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1. INTRODUCTION

Concern over current global warming has received
a great deal of attention from both the public and sci�
entific communities. One reason for this may be the
dramatic potential of global warming as a social prob�
lem. On the other hand, we need a better understand�
ing of the mechanisms of global warming. Therefore,
one of the most important issues in climate research is
to distinguish natural causes of climate change from
anthropogenic effects. The development of a climate
theory is a very complex problem of physics since its
general solution (calculating the function of climate)
is related to the chaos theory and is not achievable yet.
The key climate variables are temperature (as a major
climate control element) and precipitation (far more
complex than temperature). Thermometer measure�
ments, which have only been conducted for the past
~150 years, indicate a clear warming trend for much of
the time.

Recent reconstructions of global climate change
based on a variety of natural proxy records, such as tree
rings, ice cores, and speleothems over timescales from
decades to millennia clearly indicate that natural pro�
cesses are the main drivers of global climate change
(e.g., (Dergachev, 1996)). 

The natural factors that can shape climate include
processes, such as variations in sunspot activity and
global climate in response to glacial cycles, which are
in turn caused by changes in the global distribution of

solar radiation and changes in the Earth’s orbit around
the Sun.

However, the global variations in temperature from
1950 onwards cannot be explained by natural factors
(solar activity (SA), variations in the Earth’s orbital
geometry and axial tilt, ocean–atmosphere interac�
tions, volcanic activity, and cosmic rays) or human�
induced changes. The Earth’s climate has varied con�
tinuously in the past, but the causes of these variations
are still not fully understood (even on centennial
timescales); hence, no factor can be neglected at
present. 

Understanding the mechanisms and history of cli�
mate variability is of particular importance for
improving predictions of climate change. All predic�
tions of anthropogenic global warming are based on
assumptions, which are almost entirely hypothetical
with little or no evidence to support them. Paradoxi�
cally, there is no scientific evidence whatsoever that
global warming is caused by human activities.

Some previous studies ((Vasiliev et al., 2004) and
others) considered the impacts of multiscale solar
activity on climate. In recent years, one of the most
favored theories proposes a mechanism of indirect
solar forcing of climate by galactic cosmic rays
(GCRs), which continually bombard the atmosphere
(e.g., (Scherer et al., 2006)) and provide a source of
ionizing radiation of the lower atmosphere near the
Earth’s surface. Although variations in total solar irra�
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diance and cosmic rays are closely related, the inten�
sity of GCRs is also dependent on other factors, such
as the Earth’s magnetic field (EMF). 

The possible connection between secular variations
in the Earth’s magnetic field and climate change has
received much attention in a number of studies (e.g.,
(Petrova and Raspopov, 1998)). It is interesting to note
that instrumental measurements have revealed that the
intensity of the EMF varies with abrupt shifts in the
position of the magnetic poles. This places a particular
emphasis on understanding short� and long�term vari�
ations in the EMF and their possible effects on climate
change.

In this study, we analyze data on the effects of solar
and geomagnetic activity on climate variables. We use
high�resolution records for the correlation between
geomagnetic field changes, variations in the cosmic
ray flux and global temperature at various timescales.

2. CLIMATE VARIATIONS OVER TIME 
AND INFLUENCE OF SOLAR 
VARIABILITY ON CLIMATE 

Climate varies naturally on all timescales from
decades to millions of years. Several rapid climate
transitions occurred in the past. There are two large
phases of climate oscillations—glacial and intergla�
cial—which are recognized on longer timescales.
These large�scale transitions are characterized by cli�
mate instability, and the mechanisms behind all past
climate transitions are not completely understood.
Climatic variability on timescale of decades to centu�
ries or millions of years, as well as global glacial–inter�
glacial climate oscillations, are defined by a strictly
nonlinear relationship between changes in the amount
of incoming solar radiation, its absorption by the
atmosphere and oceans and ice sheet growth. On
longer timescales, the evolution of the climate system
is governed by the large�scale nonlinear dynamics of
interactions between all climatic subsystems and
external forcings.

Several glacial periods, when extensive ice sheets per�
manently covered landmasses in polar and midlatitude
regions, are reliably recognized in the Earth’s climate
history. New data on the trends and climate variability
provide further evidence that climate change may be due
to natural causes. The amount of solar irradiance in
response to changes in the Earth’s orbit is a prime forcing
factor responsible for much longer (decades and up to
centuries and millennia) climate variability. The orbital
theory has been successful in explaining global climate
changes (at least over the past million years) by variations
in global insolation due to changes in the shape (or
eccentricity), axial tilt, and precession of the Earth’s
orbit. It should be noted that the calculated insolation
values change gradually over long periods of time, but
they may take the Earth’s climate to a breaking point
at which other factors or mechanisms will begin to

amplify any change into a sudden climate transition.
Although changes in orbital parameters have little
impact on the total amount of solar radiation received by
the Earth, they do alter the amount of seasonal radiation
at different latitudes. In this respect, the amount of solar
radiation received on the continents at northern lati�
tudes is critical, as this determines whether snow and
ice can persist through the following summer months.

Studies of deep ocean cores indicate that the dura�
tion of glacials (glacier advance) and interglacials (gla�
cier retreat) over the last million years have been about
100 (Budyko, 1980) and 10 kyr, respectively. The last
glacial period of the Quaternary ended about 10 ka.
Recent data suggest that the present interglacial (the
Holocene) lasting for more than 10 kyr will end soon
and that the Earth may be entering a new ice age.

Ice cores, for example, are used in detailed temper�
ature reconstructions over longer timescales. The most
widely used proxies from ice core layers include stable
oxygen isotopes in air and water, gases, and dust and
dissolved matter, as well as physical properties of ice
layers, such as ice thickness, etc. The relative isotope
concentration of the condensate produced by the
evaporation of water and subsequent condensation on
ice caps can be used as a proxy for temperature during
condensation. An analysis of data suggests that the
beginning of a warmer or cooler period is forced by
regular variations in the Earth’s orbital parameters
(eccentricity, obliquity, or the tilting of the Earth’s axis
and precession with periods of ~100000, 40000, and
23000/19000 years, respectively), which modify the
amount of solar radiation received from the Sun over a
range of timescales. 

Detailed climate records from the Greenland and
Antarctic ice cores and deep ocean cores provided evi�
dence for several glacial events during the Earth’s his�
tory. Climate oscillations have been recurring at an
approximately 100000�year�long quasi�periodicity for
the last few hundred thousand years as long�term cold
and short�term warm alternations. 

Until now, ice core data have only been available
for the past 420 kyr, with the longest records of atmo�
spheric parameters coming from Vostok in Antarctica
(Petit et al., 1999), whereas new data provide the long�
est record to date going back 800 kyr (Jouzel et al.,
2007) (Fig. 1). For the four most recent glacial cycles
(400 kyr), these data agree well with the records from
Vostok.

Figure 1 shows a comparison of Antarctic ice core
temperature profiles with yearly solar inputs at 65°N
over the past 800 kyr. As can be seen, the 23–19 kyr
period has large solar oscillations due to precession.
Variations in obliquity with a period of about 41 kyr
change the amplitude of oscillations, whereas chang�
ing eccentricity acting as an amplitude envelope with
a period of about 100 kyr overlap these oscillations. In
most cases, time periods with higher amplitudes of
oscillations in the solar input seem to produce inter�
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glacials, whereas periods with lower amplitudes tend
to produce ice ages.

The last glacial period began at ~110 ka, reaching
its maximum at about 20 ka, and was followed by rapid
deglaciation or decay of ice sheets. Huge ice sheets
covered most of North America and Scandinavia,
northern Europe and East European plain, mountain�
ous regions of South America and Australia, as well as
the Alps and Himalaya. It should be noted that during
the Holocene or under the current interglacial condi�
tions (past ~10 kyr), climate has had a tendency
towards remaining more stable and warmer than in the
period before and after the last glacial.

After the retreat of the continental ice sheets, cli�
mate recovered for a long period of time and condi�
tions became generally warmer than those of today
(Fig. 2). Figure 2 shows the variability in solar inten�
sity during the summer months at 65°N. The basic
shifts in climate during the Holocene include the
Holocene Climate Optimum, the Little Ice Age, and
the Medieval Warm Period. 

On shorter timescales ranging from decades to cen�
turies, the natural forcing mechanisms responsible for
climate change can be attributed to a number of other
factors, such as solar variability or total solar irradi�
ance, cosmic rays, geomagnetic field excursions,
internal variability in the system the coupled atmo�
sphere–ocean–ice, nonlinear feedbacks in the cli�
mate system, as well as volcanism. A number of forcing
factors contribute to climate change, and it is difficult
to isolate the contribution of each forcing.

Tree rings provide valuable data to track the natural
variability in climate using high�resolution proxy cli�
mate records because they accurately portray multidec�
adal timescale changes. Such tree ring chronologies are
provided by conifer and broadleaf species. Dendro�
chronology, i.e., the study of the annual growth incre�
ment in trees, is the only method of paleoenvironmen�
tal research that produces consistent proxy data with
an annual resolution. When applied correctly, this
method allows for the building of a continuous times�
cale covering the last few millennia (Dendrochronol�
ogy and Dendroclimatology, 1986). 

The unified dendrochronological timescale covers
the period from 10 cal kyr BP. Another dating tech�
nique, which has proven to be successful, is radiocar�
bon dating. The results show (Dergachev and Veksler,
1991) that radiocarbon dates can be used as a reference
to calibrate the age offset between dendrochronology
and absolute ages and to obtain more accurate dates
from peat bog and lake deposits.

The Sun is a prime source of energy for the Earth
and its atmosphere. Because the amount of energy
emitted from the Sun is the main heat input to the
atmosphere, changing the levels of solar irradiance
should affect the Earth’s climate. The following
mechanisms are thought to link changes in the Sun
with climate: (a) changes in solar irradiance leading to
changes in the heat input to the lower atmosphere; (b)
solar UV radiation coupled with changes in the ozone
concentration heating the stratosphere, which inter�
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Fig. 1. Comparisons of (a) reconstructed temperature variability from EPICA Dome C ice cores over the past 800 kyr (Lüthi et al.,
2008) and (b) calculated 65° N isolation (Laskar et al. 2004).
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acts with the troposphere and lower atmosphere; and
(c) GCRs modulated by solar activity.

Observational records of sunspots date back to
1610 (since Galileo’s discovery) (Fig. 3a), but system�
atic observations had only begun by the 19th century.
A wavelet analysis of the sunspot number (Fig. 3b)
clearly shows the Maunder Minimum in 1645–1715
of extremely low solar activity and a very high level of
solar activity after 1940. It should be noted that the
20th century is a period of unusually high solar activity,
which is possibly unique for the past 400 years.

The cosmic ray flux into the atmosphere is another
indicator of solar variability. Cosmogenic nuclides
produced by cosmic rays (e.g., 14C and 10Be) can be

stored in natural archives (tree rings, ice layers), which
provide the absolute timescale. The most detailed
radiocarbon data were obtained for the last 10 kyr. A
spectral analysis of tree ring 14C isotope records over
this time period (Dergachev and Raspopov, 2000)
indicates that the main periodicity in the solar cycle is
~210. There is therefore no doubt that variations in the
atmospheric 14C concentration in the past have differ�
ential time�varying impacts on solar activity and other
natural forces on longer absolute timescales (e.g.,
(Dergachev, 2009)).

IPCC scenarios (e.g., IPCC, 2007) predict a signif�
icant increase in carbon dioxide, which will in turn
cause an increase in temperature in this century as a
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result of anthropogenic gas emissions. This may
amplify the warming process in the Northern Hemi�
sphere by the end of the 20th century. In this connec�
tion, we analyze the evolution of temperature recon�
structed from instrumental data (Fig. 4). 

As seen from Fig. 4a, the surface temperature
increases from global warming over the past ~120 years
should be particularly pronounced at northern high
latitudes and less pronounced in the tropics and the
least warming is observed at southern latitudes. An
increase in temperature dates back to 1890 and con�
tinues until ~1940, followed by a slight drop in tem�

perature from ~1940 to ~1978 and subsequent warm�
ing after ~1978.

A comparison of these temperature profiles with
solar variability (Fig. 4b) suggests a strong correlation
between solar activity and temperature (in particular,
until ~1980). Based on the results of Krivova and
Solanki (2008), the solar contribution became insig�
nificant from 1980 which was possibly due to uncer�
tainties related to the illumination of satellite solar
irradiation sensors.

Therefore, analyses of both historical instrumental
data on solar variability and global surface temperature
records provide compelling evidence for connections
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between natural processes on decadal, centennial,
millennial, and multimillennial timescales. 

Note that in addition to the direct solar effect, a
number of indirect effects of solar activity are associ�
ated with time�varying cosmic rays—a continuous
stream of particles bombarding the lower atmosphere
and contributing to the atmospheric ionization level.
Changes in the cosmic ray flux are modulated by geo�
magnetism. Therefore, variations in the geometry and
strength of the geomagnetic field should in turn mod�
ify the solar impact on climate. 

It should be noted that instrumental data have
revealed that the strength of the magnetic field has var�
ied significantly and the magnetic poles have abruptly
changed their position over recent decades. 

3. TIME VARIATIONS 
IN THE GEOMAGNETIC FIELD 

According to modern understanding, the geomag�
netic field is generated by the Earth’s rotation due to
the interaction between convective motions in the liq�
uid conducting core and electrical currents. These fac�
tors create a dynamo effect which sustains a system
known as the Earth’s magnetic field. The magnetic
field exhibits complex spatiotemporal variations. The
state of the magnetic field and time variations in the
field’s intensity provide important information on the
processes in the coupled Sun–Earth system.

The most important information on geomagnetic
field intensity variations were derived from instrumen�
tal and archeomagnetic data on timescales limited to
the past 10–12 kyr. A record of changes in elements of
the Earth’s magnetic field is provided by the remanent
magnetization of rocks. A paleomagnetic method can
be used to extract the ancient remanent magnetization

of rocks and to restore the present field direction and
its variations over time. Continuous sedimentary sec�
tions provide a long record of magnetic field varia�
tions. A sediment�derived paleointensity record can
be coupled with archeomagnetic data. Paleomagnetic
data are used to reconstruct the history of the Earth’s
magnetic field over the past few million years. Recent
measurements of the geomagnetic field intensity on
longer timescales have shown a decrease in the dipole
intensity by an order of magnitude. At the same time,
the nondipole intensities (quadrupole and octupole
components, etc.) varied insignificantly. This suggests
numerous total reversals of the Earth’s magnetic field
such that the positions of the magnetic north and
south (dipole) were interchanged. Long periods dur�
ing which the magnetic field remains oriented in one
direction are called chrons. (The nomenclature of
magnetic polarity timescales includes epochs and
events, superchrons and chrons, and subchrons and
cryptochrons.) It should be noted that during a rever�
sal the magnetic field does not disappear: it develops
several poles at different locations and has a complex
nondipole nature.

Let us consider some of the most important char�
acteristics of the Earth’s magnetic field. The plot in
Fig. 5 shows the Earth’s virtual axial dipole moment
(VADM) for the last two million years (Valet et al.,
2005; Dyachenko, 2003) for normal (Brunhes) and
reversed (Matuyama) polarity periods. The last rever�
sal occurred around 780 ka. This reconstruction is in
good agreement with the absolute dipole moments
derived from volcanic lavas, which were used for cali�
bration. 

Note that the time�averaged field intensity in the
Brunhes chron, i.e., during periods without reversals,
was higher than that during the Matuyama chron.
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In the last 5 million years, the magnetic field has
reversed it polarity roughly 20 times (Dyachenko,
2003). As can be seen in Fig. 5, the last reversal
occurred around 780 ka, which preceded the current
much longer period of normal polarity. Over the past
100 Myr, reversals have occurred with a remarkable
irregularity: the time between them varied consider�
ably from tens of thousands to millions of years. The
normal�polarity epoch (Brunhes chron), which
occurred at about 780 ka and still continues to the
present day (Fig. 5), was preceded (from younger to
older) by the following polarity epochs: Matuyama
(mostly reversed), Gauss (mostly normal), and Gilbert
(mostly reversed), etc. Shorter polarity intervals that
occurred within the above epochs are called events or
subchrons. For example, within the Matuyama chron,
the Jaramillo, Olduvai, and reunion subchrons are
clearly recognized. 

Note that full polarity reversals have not been iden�
tified in the Brunhes epoch, although a number of
short (on a millennial timescale) paleomagnetic
excursions (or a flip of the poles towards southern lat�
itudes) with short�lived episodes of variations in the
geomagnetic field’s characteristics have been
recorded. For example, geomagnetic excursions during
the Brunhes epoch include the Laschamp (~45 ka),
Mono Lake (~29 ka), and Gothenburg (~12 ka) events
(Petrova et al., 1992; Pospelova, 2000). During the lat�
est Sterno–Etrussia geomagnetic excursion, which
occurred at about 2.8 ka, the magnetic pole traveled
during 100–200 years to the Southern Hemisphere
and returned back along approximately the Green�
wich meridian, and the intensity of the geomagnetic
field decreased by a factor of 1.5 (Raspopov et al.,
2003). 

Our understanding of the evolution of the geomag�
netic field and the recent advances in the theory of
geomagnetism are built upon a common geomagnetic
polarity timescale, which was derived by stacking
many different records obtained by a number of meth�
ods and for a variety of timescales. Ground�based geo�
magnetic observatories perform continuous monitor�
ing and registration of geomagnetic field components.
Both direct and archeomagnetic measurements are
used to derive components of the Earth’s magnetic
field, which include the following: (a) the main com�
ponent of the Earth’s magnetic field, which is slowly
changing (secular variations) on timescales that range
from 10 to 10000 years with periods of 10–20, 60–
100, 600–1200, and 8000 years; (b) global magnetic
anomalies with the foci located in Canada and Eastern
Siberia in the Northern Hemisphere and in Brazil and
Antarctica in the Southern Hemisphere (anomalies,
the intensity of which is 20% of the intensity of the
dipole field, occupying an area of up to 10000 km) ; (c)
local magnetic fields generated by crustal magnetiza�
tion from local rocks (e.g., the Kursk Magnetic Anom�
aly), which extend from a few kilometers to hundreds
of kilometers; and (d) alternating (external) magnetic

fields produced by electric fields external to the
Earth’s surface and atmosphere. For periods shorter
than epochs, the Earth’s magnetic field should be con�
sidered as the main magnetic field with a superim�
posed alternating magnetic field, the intensity of
which is by several orders of magnitude lower than that
of the main field. Field variations observed at the
Earth’s surface are influenced by processes operating
in the crust and outer core. 

The Earth’s magnetic field varies over an extraordi�
nary large range of timescales. Changes on a timescale
from decades to millennia are called secular varia�
tions. These are closely linked to the processes that
generate the field in the Earth’s electrically conduct�
ing liquid outer core. Geomagnetic field variations on
timescales from seconds to years are mostly caused by
external currents in the ionosphere and magneto�
sphere forced by the solar wind. The intensity of such
variations depends on the latitude, season, time of the
day, and solar wind parameters. 

The schematic representation in Fig. 6a describes
the major contributing sources of the Earth’s magnetic
field (Constable and Johnson, 2005). The contribu�
tion of each source to magnetic field variations can be
estimated as a function of frequencies. This can be
done by estimating the spectrum of geomagnetic vari�
ations. Power spectral density S(f) is a measure of the
power in geomagnetic field variations at frequency f.
The power spectral estimation as a function of fre�
quency has been previously discussed (see (Constable
and Johnson, 2005)) (Fig. 6b).

Figure 7 shows a detailed reconstruction of the
evolution of the geomagnetic dipole moment over the
past 800 kyr (Valet et al., 2005; Guodo and Valet,
1999). Geomagnetic excursions during the Brunhes
chron are shown by arrows (Fig. 7a). The horizontal
dashed line corresponds to the critical value of inten�
sity below which directional excursions were observed
(Langereis et al., 1997).

Instrumental data from 1831 provide observations
of sharp changes in secular variations of the field
intensity coupled with sudden curvature changes in
the direction (in the second derivative of the field with
respect to time) over very short timescales ranging
from a few months to a few years, which are separated
by periods of nearly constant geomagnetic secular
acceleration. This feature was first described by Cour�
tillot (1978) as an impulse occurred around 1969. Sub�
sequently, this feature was proved to be of global,
although latitude�dependent, character based on sim�
ilar observations in different parts of the world. 

Sharp changes in the field’s secular variations have
been called “geomagnetic jerks” (Newit et al., 2002;
Dormy and Mandea, 2003). The causes of these mag�
netic changes are not completely understood, but they
are thought to be controlled by variations in the outer
core. Three jerks are clearly observed globally in the
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second half of the 20th century (in 1969, 1972, and
1992). 

The global network of magnetic observatories is too
sparse to provide a continuous recording of geomag�
netic field variations. Olsen and Mandea (2007) devel�
oped an approach, which has been used to extract
monthly mean values from satellite data collected at a
height of 400 km. This approach allowed the authors
to detect a geomagnetic jerk in the first months of
2003. This jerk is clearly observed from ground�based
observations. Although this jerk is clearly recognized
from satellite data in the hemispheres, it is not a global
phenomenon. The jerks are related to different geo�
physical phenomena of global nature, such as geomag�
netic field variations, the Earth’s rotational speed, and
global surface temperature variations. 

Well�dated archeological material can be used for
the reconstruction of geomagnetic secular variations,
and these data can be further compared with a refer�
ence secular variation curve to allow for the dating of
material of unknown age. The results collected over

numerous well�dated archeological sites were used to
generate a reference curve for Western Europe span�
ning the last 2100 years (Thellier, 1981), being
extended to the past three millennia (Gallet et al.,
2002).

The geomagnetic secular variation curve for the last
3 millennia using data from Western Europe exhibits
larger variations in the archeomagnetic direction with
declination of ~50° and inclination of 15–20°,
whereas the intensity shows an overall decrease with
several minor peaks.

In addition to geomagnetic jerks, archeomagnetic
jerks were also recorded on decadal–centennial times�
cales. An analysis of the archeomagnetic timescale
over the past two millennia indicates that the appear�
ance of archeomagnetic jerks can be correlated with
events at ~1600, 1400, 800, 600, and 200 AD and
around 350 BC. 

Recent lake sediment paleomagnetic data (decli�
nation and inclination) from Korea, China, and Japan
for the past three millennia (Yu et al., 2011) also
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Fig. 7. (a) Variations in the virtual axial diploe moment obtained from a stack of 33 records of paleointensity in sedimentary rocks
(SINT 800) (Valet et al., 2005; Guyodo and Valet, 1999) calibrated over the past 40 kyr using volcanic paleointensity data with
standard errors and reversals (indicated by arrows). (b) Variations in the relative field intensity over the past 200 kyr reconstructed
from 10Be production variations in marine sediments (Frank et al, 1997). (c) Reconstructions of the geomagnetic dipole moment
from archeomagnetic records by (1) Knudsen et al. (2008), (2) Yang et al. (2000), and (3) Korte and Constable (2005) (the shaded
area is the 2σ uncertainty associated with the dipole moments (Knudsen et al., 2008)). The VADM (thick solid line) was deter�
mined as time windows of 500 yr back to 4000 BP and 1000 yr in the preceding period.
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clearly indicate the occurrence of jerks, which coin�
cide with those previously observed in Europe. The
good correspondence between the jerk times gives way
to debate regarding their global vs. regional nature.
The results of previous studies show that archeomag�
netic jerks correspond to episodes of a maximum geo�
magnetic field hemispheric asymmetry, which could
explain some features of long�term geomagnetic field
variations. 

Detailed instrumental observations show that the
geomagnetic field has varied significantly over the past
150 years. The field intensity has decreased, and the
drift of magnetic poles has generally accelerated
(Olson and Amit, 2006). Changes in the Earth’s mag�
netic field also affect the transfer rate of solar wind
energy to the Earth’s atmosphere, whereas the move�
ment of the poles changes the geographic distribution
of galactic and cosmic rays, which interact with the
atmosphere. Moreover, changes in the geomagnetic
shielding of the GCR flux, resulting from changes in
the Earth’s dipole moment, is maximum at low lati�
tudes and disappears at higher latitudes. 

The movement of the magnetic poles has been
observed since 1885. The data indicates that the north
magnetic pole has been migrating towards the East
Siberian Magnetic Anomaly across the Arctic Ocean
at an accelerated rate, and the south magnetic pole has
drifted some 900 km during the last 100 years and is
presently located in the Indian Ocean. 

Figure 8 shows the movement of the north geomag�
netic pole. As can be seen, the rate of pole drift had
increased almost fivefold by the late 1990s as com�
pared to 1980. This fact may point to a substantial
change in the dynamical processes in the core, which
form the geomagnetic field. This may also be an obvi�
ous sign of the beginning of another cycle of surge in
the Earth’s endogenous activity. From 1980 to present,
the rate of the north magnetic pole drift has increased
by 500%. This might indicate the beginning of an

increase in the Earth’s geodynamic activity, since the
Earth’s magnetic field is generated as a result of com�
plex energy processes in its inner and outer cores.
According to a forecast by Olsen and Mandea (2007),
the north magnetic pole will be the closest to the north
geographic pole (~400 km) in 2018 and will continue
to move towards Siberia. 

This sudden acceleration of the magnetic pole drift
from 1990 may become a significant driving force of
changes in not only climate but also in the overall
behavior of the Earth’s inner and outer cores, which,
as has already been mentioned, are responsible for
generating the Earth’s magnetic field. A synchronous
decrease in the intensity of the magnetic field is also
observed. Archeomagnetic data indicate that the field
intensity has been decreasing over the past two millen�
nia and a strong intensity decrease has been observed
in the last centuries (Fig. 7d). Over the past 22 years,
the field intensity has on average decreased by 1.7 and
10% in some regions (e.g., in the South Atlantic).
However, in other regions, the field intensity has
increased contrary to the observed trend. If the
present�day intensity decrease and the motion of the
poles continue at the same rate, this could lead to a
polarity reversal in the near future.

4. CORRELATIONS BETWEEN
MAGNETISM AND CLIMATE 

Large volumes of data that are currently available
provide evidence for long�term climatic changes
through the Earth’s geologic history. It should be
noted that the temporal resolution of many natural
archives of past climate conditions decreases sharply
back in time, making it perilous to build on theories
that explain climate change over long timescales.

Geomagnetic variations, which are observed on
longer timescales, modulate the intensity of the cos�
mic ray flux. Since changes in the Earth’s orbital
parameters have a direct impact on geodynamo pro�
cesses, this should primarily force variations in the
geomagnetic field. Therefore, a comprehensive analy�
sis of the potential connections between changes in
orbital parameters, the cosmic ray flux, and climate on
a variety of timescales is needed to fully understand
such a large�scale climate variability.

In addition, while there is considerable evidence
for a solar influence on the Earth’s preindustrial and
postindustrial climate, there is little agreement regard�
ing the effects of the geomagnetic field and its compo�
nents on climate change. Moreover, it has long been
speculated that there are possible connections
between climate changes and the secular trend in the
Earth’s magnetic field. There are however plenty of
data that either challenge or support this link. The
immediate aim in this respect is (1) to establish the
robust correlations between climate and magnetic
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Fig. 8. Graph showing the drift of the north magnetic pole
(Olsen and Mandea, 2007). 
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field variations at various timescales and (2) to suggest
a mechanism linking magnetism and climate.

We then summarize the evidence for variations in
the virtual axial dipole moment (VADM) determined
from paleointensity data on volcanic and sedimentary
rocks (Valet and Meynadier, 1993) and the 18O con�
centrations in sedimentary rocks of the Panama basin
(Shackleton et al., 1990) at a longer timescale (Fig. 9).
It should be noted that a quantitative relationship was
established between variations in 18O and temperature.

Figure 9 shows virtual axial dipole moment (Fig. 9a)
and oceanic oxygen isotope (Fig. 9b) data and their

cross�correlation function (Fig. 9c). A sample estima�
tion of the cross�correlation function (CCF) for two
series can be conducted following the procedure pro�
posed by Jenkins and Watts (1972). To clarify the rela�
tionship, individual series should be first prewhitened
to deal with the effects of autocorrelation of the esti�
mated series, i.e., reducing the estimated time series to
white noise (nonautocorrelated). If the hypothesis is
correct, the number of the estimated CCF values for
the two time series, exceeding a 95% significance level
(2σ), should be less than 5% of all CCF values; other�
wise, these series are autocorrelated. 
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The CCF of the VADM and 18O values (Fig. 9c)
may reflect the direct impact of the Earth’s magnetic
field on climate. Calculations show that the hypothesis
about a close relationship between VADM and climate
can be considered significant at a 12% level as com�
pared to the 5% critical level; the correlation coeffi�
cient is 0.525; i.e., an increase in the dipole moment
leads to an increase in temperature. The lag between
the time series is zero.

In our previous study (Dergachev et al., 2008), we
addressed the question regarding whether an orbital
fingerprint can be seen in geomagnetic time series.
With this in mind, we have analyzed the cross�correla�
tion functions of corresponding pairs of observations,
i.e., variations in eccentricity and 18O, VADM, as well
as variations in 18O and eccentricity and VADM for the
past 1.5 Myr. The results showed that climate changes
might be both orbitally and geomagnetically forced, so
that the climate response lagged behind orbital forcing
by10 ka and pulsed in rough unison with geomagnetic
variations. For the 680–800 kyr interval, we have com�
pared variations in climate and 10Be production near
the Brunhes–Matuyama paleomagnetic reversal. It
was shown that the VADM values were very low at the

Brunhes–Matuyama boundary at about 780 ka (less
than 2 × 1022 Am2), while the 10Be values increased
substantially, suggesting that geomagnetic field varia�
tions drive changes in climate. 

In order to explore the possibility of a direct impact
of the geomagnetic field on climate (caused by other
factors in addition to orbital forcing), here we compare
more precise higher resolution data obtained from a
stack of 33 marine records of paleointensity (Guyodo
and Valet, 1999) and oceanic 18O (Shackleton et al.,
1990) for the past 800 kyr (Fig. 10). Figure 10 shows a
good correspondence between features according to
the climate and geomagnetic records. As a rule, pale�
ointensity maxima are expected to correlate with min�
ima in temperature, i.e., VADM variations exhibit a
fairly good correlation with climatic responses when
the correlation coefficient reaches a value of 0.6).

As Fig. 10a shows, geomagnetic excursions are
observed when the dipole moment decreases to a crit�
ical value of about 4 × 1022 Am2. These excursions
(indicated by arrows in Fig. 10b) are of a global nature.
Note also that no stable periodicity due to orbital
modulation was found in these paleointensity records
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over long time intervals, suggesting an insufficient res�
olution of this timescale. 

Previous studies suggested that variations in the
cosmic ray flux were correlated with climate changes
over intervals 0–10 and 10–100 kyr ago (Dergachev
et al., 2006, 2007). Therefore, an examination of
changes in the cosmic ray intensity and paleointensity
in natural archives may be of critical importance for
understanding the role of geomagnetic variations as a
potential forcing function of climate.

Figure 11 shows a comparison of high�resolution
paleointensity stacks from sediments with high depo�
sition rates (Laj et al., 2002) and variations in the 14C
production rate (Masarik and Beer, 1999) recorded in
natural archives, such as varved lake sediments, tree
rings, and corals over the past 75 kyr. Note that varia�

tions in the geomagnetic field derived from these
records are consistent with variations in geomagnetic
field components.

It is also interesting to note that the prominent lows
in paleointensity at 41 and ~35 ka and minima at 60–
65 and 20–30 ka more or less correspond to the fol�
lowing geomagnetic excursions (e.g., (Petrova et al.,
1992)): Gothenburg (15–20 ka), Mono Lake (25–30 ka),
Laschamp (35–45 ka), and Kargopolovo (60–70 ka).

As variations in the geomagnetic field control the
cosmic ray intensity, Knudsen and Riisager (2008)
provided a detailed reconstruction of variations in the
geomagnetic dipole moment over the last ~10 kyr
based on data derived exclusively from burned archeo�
logical materials and lava flows, which are unaffected
by climatic biases (Fig. 7c). 
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Variations in the dipole moment intensity cause
changes in the geomagnetic cutoff rigidity, hence
deflecting incoming cosmic ray fluxes. Shea and Smart
(2004) showed that these changes might have caused a
variation of 21–34% in high�energy particle fluxes
entering the Earth’s atmosphere at ±35° latitudes dur�
ing solar minima (similar to those occurred in 1965).
Therefore, the production rate of cosmogenic
nuclides depends on variations in the geomagnetic
field intensity and direction. 

In order to study the potential relationship between
the geomagnetic dipole moment and climate, we focus
our attention on high�resolution δ18O data collected
from caves in the vicinity of the ocean, which repre�
sent proxy records of past precipitation at low lati�
tudes. Very high correlation coefficients (0.83 and
0.87) were reported by Knudsen and Riisager (2009) to
exist between speleothem δ18O data from southern
China and Oman for the period from 5000 yr BP to the
present time.

A comparison of a dipole moment reconstruction
and an 18O record from natural archives at low lati�
tudes revealed that a lower dipole moment leads to a
higher cosmic ray flux, resulting in higher monsoon
precipitation, which can be explained by the differ�
ences in geomagnetic and solar modulations of the
galactic cosmic ray flux. 

The long�term decrease in the low�latitude mon�
soon precipitation observed in the records described

above is in good agreement with observations from
other regions of China, Australia, and Indonesia (see,
e.g., (Cai et al., 2010; Griffiths et al., 2010)).

Recent archeomagnetic data allow for a detailed
comparison of variations in the geomagnetic field and
short�term climate changes for the last millennia. Evi�
dence for the most recent and important climatic vari�
ations during the past millennia can be taken from
many different sources, such as historical documents,
tree rings, ice cores, stalagmites, pollen, glacier fluctu�
ations, and continental and marine sediments. One of
the most important indicators of climate cooling and
warming cycles, such as advances and retreats of gla�
ciers, provide very useful information on overall tem�
perature variations in Western Europe, which might
have impacted the history of ancient civilizations (Le
Roy Ladurie, 1996).

The archeointensity results (Gallet et al., 2005)
obtained from seven groups of French faience pot�
sherds dated from the 17th to the 19th centuries con�
firmed that the mean intensity values have a sharp
increase between ~1550 and 1600 AD, followed by a
decrease until ~1750 AD when the intensity started to
increase again. 

The global coincidence between climatic proxies in
different regions of the world suggests a causal rela�
tionship between climate change and the history of
ancient civilizations. Figure 12 shows a comparison of
paleointensity variations, advances of alpine glaciers
(Holzhauzer et al., 2005), indices of ice drifts (Bond
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et al., 2001), and social changes in the ancient Middle
East.

New data on 31 sites mean that archeointensity val�
ues from Iranian and Syrian archeological excavations
for the period from 3000 to 0 BC were used to con�
struct a detailed geomagnetic field intensity variation
curve for this region (Gallet et al., 2006). The results
point to four potential geomagnetic events character�
ized by strong intensity increases at ~2800–2600,
~2100–1900, ~1750–1500, and ~750 BC (Fig. 12b).
These events can be compared with the geomagnetic
features from two lacustrine long cores from Sweden
(Snowball and Sandgren, 2004), which were found to
contain distinct paleointensity peaks around ~4500,
3900, 3700, and 2900 years ago. The agreement
between these results is not fully satisfactory, which is
most probably related to the differences in the high�
precision archeointensity values and relative paleoin�
tensity estimates, as well as the different natures of the
data and dating process.

Comparisons of the data in Fig. 12 show that both
climatic variations and cultural crises in the Middle
East can be connected to geomagnetic field fluctua�
tions. 

Kerton (2009) has studied variations in tempera�
ture and the positions of the magnetic poles from 1900
to 2005. The drift of the Earth’s magnetic poles over
the last 105 years show strong correlations between
the position of the north magnetic pole and the
Northern Hemisphere and global temperatures, sug�
gesting a potential connection between these phe�
nomena. Figure 13a in (Kerton, 2009) shows varia�
tions in the Earth’s magnetic pole (latitude and
longitude) in comparison with variations in tempera�
ture in the Northern Hemisphere and the corre�
sponding R2 values.

An analysis of daily variations in the Z component
of the geomagnetic field measured in Scotland over the
last ~100 years (Fig. 13b) show a steady increase in the
component values with time, which is consistent with
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variations in annual average European temperature
(Yiou P. et al., 2010) (Fig. 13c).

The underlying mechanisms of correlations
between the drift of the magnetic poles and tempera�
ture and variations in the Z geomagnetic component
and temperature remain difficult to understand. If
solar activity does not affect the core and climate
simultaneously, then geodynamo processes in the
Earth’s core may cause changes in the external geo�
magnetic field of the Earth, thus modulating the cos�
mic ray flux penetrating into the atmosphere, which
could finally affect cloud formation. 

The dramatic changes in climate over the past sev�
eral decades raise possibility question that geomag�
netic field fluctuations may not only contribute to
long�term climate variations, but also to decadal, cen�
tennial, and millennial changes. 

5. CONCLUSIONS

As we mentioned above, dramatic climate changes
during the past centuries raise a question regarding
whether there is a possible connection between the
Earth’s magnetism and climate over a range of times�
cales from decades to hundreds of thousands of years.
Although there is convincing evidence for causal rela�
tionships between solar activity and climate both in
the preindustrial and postindustrial ages, the influence
of the geomagnetic field or its individual components
on climate is often problematic. 

The geomagnetic field can vary quite rapidly. A
comparison between the most detailed reconstruc�
tions of the geomagnetic dipole moment for the past
~10 kyr and climate proxy records shows that dipole
moment fluctuations influenced low�latitude precipi�
tation in some regions of the world. An analysis of data
over this timescale indicated that in addition to solar
forcing mechanisms the geomagnetic field also modu�
lates the cosmic ray flux interacting with the atmo�
sphere. Understanding the causal connections
between climate change at a variety of timescales and
geomagnetic forcing requires a comprehensive study
of the effects of geomagnetic paleointensity and direc�
tional variations on cosmogenic nuclide production. 

The most recent archeointenisty results for the last
~5 kyr obtained in various regions of the world allowed
one to ascertain the connection between climatic vari�
ations and the history of human civilizations. The
periods of dramatic climate changes and cultural cri�
ses may have been coincident with geomagnetic fea�
tures. 

An analysis of the connections between sharp max�
ima in time variations in paleointensity (jerks) and cli�
mate change, as well as in the accelerated drift of the
northern magnetic pole and variations in global sur�
face temperature, suggests strong correlations between
the positions of the magnetic and geomagnetic fields
and the Earth’s surface temperature. 

Of prime importance is continuous monitoring of
the present geomagnetic field variations, as it offers an
opportunity to understand the underlying processes of
geomagnetic field generation and its impact on cli�
mate.
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