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Fig.3. Magnetic

reconnection

[Holmon G.D.,
Scientific American,
2005]
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Fig.4. Schematic of the process of
magnetic reconnection [Lyon J.G.
Nature, 2000 ].

A. No reconnection and no energy flow into
the magnetosphere. Energy flow is
indicated by solid arrows.

B. Reconnection opens the magnetosphere
and allows entry of plasma, momentum and
energy. Magnetosphere convection s
indicated by the open arrows. .
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Fig.5. The data by Bazilevskaya [Advanced in Space Research, 2004]
illustrate the explicit and exact example of inverse correlation between
the GCR intensity with energy above 1.5 GeV and the solar activity
(protons with energy above 1.0 GeV) on the basis of the LPI balloon
observations during the 1958-2002 years.
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Fig.6. Data by Svensmark and Friis-Christensen [J. Atmos. Sol.-Terr.
Phys., 1997] demonstrate the high positive correlation of galactic CRF
and cloudiness during long-term cosmic ray modulation in the 11-year
solar activity cycle.
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Fig.7. [Marsh and Svensmark,
Phys. Rev. Lett., 2000]. Global
average of monthly cloud
anomalies for (a) high (<440
hPa), (b) middle (440 - 680
hPa) and (c) low (>680 hPa)
cloud cover. The cosmic rays
represent neutron counts
observed at Huancayo (cutoff
rigidity 1291 GeV) and
normalized to October 1965.




Molecules Thermodynamically

c O Ternary or 1on-induced stable clusters

O nucleation
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P Fig.8. How particles form
O o o o Initial and grow [Kulmala M.,
@) ) growth Natur(_a, 2003]: Nucleation
o O steps may involve homogeneous
g 00O ternary water-sulfuric acid-
) ammonia mixture or may be
ion-induced.
Further growth
Aerosol particles
CCN

The initial steps of growth include activation of inorganic clusters by soluble
organic molecules, heterogeneous nucleation of insoluble organic vapors on
inorganic clusters, and chemical reactions of organic molecules at surfaces of
inorganic clusters. Finally, cloud condensation nuclei (CCN) form through
addition of organic and sulfuric acid molecules.
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Fig.9. Effect of aerosol on
cloud droplet: mean cloud
droplet effective radius
(CDR) as a function of
aerosol load [Breon et al.,
Science 2002]. The two
curves show the mean CDR
as a function of aerosol
index (Al) for land (lower
curve) and ocean (upper

curve).
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Fig.9b. Effect of aerosol
on cloud droplet.
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N, = (NCCN )a (2)

1
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where V,,, = const 1s the total volume of the atmosphere, p; is the portion of the atmosphere vol-
ume "over the ocean" or "over the land", (r) = k, -r.;1s the mean radius of cloud droplets.

<V >: V . 472- refzﬁt 1 _ SlandA
Y 3 k| 0.6r,—4385 S, .+ S,

ocean

0.63 |, (5)

A=A, =7.7)-A(r,; —9.6),

A = [sydz={ " =Y
X)= Z)dz =
o 0, x<0;

where S, and S,c.qn are the areas of land and oceans respectively; Siuna /( Siana + Socean )=0.29.



This minimum can be seemingly ]
[ associated with the so-called |
150} precipitation threshold [Rosenfeld 1

: D., et. al., Science, 2002]. In further 1
considerations, we take into account -
the left-hand portion (with respect to ;

190} the minimum) only of this relation.
o i ‘__"____/
! Fig. 10
0 g 10 is 2 2 rmpm
<VW> zkw(a—breﬂ)z a, +bT, (6)
since (on basis of known experiments [Rosenfeld D., et. al., Science, 2002])
reﬁ’ = ar o brTcloud : (7)

(8)
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On the one hand, such an influence must be conditioned on the effect of inverse correla-

tion between the magnitude of ®scr and land temperature, 7, which was experimentally ascer-
tained by Svensmark [Phys. Rev. Lett., 1998]. This fact can be conditionally written as follows

o T = T, 9)

where the arrows "T" and """ show the increase and decrease of physical quantity respectively.
On the other hand, u3BectHo (on basis of known experiments [Rosenfeld D., et. al., Sci-
ence, 2002]), uro

reﬁ" — ar o brTcloud' (7

Hereinafter, taking into account the Eddington approximation for the outer boundary of
atmosphere, we suppose that 7.4 ~ const-T. Then, subject to Egs. (7) and (1), the following
conditional dependence can be written

TTd = Vo T = AITl. (10)

\_ /




Cast, by virtue of dependences (7)-(9)-(10) \

aN=o, Wt

We can suppose that it 1s possible to take into account the additional influence of GCR intensity
variation @gcr in the atmosphere on aerosol index (Al) distribution as additional variation of to-
tal volume (V,+,), which was obtained by Eq. (1):

Vo) =@+ 5,T) = (a5, T = (a, + b, TR

w+v
0

(1)

where following approximate equations are using:

k—~ — . (12)

Here M, is relatively geomagnetic paleointensity, which measured for past 2.25 million years

[Yamasaki T. and Oda H., Science, 2002], ®, and M, are cosmic rays flux and Earth’s magnetic
field measured, for example, in October 1965. [Svensmark H., Phys. Rev. Lett., 1998].
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Catastrophe theory and energy-balance model of global climate

aPsun Fig.11. Balance of the absorbed

1 and emitted energy currents on
E(GW +Gy + GCO:) the surface of the Earth. With

/ the purpose of simplification,
we not consider  other

greenhouse gases.

Psun atmosphere

Since the radiant equilibrium can be achieved at time scales of 10* years, the inclusion
of greenhouse effect results in the following energy-balance equations for the ECS (see also
Fig. 11)

_’

where the first member of equations U(T,¢?), if it not equals to zero, describes a magnitude of so-
called "inertial" rate of heat variations in the ECS; Pgs,,,(£)=(1/4)5(¢)-y 1s the heat flow of solar

radiation at the top of atmosphere (W); S(¢) is the insolation (W/m?); « is the albedo of ECS;

IEar,h=y§(0'T4 ), W; 6=0.95; o is the Stephen-Boltzmann constant; 7 is the temperature of Earth's
surface (K); 7 is the area of atmosphere outer boundary (m°); ¢ is the time, for which the energy

balance is considered.
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It is obvious that Eq. (11) for mean total volume of liquid water in the atmosphere allows
writing down the following relation for the rate of re-emission

G (T.0=¢,p,V,. (15)

where &, 1s the mean radiant power for the unit mass of liquid water, p, is the density of liquid wa-

ter.
yH yH
G (T,1)= eV, =
<I/atm> <I/atm>

The expression for the rate of heat energy re-emitted by the water vapour can be similarly derived:

H H .
<§ >5va<Vv>:<I7;>pv(ang2+bng+cvg)M@, (17)

where &, is the mean radiant power for the unit mass of water vapour, p, is the density of water va-

pour. /

,ow(ang2 +b T+c, )M@ (16)

G (T,t)=

\_
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To examine a question on the functional dependence for the rate of heat energy G, (7.?)

on the temperature of ECS, use the analysis of known experimental data on the variations of
temperature and carbon dioxide content over the past 420 kyr from the Vostok ice core [Petit et
al., Nature, 1999]. It is obvious that these data are highly linear correlated. Therefore, it can be
supposed that the dependence for the rate of heat energy on the temperature of ECS is also linear

viH
<Vatm >

It must be added that the dependence for the effective value of albedo on the temperature
of ECS i1s chosen as the continuous parameterization

a=a,-n,(T-273). (19)

GC()2 (T,t) = (aCOzT T bcoz)- (18)

Equation (19) represents well, for example, the behaviour of albedo (under o=0.7012,
1:=0.0295 K"} in the temperature range of 282-290 K.

\_ /
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Finally, assembling all partial contributions of heat fluxes (16)-(18) and Iz, =7/8(h

into the final energy-balance expression (14), we derive

(20)
where (21)
(22)

" 1 1 ;
U (T,t)=47/56{ (l1-a,-273n,)S({)+ _ bCO H/< atm>+20ﬂM®—U(T,t)}(23)

:Bzaco2 H/< atm> [W/mzK]
a,=(p,a,,+p, vg)H/<atm> wim K|
b,=(p,b,, +pbVHIV,, ), [W/mK]

S A -




Let us remind that the normalized variations of imnsolation, AS =(85=5¢)/ o5, with mean value

<AS>=0 and dispersion 0' ;=1 is applied more often for the simulation of the ECS.

Deriving an equatlon in the form of Eq. (20) with respect to AT, the following expression
for the increment of heat rate AU can be defined

AU (AT, 1) = iAT“ + ;zr(z) AT?+b(1)-AT, (24)
where
37. 6 '
a(t) = o (D) ==, Mg (?), (25)
0
b(t)=-*"1 {AS() ( 325"T(>3j+ 4 b 4 2017, M;(z)}:

GTO Oy a yp Oy e Os
= _4.7770[3O-S {AS’O)+ 4 e b + 4. 24,0, +b, M;(t)} i

ol M. Os up O

- 4 4 )

=—b| AS()+ AR, + AR M (D). (26)

(04 o



The canonical form of the variety of the fold catastrophe, which represents a set of points
(AT,a ,g ), satisfies the equation (see Fig. 6a):

A AUNAT.D) = AT +a()-AT+5()=0. o3
d(AT)

Fig.12. The canonical view of variety
of the fold catastrophe as a set of
points (AT,d,b) comply with Eq.
(28); hatched lines are the unstable re-
gions for solutions of Eq. (28).

Thus the general bifurcation problem contained in the arriving at a solution A7(%) is re-
duced to the determination of the solution set of Eq. (22) for the appropriate joint trajectory

{a(r), b (¢) } m the space of controlling parameters (Fig. 12).



lw+v — 1 ) d AC;w+v (AT9t) —
g,.. At d(AT)

4 2a,T, +bﬂ
770( GS

A ~
_1ld@m,,) 1 [%AT%

T At d(AT) e, A ]M@)(t)’ (%)

where g,+, = &, = &, 1.€. it 1s supposed that the mean radiant powers
of water vapour and liquid water are equal, Az =10 kyr — time scale
resolution .
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Numerical experiment

Model of climatic response insolation and
magnetic field variations of the past 730 kyr
compared with isotopic temperature data on
climate of the past 420 kyr. Variations in or-
bital eccentricity (a) and insolation (b) at 65°N
at the summer solstice over the past 730 kyr
[Berger, 1978]. Variations of magnetic pa-
leointensity (c) over the past 730 kyr [Yama-
saki and Oda, 2002] and adapted data (d) of
magnetic paleointensity (c). Vostok time series
of isotopic temperature A7s (e) at the surface
|Petit et al., 1999] and result of our model cal-
culated (f) by Eq. (28): evolution of the in-
crement of temperature AT relative to the av-
erage temperature 7,=286.6 K over the past
730 kyr. Any underestimates of temperature
changes ATs (e) are defined by underestimates
in the design formulae (e), where AT is the
temperature at the atmospheric (inversion)
level, AOD;.. and AS' 80y, is the globally aver-
aged change from today’s value of isotopic
content of snow oD, and seawater 5°0 re-
spectively. Dotted line (f) is the solution of bi-
furcation equation (28) under fixed magnetic
field (M2 () =2).



Ternperature, T (K}

8D (%o)

ODP 650 880  Climatic sensitivity, A wy 8'80-marine (%o)

—_

[ B |
omOENOMNR oo

Fig.13. Comparison of time series of
seawater 6180 (ice volume proxy)
from (a) Bassinot et al. [36] and (c)
Tidemann et al. [37] with time series
(b) of climatic sensitivity Aw+v (ice
volume proxy) calculated by Eq. (38).
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FIG. 4. Interspike interval distribution (or waiting time be-
tween warm events) for “noise only™ experiments (a),(b) and
“notse plus signal™ [(¢).(d): amplitude = 0.01 Sv]. Standard
deviation of the noise is o = 0.035 Sv in panels (a).(c) and
or = 0.05 Sv in panels (b).(d). Each distribution was obtained
from a simulation of 110000 climate years. The bottom panel
(e} 1s from the equally long Greenland ice core record and is
taken from [4]).

FIG. L.
the GRIP ice core, a proxy for atmospheric temperature over

Greenland (approximate temperature range {3}, ip °C relative
to Holocene average, is given on the right). Note the rela-
tively stable Holocene climate during the past 10 kyr, and before
that the much colder glacial climate punctuated by Dansgaard-
Oeschger warm events (numbered).
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AU(AT,z‘):ZAT“—E AT? —b, AT, where d,,,b,,>0  (40)

3dech clieAyeT HamOMHHUTb, YTO YCpeJHEHHE M30TONmHBIX AaHHBIX B NGRIP-record
MPOM3BOJIMIIOCH ¢ yueToM high time scale resolution, kotopoe coctaBuno At =50 yr
[41]. A 5TO O3Ha4aeT, YTO B CHJIy HM3BECTHOTO CIIEKTpa KOJICOAHWN TeMIepaTyphl
Bo3ayxa B CeBepo-ATIIAHTUYECKOM CEeKTOpe 3eMHoro mapa no Kymnbdaxy u bpucony
[16], B aTOM BpemeHHoM wuHTepBaje 3KC Oyaer mpeoOiamaTh CIEKTp KoJieOaHUA
CTOXACTHYECKOT0 KJIMMaTa, XapakTepu3yeMoro cMechbio Oemoro myma u 1/f — myma
(puc.3). YuuteiBasg, uro SR in a bistable potential 1s fully characterized as a
synchronization effect of the hopping mechanism induced by the external periodic bias,
HarpuMmep, cIadbIM TaAPMOHUYECKHUM CUTHAIOM Asinat , mo for overdamped system the
dependence AT(¢) 1s to be found from

x=—-0(AU") (x,t)+ Asinawt + £ (¢), x(¢)=AT(?) (41)
e X =% —x +5D0 + Asm wt + £ (¢) (42)

rae X — Temneparyproe “Tpenue” 3KC o cTeHKH MOTeHIHanbHoH sMbl, ¢ (H)=&1) +
n(t) — anauTUBHASA CMECh OE€JI0To IIymMa U 1/f — mryMa COOTBETCTBEHHO.



where W, and 7, 1s the modified Kramer’s rate u Kramer’s time cOOTBETCTBEHHO
[38], XxapakTepu3yroIIe CKOPOCTh U BpeMs IIepeXx0J0B BO30YKJICHHON CHUCTEMBI Yepes
MOTECHIMAJIbHBINA Oapbhep B YCIOBHUAX CJIa00OT0 NEPUOJUYECKOTO BO3MYIIICHHUS.

O4eBUIHO, YTO H3-32 MPUCYTCTBUS TMEPUOJUYECKON KOMIIOHEHTHI B (45), mipu
noctpoeHnu GpyHKIuU the residence-time distribution (44) OyayT HaOIrOAaTHCA a SEries
of peaks, centered of odd multiples of the half driving period

T
T E(2n+1)£:(2n+1)7‘", n=0,L1,.. (46)
@

rne wu I, — COOTBETCTBEHHO 4YaCTOTAa W IEPUOJ BHEUIHErO IEPUOAUYECKOTO
Bo3MyllleHUs. bojiee Toro, w3z aHanu3a BbIpaxkeHus (45) ciaeayer, 4yTo muku (46)
MOSIBJISIFOTCS. TOJBKO MPU BKIOYECHUH CJIA00r0 TapMOHHYECKOTO BO3MYILIECHUS, B
OoOpaTHOM ciy4ae HaOII0JAeTCsi MOHOTOHHBIM SKCIOHEHUIMAIbHBIN chaj (QYHKIUA
(44). Takum oOpazoMm, ¢usuueckas uHTeprperanus (44) AOCTAaTOYHO HArJIsIHA U
3aKJIF0YAETCS B TOM, YTO AKCIIOHCHUIMAIbHBIM (JOH TMpelacTaBiIsieT cOOOM Ty 4acThb
dyukuuu residence-time distribution (44), koTopass reHEpUpyeTCsl MEPEKIIOUYCHUIMU,
BBI3BAHHBIMHU TOJIKO IIYMOM, TOTJa Kak MUKH (46) €CTh OTpaKEHUE CUHXPOHHU3AIUU
MEXKIY MEXaHU3MaMHM BbUIETA U BHEIIHUM MEPUOJNYECKUM BO3MYIIICHUEM.



~

At large noise, the term — b, x causing the asymmetry in (39) u (40) can be
neglected. [IpparMas Bo BHUMaHuE 3TOT (aKT U OJHOBPEMEHHO TO, YTO IO JaHHBIM
BBIUHCIMTEIBHOTO KCIIEPMMEHTA 110 MoJieiupoBaHuio abrupt glacial climate changes
due to SR [40] npumMeHsICS TOABKO O€bIN MIyM &(7), mepenuiieM ypaBHeHue (42) ¢
YUYETOM ITUX YCIOBUU:

X=d,,x—x" + Asinwt + E(t), x(t) = AT(2) (43)

7€ aMIUIUTY/1a ¢JIabOro BHEITHErO NEPHUOUUECKOro curnaia 4 orpanuueHa weak-
forcing limit Ax,, << A(AU*(x,f)) = AUY0) — AUx ). Here, x,= (@po)""

denote the potential minima and A(AU*(x.r))= dpo / 4 the potential barrier, &7) is a
white Gaussian zero-mean-valid noise with correlation function (&(7), &0))=2D X¥)).

B OonpmmHCcTBE ciydae, uiaeHTUUUHpoBaTh 3Q@PexkTt SR ynoOHee ¢ MOMOIIBIO
KCIIEPUMEHTAJIBHOIO HCCJEI0BaHUsl CTaTUCTUKH the residence-time wucciegyeMoun
CUEPEMBbI B MOTCHIIMAIBHON SIME WJIM, TOYHEE TOBOPS, C MOMOIILIO TaK Ha3bIBAEMOIO
the residence-time distribution [42]

P(1) ~ exp(-Wt)
~AU” +x, Asin ot

1/2 AU* . )
exp| ———— o 44)

d*U"
dx?

d*AU"
dx’

1 1

T, 27

x=0 X=X,



VIMEHHO UCMOJIb30BaHNWE WJICOJIOTHHU ONTHUMAJbHOM CHHXPOHHU3AIUM TIPH
MOJICTUPOBAHUN ypPaBHEHUS CTOXAaCTHYECKOTrO pe3oHaHca Tuma (43) B pamKax
oucrabunbHOro Bapuanta climate model mo3ponuno aBropam padotsl [40] mMOCTPOUTH
“skcriepuMeHTanbHyt0”  PyHkuuioo the residence-time distribution. Ilpu 3ToMm
OKa3aJioch, 4TO cBoiicTBa the modeled warm events, ¢ MOMOIIBI0 KOTOPBIX OBLIO
nonydyeHo the residence-time distribution, HaxoawiIMCh B XOPOIIEM COIJIACHM C
peanbHbIMU cBoMicTBaMu of the Dansgaard-Oeschger events recorded in Greenland ice
and other climate archives [40].

W, HakoHEl, NPUBEAEM KPATKH KOMMEHTApHUN K TaK Ha3bIBAEMOU MpoOJiemMe

“doubling CO,”. IlpocTtoil aHanu3 CTPYKTYpHBIX 4jeHOB time-dependent
YIPABJISIONICTO TTapaMeTpa b(z‘) yKa3plBaeT Ha TO, YTO OH COJEPKHUT B cebe TpH
HE3aBHCHMbI€ KOMIIOHEHTHI (CM. (26)): Bapuauuu uaconsiuuu AS(f) u radiation

forcing of total mass water (vapour and liquid) B atmocepe AR . M ()

a TaKXKe KJIMMATHYeCKyro KOHCTaHTy A%, XapaKTepu3yIOLIyl0 CTEIeHb H3MECHEHHU
mupepenunanbroi radiation forcing of CO,. IIpu 3ToM ¢ nmomomibro (26) HETPYIHO
nmokaszathb, 4To g jgwoboro =0+730 kyr  mpakTudyecku Bcerga (3a peakuM
UCKJII0YEHUEM (CM. puC.7f ) BBIMOIHAETCSA CJIEAYIOIIee HEPAaBEHCTBO:

AR g, << %A@(z)msﬁwM;(z), for ¥t e[0,730kyr] (47)



HepaBeHcTBO (47) 03Ha4aeT TOT (haKT, YTO CYIIECTBEHHOE BIMSHUE
anthropogenic perturbation BO3M0KHO TOJILKO B ClIydae 3HAYMTEIBHOTO YBEIUICHHC
BKJIaJa 1 PepeHIalbHON MOIITHOCTH TEIJIOBOM SHEPTUM (ASR €0, ) orrs
NEePEen3y4aeMOM YIJIEKUCIIBIM ra30M, IO CPaBHEHUIO C present-day AR co,

Hanpumep, ¢ nomormpio odeBUAHOM Moaudukanuu (37) HETPYAHO C IIOMOIIBIO
BBIUMCJIUTEIBHOTO JKCIIepUMEHTa Ha ocHoBe (28) w/mimm (38) mokaszarh, 4TO Ha
untepBaie =0+120 kyr mnoporoBslii anthropogenic TermioBoi 3¢ @ekT HacTynaer
IpUMEpHO Npu 15-kpaTHOM yBeauyeHuu present-day Aif%coz (ToyeuyHass KpuBas Ha
puc.8b ). [pyrumu cioBamMu, B paMKax OOCYyXJAaeMoul OU(]PypKalMOHHOW MOJEIU
rI00OAIBHOrO KJIMMara 3eMJId Tak HasbiBaemol anthropogenic mpoOsembr “doubling
CO,” mpakTUYECKHN HE CYILECTBYET.

[TogBoas 3aKIOYUTEILHBIC UTOTH, MOYKHO CKa3aTh, YTO CaMbIM Ba)KHBIM, IO HaIlIeMYy
MHEHUI0, YTBEPKJICHUEM HACTOSIIEH MOJEIN ABJISETCS TO, YTO IJI00AIbHBIA KIUMAT
3eMiad, C OJHOM CTOPOHBI, TOJHOCTBIO OMNpPEACIACTCS ABYMS YIPABISIONIMMU
napamMeTpamMu — MHCoJsinMed W galactic cosmic rays, a ¢ JIpyroi — Opu HAIMYUU
TEOPETUYECKUX WM SKCIIEpUMEHTAJIbHBIX 3HaueHUW long-term variations of relative
paleointensity Mg (f) mpakTuuecku He WMeeT OTpaHHYCHUH Ha 20pU30HM
enobanvrHo2o npozrosa on millennial time scale, T.e. BriojHe npeackazyeM.
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The top panel describes our passages through galactic spiral arms. The second panel describes the predicted
cosmic ray flux and the predicted occurrence of ice-age epochs. The third panel describes the actual occurrence of
ice-age epochs. The fourth panel indirectly describes the variable cosmic ray flux. Due to the fact that the cosmic

ray flux is the "clock' used to exposure date meteorites, the meteoritic ages are predicted to cluster around



The top panel describes our passages through galactic spiral arms. The second panel describes the predicted
cosmic ray flux and the predicted occurrence of ice-age epochs. The third panel describes the actual occurrence of
ice-age epochs. The fourth panel indirectly describes the variable cosmic ray flux. Due to the fact that the cosmic

ray flux is the "clock" used to exposure date meteorites, the meteoritic ages are predicted to cluster around
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Conclusions

It can be concluded from the above mentioned that the
most important, in our opinion, statement of presented model
is the fact that the Earth climate, on the one hand, is
completely defined by the two controlling parameters —
insolation and galactic cosmic rays — and, in the other hand,
is quite predictable on the millennial time scales if only
theoretical or experimental values on long-term variations of
relative of relative paleointensity M; (¢) are present.







