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Abstract

Long-term trends in the tropospheric cosmic ray induced ionization on the
multi-millennial time scale are studied using the newly released paleomag-
netic reconstruction models. Spatial and temporal variations of the tro-
pospheric ionization has been computed using the CRAC:CRII model and
applying the paleomagnetic CALS7k.2 reconstruction. It has been shown
that long-term variations of the tropospheric ionization are not spatially ho-
mogeneous, and they are defined not only by solar (i.e., covariant with solar
irradiance) changes but also by the geomagnetic field. The dominance of the
two effects is geographically separated, which makes it possible to distinguish
between direct and indirect solar-terrestrial climate effects. Possible climate
applications are considered.
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1. Introduction1

During the pre-industrial epoch, influence of outer space factors on the2

terrestrial climate may be significant. Most apparent external climate drivers3

are related to the orbital forcing, resulting in the changing insolation, which4

can be straightforwardly included into paleoclimatic studies (e.g., Haigh5
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et al., 2005). Possible relations between solar variability and climate on6

multi-millennial time scale are intensively discussed but their causes are not7

resolved (e.g., Bond et al., 2001; Xiao et al., 2002; Hong et al., 2001; Nigge-8

mann et al., 2003; Haigh et al., 2005; Bard and Frank, 2006). In particular,9

large uncertainties remain in reconstructions of the long-term solar irradiance10

(total or spectral) and its effect upon climate (e.g., Haigh et al., 2005; Foukal11

et al., 2006). Another important factor of the outer space influence upon the12

terrestrial environment is formed by cosmic rays (e.g., Dorman, 2004; Usoskin13

and Kovaltsov, 2008). Cosmic rays (CR) are often considered as simply in-14

verted solar activity, due to the heliospheric modulation. However, this is15

true only on a relatively short time scale, shorter than a century. On longer16

scales, centennial to millennial, CR flux at the Earth is greatly affected also17

by changes of the geomagnetic filed (e.g., Christl et al., 2004; Usoskin et al.,18

2008) or, at geological time scales, even by the changing galactic surrounding19

(Scherer et al., 2006). Accordingly, variations of CR in the Earth’s atmo-20

sphere can be essentially different from solar activity on longer time scales,21

leading to potentially distinguishable effects on the terrestrial environment.22

In this context, variations of the geomagnetic field and the ensuing CR varia-23

tions are sometimes considered as an independent possible external driver for24

the climate (cf. Gallet et al., 2005, 2006; Hyodo et al., 2006; Courtillot et al.,25

2007; Kitaba et al., 2009; Knudsen and Riisager, 2009). In this paper we26

emphasize that separating different outer factors may shed new light on our27

understanding of the natural external drivers of the pre-industrial climate.28

The most important terrestrial effect of CR is related to the ionization29

of the ambient air (Bazilevskaya et al., 2008), which is called the cosmic ray30

induced ionization (CRII). Cosmic rays form the main source of ionization31

in the low-to-middle atmosphere, and therefore their variability directly af-32

fects such atmospheric conditions as ion concentration and conductivity. On33

the other hand, these direct atmospheric effects may result in further at-34

mospheric changes, which are potentially capable of affecting climate. Such35

potential mechanisms include enhanced aerosol and cloud formation in the36

troposphere, mediated by CR (see, e.g., Marsh and Svensmark, 2003; Scherer37

et al., 2006; Kazil et al., 2006, 2008; Arnold, 2008; Mironova et al., 2008; Tins-38

ley, 2008). Although details of these mechanisms remain unclear, giving rise39

to some scepticism (e.g., Bard and Frank, 2006), it could be expected that40

enhanced CRII would correspond to a larger amount of tropospheric clouds,41

and thus to colder and wetter regional climate. This link may be partly42

responsible for the long-term solar-climate influence (e.g., Van Geel et al.,43
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1999; de Jager, 2005; Versteegh, 2005), in concurrence with other solar fac-44

tors, such as total or spectral solar irradiance (e.g., Haigh and Blackburn,45

2006).46

It has been discussed (Marsh and Svensmark, 2003; Pallé et al., 2004;47

Usoskin et al., 2006; Voiculescu et al., 2006) that the relation, if existing,48

between different types of cloud and CRII has clear regional dependence and49

can be hardly presented as an overall global link, especially on the annual50

to decadal time scales. On the other hand, long-term (centennial) changes51

in CRII can also be different in different regions, affected by the fast geo-52

magnetic axis migration (Kovaltsov and Usoskin, 2007; Usoskin et al., 2008).53

In this paper we study regional changes of the tropospheric CRII over the54

last 6–7 millennia and show the importance of the geomagnetic field vari-55

ations. We also provide, as a possible implication of the millennial CRII56

regional variations, a statistical comparison between regional paleo-climatic57

(lake status) reconstructions and the computed tropospheric CRII variations.58

Such a study may shed a new light on the role, if any, of cosmic rays on the59

long-term regional climate variations.60

Here we concentrate on the long-term studies for the pre-industrial epoch61

without essential anthropogenic factors. We note that any advance in the62

knowledge of natural external climate forcing may lead to a progress in our63

understanding of the man-made effects during the modern epoch.64

2. Cosmic Ray Induced Ionization65

Cosmic rays, mostly of galactic origin, are highly energetic particles, per-
manently impinging upon the Earth’s atmosphere. They initiate a compli-
cated nucleonic-electromagnetic cascade in the atmosphere, which can affect
its physical-chemical conditions. Cosmic ray induced ionization is a result
of the cascade induced by energetic cosmic rays in the Earth’s atmosphere.
The ionization rate at a given location and altitude h can be expressed as
(Usoskin et al., 2004):

Q =
∑

i

∫

Tc,i

∞

Ji(T, φ) Yi(h, T ) dT , (1)

where summation is over different species of primary CR, Ji is the differential66

energy spectrum of the ith specie of CR near Earth outside the geomagnetic67

field, and Yi(h, T ) is the ionization yield function. Integration is over the68
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kinetic energy T above Tc,i, which is the kinetic energy corresponding to the69

local vertical geomagnetic cutoff rigidity Pc. Assuming the constancy of the70

chemical composition and physical properties of the atmosphere, one can71

see that the CRII temporal variations (at a given altitude) are controlled72

by two mutually independent factors: local geomagnetic cutoff, defined by73

the geomagnetic field; and differential energy spectrum of CR outside the74

magnetosphere. In this study we use CRII as computed by a CRAC (Cosmic75

Ray induced Atmospheric Cascade) full 3D numerical model (Usoskin and76

Kovaltsov, 2006), whose validity for the troposphere and stratosphere has77

been verified in different conditions (Usoskin et al., 2009). The CRAC:CRII78

model computes CRII at a given altitude as function of the CR energy spec-79

trum, parameterized via the heliospheric modulation potential φ, and the80

local geomagnetic rigidity cutoff Pc.81

Since the interstellar CR spectrum can be regarded as constant on the82

millennial time scale (Scherer et al., 2006), all changes in the CR spectrum83

near Earth are ascribed to the modulation of CR in the heliosphere, ulti-84

mately determined by the solar magnetic activity (Usoskin and Kovaltsov,85

2004). For long-term studies it is common to parameterize the CR energy86

spectrum using the only time variable parameter, the modulation potential87

φ, in the framework of the force field approximation (see the full formalism in88

Usoskin et al., 2005b). Here we use a recent reconstruction of the modulation89

potential over the last 7000 years from the data on cosmogenic 14C (Usoskin90

et al., 2007). This reconstruction is based on the same paleomagnetic model91

CALS7K.2 as we use here, thus minimizing possible systematic errors due92

to uncertainties of the geomagnetic field reconstruction. The temporal vari-93

ability of the reconstructed modulation potential since 4000 BC is shown in94

Fig. 1A. The long-term trend in the solar modulation of CR was negative,95

the modulation being gradually decreasing between 2000 BC and the Spörer96

minim of solar activity ca. 1500 AD. The modulation was quickly increasing97

since the Maunder minim ca. 1700 AD until present, but this plays only a98

little role in the multi-millennial trend.99

Shielding effect of the geomagnetic field hampers CR particles from reach-
ing the atmosphere (e.g., Smart et al., 2000; Kudela and Usoskin, 2004). In
a simple form, well suitable for long-term studies, the geomagnetic shielding
can be parameterized via the geomagnetic cutoff rigidity Pc, which implies a
low bound of rigidity a CR particle must posses in order to reach the atmo-
sphere (Cooke et al., 1991). Most important for the geomagnetic shielding
is the dipole component of the magnetic field, since higher moments decay
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more rapidly with distance from the source. In the dipole approximation, the
geomagnetic vertical cutoff rigidity is evaluated using the Störmer’s equation
(Elsasser et al., 1956):

Pc ≈ 1.9 ·M
(

Ro

R

)2

cos4 λG, (2)

where M is the geomagnetic dipole moment (in 1022 A m2), Ro is the Earth’s100

mean radius, and R and λG are the distance from the given location to the101

dipole center and the angular distance to the magnetic pole (geomagnetic102

latitude), respectively, and Pc is expressed in GV. Here we use a model of the103

eccentric dipole, which takes into account the quadrupole contributions from104

a standard spherical harmonic description and is a good approximation to the105

reality at the relevant distance from the Earth (Webber, 1962; Fraser-Smith,106

1987). The eccentric dipole has the same dipole moment and orientation of107

the axis as the centered dipole, but the center of the dipole and consequently108

the poles defined as the points where the axis crosses the surface are shifted109

with respect to the geographical ones. The first eight Gauss coefficients of110

a geomagnetic field model are necessary to compute the dipole moment M ,111

geographical coordinates of the dipole center, and the magnetic poles of the112

eccentric dipole. Details of the Pc computation based on the eccentric dipole113

model are given in the Appendix.114

In order to account for the geomagnetic changes in the past, we make use115

of a paleomagnetic reconstruction over the last seven millennia provided by116

the CALS7K.2 model (Korte and Constable, 2005). The variations of the117

computed dipole moment M are shown in Fig. 1B for the last 6000 years.118

One can see that the general trend in the dipole moment was increasing: it119

was nearly doubled during the first half of the studied period, until about120

1000 BC, and remained at a high level of (8–10)×1022 A m2 after that.121

During that time, the magnetic axis was wandering quite essentially at the122

centennial scale (Korte and Constable, 2008; Usoskin et al., 2008) within the123

polar cap (geographical latitude above 80o).124

Thus, CRII at a given location and time can be affected by variations125

of both the solar modulation of CR and the geomagnetic field, and their126

relative role varies over the Globe. Fig. 2 shows scatter plots of the CRII127

versus the two driving parameters, φ and M . One can see that, since there128

is no geomagnetic shielding in the polar region, polar CRII is totally defined129

by the solar modulation (panel A) and is independent of the geomagnetic130
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field (panel D). This relation is reversed in an equatorial region, where the131

CR variability is mostly defined by the magnetic dipole moment (panel F).132

The situation at mid-latitudes is more complicated. Both the geomagnetic133

dipole and solar changes play a role but none of them dominates (panels134

B and E). Moreover, migration of the geomagnetic axis becomes crucial at135

mid-latitudes (Kovaltsov and Usoskin, 2007; Usoskin et al., 2008). In order136

to illustrate the latter, we show in Fig. 1 also the CRII profiles at opposite137

longitudes (Greenwich and 180◦ meridians) at different latitudes. There is138

no longitudinal difference in the polar regions (panel C), and the maximum139

range of CRII variability between the Medieval maximum and the Maunder140

minimum is about 20%. Slowly varying difference at the equator (panel E) is141

caused by a changing offset in the dipole center with respect to the Earth’s142

center with the range of variability being a factor of roughly 1.5. Variations143

of the CRII at mid-latitudes (panel D) are defined by all the factors: Before144

ca. 1500 BC, when the magnetic axis was not far from the geographical one,145

CRII was affected by both φ and M , but after that it was mostly dominated146

by the effect of the geomagnetic axis migration. This can be observed as147

the anti-phase variations of the CRII at opposite locations (solid and dotted148

curves) since 1400 BC. Thus, the millennial scale CRII variability can be149

roughly separated in three regions: Polar region, where the CRII is totally150

defined by the solar activity changes; Tropical region, where CRII is mostly151

dominated by changes in the geomagnetic field; Mid-latitude region, where152

both effects are equally important.153

Figure 3 shows a geographical pattern of the millennial trends in CRII154

(defined as the slope of the best fit linear trend of the tropospheric CRII vari-155

ations in each location for the past 6800 years – see panels C–E in Fig. 1).156

Since the solar activity (Fig. 1A) and geomagnetic field strength (Fig. 1B)157

depict opposite millennial trends, the above three regions are clearly sepa-158

rated. CRII in polar regions (above 60–70◦ geographical latitude) shows a159

weak positive millennial trend (about 0.2% per century), corresponding to160

the overall decrease of the solar activity. On the other hand, strong negative161

CRII trend (up to -0.5% per century) is obtained around the (geomagnetic)162

equator, responding to the increasing geomagnetic moment. At the middle163

latitudes, the CRII remained at roughly the same level during the last mil-164

lennia. The globally averaged tropospheric CRII depicts a decreasing trend165

(−0.2±0.03%/century) over the past six millennia. We note that the pattern166

shown in Fig.3 would have been different if another time period was chosen.167

Therefore, the global effect of CR upon Earth is defined, at this time scale168
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of several millennia, largely by changes in the geomagnetic field rather than169

by solar variability.170

3. Possible climate implication171

In this section we compare long-term trends in CRII with some paleo-172

climatic proxy as a simple statistical test of a possible relation between CR173

variability and local climate on long time scales. Since the local/regional174

variations are essential, we concentrate not on global indices but on some re-175

gional paleoclimatic series, such as regional humidity/precipitation indices.176

While global indices do not allow to clearly distinguish between direct and177

indirect solar-terrestrial links (e.g., de Jager, 2005; Usoskin et al., 2005a),178

the use of regional data may help in disentangling the effects, since CRII179

has a geographical dependence different from that of direct solar influence180

(insolation). Moreover, regional data are usually more or less homogeneous,181

while global indices, obtained as spatial average/decomposition of the re-182

gional data, may contain inhomogeneities and biases, especially when using183

spatially sparse original data. In this study we emphasize long-term trends184

in the data rather than detailed time variability of cosmic rays and terres-185

trial parameters. Here we only aim to illustrate possible climate implications186

of the long-term CRII variability by studying only statistical significance of187

the relations without trying to support or refute any particular mechanism.188

Neither do we pretend to provide a comprehensive analysis of all the exist-189

ing climatic data sets, but we want to test the hypothesis of a link by one190

example first.191

We make use of an extensive database, related to the level of precipitation192

– the global status of lakes around the world during the last 6–7 millennia.193

This data set, available via the PMIP-2 Project GLSDB (http://pmip2.lsce.-194

ipsl.fr/pmip2/synth/lakestatus.shtml), contains the relative status of more195

than 600 lakes around the world (Kohfeld and Harrison, 2000; Yu et al.,196

2001; Harrison et al., 2003). Here we analyzed the present status of the lakes197

compared to that 6800 calendar years ago (originally given as 6000 radio-198

carbon years). Since the status of a lake is defined by the balance between199

precipitation and evaporation, the wetter lake status generally correspond200

to wetter/colder climate, and according to the adopted hypothesis on CR-201

climate relation, to higher CRII (cf., e.g., Knudsen and Riisager, 2009). For202

each lake, the relative status is quantified as L = -2, -1, 0, 1, 2, according203

to whether the lake is presently much drier, drier, similar, wetter, and much204
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wetter, respectively, compared to that 6800 years ago. Here we consider205

only general multi-millennial trends, ignoring detailed temporal comparison206

of climatic and CR-related data, which has been studied, e.g., by Usoskin207

and Kovaltsov (2008) for global and by Knudsen and Riisager (2009) for a208

few regional climate indices.209

Since the status of individual lakes may be not mutually independent210

(closely located sites are expected to depict similar patterns), we averaged211

the data available in relatively large geographical grid boxed (15◦ in longitude212

× 10◦ in latitude). Thus defined geographical pattern is shown in Fig. 4 with213

colors ranging from blue (much drier) to red (much wetter). Lake data exists214

for 84 out of 432 grid boxes, and the general pattern shows drying in Africa215

and Asia, wetting in Northern America, and unsettled situation in South216

America, Europe and Australia. This matrix of the relative lake status can217

be quantitatively compared, in a statistical manner, to the CRII pattern.218

The latter is represented by a map of the spatial distribution of the CRII219

trend slope S (similar to that shown in Fig. 3) but computed for the same220

geographical grid (15◦×10◦) as the lake status (Fig. 4). In each grid box, we221

computed a product P = S×L of the lake status L (if available) and the CRII222

trend slope S. According to the adopted CR–climate relation, we expect223

an agreement between the two values (increasing CRII leads to wetter lake224

status and vice versa). Therefore, we consider the parameter P as a measure225

of the agreement between the two indices. A map of the distribution of the226

agreement is shown in Fig. 5 (only the sign of the P is shown). General227

agreement is observed over the entire Africa and a major fraction of Asia,228

with a few spots in both Americas and in Australia. Disagreement is observed229

in a region in Northern America and a few spots in South America, Near East230

and Oceania. Europe, Alaska and Australia, i.e. the middle-to-high latitude231

regions, remain uncertain. Visual inspection of the agreement does not allow232

to evaluate its statistical significance – could it reflect a random pattern or233

a causal link?234

Accordingly, we have performed a statistical test of the result. The av-235

erage value of 〈P 〉 over all the 84 grid boxes is 0.18±0.04, i.e. significantly236

positive, formally implying an agreement between the two sets of trends.237

However, this value alone can be misleading since the lake status data ex-238

ists mostly in the low-to-mid latitudes, where the CRII trend is dominantly239

negative. Therefore, we estimate the significance of this result by a random240

Monte-Carlo method. First we made an optimistic estimate, as follows. We241

took the actual values of the lake status data L but assign them to randomly242
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selected grid boxes. Then new values of P ∗ were calculated for these grid243

boxes, using the actual CRII trends S there, and the average value 〈P ∗〉244

was obtained. By repeating this procedure N = 10000 times, we obtained a245

distribution of 〈P ∗〉. Finally, the number of simulations n with |〈P ∗〉| > 〈P 〉246

gives an estimate of the significance α of the agreement between lake status247

and CRII trends (the probability that this agreement is due to a random248

coincidence without a causal link): α ≡ n/N . This test yields very high249

significance α ≈ 10−4. However, we consider this estimate as optimistic or250

overestimated, since it overlooks an important fact that the lake status data251

are distributed unevenly over the Globe. The lakes are located at the con-252

tinents, with a dominance of Africa-Eurasia, where CRII trends are mostly253

negative. Accordingly, an uncontrolled bias can be introduced in the above254

test, when the Monte-carlo simulated values are dropped randomly over the255

entire Globe. Next we consider a conservative test, when the L values are256

randomly shuffled inside the existing grid boxes, otherwise it is identical to257

the one described above. This test preserves the inhomogeneity of the data258

set. For this conservative test the estimated significance is α ≈ 0.02, indicat-259

ing that the probability of a random occurrence of the observed agreement260

between lake status and CRII trends is about 2%.261

We note that both the above tests neglect a possible effect of the spatial262

(regional) correlation between the neighboring grid boxes (closely located263

lakes are expected to behave similarly). However, due to a large size of264

the grid boxes, this regional correlation is rather small (about 0.3) for the265

adjoining grid boxes and diminishes for larger scales.266

4. Discussion and Conclusions267

We have demonstrated that the long-term changes of the cosmic ray in-268

duced ionization in the low atmosphere are affected by two major factors:269

Solar variability, and geomagnetic field changes. While the former factor270

defines the CRII in the polar region, the latter dominates CRII variability271

in equatorial regions. CRII variability at middle latitudes is a result of an272

interplay between the two factors, which are both equally important. Fig. 3273

presents a geographical pattern of the long-term trend in the tropospheric274

CRII over the last 6000 years. We note that wandering of the geomagnetic275

dipole axis, which is crucially important in centennial changes of CRII at276

middle latitudes (Kovaltsov and Usoskin, 2007; Usoskin et al., 2008), is not a277

dominant factor at the multi-millennial time scale. Instead, the slow changes278
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of the geomagnetic dipole moment become very important in the tropics.279

The long-term trend in regional CRII can be quite strong – up to a factor of280

1.5 variations at the equator (see Fig. 1E). Interestingly, the trends have dif-281

ferent slopes in different regions, viz. the CRII was increasing in polar areas282

and decreasing in tropics. This fact makes it possible to perform a statistical283

test of a relation between CRII and local/regional climate reconstructions.284

The global effect of CR upon Earth is defined, at the studied time scale of285

several millennia, largely by changes in the geomagnetic field rather than by286

solar variability, which can lead to an unsettled effect of the apparent solar287

variability on climate (e.g., Bard and Frank, 2006). On the other hand, this288

may help in disentangling direct solar effects (e.g., via the irradiance) from289

those caused by CR via the heliospheric modulation.290

As an illustration of the possible climate implication we have compared291

the reconstructed changes of the status of lakes around the world with the292

CRII trend pattern for the last 6–7 millennia. The agreement between them293

is significant – the probability of a random coincidence is estimated from294

0.01% (optimistic estimate) to 2% (conservative estimate). At first glance,295

even such a formally significant agreement may be casual not serving as an296

evidence for a real link, because different trends in regional climate between297

tropics and polar regions can be an intrinsic feature of the global climate sys-298

tem. If so, detailed models of the climate dynamics throughout the Holocene,299

using a general circulation model (GSM), would predict patterns comparable300

with the map of lake status changes (Schmidt et al., 2004). Note however,301

that results of such direct models, that include only the direct solar forc-302

ing, did not yield general agreement with the observed lake status features303

(Kohfeld and Harrison, 2000; Sawada et al., 2004). Therefore, it appears304

plausible to think that the good agreement between CRII and lake status305

patterns implies a real connection, viz. that changes in CRII may slightly306

modulate the local climate. A similar conclusion has been drawn recently307

by Knudsen and Riisager (2009) for China and Oman regional speleothem308

precipitation data over the Holocene. However, this does not imply that309

the other, direct, mechanisms via, e.g., solar insolation are less important.310

Further studies using other climate parameters are necessary to investigate311

particular mechanisms of the CRII climate relation, which is not attempted312

here.313

Concluding, we have demonstrated that:314

• Long-term (multi-millennial) trends of the cosmic ray induced ioniza-315
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tion in the troposphere are defined not only by solar (i.e., covariant316

with solar irradiance) changes but largely by changes of the geomag-317

netic field.318

• CRII variations are not spatially homogeneous but they depict a clear319

geographical pattern. This is particularly important in tropical regions320

and for global averaged data.321

• Ionization in the polar region is mostly affected by the solar variability.322

An analysis of spatio-temporal relation between the modelled ionization323

trends and the lake level data as an example of the regional climate change324

on the time scale of 6–7 millennia reveals a statistically significant correla-325

tion between them, which appears better than the results of direct general326

circulation modelling considering only the direct solar forcing.327

This suggests that CRII may play a role in long-term regional climate328

variations. The next step would be to include a geographical time-dependent329

effect of CRII into general circulation models, in addition to all other known330

effects, such as orbital forcing or solar irradiance variations, in an attempt331

to model the corresponding observed patterns.332
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A. Computation of the geomagnetic cutoff rigidity339

Although computation of the geomagnetic cutoff rigidity in the eccentric340

dipole approximation of the geomagnetic field is straightforward using vector341

algebra and spherical geometry, it is lengthy and laborious. Since we are not342

aware of a detailed published recipe for such a computation, we give its343

essentials here.344

In order to totally describe the geomagnetic field in the eccentric dipole345

approximation (see full details in Fraser-Smith, 1987), one needs the first346

eight Gauss coefficients of the magnetic field decomposition (for the centered347

11



dipole, only 3 coefficients are sufficient). The eccentric dipole is assumed to348

posses the same magnetic dipole moment M and the same orientation of the349

magnetic axis as the centered dipole, but its center is displaced with respect350

to the Earth’s center.351

Let us consider a system of orthogonal Cartesian coordinates (x, y, z)352

with the origin at the Earth’s center, so that the z−axis coincides with the353

Earth’s rotational axis, the x−axis points to the crossing of the Greenwich354

meridian and the Equator, and the y−axis completes the right-hand system.355

In this reference frame let us define a system of spherical coordinates (r, θ, ψ)356

whose polar angle coincides with the z−axis.357

The dipole moment is defined using the first three Gauss coefficients,
g0
1, g

1
1, h

1
1, as

M =
4π

µ0

B0R
3
0, (A1)

where µ0 is the free space magnetic permeability and R0 is the mean radius
of Earth, and

B2
0 =

(

g1
0

)2
+

(

g1
1

)2
+

(

h1
1

)2
(A2)

Let us denote vector

p

(

− g1
1

B0

; − h1
1

B0

;− g0
1

B0

)

as the direction of the dipole axis (the same for centered and eccentric dipole),
and vector d(x0; y0; z0) as the vector from the Earth’s center to the center
of eccentric dipole.

x0

R0

=
L1 − g1

1E

3B2
0

;

y0

R0

=
L2 − h1

1E

3B2
0

; (A3)

z0
R0

=
L0 − g0

1E

3B2
0

,

where

L0 = 2g0
1g

0
2 +

√
3
(

g1
1g

1
2 + h1

1h
1
2

)

L1 = −g0
1g

0
2 +

√
3
(

g0
1g

1
2 + g1

1g
2
2 + h1

1h
2
2

)

L2 = −h1
1g

0
2 +

√
3
(

g0
1h

1
2 − h1

1g
2
2 + g1

1h
2
2

)

E =
L0g

0
1 + L1g

1
1 + L2h

1
1

4B2
0

.
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Let us define r (R0 sin θ cosψ; R0 sin θ sinψ; R0 cos θ) as a vector from the
Earth’s center to the observational point with geographical co-latitude θ and
longitude ψ on the surface. Let R = r−d be the vector from the center of the
eccentric dipole to this observational point. The squared distance between
the eccentric dipole center and the observational point is

R2 = R2
0 + d2 − (A4)

− 2R0 (x0 sin θ cosψ + y0 sin θ sinψ + z0 cos θ) .

The geomagnetic co-latitude, i.e. the angle between the magnetic dipole axis
and vector R, θG = 90◦ − λG, can be defined as:

cos θG =
R · p
R p

= (A5)

=
1

RB0

[g1
1(x0 −R0 sin θ cosψ)

+ h1
1(y0 − R0 sin θ sinψ) + g0

1(z0 − R0 cos θ)]

Finally, the vertical geomagnetic cutoff rigidity can be calculated using
Störmer’s equation (Eq. 2) as

Pc = 1.9 ·M
(

Ro

R

)2

sin4 θG, (A6)

where Pc and M are given in GV and in 1022 A m2, respectively. Thus358

computed cutoff rigidity has been used in the computations presented in this359

paper.360
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R., 2008. Variations of aerosol optical properties during the extreme solar443

event in January 2005. Geophys. Res. Lett. 35, L18610.444

Niggemann, S., Mangini, A., Mudelsee, M., Richter, D. K., Wurth, G., 2003.445

Sub-Milankovitch climatic cycles in Holocene stalagmites from Sauerland,446

Germany. Earth Planet. Sci. Lett. 216, 539–547.447
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Figure 1: Time profiles for the last 6000 years (all data are averaged over calendar cen-
turies). Panel A: Cosmic ray modulation potential φ (in MV), reconstructed from the
cosmogenic 14C data by Usoskin et al. (2007). Panel B: Geomagnetic dipole moment
M (in 1022 A m2), computed from the CALS7K.2 model (Korte and Constable, 2005,
2008). Panel C: Normalized cosmic ray induced ionization in the middle troposphere
(residual atmospheric depth 500 g/cm2 or the altitude of about 5.8 km), computed using
the CRAC:CRII model (Usoskin and Kovaltsov, 2006, - see text for details) for the polar
region (72◦N 0◦E). Panel D: The same as panel C but for mid-latitudes (45◦N 0◦E - solid
line, 45◦N 180◦E - dotted line). Panel E: The same as panel C but for the equator (0◦N
0◦E - solid line, 0◦N 180◦E - dotted line). Grey lines depict the best-fit linear trend,
computed for the solid curve, in each panel.

Figure 2: Dependence of the normalized tropospheric cosmic ray induced ionization on
the modulation parameter φ (panels A–C) and the geomagnetic dipole moment M (panels
D–F) for the last 6000 years. Top, middle and bottom row panels correspond to the polar,
mid-latitude and equatorial regions, respectively.

Figure 3: Spatial pattern (5◦×5◦ grids) of the millennial trend in tropospheric cosmic ray
induced ionization for the last 6800 years (see text for definition). Color scale to the right
represents the slope of the trend in %/century.

Figure 4: Spatial pattern of the millennial trend in the lake status (see text for definition).
Red, yellow, white, light blue and blue colors correspond to much wetter, wetter, no
change, drier and much drier present status, respectively, of the lakes compared to that
6800 BP. Regions without data of the lake status are filled in grey.

Figure 5: The agreement P (see text for definition) between millennial trends in the tropo-
spheric cosmic ray induced ionization and in the lake status. Black and white rectangles
correspond to regions of agreement and disagreement, respectively. Hatched rectangles
depict regions with unsettled relation (|P | < 0.1). Regions without data of the lake status
are filled in grey.
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