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It is obviously now that according to data for the past on big variations of planetary surface temperature in scales of many
millions and thousands years the Earth’s global climate change is determined mostly by space factors: moving of the Solar
system around the center of our Galaxy with crossing galactic arms and dust-molecular clouds, nearby supernova and super-
nova remnants. Important space factor is also the cyclic variations of solar activity and solar wind (mostly in scales of hun-
dreds years and decades). The action of space factors on the Earth’s climate is realized mostly through cosmic rays (CR) and
space dust influenced on formation of clouds controlled the total energy input from the Sun into the Earth’s atmosphere. The
propagation and modulation of galactic CR (generated mostly during Supernova explosions and in Supernova remnants in our
Galaxy), in the Heliosphere are determined by their interactions with magnetic fields frozen in solar wind and in coronal mass
ejections (CME) with accompanied interplanetary shock waves (produced big magnetic storms during their interactions with
the Earth’s magnetosphere). The most difficult problem of monitoring and forecasting the modulation of galactic CR in the He-
liosphere is that the CR intensity in some 4D space-time point is determined not by the level of solar activity at this time of
observations and electro-magnetic conditions in this 4D-point but by electromagnetic conditions in total Heliosphere. These
conditions in total Heliosphere are determined by development of solar activity during many months before the time-point of
observations. It is main cause of so called hysteresis phenomenon in connection galactic CR — solar activity. From other hand,
detail investigations of this phenomenon give important possibility to estimate conditions in and dimension of Heliosphere. To
solve described above problem of CR modulation in the Heliosphere, we considered as the first step behavior of high energy
particles (more than several GeV, for which the diffusion time of propagation in Heliosphere is very small in comparison with
characteristic time of modulation) on the basis of neutron monitor data in the frame of convection diffusion theory, and then
take into account drift effects. For small energy galactic CR detected on satellites and space probes we need to take into ac-
count also additional time lag caused by diffusion in the Heliosphere. Then we consider the problem of CR modulation forecast-
ing for several months and years ahead, what gives possibility to forecast some part of global climate change caused by CR.

Keywords: galactic cosmic rays (CR); Earth's climate; solar activity level; Maunder minimum; magnetic field of the Earth;
climate factors (cloudiness, raining, surface temperature).

1. Introduction

It is now obvious, according to past data on large variations in planetary surface temperature over timescales of many thou-
sands (even millions) of years, that the Earth's global climate change is determined not only by internal factors but also by factors
originating in space. These include the moving of the solar system around the center of our galaxy, thus crossing galactic arms,
clouds of molecular dust, nearby supernovae and supernova remnants. Another important space factor is the cyclic variations of
solar activity and the solar wind (mostly on the scales of decades and hundreds of years). The space factors which influence
Earth's climate most, however, are cosmic rays (CR) and space dust, which influence the formation of clouds and therefore control
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the total energy transferred from the Sun to the Earth's atmosphere. The propagation and modulation of galactic CR (generated
mostly during supernova explosions and in supernova remnants in our galaxy) is determined within the heliosphere by their inter-
action with magnetic fields frozen in the solar wind and in coronal mass ejections (CME) with accompanying interplanetary shock
waves (that produce big magnetic storms during their interactions with the Earth's magnetosphere). The most difficult problem of
monitoring and forecasting the modulation of galactic CR in the heliosphere is that the CR intensity at some 4D point in space-time
is determined not only by the level of solar activity at the time of the observations or the electromagnetic conditions at this point,
but rather, by the electromagnetic conditions in the total Heliosphere. These conditions in the total heliosphere are determined by
the development of solar activity during many months leading up to the time-point of observations. This is the cause of the so-
called hysteresis phenomenon in connecting galactic CR and solar activity. On the other hand, detailed investigations of this phe-
nomenon yield the important possibility to estimate conditions in and the dimensions of the heliosphere. To solve the problem de-
scribed above of CR modulation in the heliosphere, we considered as the first step the behavior of high energy particles (more
than several GeV, for which the diffusion time of propagation in the heliosphere is very small in comparison with the characteristic
time of modulation) on the basis of neutron monitor data in the frame of convection diffusion theory. We then take into account
drift effects. For low energy galactic CR detected on satellites and space probes, we also need to take into account the additional
time lag caused by diffusion in the heliosphere. Then, we consider the problem of CR modulation forecasting for several months
and years ahead, which gives the possibility to forecast some part of the global climate change caused by CR.

2. Solar activity and CR variations as possible causes of climate change

The solar activity level is known from direct observations over the past 450 years and from data of cosmogenic nuclides (through
CR intensity variations) for more than 10,000 years (see details in Chapters 10 and 17 in [Dorman M2004]). Over this period there is
a striking qualitative correlation between cold and warm climate periods and high and low levels of galactic CR intensity, correspond-
ingly (low and high solar activity). As an example, Fig. 1 shows the change in the concentration of radiocarbon *C during the last
millennium (a higher concentration of radiocarbon corresponds to a higher intensity of galactic CR and to lower solar activity).
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It can be seen from Fig. 1 that during 1000—1300 the CR intensity was low and solar activity high, which coincided with
the warm medieval period (during this period Vikings settled in Greenland). After 1300 solar activity decreased and CR inten-
sity increased, and a long cold period followed (the so called Little Ice Age, which included the Maunder minimum 1645—1715
and lasted until the middle of 19*" century).

3. The possible role of solar activity and solar irradiance in climate change

Friis-Christensen and Lassen found [Friis-Christensen and Lassen 1991; Lassen and Friis-Christensen 1995], from four hundred
years of data, that the filtered solar activity cycle length is closely connected to variations of the average surface temperature
in the northern hemisphere. Labitzke and Van Loon showed [Labitzke and Van Loon 1993], from solar cycle data, that the air
temperature increases with increasing levels of solar activity. Svensmark [Svensmark 2000] and Shapiro et al. [Shapiro et al.
2011] also discussed the problem of the possible influence of solar activity on the Earth’s climate through changes in solar ir-
radiance. But the direct satellite measurements of the solar irradiance during the last two solar cycles showed that the varia-
tions during a solar cycle was only about 0.1%, corresponding to about 0.3 W/m?. This value is too small to explain the ob-
served climate changes during solar cycles [Lean et al. 1995]. The reconstruction of solar irradiance from 7000 BC up to 500 AD
shows variations from 1358 up to 1370 W/m?, i.e. not more than 1% [Shapiro et al. 2011]. Much bigger changes during a solar
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cycle occur in UV radiation: according to Shapiro et al. [Shapiro et al. 2011], the flux of solar irradiation during 1600—2000 in
interval 500—600 nm varied in limits of 0.4%, in 370—400 nm (CN violet system) — 3.2%, in 200—242 nm (Herzberg contin-
uum) — 10.9%, and in 175—200 nm (Schumann-Runge bands) — 26.6% (these changes are important for variations in for-
mation of the ozone layer). Haigh [Haigh 1996], and Shindell et al. [Shindell et al. 1999] suggested that the heating of the strat-
osphere by UV radiation can be dynamically transported into the troposphere. This effect might be responsible for small con-
tributions towards 11 and 22 years cycle modulation of climate but not to the 100 years or more of climate changes that were
observed in the past and during the last hundred years [Dobrica et al. 2009]. Hong et al. [Hong et al. 2011] examined the effect
of the 11-year solar cycle and quasi-biennial oscillation on the 27-day solar rotational period detected in tropical convective
cloud activity (it was analyzed data of outgoing long wave radiation for 1979—2004).

4. Cosmic rays as an important link between solar activity and climate change

Many authors have considered the influence of galactic and solar CR on the Earth’s climate. Cosmic radiation is the main
source of air ionization below 40—35 km (only near the ground level, lower than 1 km, are radioactive gases from the soil also
important in air ionization — see review in [Dorman M2004]). The first who suggest a possible influence of air ionization by CR
on the climate was Ney [Ney 1959]. Svensmark [Svensmark 2000] noted that the variation in air ionization caused by CR could
potentially influence the optical transparency of the atmosphere, by either a change in aerosol formation or influence the tran-
sition between the different phases of water. Many authors considered these possibilities [Dickinson 1975; Pudovkin and
Raspopov 1992; Pudovkin and Veretenenko 1995, 1996, Belov et al. 2005, Dorman 2005a,b, 2006, 2007]. The possible statistical con-
nections between the solar activity cycle and the corresponding long term CR intensity variations with characteristics of cli-
mate change were considered in [Dorman et al. 1987, 1988a,b]. Dorman et al. [Dorman et al. 1997] reconstructed CR intensity
variations over the last four hundred years on the basis of solar activity data, and compared the results with radiocarbon data.

Cosmic rays play a key role in the formation of thunder-storms and lightnings (see extended review in [Dorman M2004],
Chapter 11). Many authors [Markson, 1978; Price, 2000; Tinsley, 2000, Schlegel et al., 2001; Dorman and Dorman, 2005; Dorman et
al., 2003] have considered atmospheric electric field phenomena as a possible link between solar activity and the Earth’s cli-
mate. Barnard et al. [Barnard et al. 2011] used data on cosmogenic nucleus in ice for about 9300 years for investigation of
great solar energetic particle events and long-time galactic cosmic ray variations for research of space climate in the past and
possible predictions for some time ahead. The obtained important information can be used for investigation of the link be-
tween cosmic ray intensity and the Earth’s climate change. Also important in the relationship between CR and climate, is the
influence of long term changes in the geomagnetic field on CR intensity through the changes of cutoff rigidity (see review in
[Dorman M2009]). It can be considering the general hierarchical relationship: (solar activity cycles + long-term changes in the
geomagnetic field) — (CR long term modulation in the Heliosphere + long term variation of cutoff rigidity) — (long term varia-
tion of clouds covering and aerosols + atmospheric electric field effects) — climate change.

5. The Connection between galactic CR solar cycles and the Earth’s cloud coverage

Recent research has shown that the Earth’s cloud coverage (observed by satellites) is strongly influenced by CR intensity
[Svensmark 2000; Marsh and Svensmark 2000a,b]. Clouds influence the irradiative properties of the atmosphere by both cooling
through reflection of incoming short wave solar radiation, and heating through trapping of outgoing long wave radiation (the
greenhouse effect). The overall result depends largely on the height of the clouds. According to [Hartmann 1993], high optically
thin clouds tend to heat while low optically thick clouds tend to cool (see Table 1). According to [Smith at al. 2011], the Clouds
and Earth Radiant Energy System (CERES) project’s objectives are to measure the reflected solar radiance (shortwave) and
Earth-emitted (longwave) radiances and from these measurements to compute the shortwave and longwave radiation fluxes at
the top of the atmosphere and the surface and radiation divergence within the atmosphere. Connection of CR intensity global
variation with the Earth cloud covering is illustrated by Fig. 2, and separately with different types of clouds — by Fig. 3.

Table 1
Global annual mean forcing due to various types of clouds, from the Earth Radiation Budget Experiment (ERBE),
according to [Hartmann 1993]
The positive forcing increases the net radiation budget of the Earth and leads to a warming; negative forcing decreases the net radia-
tion and causes a cooling. (Note that the global fraction implies that 36.7% of the Earth is cloud free.)

Parameter High clouds | Middle clouds | Low clouds | Total
Thin Thick | Thin  Thick All

Global fraction /(%) 10.1 8.6 | 10.7 7.3 26.6 | 63.3

Forcing (relative to clear sky):

Albedo (SW radiation) /(Wm™2) 41 -15.6 | -3.7 -9.9 -20.2 | -53.5

Outgoing LW radiation /(Wm~2) 6.5 8.6 | 4.8 2.4 3.5 25.8

Net forcing /(Wm~?) 24 -70| 11 -7.5 -16.7 | -27.7
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Figure 2. Changes in the Earth’s cloud coverage: tri-
angles — from satellite Nimbus 7); squares — from the
International Satellite Cloud Climatology Project); dia-
monds — from the Defense Meteoroloical Satellite Pro-
gram). Solid curve — CR intensity variation according to
Climax neutron monitor, normalized to May 1965. Bro-
ken curve — solar radio flux at 10.7 cm. All data are
smoothed using twelve months running mean. According
to [Svensmark 2000].

Figure 3. CR intensity obtained at the
Huancayo/Haleakala neutron monitor (normalized to Oc-
tober 1965, curve 2) in comparison with global average
monthly cloud coverage anomalies (curves 1) at heights,
H, for: a — high clouds, H > 6.5 km, b — middle clouds,
6.5 km >H > 3.2 km, and ¢ — low clouds, H < 3.2 km.
According to [Marsh and Svensmark 2000].

From Fig. 2 it can be seen that variation in cloudiness corresponds very well to variation in CR without any time lag, and
the decreasing of CR intensity in Climax neutron monitor on 15% corresponds decreasing in cloudiness on about 3% (positive
correlation). From other hand, from Table 1 we can see that the total cloudiness gives input of solar energy — 27.7 W/m?, so

3% decreasing of cloudiness will give about + 1 W/m?.

From Fig. 3 it can be seen that practically is no connection between CR intensity variations and changes in cloudiness for
high and middle altitude clouds (panels a and b), but is a high positive correlation for low altitude clouds (panel c).
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6. On connection of CR variation with surface planetary temperature
during the last thousand years and during 1935—1995

From Section 4 it follows that with CR intensity decreasing, planetary cloudiness decreases leading to increase of solar energy
input in the low atmosphere and increase of planetary surface temperature. This can be demonstrated by data of radiocarbon for
the last thousand years (see Fig. 1) and by direct CR measurements for about 60 years from 1935 to 1995 (see Fig. 4).
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Figure 4. Eleven year average Northern hemisphere marine
and land air temperature variation At (broken curve), com-
pared with eleven year average CR intensity (thick solid curve
— from data of Compton type ionization chambers shielded by
10 cm Pb (1937—1994, normalized to 1965), and thin solid
curve — from Climax neutron monitor (normalized to ion
chambers, 1953—1994). According to [Svensmark 2000].

7. Solar irradiance and cosmic ray fluxes during Maunder minimum: influence on climate change

During the Maunder minimum the CR intensity was very high, so the planetary surface temperature is expected to be lower
than in years with high level of solar activity. As was shown above (see Fig. 1), exactly this was observed by using '*C data.
More detail data on solar irradiation flux, CR intensity (through '°Be), and the air surface temperature are shown in Fig. 5.
From Fig. 5 can be clear seen that non solar irradiance, but CR intensity variation is mostly responsible for observed climate
change during Maunder minimum.
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Figure 5. Situation in the Maunder minimum: a — recon-
structed solar irradiance [Labitzke and Van Loon 1993]; b —
CR intensity according to concentration of 1°Be [Beer et al.
1991]; ¢ — reconstructed relative change of air surface tem-
perature, At, for the Northern hemisphere [Jones et al. 1998].
According to [Svensmark 2000].
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8. On the Influence of galactic CR Forbush decreases and solar CR increases
on rainfall and air temperature

A decrease of atmospheric ionization leads to a decrease in the concentration of charge condensation centres. In these pe-
riods, a decrease of total cloudiness and atmosphere turbulence together with an increase in isobaric levels is observed
[Veretenenko and Pudovkin 1994]. As a result, a decrease of rainfall is also expected. Stozhkov et al. [Stozhkov et al.1995a,b,
1996], and Stozhkov [Stozhkov 2002] analyzed 70 events of Forbush decreases (defined as a rapid decrease in observed galac-
tic CR intensity, and caused by big geomagnetic storms) observed in 1956—1993 and compared these events with rainfall da-
ta over the former USSR. It was found that during the main phase of the Forbush decrease, the daily rainfall levels decreases
by about 17%. Similarly, Todd and Kniveton [Todd and Kniveton 2001, 2004] investigating 32 Forbush decreases over the period
1983—2000, found reduced cloud cover on 12—18%. Laken and Kniveton [Laken and Kniveton 2011] investigate 47 Forbush
decreases over the period 1985—2006 and confirmed this result of Todd and Kniveton [Todd and Kniveton 2001, 2004]. Ar-
tamonova and Veretenenko [Artamonova and Veretenenko 2011], using the Apatity neutron monitor data, analyzed daily aver-
aged values of geo-potential heights (GPH) of the main isobaric levels 1000, 850, 700, 500, 300 and 200 mb (NCEP/NCAR da-
ta) and found effects of Forbush decreases on the variations of pressure in the lower atmosphere during 48 events in October-
March for the period 1980—2006. Mansilla [Mansilla 2011] found that big magnetic storms (produced Forbush decreases) lead
to increasing of air temperature and wind’s velocity.

During big solar CR events, when CR intensity and ionization in the atmosphere significantly increases, an inverse situation
is expected and the increase in cloudiness leads to an increase in rainfall. Studies of Stozhkov et al. [Stozhkov et al.1995a,b,
1996], and Stozhkov [Stozhkov 2002] involving 53 events of solar CR enhancements, between 1942—1993, showed a positive
increase of about 13% in the total rainfall over the former USSR.

9. Convection-diffusion and drift mechanisms for long-term galactic CR variation:
possible forecasting of some part of climate change caused by cosmic rays

From above consideration follows that CR may be considered as sufficient link determined some part of solar wind as element
of space weather influence on the climate change. From this point of view it is important to understand mechanisms of galactic
CR long-term variations and on this basis to forecast expected CR intensity in near future. In [Dorman 2005a,b, 2006] it was
made on basis of monthly sunspot numbers W with taking into account time-lag between processes on the Sun and situation in
the interplanetary space as well as the sign of general magnetic field (convection diffusion + drift modulations, see Fig. 6).
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From obtained results it follows that in the frame of convection-diffusion and drift models can be determined with very good
accuracy expected galactic CR intensity in the past (when W are known) as well as behaviour of CR intensity in future (if sun-
spot numbers W can be well forecast).

10. Influence of main geomagnetic field on global climate change through CR cutoff rigidity variation

When we consider galactic CR variations Al/I as a factor influencing global climate change, we need to take into account not only
the effects of the solar wind and Heliosphere, but also cutoff rigidity Rc changes on CR intensity variation: Al/Ip = -ARcxW(Rc, Rc),
where ARc is the change of cutoff rigidity and W(Rc, Rc) is the coupling function W(Rc, R) at R = Rc¢ (see in details in [Dorman
M2004]). Expected changes of cutoff rigidities were found in many papers (e.g. [Bhattacharyya and Mitra 1997; Shea and Smart
2003; Kudela and Bobik 2004]; see review in [Dorman M2009]). Results of trajectory calculations of Rc changes are shown in Table
2 (from [Shea and Smart 2003]).
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Table 2

Vertical cutoff rigidities R¢ (in GV) for epochs 1600, 1700, 1800, 1900, and 2000,
as well as change from 1900 to 2000

According to [Shea and Smart 2003].

Lat. Long. Epoch Epoch Epoch Epoch Epoch Change  Region
(E) 2000 1900 1800 1700 1600 1900-2000
55 30 2.30 2.84 2.31 1.49 1.31 —0.54 Europe
50 0 3.36 2.94 2.01 1.33 1.81 +0.42 Europe
50 15 3.52 3.83 2.85 1.69 1.76 —0.31 Europe
40 15 7.22 7.62 5.86 3.98 3.97 =040 Europe
45 285 1.45 1.20 1.52 2.36 4.1 +0.25 N. Amer.
40 255 2.55 3.18 4.08 4.88 5.89 —0.63 N. Amer.
20 255 8.67  12.02 14.11 15.05 16.85 —3.35 N. Amer.
20 300 10.01 7.36 9.24  12.31 15.41 +2.65 N. Amer.
50 105 4.25 4.65 5.08 5.79 8.60 —0.40 Asia
40 120 9.25 9.48 10.24  11.28 13.88 —0.23 Asia
35 135 11.79 11.68 12.40  13.13 14.39 +0.11 Japan
—25 150 8.56 9.75 10.41 11.54  11.35 —1.19 Australia
—35 15 4.40 5.93 8.41 11.29 12.19 —1.53 S. Africa
—35 300 8.94  12.07 13.09 10.84 8.10 —3.13 S. Amer.

It can be seen from Table 2 a big changes of cutoff rigidities in some places. We suppose to investigate this problem in
near future in more details in possible connection with historically known places on the World where local climate changes
pressed people to move to other places with better climate. It is not excluded that observed 22-year hurricane cycle connec-
tion with geomagnetic and solar activity cycles [Mendoza and Pazos 2009] may be caused also by the link of these cycles with
cosmic rays and their influence on on meteorological processes.

11. Solar system moving around the galactic centre and crossing Galaxy’s arms:
influence on the Earth’s climate through CR and dust

Above we considered space factors acted on the Earth’s Climate mainly through CR in frame of scales not bigger than one
thousand years. In Fig. 7 are shown data on planetary surface temperature changing during the last 520 million years, caused
to the moving of the Solar system around the centre of our Galaxy and crossing galactic arms with bigger probability to inter-
act with molecular-dust clouds and supernova remnants (with bigger intensity of CR and higher density of space dust, which
both lead to increasing of cloudiness and decreasing of planetary surface temperature).
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Figure 7. Changes of planetary air temperature, At, near the
Earth’s surface for the last 520 million years according to the
pale-environmental records. According to [Veizer et al. 2000].

From Fig. 7 it can be seen that during the past 520" million years, there were four periods with surface temperatures lower
than at present time and four periods with higher temperatures.
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12. Discussion

Let me note with gratitude to both Referees that this Section was induced by their comments. We considered above the
change of planetary climate as caused mostly by two space factors: cosmic rays and space dust. This we advocate with the
use of results obtained over long time periods, from about ten thousand years to many millions of years. We also considered
very short events of only one or a few days, such as Forbush effects and Ground Level Enhancements (GLE). In these cases, it
is necessary to use a superposed method, summing over many events to sufficiently reduce the relative role of meteorological
factors, active incident to the aforementioned short events (see Section 9).

Analysis of Kristjdnsson and Kristiansen [Kristjansson and Kristiansen 2000] contradicts the simple relationship between cloud
cover and radiation assumed in the cosmic-ray-cloud-climate hypothesis, because this relationship really is much more com-
plicated and is not the main climate-causal relationship. I agree with this result and with result of Erlykin et al. [Erlykin et al.
2009a,b] and Erlykin and Wolfendale [Erlykin and Wolfendale 2011] that there is no simple causal connection between CR and
low cloud coverage (LCC), that there is no correlation between CR and LCC for short-term variations, and that while there is
correlation between CR and LCC for long-term variations, that this connection can explain not more than about 20% of ob-
served climate change. But the supposition of Erlykin et al. [Erlykin et al. 2009a,b] that the observed long-term correlation be-
tween cosmic ray intensity and cloudiness may be caused by parallel separate correlations between CR, cloudiness and solar
activity contradicts the existence of the hysteresis effect in cosmic rays caused by the big dimensions of the Heliosphere [Dor-
man and Dorman 1967a,b; Dorman et al., 1997; Dorman 2005a,b, 2006]. This effect, which formed a time-lag of cosmic rays rela-
tive to solar activity of more than one year (different in consequent solar cycles and increasing inverse to particle energy),
gives the possibility of distinguishing phenomena caused by cosmic rays from phenomena caused directly by solar activity (i.e.
activity without time lag) (see Fig. 2). The importance of cosmic ray influence on climate compared with the influence of solar
irradiation can be seen clearly during the Maunder minimum (see Fig. 5). Cosmic ray influence on climate over a very long
timescale of many hundreds of years can be seen from Fig 1 (through variation of **C).

It is necessary to take into account that the main factors influencing climate are meteorological processes: cyclones and anti-
cyclones; air mass moving in vertical and horizontal directions; precipitation of ice and snow (which changes the planetary radia-
tion balance, see [Waliser et al. 2011]); and so on. Only after averaging for long periods (from one-ten years up to 100-1000
years and even million of years) did it become possible to determine much smaller factors that influence the climate, such as
cosmic rays, dust, solar irradiation, and so on. For example, Zecca and Chiari show [Zecca and Chiari 2009] that the dust from
comet 1P/Halley, according to data of about the last 2000 years, produces periodic variations in planetary surface temperature
(an average cooling of about 0.08°C) with a period 72 £ 5 years. Cosmic dust of interplanetary and interstellar origin, as well as
galactic cosmic rays entering the Earth’s atmosphere, have an impact on the Earth’s climate [Ermakov et al., 2006, 2007, 2009,
Kasatkina et al., 2007a,b]. Ermakov et al. [Ermakov et al.2006, 2009] hypothesized that the particles of extraterrestrial origin resid-
ing in the atmosphere may serve as condensation nuclei and, thereby, may affect the cloud cover. Kasatkina et al. [Kasatkina et
al. 2007a,b] conjectured that interstellar dust particles may serve as atmospheric condensation nuclei, change atmospheric
transparency and, as a consequence, affect the radiation balance. Ogurtsov and Raspopov [Ogurtsov and Raspopov 2011] show
that the meteoric dust in the Earth’s atmosphere is potentially one of the important climate forming agents in two ways: (i) par-
ticles of meteoric haze may serve as condensation nuclei in the troposphere and stratosphere; (ii) charged meteor particles re-
siding in the mesosphere may markedly change (by a few percent) the total atmospheric resistance and thereby, affect the
global current circuit. Changes in the global electric circuit, in turn, may influence cloud formation processes.

Let me underline that there is also one additional mechanism by which cosmic rays influence lower cloud formation, precipi-
tation, and climate change: the nucleation by cosmic energetic particles of aerosol and dust, and through aerosol and dust-
increasing of cloudiness. It was shown by Enghoff et al. [Enghoff et al. 2011] in the frame of the CLOUD experiment at CERN
that the irradiation by energetic particles (about 580 MeV) of the air at nhormal conditions in the closed chamber led to aerosol
nucleation (induced by high energy particles), and simultaneously to an increase in ionization (see also [Kirkby et al., 2011]).

Let me note that in our paper, we considered cosmic rays and dust aerosols separately, but acting in the same direction.
Increasing cosmic ray intensity and increasing of aerosols and dust leads to increasing of cloudiness and a corresponding de-
crease of planetary surface temperature. Now, consistant with the experimental results of Enghoff et al. [Enghoff et al.2011] on
aerosol nucleation in the frame of the CLOUD Project on the accelerator at CERN (see short description of this Project in
[Dorman M2004]), it was found that with increasing intensity of energetic particles, the rate of formation of aerosol nucleation
in the air at normal conditions increased sufficiently. This result can be considered as some physical evidence of the cosmic
ray — cloud connection hypothesis.

13. Conclusions

When considering CR variations as one of the possible causes of long-term global climate change, we need to take into ac-
count not only CR modulation by the solar wind but also the changing of geomagnetic cutoff rigidities (see Table 2). This is
especially important when we consider climate change on a scale of between 10° and 10° years. Paleomagnetic investigations
show that during the last 3.6x10° years, the magnetic field of the Earth has changed polarity nine times. The Earth’s magnetic
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moment has changed as well, sometimes having a value of only one-fifth of its present value [Cox et al. 1967]. This corre-
sponds to a decreasing of the cutoff rigidity, which in turn leads to an increasing of CR intensity and a decreasing of the sur-
face temperature. When we consider the situation in the frame of timescales of many thousands and millions of years, we
need to take into account also possible changes of galactic CR intensity out of the Heliosphere. It is furthermore not excluded
that the gradual increasing of planetary surface temperature observed in the last hundred years is caused not by anthropo-
genic factors, but by space factors (mainly by CR intensity variation, see Fig. 4). In my opinion, it is necessary to continue in-
vestigations on the connection between CR intensity and climate factors like cloudiness, raining, and surface temperature, not
only by statistical investigations in the frame of different timescales, but also by special experiments on accelerators and
through the development of physical models. As we mentioned in Section 11, it will also be important to investigate the possi-
ble connection between big changes in cosmic ray cutoff rigidity and historically known places in the world where local climate
change pressed people to move to other places with better climates.

Acknowledgements. My great thanks to Israel Ministry of Science and Tel Aviv University, to Abraham Sternlieb, Uri
Dai, Itzik ben Israel, and to Colin Price for constant interest and support of the work of Israel Cosmic Ray and Space Weather
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KOCMUYECKUE J1Y4YUN N UHBIE KOCMUNYECKUNE ®AKTOPDI,
BJINAIOLUME HA USBMEHEHUE KJINMATA 3EMJIN

Mpodeccop Jles WN. dopmaH, pykoBoauTesnb M3pannbCKOro LeHTpa Mo M3Y4YeHU0 KOCMMYECKUX nyvyen u kKocMmyeckon noroabl (Tenb-
ABUBCKUIN yHMBEPCUTET U N3pannbckoe KocMmyeckoe AreHTCTBO), raBHbIM HayuHbI COTPYAHUK OoTAena KocMmmyeckmnx nyyen U3MUPAH, Poc-
cumnckas Akagemus Hayk (r. Tpouuk)

E-mail: lid@physics.technion.ac.il

[aHHble nccnenoBaHmin 6onblinx KonebaHuin TemnepaTypbl MOBEPXHOCTU HaLUeW MiaHeTbl, UMEBLUMX MECTO B MPOLIIOM C NepuoaoM BO
MHOrMe MWIJIMOHbI U ThICAYKM NET, O4YeBUAHbIM 06pa3oM MoKasblBalOT, YTO r1obanbHblE M3MEHEHUS KIMMaTa 3eMnaun onpenenstTcs, no 6onb-
LWen YyacTn, KocMnyecknumm daktopamm: asmxeHneM CONHEYHOM CUCTEMbl BOKPYI LieHTpa Hawen anakTukm ¢ nepeceyeHmeM ranakTmyeckmnx
«pyKaBoB» M 0611aKoB MeX3BE34HOro rasa, B6/im3m ot CBepxHOBbIX M OCTaTKOB CBEpPXHOBbIX 3BE3[. Ba)KHbIM KOCMUYECKUM (DaKTOPOM SABNS-
IOTCS TakxKe nepuoanyeckme konebaHms CoONHEYHOM aKTUBHOCTU M COTHEYHOro BeTpa (06bI4HO C NEpMOAOM B AECATKU U COTHWU NeT). Bo3gen-
CTBME KOCMMYECKUX (DaKTOpOB Ha KIMMAT 3eMIM OCYLLEeCTBASETCSA rfnaBHbIM 06pa3oM NOCPEeACTBOM BAUSHUSA KOCMUYecKkux nyden (KJ1) n mex-
3BEé34HOro rasa Ha copMmpoBaHme 06nakos, perynmpytowmx obwmn Nputok sHeprum ot ConHua B atMmocdepy 3eMnu.

PacnpocTpaHeHne n Moaynsuus B renmocdepe ranakTMyecknx KOCMUYecKmnx nyden (reHepupyembix, rnaBHbiM o6pa3oMm, BO BpeMs B3pbl-
BOoB CBEpXHOBbIX M B ocTaTkax CBepxXHOBbIX B Hawen anakTuke) onpeaenstoTcs ux B3auMOAEUCTBMEM C MAarHUTHbIMU MOMSIMU, BMOPOXKEH-
HbIMW B CO/THEYHbIN BETEP U B KOpOHanbHble Bblbpockl Macchl (KBM), conpoBoOXaaeMbiMU MEXMNIaHETHOM yaAapHOM BOMHOM (MOpoXAaatowmx
CWNbHbIE MarHUTHble 6ypu Npu X B3aMMOAENCTBUM C MarHuTocgepomn 3emnn).

Hanbonee cnoxHon npobnemMon MOHUTOPUHIa U MPOrHO3MPOBAHMSA MOAYNAUMK ranaktudeckmux KJ1 B rennocdepe aBaseTcs T0, YTO UHTEH-
CUBHOCTb KOCMUYECKUX Tyder B HEKOTOPOWN YeTbIpEXMEpPHOM TOYKE MPOCTPaHCTBa-BpEMEHW ONpeaensieTcd He YPOBHEM COSTHEYHOM aKTUBHO-
CTW BO BpeMs 3TUX HabnaeHUM U He NEeKTPOMarHUTHbIMU YCIIOBUSIMU B 3TOM YeTbIpEXMEPHOMN TOUKE, @ 3/1eKTPOMarHUTHbIMW YC/T0BUSIMU BO
BCeN renmocdepe B LeNoM. DTU YCII0BUS B reinocdepe onpeaenstoTcs X040M pa3BUTUS COSTHEYHOM aKTUBHOCTM B TeYEHWE MHOMMX Mecsues,
NpeawecTByOWMX MOMEHTY HabnoaeHnin. UIMeHHO 3To M SBNSETCS aBHOM NPUYMHON TaK Ha3blBAEMOro SIB/IEHUS rucTepesmca B 3aBUCUMO-
CTW NOTOKA raflaKTUYECKMX KOCMUYECKUX NyYeln OT CONTHEYHOM aKTUBHOCTMW.

C Apyron CTOpOHbI, AeTanbHble UCCNe0BaHUS 3TOro SBMeHUS NpeaoCTaBNsAOT CEPbE3HYI0 BO3MOXHOCTb OLEHUTb KakK yC/l0BUS B CaMoM
rennocdepe, Tak U eé BenndunHy. [na peweHns onncaHHoOM Bbllwe NpobneMbl MOAYNALNMM KOCMUYECKUX Nyyeln B rennocdepe Mbl B KayecTse
NepBOro wara, UCnosb3ys AaHHblE HEMTPOHHOrO MOHMUTOpPA, pacCcMaTpuBasan B paMKax TEOPUU KOHBEKTUBHON Anddy3nn noseneHne yactuy
BbICOKMX 3HEPrun — C 3Heprusmm, 60nblIMMKN, YeM HeCKonbko MB. [na Takux vactuy Bpems ANddY3nMOHHONO pacrnpoCTpaHeHUs B resino-
chepe oyeHb Mano No CpaBHEHUIO C XapaKTepHbIM BpeMeHeM MOoAyNsuMK. 3aTeM, B KayecTBe nocneayowero wara, Mbl y4muTbiBaan ahdeKTbl
apenda.

Ons ranakTUyecknx KOCMUYECKUX NydYen HU3KUX dHeprui, obHapy>XeHHbIX CNyTHUKaMMU U KOCMUYECKMMU 30HAAMMU, Mbl AOSDKHbI MPUHATH
BO BHMMaHue ewé 1 AoNoNHUTENbHOE 3ana3abliBaHue, Bbi3BaHHOe Anddy3snen B renmnocdepe. 3aTeM Mbl pacCMOTPUM NpobneMy nporHosa Ha
HECKONIbKO MecsLueB U NeT Bnepes MOAYASAUMN KOCMUYECKUX NyYeln, YTO NO3BONASET AaTb MPOrHO3 A/ TOM YacTu rnobanbHbIX KIMMaTUYECKNX
N3MEHEeHUN, KoTopble 06yCNoBNEHbI BO3AENCTBMEM KOCMUYECKUX NyYEN.

HacToswas paboTta BbiNosiHEHaA B paMkax nporpaMmmbl «COST 803».

KnroueBble cnoBa: KOCMUYECKMNE NyYn, CONHEYHbIN BETEp, KOpOHanbHble BbIBpOChl Macchl, renmocdepa, rnobanbHble U3MEHEHUS KMMa-
Ta 3emnun, ConHue, MNanakTuka.

DORMAN L.I. CR AND OTHER SPACE CLIMATE FACTORS INFLUENCED ON THE EARTH'S CLIMATE CHANGE



