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Abstract. Cosmic ray induced ionization (CRII) is an im- has a clear geographical pattern — strong correlations are lim-
portant factor of outer space influences on atmospheric propited to several large areas (e.g., the Northern Atlantic and Eu-
erties. Variations of CRII are caused by two different pro- rope, the Far East, and the circum-Antarctic region), where
cesses — solar activity variations, which modulate the cos<loud formation conditions may be more sensitive to CRII
mic ray flux in interplanetary space, and changes of the geovariations Pallé et al, 2004 Usoskin et al.20043. There-
magnetic field, which affects the cosmic ray access to Earthfore, changes of CRII in these regions can produce a larger
Migration of the geomagnetic dipole axis may greatly alter effect on the cloud cover and thus on the climate than global
CRIl in some regions on a time scale of centuries and longerCRII variations.
Here we present a study of CRII regional effects of the ge- The cosmic ray flux, and the ensuing CRII, are modulated
omagnetic field changes during the last millennium for two by several processes. The most obvious is solar modulation
regions: Europe and the Far East. We show that regionaivhich leads to the well-known 11-year cycle in CR inten-
effects of the migration of the geomagnetic dipole axis maysity but also causes long-term variations (esoskin et al.
overcome global changes due to solar activity variations. 2003 Solanki et al. 2004. On the other hand, local CRII
is defined by the flux of CR which can access a given loca-
tion on the Earth. Variations of the local CR flux are caused
not only by the overall modulation of CR by solar activity
but also by changes of the local geomagnetic rigidity cutoff
the minimum rigidity of CR needed to access the location).
he latter is defined by both the global dipole moment of
the geomagnetic field and by the geomagnetic latitude of the
site (details are discussed in S&gt. which vary with time
because of the magnetic axis migrati¢tuflela and Bobik

1 Introduction

Presently, there are numerous arguments suggesting that
lar magnetic variability affects the global climate in different
aspects and on different time scales (see, éegJager2005
Haigh, Lockwood and Giampap2005 Versteegh 2005.
o s 2008 Shea and Smaz00 ),

" Most of the earlier studies consider possible climatic ef-

In particular, galactic cosmic rays (CR) form the dominant . . X .
I : fects of either solar activity or cosmic ray flux at the Earth’s
source of ionization in the atmosphere, especially the tropo-_ . ) i )
- : S orbit (e.g.,Shaviy, 2005 Usoskin et al.20053. However,
sphere. Variations of the cosmic ray flux lead to significant

changes in the cosmic ray induced ionization (CRII), which the local variations of CRII in some locations may be domi-

in turn may modulate processes related to the formation of’ ated on long time scales, centennial. an.d longer, not by the;e
clouds (e.gNey, 1959 Svensmark200Q Carslaw et al. global processes but by geomagnetic field changes. In this

2002. There is much evidence for a significant correlation paper we consider such CRII variations in two regions in the
: ) Northern Hemisphere with the highest correlation between
between the cosmic ray flux and low cloud cover on a global

X cloud formation and CRII — Europe and the Far East — and
scale during the last 20 years (e parsh and Svensmark estimate the role of geomagnetic field variations on atmo-
200Q Pallé Bago and Butler2000. On the other hand, the ST g gne .

; ) . spheric ionization for the last millennium.
relation between CRII and cloud coverage is not uniform and
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Fig. 1. Cosmic ray induced ionization of the atmosphere at an alti- 8 i i i
tude of 3km (depth 700 g/cﬁ?) as a function of the geomagnetic — Far East
cutoff rigidity P, and modulation potentiai. 5 Europe
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2 Cosmic Ray Induced lonization e 5 )
The ionization rate in the atmosphere can be represented in 2000 1200 1200 1600 1800 2000
the following form: T T T T
o
Q(x7¢7PC): E f Jl(T7¢) Yi(va)dTﬂ (1)
i YT
where the summation is performed over differghtspecies
of CR (protons,«—particles, heavier speciesy;(x, T) is o
the ionization yield function (the number of ion pairs pro- 1000 1200 1400 1600 1800 2000
duced at altitude: in the atmosphere by one CR particle of Years

theith type with kinetic energ¥” — sedJsoskin et al(2004h

20069), J; (T, ¢) is the differential energy spectrum of the  Fig. 2. Changes during the last millennium: (a) Migration of the ge-
th species of GCR that is defined by the modulation potentialbmagnetic pole; (b) Dipole moment; (c) Geomagnetic cutoff rigid-
¢ which depends on the solar activity level (@aballero- ity in Europe (geographical 3N 0° E) and Far East (geographical
Lopez and Moraal2004 Usoskin et al.20058. Integration 45° N 140 E); (d) M.()dulation.potential (decadal averages). Let-
is over the kinetic energy’ aboveTC,,», which is kinetic en- ter"s denote the Medieval maximum (MM) as well as the W0-|f-(W),
ergy corresponding to the local geomagnetic rigidity cutoff Sporer (S), Maunder (M) and Dalton (D) minima of solar activity.
P;. The value ofP. can be approximately computed using

Stormer’s approximationElsasser et gl1956:

P~ 1.9x M cod g, (2)

where P. is the vertical geomagnetic cutoff in GW is the
dipole moment of the geomagnetic field expressed i#? 10

Gauss crh, andag is the local geomagnetic latitudieg can (quantified via the geomagnetic rigidity cutaf). The de-

be calculated from local geographical coordinatesy) and pendence of CRII (computed by the methodusbskin et al.

the coordinates of the magnetic pole{$p) (20063) on the values of; and¢ is shown in Fig. for an

altitude of about 3km (atmospheric depth 700 gfniThe

range shown in the figure covers a range of realistic values of
Thus one can see from Efthat the local CRIl depends on ¢ (from the Maunder minimum up to very high solar activity

both the level of solar activity (quantified via the modulation with $~1500 MV) andP. (from poles up to equatorial cutoff

potentialg) and on local parameters of the geomagnetic fieldof 15 GV).

SiNAg = SiNAp X SINA + COSAp x COSA X COS(¢p — ¢)(3)
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3 Geomagnetic field and solar activity changes during
the last millennium
120 4 .
The geomagnetic field changes in time, due to the varying '
dipole momentM and to geomagnetic pole migration. The
latter leads to a varying geomagnetic latituggefor a given
geographical location. The dipole moment was gradually de-
creasing during the last millennium (see Fap) by nearly
1/3 of its value. Here we use data of the geomagnetic re-
constructions byBloxham and Jackso(1992 andHongre 1000 1200 1400 1600 1800 2000
et al. (1999 before 1900 and the IGRG/DGRF model after 1303 L s
1900. Changes of the dipole axis were quite rapid during the 3
last millennium (see Figza), so that the northern (magnet-
ically southern) pole migrated from the Severnaya Zemlya
archipelago circa 1000 AD to Northern Greenland nowadays,
i.e., by around 180in geographical longitude.

Both M and Ag define the local geomagnetic cutoff
(Eg. 2). The pole migration may greatly modify the value of
Pc in some locations, particularly in mid-latitudes, leading to 3
significant variations of. and thus CRII in these regions. 901000' ' '12'00' ' '14'00' ' '16'00' ' '18'00' ' '2000

Solar activity was also changing greatly during the last Years AD
millennium affecting the variability of the cosmic ray flux,
and thus CRII. Fig2d shows time profile of the heliospheric Fig. 3. Decadal averaged cosmic ray induced ionization (solid
modulationg (Solanki et al. 2009 reconstructed from data curves) at 3km altitude (700 g/cr depth) in Europe (geographi-
on the cosmogenic isotopéC measured in tree rings. Note cal 50 N 0° E) and the Far East (geographicaP45140° E). Dot-
that 14C is globally mixed in the atmosphere before depo-ted curves correspond to hypothetical variations if there were no
sition in a natural archive and therefore is affected by thechanges in the geomagnetic field, i.e. changes are attributed to only
dipole moment (which has been taken into account by thesolar activity variations. All curves were nolrmalizled to the period
reconstruction ofy) but is insensitive to the dipole axis mi- 1990-2000 (4.82 and 4.13 ion pairs cifs~tatmr! for Europe
gration. It is notable that the solar activity was significantly ﬁ‘:‘g the Far Bast, respectively), which is depicted by the dashed
lower in the past than during the last few decadgsoskin
et al, 2003 Solanki et al. 2004, which implies that global
CRIl would have been higher in the past.
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modulation of galactic CR (Fig2d), and applying the CRII

model (Fig.1), we have calculated the expected changes in
4 Effectsin CRII CRIl in the two selected regions, which are shown as solid

curves in Fig.3. These changes include both solar activity
In order to study the effects of geomagnetic-field changesand geomagnetic field changes. In order to disentangle so-
we consider in detail two regions: the European region (in-/ar and geomagnetic field changes in the CRIl variations, we
cluding the East-North Atlantic affected by the Gulf stream) have also computed CRII changes caused only by solar ac-
with its centre at geographical 58 0° E and the Far East tivity changes (dotted line in Fid), i.e., assuming that the
region with its centre at #3 140° E. We note that these re- 9eomagnetic field did not change but remained the same as
gions correspond to areas where the CRIlI may strongly affecfiow.
low cloud formation Usoskin et al. 2006k Voiculescu et In the European region, the absolute maximum of the CRII
al,, 2006. Therefore, variations of the CRII in these regions occurred during the Maunder minimum with the ionization
may be relevant for climate changes. Long-term changes ofate being 20% higher than nowadays (Rg). During the
the geomagnetic cutoff in these regions are shown inZeig. Medieval maximum (ca. 1200 AD) the CRII level was very
One can see that these changes are quite dramatic, by mos@émilar to the modern level. This pattern resembles global
than a factor of two:P; changed between 1.9 and 4.7 GV climatic reconstructions: Medieval warming followed by the
in Europe and between 3.2 and 7.2 GV in the Far East. The.ittle Ice age and then the Modern warming (see, &€ddy,
corresponding changes in the geomagnetic latitude were bet977. Here we note that it still a matter of intense debate
tween 45 and 55 and 33 and 50, respectively, butP. whether these pronounced climatic features were regional
changes include also changes\of (related to European regions) or global. On the other hand,

Using the computed changes in the local geomagnetichese CRII variations were largely affected by geomagnetic

rigidity cutoff P; (see Fig.2c) and the reconstructed solar changes, e.g., the CRIl would have been 10% higher 800
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years ago than now if there were no changes in the geomag:limate link — cosmic rays or solar radianddajgh, 1996

netic field. This implies that the long-term changes in CRII Tinsley, 1996 Yu, 2002 Kristjansson et a).2004 Carslaw

in Europe were mostly defined by the migrating geomagneticet al, 2002 Haigh, Lockwood and Giampap2005.

pole before 1500 AD rather than by solar activity variations.  We conclude that local effects in variations of the cosmic
The situation is quite different in the Far East. The changegay flux, which may dominate over the globally averaged

of CRII would be small, within 10%, if the geomagpnetic field changes in some locations, should be taken into account in

was the same as now (Figb). However, the full span of long-term studies of solar-terrestrial relations.

CRIl changes is estimated to be as large as 30% between CRrknowled . , N .
gementsSuomalainen Tiedeakatemia (Vilho, %rand
1300 gnd the modern epogh' Moreqver, the CRII rate Waalle vaisala Foundation), the Academy of Finland, and Russian
25% higher during the Medieval maximum than now, due to academy of Sciences (Project #30) are thanked for financial
changes in the geomagnetic rigidity cutoff (see B. This  sypport.
is contrary to the pattern for the European region.
From this study we can conclude that local CRII variations Edited by: N. Crosby and M. Rycroft
may be largely affected by geomagnetic field changes, andReviewed by: two anonymous referees
not only by the global modulation of the CR flux by solar
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