed comparison between geomag-

netic field behaviour and centennial climatic variations

in Western Europe over the past three thousand years.

This comparison shows evidence for a closer relation-

ship between these two phenomena than previously

thought. Mechanisms that could involve the geomag-

netic field as a cause of centennial climate change

should therefore be sought.
2. Geomagnetic field secular variation in Western

Europe over the past 3000 years

Over the past three millennia, geomagnetic secu-

lar variation in France, and more generally in West-
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Fig. 1. Thermal demagnetisation curves (Fig. 1a,c) obtained from two specimens and their respective NRM-remaining versus TRM-gained

diagrams (Fig. 1b,d). In the demagnetisation diagrams, the open (closed) symbols refer to the inclinations (declinations). During intensity

experiments, pTRM-checks were performed every 2 thermal steps (crosses in Fig. 1b,d). The linear segments considered for slope computations

are indicated by a continuous line.
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ern Europe, has been characterized by large changes

in direction, with amplitudes reaching ~508 in decli-

nation and ~15–208 in inclination [11,12], while

intensity variations show an overall decrease with

several peaks in intensity [13,14]. This evolution

can be roughly described as a succession of seg-
ments of smooth secular variation separated by

sharp changes both in direction and intensity during

short periods of less than one century. The latter

geomagnetic features, called barcheomagnetic jerksQ
[1], are marked by sporadic intensity maxima togeth-

er with cusps in geomagnetic field directions (see
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also [15]). Four such archeomagnetic jerks have been

detected so far, at ~800 BC, ~AD 200, 750 and 1400

[1,14].

Here we report new archeointensity results from

several groups of faience shards found in Montpel-

lier, Nevers and Dijon (France). These potsherds

were dated from the 17th to the 19th century

using the combination of historical and archeologi-

cal constraints [16,17]. For the two sites from Mon-

tpellier, archeomagnetic directional dating

constraints were also used [16,22]. The paleointen-

sities were acquired using the Thellier and Thellier

[18] method revised by Coe [19] and corrected both

for anisotropy of thermoremanent magnetization

(TRM) (e.g. [20]) and for the cooling rate depen-

dence of TRM acquisition (e.g. [21]) (see [14] for a

description of the experimental procedure and of the

selection criteria). Seven groups of faience shards

provided reliable archeointensity results (Table 1,

Fig. 1). The mean intensity values show a sharp

increase in intensity between ~AD 1550 and 1600,

followed by a decrease until ~AD 1750 when the

intensity started to increase again (Fig. 2a,b). The

possibility that the intensity maximum at ~AD 1600

is associated with a special feature in directional

variation is not yet well established [22], although

the rare archeomagnetic data available from France

and Great Britain seem to favour the hypothesis of

an additional archeomagnetic jerk during the second

half of the 16th century. Two other archeomagnetic

jerks may be missing from the archeomagnetic re-

cord as intensity maxima are observed around 350

BC and ~AD 600 in Bulgaria [23], but presently

not yet identified in Western Europe, which in both

cases would coincide in time with significant direc-

tional variations [1,14].
3. Comparison between geomagnetic field

behaviour and centennial climate change

Evidence for recent and important climatic varia-

tions during the past millennia come from many dif-

ferent sources such as fossils, continental and marine

sediments, stalagmites, tree rings, pollen, ice, glacier

fluctuations and texts. Among these archives, the

successive advances (i.e. colder periods) and retreats

(warmer periods) of Alpine glaciers have provided
very useful information on overall temperature varia-

tions in Western Europe (e.g. [3,24]), which have had

a strong impact on human civilisation [4]. Several

cold and warm periods have been identified during

the past millennium (Fig. 2c; see [4] for a synthesis): a

warm period between ~AD 900 and ~1300

corresponding to the Medieval Warm Period, possibly

interrupted by a short colder period during the 11th

century, a cooling period during the 14th century, the

occurrence of a warmer period between AD 1500 and

1560 followed by the beginning of a very cold period

between AD 1560 and 1600 continuing during the

17th century, and again a warmer and a cold period

between ~AD 1710 and 1750 and ~AD 1810 and

1850, respectively. Note that the well-known Little

Ice Age climatic event, which may have started as

early as the 14th century (e.g. [4]), is in fact the

concatenation of several cold periods interrupted by

warmer periods.

Prior to the past millennium, data constraining

climatic variations in Western Europe become less

precise. However, the Dark Middle Age (second half

of the first millennium AD) was overall a cold period

marked by the first advance of Alpine glaciers during

the 6th century and a second advance during the 8th

century which just preceded the beginning of the

Medieval Warm Period [24]. Using paleoecological

and geological data, Van Geel et al. [25] also docu-

mented another severe cold epoch in northwest Eur-

ope at the beginning of the first millennium BC up to

~700 BC (called the bNetherlands cooling eventQ in
Bond et al. [26]). Two other cold periods, but less well

constrained from Alpine glaciers, occurred during the

second half of the first millennium BC and during

Imperial Roman times (~first half of the first millen-

nium AD) [24].

When comparing the archeointensity and climatic

records described above, there appears to be a very

good coincidence in time between the rising part of

intensity maxima and the cooling periods summa-

rized above (shaded bands in Fig. 2a,b). The concor-

dance is particularly telling for the past millennium.

Only the minor cold period around AD 1050–1100 is

presently not associated with an intensity increase:

this may be due to the poor resolution of the arche-

ointensity curve during this time interval. A good

concordance also exists for the Dark Middle Age

and for the beginning of the first millennium BC.
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The pre-to post Roman period appears less well

resolved: the intensity maximum observed during

the second century AD (one of the detected arche-
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the continued acquisition of well-dated archeointen-

sity and climatic data.
4. Discussion

Should the temporal concordance underlined above

not be fortuitous, we may propose a connection be-

tween the geomagnetic field and climate change over

centennial time scales. The apparent relationship be-

tween rapid intensity increases and the occurrence of

cooling periods, while the subsequent decreases in

intensity might correspond to the return toward warm-

er conditions, suggests that enhanced secular variation

of the geomagnetic field may have had a significant

influence on the climatic variations observed in West-

ern Europe during the past millennia. The main prob-

lem is to identify a plausible mechanism which could

efficiently link geomagnetic field and climate. This

also raises the question of the origin of archeomag-

netic jerks. Do they correspond to periods of rapid

dipolar field variations? Could the axial dipole field

contribute less to geomagnetic field during these per-

iods? Genevey et al. [27] and Gallet et al. [1] noticed

that geomagnetic field intensity variations were large-

ly consistent over a large geographical area, at least

from Western and Northern Europe to Central Asia

[15], during the past millennia. This suggests that the

intensity variation curve is strongly dominated by the

lower-degree (dipolar?) geomagnetic terms. Several

sedimentary and archeomagnetic records also show

strong and sudden departures from axial dipolar direc-

tions around the 8th century BC, called the bSterno-
EtrussiaQ geomagnetic excursion by Raspopov et al.

[29] (see also [30]), at the time of our older detected

archeomagnetic jerk [1]. The fact that the same mag-

netic signature is observed for all archeomagnetic

jerks detected so far in Western Europe pleads in

favour of a common cause. If archeomagnetic jerks
Fig. 2. Geomagnetic field intensity variations in Western Europe during

[1,13,14] (Fig. 2a). The data for the first millennium BC come from Syria

French faience potsherds (this study) allows to better define the intensity v

horizontal error bars correspond to standard deviations of intensity means

field intensity variations in Paris deduced from geomagnetic field models

variations during the past millennium deduced from retreats and advance

glaciers [24]) are shown in Fig. 2c. Cooling periods are indicated in Fig. 2a

consider for the past millennium the cooling period extents discussed in ref

the concerned cooling periods are presently poorly constrained.
are global features, they may correspond to short

periods of strong equatorial dipole field moment (i.e.

of strongly inclined dipole) that would have been

repeatedly directed, at least during the past three

millennia, toward the Western Eurasian hemisphere.

If not global, they may be caused by a sporadic (high-

field) non-dipole structure located in the core below

the Western European region.

The axial dipolar nature of the geomagnetic field

likely contributes to a persistent global geometry of

magnetospheric and ionospheric currents produced by

the interactions between solar activity, galactic cosmic

ray flux and the geomagnetic field which protects

Earth from charged particles. The flux of these parti-

cles breaking through the magnetic shield and pene-

trating the atmosphere may play an important role in

the Earth’s atmospheric dynamics, such as variations

in cloud and aerosol production and cloudiness radi-

ative properties which control the Earth’s radiation

budget, and consequently on climate (e.g. [9,10,31–

33]). A first hypothesis would be that the smaller the

geomagnetic dipole moment, the larger the flux of

particles penetrating the atmosphere and the cloud

production, resulting in cooler conditions. Dergachev

et al. [10] have proposed to associate in this way the

Netherlands cooling event with a significant decrease

in geomagnetic field intensity. However archeomag-

netic data fail to reveal an intensity minimum during

the first three to four centuries of the first millennium

BC; in contrast, this period probably exhibited the

largest geomagnetic field intensity of the entire Holo-

cene [27]. Another hypothesis is to assume that the

incoming charged particles are deflected toward the

poles, where the overall low-humidity level due to

cold temperatures limits cloud formation. If archeo-

magnetic jerks indeed correspond to periods of strong-

ly inclined dipole, then the charged particles would

interact with more humid air from lower-latitude

environments, leading to significantly larger cloud
the past three millennia determined from archeomagnetic analyses

[27]. The incorporation of new archeointensity data obtained from

ariations between the 17th and 19th centuries (Fig. 2b). Vertical and

and age brackets of the dated sites, respectively. The geomagnetic

[28] from 1850 onwards are indicated by small crosses. Climatic

s of the Alpine glaciers (i.e. from the Grosser Aletsch and Groner

and b by shaded bands (see text for further explanation; note that we

. [4]). Question marks in Fig. 2a indicate that the age and duration of
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production and cooling [10]. Although tentative, this

mechanism might be more efficient than the one

induced by the variations of the axial dipole moment,

which otherwise may contribute to longer-term (mil-

lennial-scale) climatic variations [9]; the data from

Fig. 2 do not support a simple relationship between

geomagnetic field strength (again assuming that the

archeointensity record from Western Europe does re-

flect global, dipolar variations) and centennial climate

change. Note that if archeomagnetic jerks are due to

sporadic strong non-dipole anomalies, their climatic

impact might be more regional.

Additional well-dated archeomagnetic data are

clearly needed to substantiate whether most centennial

climate variations observed during the past millennia

have been driven by the secular variation of the

geomagnetic field. It would be particularly fascinating

to imagine that the history of human civilisations,

which strongly depended on climatic fluctuations,

could have been influenced by the geomagnetic field

generated in the deep Earth. We therefore think that

the following hypotheses merit further consideration

and testing:

i) Centennial climatic changes could be triggered by

enhanced secular variation, in particular by arche-

omagnetic jerks. As a consequence, the role of

solar forcing in explaining these climatic variations

should be reconsidered;

ii) The geomagnetic field could have a smaller axial

dipole component during archeomagnetic jerks,

which could be responsible for centennial climate

change.
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