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The tem per a ture of charged par ti cles com ing from the Sun ranges from sev eral hun dred
thou sands to sev eral mil lions °C, in ex treme cases. The o ret i cal pos si bil i ties of the hy dro dy -
namic air mass seiz ing by charged par ti cles, i. e. so lar wind, are dis cussed in this pa per. On one
hand, they are char ac ter ized by ex tremely high tem per a tures, on the other, by the com pres -
sion of cold air at an ap prox i mate al ti tude of 90 km to wards the top of the cloud of the cy -
clone, they in flu ence the phe nom e non of ex tremely low tem per a tures. By us ing the
Mann-Whit ney U test we have tried to de ter mine the po ten tial link be tween cer tain in di ca tors 
of so lar ac tiv ity and re sult ing dis tur bances in the at mo sphere. Ana lysed data re fer to global
daily val ues for the 2004-2010 pe riod. Our re sults con firm the pos si bil ity of cou pling be -
tween the charged par ti cles and the vor tex air mass move ments, based on which a more de -
tailed study of the ap pear ance of a tor nado near Sombor on May 12th, 2010, was car ried out.
It has also been proven that there are grounds for a cau sal ity be tween the sud den ar rival of the
so lar wind charged par ti cles, i. e. pro tons, and the ap pear ance of a tor nado. Based on the pre -
sented ap proach, el e ments for an en tirely novel pre dic tion model are given.
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INTRODUCTION

Sombor is lo cated in the north west ern part of
Ser bia, near the bor der with Hun gary and Croatia. Ac -
cord ing to available data, am a teur foot age shot on
May 12th, 2010, is ac tu ally the only video foot age of a
tor nado ever re corded in these re gions. At the time, the 
me dia re ported that in a min ute and a half, a tor nado or
“twister” formed near the Gradina farm, car ried away
a trailer with hives, a car a van, pulled out sev eral con -
crete poles, tore trees and caused dam age in ad ja cent
fields un der sugar beet and wheat (fig. 1).

Only pho to graphs of the tor nado that oc curred on
June 6th, 2008, in the vi cin ity of Indjija (Ser bia) ex ist,
while there is no ev i dence of any other pre vi ous event
of the kind, apart from eye wit ness tes ti mo nies [2].
Bear ing in mind that this is an ex tremely rare oc cur -
rence in Ser bia, the hy poth e sis link ing the pro cesses on
the Sun, i. e. its charged par ti cles, with the whirl ing mo -
tions of air masses on Earth, has en ticed a lot of at ten -
tion, in clud ing the as sump tion that tor na does might be a 
re sult of this pre sumed Sun-Earth re la tion.

The idea of a dom i nant in flu ence of the pro -
cesses on the Sun (in clud ing cos mic rays) on the cli -
mate and me te o ro log i cal pro cesses in Earth’s at mo -
sphere is not new [3-8]. Fig ure 2 shows a strong
re la tion ship be tween the mag netic in di cia based on
mod ules of geo mag netic fields, refering to the
interdependance of so lar ra di a tion and global mean
tem per a ture. There fore, many au thors have pointed
out the ne ces sity of im prov ing meth ods for the in ves ti -
ga tion of  Sun-Earth dependancies, not just when it co -
mes to fore cast ing mod els re lated to air tem per a ture.
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Fig ure 1. Am a teur im age of a tor nado near Sombor on
May 12th, 2010 [1] 

* Cor re spond ing au thor; e-mail: m.radovanovic@gi.sanu.ac.rs



Based on avail able data and ap ply ing the com -
plex lin ear re gres sion for the pe riod 1891-2004, the
au thors [10] have tested the con nec tion be tween so lar
ac tiv ity and at mo spheric cir cu la tion. The val ues for
the ad justed R2 were cal cu lated from 0.572-0.825. In
the case of the at mo spheric dis tur bances in the lower
tro po sphere above Torino (It aly), ar gu ments have also
been given for es tab lish ing a con nec tion be tween so lar 
wind (SW) pro tons and cy clonic air mass move ments
[11]. In con trast, opin ions that the gen e sis of tor na does 
is yet to be ad e quately ex plained, re main [12, 13]. The
mar gin ally sig nif i cant ten dency to wards cy clonic
types be ing more fre quent un der mod er ate so lar ac tiv -
ity can not be ex plained in terms of changes in the
modes of at mo spheric cir cu la tion vari abil ity, the rea -
son be hind this re main ing un clear [14].

MATERIALS AND METHODS

Daily data on so lar ac tiv ity per tain ing to the
2004-2010 pe riod were used in this pa per [15], as
well as data on geo mag netic ac tiv ity pre sented in the 
aa in dex [16] and daily data on hur ri canes around
the globe for the in ves ti gated pe riod [17]. By daily
graphic checks of the dis tri bu tion of vari ables by
which so lar ac tiv ity is rep re sented, we have found
that there is no nor mal dis tri bu tion at any of them.
There fore, the Mann-Whit ney U test [18] was used
to test the sig nif i cance of the dif fer ences in the val -
ues of vari ables in days when there were no at mo -
spheric dis tur bances (such as hur ri canes, trop i cal
cy clones, trop i cal storms), as well as those days
when there were no signs of such dis tur bances. Ac -
cess to the data anal y sis is the same as in the pre vi -
ous re search [2], with a dif fer ence that, this time, a
some what lon ger pe riod is ana lysed, along with the
changes in the geo mag netic ac tiv ity, as pre sented in
the aa in dex. It also has to be noted that, as for the
2004-2007 pe riod, there is a sta tis ti cally sig nif i cant
dif fer ence be tween the so lar ac tiv ity rep re sented by
vari ables of 1 MeV pro tons, 0.6 MeV elec trons and
2 MeV elec trons in days when there is a dis tur bance
of the at mo sphere and those in which such dis tur -
bances have not been reg is tered.

Re sults ob tained for the 2004-2010 pe riod dif -
fer. It turned out that at vari ables of 1 MeV pro tons,
100 MeV pro tons and the aa in dex, a sta tis ti cally sig -
nif i cant dif fer ence at p = 0.05 and 0.6 MeV elec trons at 
p = 0.1 ex ists be tween the days with a spe cific dis or der
of the at mo sphere and those in which these dis or ders
were not noted (tabs. 1-3).
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Fig ure 2. 20th cen tury time evo lu tion over eleven-year
run ning av er ages of mag netic in di ces based on moduli of
the geo mag netic field at the Eskdalemuir and Sitka
ob ser va to ries (ESK and SIT), com pared to the so lar
irradiance, S(t), and global mean tem per a ture, T globe [9]

Table 1. Mann-Whitney U test score1

Rank sum 1 Rank sum 2 U Z p-level Z p-level Valid N Valid N

 1 MeV proton 2309572 806684.0 575144.0 2.638568 0.008326 2.638827 0.008320 1816 680

 10 MeV proton 2242668 873588.5 592831.5 –1.53516 0.124745 –1.54504 0.122336 1816 680

 100 MeV proton 2222163 894093.5 572326.5 –2.81433 0.004888 –2.81786 0.004835 1816 680

 0.6 MeV electron 2295086 821170.5 589630.5 1.734851 0.082768 1.734937 0.082753 1816 680

 2 MeV electron 2271202 845054.0 613514.0 0.244917 0.806521 0.244923 0.806516 1816 680

 aa index 2303557 810203.0 578663.0 2.398971 0.016442 2.399030 0.016439 1815 680

1Sta tis ti cally sig nif i cant re sults at p = 0.05, that is, p = 0.1 are bolded

Table 2. Median, minimum, and maximum values, variances, and standard deviations of the indices of solar and
geomagnetic activities in days without atmospheric disturbances

Median Minimum Maximum Variance Standard deviation

 1 MeV proton 9.000000E+05 55000 1.100000E+09 2.117541E+15 4.601674E+07

 10 MeV proton 1.700000E+04 11000 1.100000E+08 2.385777E+13 4.884441E+06

 100 MeV proton 3.800000E+03 2000 6.100000E+06 2.340604E+10 1.529903E+05

 0.6 MeV electron 1.000000E+10 10000000 1.800000E+11 4.889271E+20 2.211170E+10

 2 MeV electron 2.100000E+07 32000 9.300000E+09 1.770131E+17 4.207293E+08

 aa index 1.190000E+01 2 1.826000E+02 2.427256E+0.2 1.557965E+01



Meteorological and astrophysical analysis of
atmospheric disturbances in Europe and the
Balkans for the investigated period

Ac cord ing to the he lio cen tric hy poth e sis on the
in flu ence of SW on the hy dro dy namic seiz ing of air
masses, be fore sud den dis tur bances oc cur in the at mo -
sphere, a cor o nary hole and/or en ergy re gion [19-21]
must po si tion it self at geoeffective po si tion on the Sun.

Based on fig. 3, it can be seen that on the day when 
the tor nado oc curred near Sombor, cor o nary hole
CH403 ex isted on the Sun and that the ir ra di a tion of its
charged par ti cles was di rected to wards the Earth. Ac -
cord ing to the re sults of the pre vi ous re search [23, 24],
the seiz ing of air masses by SW oc curs in two ba sic
ways. The first per tains to the re-con nec tion, i. e. pen e -
tra tion of the charged par ti cles above the po lar ar eas.
The pro cess takes place un der the con di tion that the re -
sul tant SW in ter plan e tary mag netic field vec tor and the
geo mag netic field merge. In the sec ond sce nario, the
SW pen e trates into the lower parts of the tro po sphere
over the ar eas of the geo mag netic anom aly, that is,
above the area where the force of the geo mag netic field
is the weak est [25]. Re gard less of the kind of pen e tra -
tion, sat el lites will reg is ter a sud den rise of SW ve loc ity
and, hence, the sud den in flux of ki netic en ergy.

As can be seen from fig. 4, in the early morn ing
hours of the 12th of May, there was a sud den in crease in 
SW speed, reach ing at cer tain mo ments over 500 km/s. 
The val ues of the flow of pro tons and elec trons be fore
the tor nado are given in tab. 4.

Apart from the val ues for pro tons, the val ues for
elec trons are also given in the pre vi ous ta ble. Bear ing in 
mind the as sump tion made in pre vi ous pa pers [28, 29]
that pro tons are closely re lated to low, and elec trons to
high air pres sure, tab. 4 also shows how the val ues for
elec trons, in both en ergy ranges, de creased up to the
day when the tor nado oc curred in Ser bia. In con trast,
the flow of pro tons in the range >1 MeV in creased con -
tin u ally from the 8th-11th May when the high est av er age
daily value was re corded. At other in di ces for pro tons,
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Table 3. Median, minimum, and maximum values, variances, and standard deviations of the indices of solar and
geomagnetic activities in days when there are no disturbances of the atmosphere 

Median Minimum Maximum Variance Standard deviation

 1 MeV proton 7.700000E+05 110000 6.700000E+08 7.426713E+14 2.725200E+07

 10 Mev proton 1.700000E+04 10000 2.200000E+07 8.165046E+11 9.036064E+05

 100 MeV proton 3.900000E+03 1800 5.800000E+04 8.052540E+06 2.837700E+03

 0.6 MeV electron 9.550000E+09 19000000 1.400000E+11 4.514014E+20 2.124621E+10

 2 MeV electron 1.900000E+07 33000 5.400000E+09 1.841019E+17 4.290710E+08

 aa index 1.035000E+01 2 1.183000E+02 1.755708E+02 1.325031E+01

Fig ure 3. Po si tion of cor o nary holes on the Sun on May
12th, 2010 [22]

Table 4. The number of protons and electrons of certain
energy ranges several days before and after the appearance 
of the tornado near Sombor [27]

Date
Protons

 [cm–2d–1sr–1]
Electrons

[cm–2d–1sr–1]

>1 MeV >10 MeV>100 MeV>0.6 MeV >2 MeV

2010.05.08 1.7E+05 1.8E+04 7.5E+03 4.1E+09 4.1E+08

2010.05.09 2.2E+05 1.9E+04 8.0E+03 5.3E+09 5.6E+08

2010.05.10 5.6E+05 2.0E+04 8.3E+03 4.5E+09 5.4E+08

2010.05.11 5.9E+05 2.0E+04 8.2E+03 2.5E+09 2.1E+08

2010.05.12 3.9E+05 2.0E+04 8.0E+03 1.6E+09 1.0E+08

2010.08.13 5.3E+05 2.0E+04 8.6E+03 1.9E+09 1.6E+08

Fig ure 4. Speed of the SW a day be fore the tor nado and on
the day when the tor nado struck the vi cin ity of Sombor
[26]; the bro ken ver ti cal line shows the ap prox i mate
mo ment of the oc cur rence of the tor nado



the sud den rises were not re corded in the in ves ti gated
pe riod.

As shown in fig. 5, a sud den in crease in the den -
sity, ve loc ity, and tem per a ture of par ti cles on May 11th, 

2010, is ev i dent. SW par ti cles are mov ing through the
at mo sphere in the form of jet streams. Af ter the open -
ing of jet streams, the par ti cles of cor pus cu lar ra di a -
tion pen e trate the free at mo sphere with a cer tain quan -
tity of mov ing. Pro ton par ti cles seize the cold air
masses at higher al ti tudes and di rect them to wards the
ground by the force of their dy namic pres sure. It can,
hence, be con cluded that if the par ti cles of cor pus cu lar
ra di a tion have a small mass (elec trons), the quan tity of
mov ing is, like wise, small. Gen er ally, it has to be noted 
that the open ing of jet streams in the up per lay ers of the 
at mo sphere, out side the equa to rial belt, oc curs at air
tem per a tures of ap prox i mately –40 °C to –65 °C [31].

Ex tremely low tem per a tures were re corded dur -
ing hur ri cane Wilma (Oc to ber 19th, 2005) over a sur -
face of 700 mb in the zone of the clouds. GOES-12
10.7 µm IR im ages re vealed cloud top bright ness tem -
per a tures as cold as –87 ºC [33]. In the case of the trop -
i cal storm 07W Molava (305 nau ti cal miles
north-north east of Ma nila, Phil ip pines) that oc curred
on July 16th 2009, the tem per a ture at the top of the
cloud was –92.4 ºC [34]. Con sid er ing that such low
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Fig ure 5. SW pa ram e ters char ac ter ised by a sud den rise
in par ti cle den sity, ra dial ve loc ity and tem per a ture, a
day be fore the oc cur rence of the tor nado in the vi cin ity of 
Sombor [30]

Fig ure 6. Ra dar im age of cloud i ness dur ing the oc cur rence of the tor nado near Sombor [32]



val ues can only be found at the up per bor der of the me -
so sphere in the en vi ron ment of the Earth, the ex pla na -
tion for the pos si ble seiz ing of air masses by the SW up 
to the cloud of the cy clone poses a press ing ques tion.

It may, thus, be con cluded that the fall in tem per -
a ture in re gions of low at mo spheric pres sure is a con -
se quence of the de scend ing advection of cold air
masses un der the im pact of the dy namic pres sure of
pro ton par ti cles of the cor pus cu lar ra di a tion of the
Sun, that is, the front wave of the par ti cles.

Hav ing ex am ined the po si tion of the isolines
from the pre vi ous fig ure de pict ing the move ment  of
high winds, (up to 100 knt), from  the  south west to the
north east, one can pre dict that there is a strong pos si -
bil ity that, the next day, a dis rup tion of air masses over
the Bal kan Pen in sula is to be ex pected as well. Ac -
cord ing to tab.  4, max i mum flow rates of pro tons >1
MeV were re corded on the same day the re cord ing was 
made,  that  is, one day be fore the ap pear ance of the 
Sombor tor nado.  As  for  the  flow  of  pro tons >100
MeV, max i mum val ues were mea sured two days be -

fore the stud ied case. The re port by [36] shows that
strato spheric mean-flow vari a tions in duce cir cu la -
tions that pen e trate into the lower tro po sphere. To in -
ves ti gate these re sults in more de tail, [37] we have
used GPH data on 16 pres sure lev els cov er ing both
hemi spheres, so as to es tab lish if the pro posed cor re la -
tion ex ists in both the ter res trial strato sphere and its
tro po sphere. Re sults have shown a sta tis ti cal E-GPH
con nec tion ex tend ing from the lower strato sphere all
the way down to the sur face.

In a mod er ate lat i tude, SW al ways pen e trates the
Earth’s at mo sphere at an an gle qSW, which is the an gle
that the speed (v) forms with the vec tor of mag netic in -
duc tion B. We can sep a rate the speed into two com po -
nents: the first, vcosqSW, per tain ing to the di rec tion of
the mag netic field, and the sec ond one, vsinqSW, be ing
per pen dic u lar to the di rec tion of the mag netic field.
Then, the re sult will be that the tra jec tory of the SW
(which is the tra jec tory of SW par ti cles) is in the form
of a spi ral (he lix), where the mo men tary di am e ter of
the cyl in der around which the SW is spi ral ing equals
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Fig ure 7.  Mean tro po spheric wind speed (knt) shows a strong top-to-down move ment of air masses com ing from the
di rec tion of north west Af rica to wards the south ern Med i ter ra nean, a day be fore the ap pear ance of the tor nado in the
vi cin ity of Sombor [35]. The white line shows the axis of the move ment of air masses of high est ve loc i ties
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How ever, when a cloud of SW par ti cles moves
through the at mo sphere, speed v is grad u ally re duced
(mean ing: its par ti cles un dergo a slow down) and, con -
se quently, the ra dius, r, be comes smaller. This could be 
the ex pla na tion for the fact that the tra jec tory of the
SW, its speed grow ing ever lower, does not take the
shape of a cyl in der, but rather of a fun nel, with the SW
wind ing it self around this fun nel, with its wider turned
to wards the Sun.

The speed of the spin ning mo tion of air masses is 
cal cu lated from the re la tion that de scribes the time
needed for a par ti cle to make a full cir cle
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v

m
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CONCLUDING REMARKS

Ac cord ing to cur rent lit er a ture, it can be con -
cluded that the achieve ments in the field of prog nos tic
sim u la tions are, af ter all, lim ited. In re sults pre vi ously
men tioned [13], con clu sions are made on the im pos si -
bil ity of de ter min ing the date when and where tor na -
does are go ing to oc cur, not only smaller in size, as is
the case with the tor nado near Sombor. This view is
out lined in re la tion to me dium and long-term pre dic -
tions. Also, clear as ser tions are pre sented con cern ing
the im pos si bil ity of per ceiv ing, i. e. un der stand ing tor -
nado oc cur rences in terms of de cades-long pe ri ods. In
this re gard, there are claims that the oc cur rence of tor -
na does in the stud ied twenty-year time se ries can not
be at trib uted to the anthropogenic in flu ence on cli mate 
changes [38]. Some sci en tists are of the opin ion that
the phys i cal mech a nism of the so lar ac tiv ity ef fect on
weather events on Earth re mains un clear [39]. It is as -
sumed that a sig nif i cant part in the trans fer of so lar
vari abil ity to the lower part of the at mo sphere can be
per formed by charged par ti cles of so lar and ga lac tic
or i gin, mainly pro tons, with en er gies from ~100 MeV
to sev eral GeV. There are in di ca tions that an in ter ac -
tive link oc curs if there is an ad e quately fo cused guid -
ance of jets of en ergy to wards the ground [40].
Namely, the pos si bil ity that the vor tex mo tion in the
lower lay ers of the tro po sphere will de pend on the
man ner of dis si pa tion of en ergy through the mag neto -
sphere and at mo sphere, tak ing into ac count the an gle
of in ci dence of the ba sic SW jet.

The re sults of our study in di cate pos si ble di rec -
tions of fu ture re search, with the ex pec ta tion that this
will pro vide a novel ba sis for un der stand ing the gen e -
sis of tor na does. In fa vor of this hy poth e sis are the data 

ob tained by the Mann-Whit ney U test for the
2004-2007 pe riod, as well as those per tain ing to
2004-2010. The dif fer ences ob served in di cate the ne -
ces sity of dis tin guish ing the ac tiv ity of the Sun at the
end of one cy cle and the be gin ning of a new one. Such
stud ies could most likely yield a better un der stand ing
not only of cyclogenesis, but a clas si fi ca tion of at mo -
spheric cir cu la tion, as well [41].

The in flu ence of the high tem per a ture of charged
par ti cles, not only on at mo spheric pro cesses, rep re sents 
a par tic u lar chal lenge for dif fer ent as pects of the geo -
graph ical en vi ron ment [42]. In that sense, spe cial mod -
els, re quir ing in ter dis ci plin ary pro jects, are needed.
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POVEZANOST  IZME\U  VISOKOENERGETSKIH  ^ESTICA
SUN^EVOG  VETRA  I  TORNADA  –  ANALIZA SLU^AJA

Tem per a ture visokoenergetskih ~estica koje dospevaju sa Sunca kre}u se u opsegu od
nekoliko stotina do nekoliko miliona stepeni celzijusa. U ovom radu razmatrana je teorijska
mogu}nost hidrodinami~kog zahvatawa vazdu{nih masa sun~evim vetrom (SV), odnosno
visokoenergetskim ~esticama SV. Na jednoj strani, ove ~estice karakteri{u ekstremno visoke
tem per a ture, a na drugoj, one izazivaju kompresiju veoma hladnog vazduha sa visine od oko 90 km ka
vrhu ciklona. Upotrebom Man-Vitnijevog U testa, poku{ali smo da detektujemo povezanost izme|u 
odre|enih pokazateqa sun~eve aktivnosti i poreme}aja u atmosferi (kori{}eni dnevni podaci na
globalnom nivou za pe riod 2004-2010). Dobijeni rezultati potvr|uju mogu}nost veze izme|u
visokoenergetskih ~estica SV i vrtlo`nog kretawa vazdu{nih masa, zbog ~ega je ura|ena
detaqnija analiza slu~aja pojave tornada (trombe) kod Sombora 12. marta 2010. godine. Ovom
analizom pokazano je da postoji osnovanost uverewa da iznenadni priliv visokoenergetskih
~estica (protona) sun~evog vetra mo`e izazvati pojavu tornada. Na osnovu prikazanog, dati su i
elementi za izradu prognosti~kog modela.

Kqu~ne re~i: Sunce, visokoenergetske ~estice, tor nado, Sombor


