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Abstract. The conception of spiral shaped precipitation regions, reslselar corpuscles penetrate the up-
per atmosphere, was introduced into geophysics by C. StaanteK. Birkeland at the beginning of the last
century. Later, in the course of the XX-th century, spiratdbutions were disclosed and studied in various
geophysical phenomena. Most attention was devoted tdl spia@es in the analysis of regularities pertairing
to the geomagnetic activity and auroras.

We review the historical succession of perceptions abauhthmber and positions of spiral shapes, that char-
acterize the spatial-temporal distribution of magnet&tutbances. We describe the processes in the upper
atmosphere, which are responsible for the appearanceraf ppiterns. We considered the zones of maximal
aurora frequency and of maximal particle precipitatioemsity, as &ered in the literature, in their connection
with the spirals.

We discuss the current system model, that is closely relatéke spirals and that appears to be the source
for geomagnetic field variations during magnetosphericsgrms and storms. The currents in ionosphere
and magnetosphere constitute together with field-aligagzh§ the geomagnetic field lines) currents (FACs)
a common 3-D current system. At ionospheric heights, theward and eastward electrojets represent char-
acteristic elements of the current system. The westwartire|et covers the longitudinal range from the
morning to the evening hours, while the eastward electmajeges from afternoon to near-midnight hours.
The polar electrojet is positioned in the dayside sectouapdatitudes. All these electrojets map along the
magnetic field lines to certain plasma structures in the-B@ath space. The first spiral distribution of auroras
was found based on observations in Antarctica for the rilgbtevening sector (N-spiral), and later in the
nighttime-evening (N-spiral) and morning (M-spiral) sastboth in the Northern and Southern Hemispheres.
The N and M spirals drawn in polar coordinates form an ovahgiwhich one observes most often auroras in
the zenith together with a westward electrojet.

The nature of spiral distributions in geomagnetic field @Boins was unabmibuously interpreted after the dis-
covery of the spiral’'s existence in the auroras had beeblésiad and this caused a change from the paradigm
of the auroral zone to the paradigm of the auroral oval. Adoitms of auroras are found within the boundaries
of the auroral oval. The oval is therefore the region of mosgdient precipitations of corpuscular fluxes with
auroral energy, where anomalous geophysical phenomena most often and with maximum intensity.

S. Chapman and L. Harang identified the existence of a diseotytat auroral zone latitude®(~ 67°) around
midnight between the westward and eastward electrojetsigimow known as the Harang discontinuity. After
the discovery of the auroral oval and the position of the wasd electrojet along the oval, it turned out, that
there is no discontinuity at a fixed latitude between the sfipcelectrojets, but rather a gap, the latitude of
which varies smoothly betweah~ 67° at midnight andb ~ 73 at 20 MLT. In this respect the term “Harang
discontinuity” represents no intrinsic phenomenon, bseahe westward electrojet does not experience any
disruption in the midnight sector but continues withoutak®from dawn to dusk hours.

Keywords. spirals, auroral oval, auroral forms, high-latitude magneariations, field-aligned currents,
equivalent ionospheric currents, dynamo theory



1

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

2 Y. I. Feldstein et al.: Spiral Regularities

1 Introduction s> Northern Hemisphere. The entire precipitation region has
ss  been obtained by a series of calculated orbits. It expl&ies t
1.1. This review is dedicated to one of the branches. offormation of a spiral shaped region of precipitation in Birk
planetary-scale research on geomagnetic field variatiodssa land’s terrella experiment. This “laboratory” spiral haeseh
the morphology of discrete auroral forms — the spiral dis-obtained from calculations, adopting particular valuethef
tributions, which are used in geophysics for the descniptio y-parameter (constant of integration) and¥f{declination
of various phenomena. A comprehensive view of theste-of the corpuscles’ source region). In the theory of Starmer,
sults obtained in the scientific literature is given, in marts y can assume arbitrary values, while the sun’s declination
ular the contributions in Russian language. Such inforomati ¥ varies in the course of the year lyB84° with respect to
will be most notably interesting and useful for those scien-the equatorial plane of the dipole. The “laboratory” spiral
tists, who often have problems to get proper access tossciin Fig. 1 results from a-1-year long integration time of the
entific publications in Russian tongue either due to the lan-calculations. Not the whole spiral in Fig. 1 corresponds to a
guage barrier or because of undue hardship to obtain suchiven UT moment with its particula? value, but only a few
informations, which are buried in Institute’s collectiomsin « discrete points along the spiral.
particular topical proceedings. The scientific developmen 1.4 The variation of¥ along the spiral is non-uniform;
in the USSR, including geophysics, was detached to a largé¢here is rather a bunching of points within four sectors-cen
extent from global science progress for a long time period.tred around¥ =0, i.e., close to the equinoctial periods. The
Only the participation of the Soviet Union in the Interna- higher density of points occurs near 03, 09, 14, and 20 hours
tional Geophysical Year (1957-1958) and in subsequentiniocal time, when the direction of the corpuscular source re-
ternational geophysical projects changed the situatioddu~ gion varies most quickly.
mentally. There arose the additional possibility for podéiz 1.5 In order to move the theoretical auroral spiral to the
tions in international journals, but many results contoht® = ~ 23° colatitude required for agreement with auroral obser-
be known primarily in Russia only and were not cited in the vations during the night time, Stgrmer postulated the exis-
global literature. We hope that the present review attraists tence of a ring current at higher geocentric distances. The
tention to researchers in the field of Earth’s magnetism andnagnetic field of this current deflects the path of solar par-
auroras, as they are such phenomena that intrigues maskindticles, so that they precipitate at lower latitudes, buthat t
exploratory spirit for many centuries. The following elabe Earth’s surface its field strength is small.
rations about the development of scientific knowledge on a 1.6 Precipitations of charged particles into the upper at-
specific geophysical problem might also be interestingsformosphere leads to a series of phenomena. Certainly it could
historians of science. s be assumed that the most intense specific geophysical phe-
1.2. The conception of spirals, along which the preeip- nomena, caused by these precipitations, occur along the spi
itation of corpuscular solar fluxes occur, is closely radate rals, which are oriented in a determinate way accordinggo th
to the model experiments of Kristian Birkeland (Birkeland, sun’s direction. The preciptiation region in the upper atmo
1908, 1913) and the theoretical calculations of Carl Sterme sphere has the form of a spiral in the coordinates of magnetic
(Stgrmer, 1917a,b, 1955). Birkeland illuminated a magne-latitude versus magnetic local time. At the Northern Hemi-
tised model sphere (“terrella”) representing the Earthuoy-b-  sphere, the spiral wind up clockwise from the magnetic pole
dles of low-energy electrons. The bundles of charged partifor positively charged particles and in anti-clockwiseedir
cles were bent towards the night side of the terrella andstotions for electrons.
ward the magnetic poles. The regions of precipitation were 1.7 Based on observations of the geomagnetic field, Birke-
made visible through a phosphorecent layer which coveredand (1908, 1913) concluded that the magnetic disturbances
the terrella. Glowing stripes, one in each hemisphere, gurand the closely related aurorae are caused by the prewpitat
rounded in the experiments the magnetic poles of thesterof electrically charged particles from the sun into the uppe
rella. The stripe winded up around the near-pole regionatmospheric layers. He assumed that the currents, cadulat
of the Northern Hemisphere in counter-clockwise directien from the geomagnetic perturbations are real free currents,
The terrella experiments have been repeated and extended Ipyobably consisting of free electrons coming in from space
Bruche (1931). o towards the auroral zone and bent back again. The problem
1.3 Stermer (1917a,b, 1955) developed the methodotogf the Birkeland—Stermer theory consisted in the unsteadi-
and performed mathematical calculations of the trajeesori ness of solar charged particle fluxes of one polarity, which
of positive|y Charged partides (protons amd)artides) andeo are dissipated before they can reach the Earth. The energy of
of electrons in a dipole magnetic field. Figure 1 showsere-protons with a flux velocity of- 500 km/s amount to a few
sults of Starmer’s calculations for the distribution of@ps- =2 keV. Such a particle velocity within the flux was deduced

tations of positively charged particles at high latitudéthe~: from the time lag of the beginning of magnetic disturbances
10s 0N Earth with respect to the flare at the sun. This lag comes

Correspondenceto: Y. I. Feldstein 105 along with the ejection of a particle flux, the subsequent de-
afield@aol.com 10 Velopment of a magnetic storm and the appearance of auro-
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Figure 1. Spiral of positive corpuscles’ precipitation around the magnetic axise Hestands for a constant of integration afds the
declination of the sun (Stgrmer, 1955, Fig. 177).

ras. Protons of such energy precipitate, according to $tgrm their place within the magnetospheric plasma structure.

into a much smaller region than the polar latitudinal distn

of aurqral feature;._ Electrons with energy of a.ﬁ*_Mv Corre-,, 2 Spiral distributions in regular (  Sp) geomagnetic
sponding to velocities of 500km/s, would precipitate close, field variations

to the geomagnetic pole. However, their energy appears to be

too small to penetrate down into the upper atmosphere,to 2.1 The variations of the magnetic field, which are ob-
level of ~ 100 km above the Earth's surface, where disctgte served at the Earth's surface during geomagnetically dis-

auroral forms are usually seen (Harang, 1951). The resiults cturbed days are composed of various sources:
Stagrmer’s theoretical calculations appeared to be appéca
to the particles of cosmic radiation, whose energy is séweraD = DCF + DR+DPC+DP+DT + Di (1)
T o o s e OCF descies h T of magnetopause curent
auroras P 9 9 s DRthe f|el_d of the ring current in the inner magnetosphere,
: 1 DPC the field of the current system with the electrojet in
In the following sections, we sum up the basic findirgs the dayside cus@T the field of the cross-tail current and
concerning the spiral distributions in its historical pregrss its closure magnetopause currebt? the field of elemen-
sion, discuss the results of various authors, and in Se6tien tary polar magnetic disturbances (substorms) with charact
we consider the relationship between the spirals and mogdelstic lifetimes of some tens of minutes to several hours, and
of the magnetospheric-ionospheric current systems. Ia.théi the field of irregular oscillations of the geomagnetic field.
Conclusions we list the basic steps in exploring the spigakd TheDP variations are refered to the substorm type variations

tributions of geomagnetic variations and auroras and d&eu (DP1) only in the following. DP2 variations are of dierent
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4 Y. I. Feldstein et al.: Spiral Regularities

2 Midnight © S

Figure 2. Loci of maximum intensity of auroral-zone electric currents (electrgjaspbserved on geomagnetic meridian°12ar different
ranges of storminess (1,2,3,4). Mean pictureAbrandAZ fields, letters M, N, and E correspond to morning, nighttime, and evesgingls
(Harang, 1946).

nature and are not considered here. TH&F, DR, DPC, s« maximum intensity at 03.5 MLT, while the EE at 17.5 MLT
and DT variations are significantly smaller th&@P andDi s (Allen and Kroehl, 1975).
at high latitudes on ground level, except for magnetic stefm The observations of the magnetic field variations were
intervals, so that one usually assumes: 17 primarily of experimental character until the campaign of
. e the Second International Polar Year"tlIPY, 19321933).
D=DP+Di @) . ) .
10 There were practically no permanent magnetic observatorie
Avereaged over the international magnetic disturbancs,day at high latitudes by that time. The observations of high-
one obtains the regular solar-daily variation fi€lg, which:: latitude geomagnetic field variations by a network of mag-
represents the integraffect of the polar disturbancddP.» netic stations during the™ IPY period extended the possi-
The Sp variations are calculated asfldirence between the bilities of the researchers considerably. Based on observa
hourly averaged values of the magnetic field elements forthdional material of the N? IPY, Harang (1946) in Norway,
international disturbance days and the quiet days. ws  Meek (1955) in Canada, and Burdo (1960) in the Soviet
The current system obtained and named by Chapmas agdnion proposed models of polar magnetic disturbance cur-
solar-daily disturbed variatioSp has influenced the stuay rent systems.
of geomagnetic disturbances to a high degree and became 2.2 Harang (1946) used measurements of a chain of mag-
the standard model. This was a major paradigm for a.fewnetic observatories along the T2@agnetic meridian from
decades. Th&p current system consists of a pair of electso- Spitzbergen (Svalbard) over Scandinavia till Potsdam to de
jets along the auroral zone as a circular belt with the centréermine theSp variations from three-component measure-
at the geomagnetic pole. The westward electrojet (Wk inments of 11 observatories for four disturbance levels. He
the morning sector and eastward electrojet (EE) in eveningbtained so-called isopleths (lines of equal disturbanee i
sector are usually considered. On average, the WE has itensity) of these components.
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Y. I. Feldstein et al.: Spiral Regularities 5

2.2.1 Figure 2 shows the position of the maximum iso- terval of 11-21 MLT;
pleths for all four magnetic disturbance levels. The dilirna . . .
variation of the isopleths’ position is shown in the coordi- 4. the shift of the isopleths with westward current (M and

nates of geomagnetic latitude versus geomagnetic localim N spirals) to higher magnetic latitudes from the mid-
The letters M, N, and E indicate segments of maximumsso- ~ Night auroral zone both toward the morning and the
pleths, which researchers interpreted afterwards as ngrni evening hours;

(M), nighttime (N), and evening (E) spirals. The current flow
is westward along the M and N spirals, but eastward aing
the E spiral. The isopleths run approximately parallel With
the geomagnetic latitude for the H and Z components,”and
the maximal isopleths of the H component coincide with’the
auroral zone at 67magnetic latitude. The H componéfit
within the auroral zone is positive during the evening héfirs ; -
(maximum at 17 MLT) and negative in the midnight to eéfly At the time of the pu_bhcaﬂon (1946), there was a gener-
morning hours (maximum intensity at 24-01 MLT) witf*a ally accepted paradigm about a auroral zon® at67
gap between the isopleths of opposite sign. 251 and about the position of electropts a!qng this zone (but
2.2.2 A characteristic Z component variation is obsefed not along the aur(?ral oval yet unidentified at th‘.’ﬂ time),
at the auroral zone stations Tromsb 67.1°), Bossekop™ so that he couldn’t make an adequate copclusmn about
(@ = 66,6°), and Petsamod(= 649°): negative values aré the nature of the gap between the electrojets.
north of and positive to the south of the maximum H isoplesths
during the evening disturbance, and this reverses to theuosgp
site during the nighttime disturbance. Throughout thispap
® stands for geomagnetic latitude adbdindicates corrected
geomagnetic latitude. The significance of the dlstlnctlenzb
tween® and®’ consists in that to determine the deviation
between the auroral zone and the geomagnetic paralisell of
67 or, with other words, in the consideration of higher or-
der harmonics of the internal potential sources, addititma

the dipolar field (Hultqvist, 1958; Gustafsson, 1970). The 7. the currents producing polar magnetic storms as well the

curve forSp in Z appears as a double wave. This double  djurnal variations are most simply explained according
wave appears in all four disturbance levels. Assuming,that  to the dynamo theory (Harang, 1951).

the field of the magnetic disturbances is produced by a lin-
ear overhead current, it is evident that maximum values in 2.3 Meek (1955), in his analysis of the magnetic field vari-
AH and a zero crossing iZ are located just below this cus» ations, uses data from all high-latitude geomagnetic elaser
rent flow. This variation imH andAZ in a certain distance: tories north of 40, which participated in the ' IPY. Based
from the line current is qualitatively in accordance witle#a on Sp variations, moments of the diurnal positive maximum
isopleths. Between the evening and the nighttime isopteth®f the disturbance vectors as well as their negative diurnal
at auroral latitudesd§ ~ 67°) exists therefore a longitudinal minimum were determined. Then a polar plot of magnetic
discontinuity, both in the variations of the magnetic fietdia: latitude versus local geomagnetic time was made to display
in the current system of polar magnetic disturbances. Rethe diurnal maximum of the H component decrease for all
sulting from the existence of a discontinuity in the aure#al stations. The points drawn lie along a spiral which expands
zone, the zone itself consist of two separate branchesz<Thelockwise (M spiral with westward current). The corre-
discontinuity of the current system in the nighttime auresa sponding plot of the diurnal maximum of the H component
zone causes the existence of the double wave structurein thiecrease shows a spiral expanding in the opposite direction
Z component variations. s (E spiral with eastward current). M and E spirals intersect o

2.2.3 From the consideration of Figure 2 follows: a9 ~10a.m. (MLT) atd ~ 70° and on~ 10 p.m. atb ~ 60°. It

0 1S assumed that the magnetic spirals obtained are Stgrmer’s

1. a shift of the maximum intensity current toward {he gpirals of precipitating particles from a plasma cloudvimg
equator with increasing disturbances; . from the sun.

2. the existence of a discontinuity in MLT for the isopletis _ he SPiral M expanding clockwise will be due to the pre-
at auroral latitudes in the midnight sector (discontingiity CiPitation of negatively charged particles, while the apEe
between E and N spirals); 25~ expanding anticlockwise due to positively charged pasicl

286 2.3.1 The patterns of spirals with currents in the papers
3. the placement of the evening isopleths with an eastwaradf Meek (1955) and Harang (1946)fi@r in the number of
current in the auroral zone latitudes over the wholesin- spirals, their positions, and with respect to their sources

5. in the evening hours there exists a latitudinal gap be-
tween the positive and negative isopleths (E and N spi-
rals). The N spiral with the westward current is at higher
latitudes than the E spiral. Harang didn’t give due atten-
tion to the existence of the latitudinal gap but to a dis-
continuity at a fixed latitudinal distance near midnight.

6. Based on the close connection between the magnetic
disturbances and the auroras and the existence of a lo-
cal time discontinuity in the current system between the
electrojets, Harang (1946) concluded, that the auroral
zone should also consist of two parts with a disconti-
nuity between them. The most intense auroras occur
during 17-18 LT and 21 LT with a quiet period during
the intermediate interval.
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6 Y. I. Feldstein et al.: Spiral Regularities

1. two spirals M and E, which form the oval of Meek of maximumAT changes with latitude for each group sep-
(1955) versus three spirals M, E, and N at auroralslat-arately. These changes are for all three groups practically
itudes of Harang (1946); s linear in the orthogonal projection used here. This retatio

s Can be written a®’ = Og + kty,. In polar coordinates for a

2. the spirals M and E intersect on 22 MLT-a60 lati- . particular UT moment, this relation transforms into a pdrt o
tude without any disruption according to Meek (1953),  spiral withr = A+ BA, wherer is the distance (colatitude)
while there exist a discontinuity in MLT according {0 of @’ from the pole A is the geomagnetic longitude or the
Harang (1946); «s geomagnetic time, and A, B are constants. Tievectors

3. Meek relates the maximum decrease in the H cor?‘igpo-are drawq onto this polz‘ir projection as"arrows. Such a use

o . .~ a0 Of perturbing vectors as “current arrows” at a network of sta
nent of the magnetic field along the M spiral with pre-

N . . . e tions gives a direct picture of the field distribution and was
cipitating electrons, and the maximum increase in the H . :
often applied by Birkeland.

. . .. .352
component along the E spiral with proton precipitations 2.4.1 The arrows cut the spirals under an angle near 90

. S 53
(the sign of the charged corpuscles precipitating alfongNumbers at the arrows’ footpoint indicate the values of the

h . . y 3
the spirals oppose the sign of those in Starmer's cgjzcu vertical component of the disturbance veciat. Each spi-

lations). The winding of the spirals is therefore oppo- L . "
site to )the assumptiogn in the n?odel of Stgrmer F(E)rg fheral sub-divides areas with positive and negatize The AT
explanation of the configuration of maximum is:ople3f17qs vector assumes therefore a maximum value along the three

(spirals), Harang utilises the dynamo theory of magr?fasticSpirals at high latitudes with the direction perpendicutar

variations. and Meek the precipitating corpuscles: ** the spirals and at the intersection points the vertical amp
’ precip g corp " %0 hentAZ of the disturbance vector changes its sign. Under
4. after the midnight intersection of the spirals with west- the assumption that the horizontal current system cotessitu
ward and eastward currents, the westward current ifzthdhe source of the magnetic disturbances, the spirals are the
evening sector is positioned equatorward of the eastPlaces of maximum current density. The directiomdfand
ward current according to Meek (1955), while it is pofe- the sign ofAZ to both sides of the spiral determines the di-

ward of the eastward current in the evening sectopsactection of the current along the spiral: along the morning
cording to Harang (1946). w and nighttime spiral the current is westward, while alorgy th

7 dayside spiral the current points eastward.

2.3.2 Meek (1955) modifies the opinions of Starmersby 2.4.2 Burdo (1960) proposed that the dynanfiee plays
assuming the corpuscular solar flux as a plasma, but net aa notable (or even main) role in the generation of magnetic
an ensemble of individual charged particles. It ensued:jusiariations during disturbed time intervals. The curremts p
from such a modification, that electrons precipitate aldwg:t ducing the Sq variations and the polar magnetic disturtmnce
M spirals and protons along the E spirals. The westwardare most simply explained according to the dynamo-theory
electrojet AH < 0) yields from the precipitation of electrons, proposed by Steward (1882). According to this theory the
while the eastward electrojeh > 0) is related to protonss:. air in the upper atmosphere is ionised and thus electrically

Assuming that the magnetic disturbance deviations are-dueonducting. The tidal and other motions of the atmosphere
to the motion of electric charges near the base of auseralvill set up horizontal motion in the layers across the lines
forms, Meek (1955) expected some peculiarities in thesdis-of force of the Earth’s permanent magnetic field. Due to
tribution of auroras, caused by the spiral distribution @ this electromotive forces will be formed, and electric cur-
imum intensities of magnetic variations and by particle- pte rents will be caused to flow in directions which agree with
cipitations of diferent charges along the M and E spirals. those required to produce Sq variations. The precipitation
The auroral luminosity configuration along the spirals\aie.  of electrically charged particles which produce the awpra
the interpretation of some peculiarities of their morplggia. strongly increases the ionisation and thus the condugtivit
in the auroral zone and equatorward of it according to thesdeof the ionized layers, which leads to cardinal changes of the
scriptions in the literature: the diurnal variation of thec-s=« high-latitude current system. This system of ionospharie ¢
currence frequency; the motion during the evening and mernfents is - according to the dynamo theory - responsible for th
ing hours; the orientaion of the arcs; the appearance of aurogeneration of magnetic disturbances, so-caigdariations,
ras as due to separate precipitations of electrons andrizato as well as for polar magnetic storms. Processes, which are

2.4. Based on data from 22 high-latitude observatories ingenerated in the ionosphere due to the penetration of corpus
the Northern Hemisphere witth > 60°, Burdo (1960) has. cular fluxes, play the main role for the generation of magneti
shown that the diurnal variations of the disturbance inien-disturbances. These fluxes enter the upper atmosphere at au-
sity of the horizontal magnetic field componentsT) haves: roral latitudes and a 2-D current system, which generates th
2 or 3 maxima in dependence on the latitude. The positionsnagnetic disturbances, spreads out in the ionosphere.
of the maxima in AT) within plots of MLT versusd’ (cor-sss 2.5 The most exhaustive development of the dynamo the-
rected geomagnetic latitude) are arranged in 3 groups: mernory, which is applicable to the magnetic field variations at
ing (M), nighttime (N), and evening (E) points. The time high latitudes, was accomplished in the works of Japanese

Hist. Geo Space Sci. www.hist-geo-space-sci.net
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scientists.

Nagata and Fukushima (1952) and Fukushimalectrojets in the auroral zone (65 ® < 70°) and its dis-

(1953) used the dynamo theory for the interpretation ofdwotributed currents in the polar cafp ¢ 73°). The ionospheric
specific types of the geomagnetic variations, which wereneutral wind system for the model calculation ® was

observed during the ™ IPY: a single-vortex current syss

adopted analogous to the calculationSgfariations. There

tem with the westward electrojet at auroral latitudes in.theis a very essential tference between the observed and the
nighttime sector, or a double-vortex system with westwardmodelledSp systems: the current direction in the polar cap

and eastward electrojets at auroral latitudes during thletnie

differs by an angle between r18nd 150. This problem is

time and evening hours, respectively. The conductivity: isusually avoided in the dynamo theory by assumirfgedént
steeply enhanced in the auroral zone (colatitude range oheutral wind systems for th8, and Sp variations at iono-
0 ~ 20 + 25°) during magnetic disturbances and stays.atspheric altitudes (Nagata et al., 1950).

the higher level of about one order of magnitude compared
with the polar region. The neutral wind in the conductig

451

layer depends on colatitude, longitude and the phase ang|

52

a. The model current system can be brought in accordance

453

with the corresponding calculated magnetic field variation

454

by varying the input parameters of the model. In case o
455 .

enhanced conductivity in the auroral zone along all longi-

456

tudes, the model current system results in a double vorte

457.

with westward and eastward electrojets. If the condugtivit

is enhanced only within a limited longitudinal range, thea't
model current system remains a single-vortex system with
electrojet in those longitudes of enhanced conductivitye“f

461

anglea controls the direction of the current closure across

462

the polar cap.

2.8 A series of articles of M. |. Pudovkin is devoted to
téwe use of the dynamo theory for interpreting the specifics
of the evolvement of magnetic disturbances at high latgude

generalized in his thesis on “The morphology and nature of

fpolar magnetic storms” (Pudovkin, 1968). In these articles

the authors estimated the changes of the ionospheric con-
ductivity and deduced the neutral wind circulation at high
atitudes based on observations of geomagnetic field varia-
tions, of plasma densitites, of drift velocities deduceahfr

arg)lasma irregularities in the ionospheric E-layer, and from

movements of discrete auroral forms. It is assumed that cur-
rents, which cause the magnetic field variations, flow during
magnetic disturbances along extended auroral forms (arcs)

2.6 Fukushima and Oguti (1953) considered the dynamo These currents are carried by the neutral wind away from
theory with an anisotropic ionospheric conductivity. Unde the arc and their position is determined from magnetic field
several simplifying assumptions they obtaind an expressio observations, while the direction and velocity magnituéle o

for the current functionlp in northern and southern aurosal
zones, in the polar caps, and in the equatorial zone. 4

The current function has the form: 468
469

(3) 470

471

... in the Northern polar cap,

I =2KIGK! {A1U1(®)sin/l+ Blul(e)cosa}

473

J =2bKIGK { (b;bl) S1(®) cost + (4).
[A2U1(®) +AsV1(@)]sina + 6
[B2U1(®) + B3V1(®)]cost } e

... in the Northern auroral zori&

481

the neutral wind in the ionosphere is calculated from the
direction and extent of the transport (Pudovkin, 1960; Pu-
dovkin and Evlashin, 1962). The current is usually shifted t
ward south relative to the arc during positive disturbarfoes
the evening) and toward north during negative disturbances
(nighttime to early morning hours). The velocity of the cur-
rent shift amounts te 100 nysec. Itis assumed that this shift
results from the action of neutral wind at ionospheric htsgh
The sign of the geomagnetic disturbances in the horizontal
components is related to the direction of the causing cur-
rents: during positive disturbances the current shift towa
the equator and during negative toward the pole (Pudovkin,
1965b). For the determination of the wind velocity it is as-
sumed, that the source of ionization in the atmosphere (the
auroral arc) is static or moves only marginally for the distu
bance time (Pudovkin and Korotin, 1961; Pudovkin, 1964).

where Kg represents the height-integrated ionospheric gon-The intensity of the magnetic disturbance is estimated from

ductivity in the polar cap during quiet times,is the Earth’sss
magnetic field strength at the equatbf, is the codicients.

the increase of plasma density as due to the interaction of
the corpuscular flux with the atmosphere and the velocity of

of a spherical harmonic series for the potential field of.thethe neutral wind in the ionosphere (Korotin and Pudovkin,

ionospheric wind velocityJ;(®) =tan®/2, V1(®) = cot®/2, s
Si(@) =sin(20/4), A.—As and B;—Bz are numerical cone-
stants, obtained from the boundary conditions, larfihally, ss

1961). A considerable contribution comes also from iono-
spheric irregularities in the E-layer. Owing to the genierat
of electric polarization fields, the velocity of the electsan

is the enhancement factor of the conductivity in the auraralthe electrojets increases by an order of magnitude compared
zone during disturbed intervals in comparison with the getie to the neutral wind velocity. The Hall currents, which are

time level. 401
2.7 The model current system reminds of B currento:

hereby generated along the auroral zone, appear to be the
cause for the observed magnetic field variations (Pudovkin,

system, though of a somehow smaller intensity, with &0 1964).
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2.9 Pudovkin (1965a) estimated the system of ionospheric
neutral winds in the auroral zone from magnetogramssand
plotted it according to the longitude of the stations. Atsall
stations in the evening hours the neutral wind is direated
from north to south, while in the nighttime and early magn-
ing hours it is oppositely directed from south to north. The
course of theSp variations is controlled by the diurnal vagis
ation of the ionospheric neutral wind in such a mannersthat
the currents, which are the cause for B variations, ares
generated due to the dynamo action of the ionosphericsheu-
tral winds. The neutral wind system is comparatively sta-

ble according to the dynamo theory and experiences “Bnly 3.

a small variation, but the magnetic disturbances are catised
by steep enhancements of the ionospheric conductivity*tue
to the precipitating corpuscular fluxes (Pudovkin, 1963b).
Based on the discussion of ionospheric processes, Pudbvkin
(1964, 1965b) concluded, that the dynamo theory is the*Best
substantiated theory to explain the generation of ionaspfig
currents that are responsible for the high-latitude magffét
disturbances. These currents are excited due to the dyffamo
action of ionospheric neutral winds.
2.10 Viewed from the vintage point of the present, itis
amazing how broadly and deeply the success of the dypamo
theory was in interpreting the quiet-time features of thmiq,,
sphere. But the application of the dynamo theory as physi-
cal base to interpret the nature of the geomagnetic distur-
bances at high latitudes encountered distin@iatilties, both,,
in observational as in theoretical respects. We already men
tioned above the discrepancies in the results of the cklssic
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ionosphere should be directed from north to south. In
the same sector at latitudes of the auroral o®eal (70°),

the magnetic variations are negative and consequently
the neutral wind should be directed there from south to
north. This divergence of the neutral wind orientation
within close latitudinal distances at the evening sector
suggests the presence of a neutral wind source within
this small latitudinal range. But the existence of such
a source is not envisioned in the frame of the dynamo
theory.

The current system in the dynamo theory is a 2-D
one, spanning at the ionospheric E-layer. According
to present conceptions, based on experimental data, the
current system of the magnetic disturbances is 3-D. The
ionospheric electrojets are connected by field-aligned
currents (FACs) with the magnetosphere. The charac-
ter and the intensity of the magnetic disturbances at the
Earth’s surface is determined by a complicated system
of ionospheric and magnetospheric currents.

Nowadays it it generally accepted, that the magnetic
disturbances at high latitudes as well as the currents in
the magnetosphere and ionosphere, which cause them,
are controlled by the parameters of the interplanetary
medium. The dominating parameter here appears to be
the orientation and intensity of the interplanetary mag-
netic field (IMF), in combination with the solar wind
velocity.

dynamo theory with regard to the phase and intensity ofithe 2.11 New approaches for the determination of the upper
observed current systems, both in magnitude and direetio@tmosphere neutral wind system at high latitudes were es-
(phase) within the polar cap. The modifications of the the-tablished during the “Sputnik era”. It became possible to
ory by M. I. Pudovkin were also not without any problems-as determine the velocity and direction of the neutral wind in-

listed subsequently. 578

situ in the thermosphere. The satellite Dynamics Explorer—

s 2 (DE-2) measured the velocity of the neutral wind at al-
1. The assumption about the static behaviour of thesgorditudes between 300 km and 550 km by use of an Fabry-
puscular source (auroral arc), which is used for thesge-Perot interferometer and a wind and temperature spectrom-
termination of the neutral wind velocity at ionospheric eter (Killeen and Roble, 1988). The empirical neutral wind
heights, disagrees with present perceptions of thesdyJattern obtained in geomagnetic coordinates is charaeteri
namics of discrete auroral forms. In the majorityssof by a strong antisolar flow over the geomagnetic pole bor-
cases the auroras appear and allocate not at a fixee lagered by sunward flow in the dawn and dusk sectors. Nega-
itude, but along the auroral oval, which is asymmetsic tive vorticity occurs in the dusk sector while positive ity
with respect to the geomagnetic pole. In consequenee ofn the dawn sector.

this there is a shift of the aurora with30 nysec fromess

Measurements of lower thermospheric neutral winds at al-

. The magnetic variations at auroral zone latitudes- ¢or

Hist. Geo Space Sci.

north toward south in the evening and from souths¢o- titudes between 100 km and 300 km, where according to the
ward north in the morning. During substorm creation dynamo theory ionospheric currents are generated, have bee
(growth) phases, the arcs in the evening—nighttime secrealized onboard the Upper Atmosphere Research Satellite
tor are shifted with a velocity up te 250 nysec souths: (UARS). Richmond et al. (2003) used data of the Wind
ward. This is just the same range of velocities as hatlmaging Interferometer (WINDII), which records the line-
of the neutral wind velocities in the modified dynamo of-sight intensity of the green atomic oxygen line airglow
theory. ss emissions. They showed that the neutral wind motion is con-
s trolled by the IMF action down to 105 km altitude, while
above~125 km the wind patterns shows considerable sim-
67°) in the evening sector are positive and, thereforeg inilarity with the ionospheric convection patterns. The eerr
the frame of the dynamo theory, the neutral wind insthe lation between the IMMB, component and the diurnal har-
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monic of the neutral wind is best, when the IMF is averagedplasma motion due to the ion drag forces. The secondariness
over the preceding 1:81.5 hours. Zonal wind below 120 ksa  of the neutral wind results in a time lag of the neutral wind
correlates with the IMMB, component when thB, compo-s:  with respect to the convection. The magnitude and direction
nent is averaged over the preceding 20 hours. Above 12@knf the ion motion is determined by the intensity of the IMF
the dusk side clockwise circulation wind cell is prominent components. Due to these relations, the neutral wind at high
and it intensifies for IMFB; < 0. Around 120 km one oks latitudes also depends on the IMF.
serves a dawn side anticlockwise wind cell that responels to The global neutral wind system, that is due to this interac-
IMF B, variations. During intervals with IMMB, > 0, thes tion, differs considerably from that system, which is essential
neutral wind modification is mainly confined to the palar for the generation of magnetic disturbances observed at the
cap, while forB, < 0 it extends to subauroral latitudes. @n Earth’s surface, as explained by the existing dynamo theory
timescales 0~20 hours an IMFB, dependent zonal wing 2.12 Patterns of magnetic disturbance spirals, that were
generally exists at 120 km altitude and®&omagnetic latss obtained from the materials of the™IIPY by L. Harang,
itude with maximum wind speeds 6f60 m/s. The papet: J. H. Meek, and O. A. Burdo, fier both in the quantity of
of Richmond et al. (2003) includes a broad range of refer-spirals and in their sources (2 spirals of corpuscular preci
ences on thermospheric neutral wind investigations aridehe itation according to J. H. Meek, but 3 spirals in the dynamo
modelling. e theory according to L. Harang and O. A. Burdo). All three
Cross-track accelerometer measurements at the CHAMBtudies used yearly averaged data. There are, however, sig-
satellite were used to deduce statistical neutral wind spatnificant seasonal dependences in the variations on the geo-
tern at the high-latitude upper atmospherat{t.et al., 20073 magnetic field (Benkova, 1948; Feldstein, 1963a). Feldstei
Forster et al., 2008). These measurements were obtaired and Zaitzev (1965a) studied tl8g variations of three geo-
altitudes of~ 400 km and confirmed the existence of a streng magnetic field components using data of 24 magnetic obser-
antisolar flow with an average velocity 6f500 m's and anrs vatories during the IGY of the Northern Hemisphere sepa-
azimuth of 168 over the central polar cap. At the evening rately for winter, equinox, and summer periods. The horizon
side a large clockwise circulation cell is formed, resgtia tal projection of the disturbance vectam was determined
in the tendency for westward (sunward) neutral wind velec-according to the relationT = v(AH? + AD?) as deviations
ities in the auroral region of the duskside upper atmospkerefrom the quiet time level wittAD as the deviation from the
Forster et al. (2008, 2011) analysed the neutral wind okserEast-West component.
vations of CHAMP in dependence on the IMF orientatign. 2.12.1 During the winter season, tBg variation atd’ >
The data were sorted into 8 separate IMF sectors withs45 73" is characterized by one maximum near midday. In the
width each. Measurements over a 2-year interval resulted ifatitude range 73> @’ > 67° the maxima ofAT occur in the
a good data coverage for each IMF sector. The upper éherevening and morning hours, and in the latitude range=67
mospheric neutral wind system is characterized in all $sgto @’ > 60° they shift to nighttime and evening hours. Below
by a transpolar neutral wind orientation across the ceqtrald’ < 60° the nighttime maximum iaT is the only one.
polar cap and two vortex cells with opposite circulationsson Figure 3a shows the patterns &t andAZ for the winter
the dawn and dusk side, the strength and shape of whick deseason of the IGY (November 1957 — February 1958) in co-
pend on the IMF B and B, components. The amplitude @f ordinates of®’ versus MLT. The arrows indicate the distur-
the cross-polar cap neutral wind flow is largest for negativebance vector directions in the horizontal plane; the asow’
IMF B, values B, < 0) and amounts on average<4®70 nmse. length is in accord with the amplitude &fT. The scale is
(cf. Forster et al., 2008, Table 1). A couple of characteristic given in the upper left corner of the Figure. The numbers
phenomena of the IMF Band B, dependence on the spatial at the arrow’s origin specify the amplitude AZ. The de-
distribution of the neutral wind in the upper atmospheresarependence on the maximum moments in the course of the di-
gathered and described in detalil. s urnal variation ofAT over @’ is indicated with thick lines:
The satellite observations of thermospheric neutral wind(1) — morning maximum (M), (2) — nighttime maximum (N),
and ionospheric plasma convection revealed a fairly closeand (3) — evening maximum (E) in Fig. 3a. The sign of the
similarity of their patterns. The correlation of the vekycis Z-component of the geomagnetic variations changes along
and direction of the neutral wind and plasma convection withthese lines. Such a distribution of the vector magnitude and
the IMF B, and B, components verifies the control of the direction implies, that intense equivalent currents are-flo
thermospheric neutral wind regime by the IMF parameters.ing along these lines. Along the lines 1 and 2, forming an
Both the plasma motion and the neutral wind appear as aval belt, the current flows westward and decreases the hor-
result of the electric fields, generated in the outer magnetoizontal magnetic component. Along line 3 the current flows
sphere. They are constituded due to the interaction ofstheastward, increasing this component.
solar wind with the geomagnetic field and then transmitied 2.12.2 In the limited latitudinal range of 69 @’ < 72°,
along the magnetic field lines down into the ionosphere.-&hethere exist only negative disturbances of the horizontai-co
plasma in the thermosphere drifts in the electric and magponent during the whole day. This region at auroral lati-
netic fields. The neutral thermospheric component adopts thtudes, where we hav&H < 0 in the winter season during
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Figure 3. Loci of maximum intensityAT and minimumAZ fields in LMT versus corrected geomagnetic latitudes in Northern Herarsph
The digits 1, 2, and 3 correspond to morning, nighttime, and evenindsspiapectively (Feldstein and Zaitzev, 1965a). a) winter season of
IGY (upper panel) and b) summer season of IGY (lower panel).
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the whole day, is fundamentallyftrent from the charactet ally investigated by studying the regularities of geomdigne
of the diurnal variation within the auroral zone. There /ac- activities. Mayaud (1956) proposed the term agitationfier t
cur beside the disturbances witlid < 0 during the nighttimes.  indication of geomagnetic disturbances, which are duedo th
and morning MLT hours generally at the same UT also #lis-precipitation of corpuscular radiation into the upper atmo
turbancesAH > 0 in the evening MLT hours (Burdo, 196G}. sphere, leading to irregular magnetic field variations. ifhe
The existence of a latitude interval withH <0 was con-s: tensity of agitation is estimated by means of various irglice
firmed by the observations of the drifting station North Pale which characterize the magnetic activity irffdrent regions
6 68 <@’ < 70° during the period from September 195740 of the globe.
April 1958 (Zhigalova and Ol, 1964). During all hours-ef  3.1.a The Polar Cap (PC) index is the most representative
the day, they practically observed only negative bays. -theone for the polar cap, both for the Northern (PCN) and the
frequency of their appearance maximizes at 07 and 21 MLTSouthern (PCS) Hemisphere (Troshichev et al., 1988, 2006).
which corresponds to the times of the station’s passagesuntfhe PC indices are derived from ground geomagnetic mea-
der the oval current belt (Fig. 3a, lines 1 and 2) in the coursesurements in the Northern (PCN) and Southern (PCS) Po-
of the Earth’s rotation. The current belt at Fig. 3a, whieh lar Caps. The PCN index is based on the data from Thule
consists of the spirals 1 and 2, coincides with the position(Greenland) while the PCS index is based on data from Vos-
of the auroral oval (Feldstein, 1963b, 1966), Auroras weretok in Antarctica. The PC index in its present form was first
observed along the auroral oval during the winter sease#n oformulated by Troshichev et al. (1988) as a planetary index.
the IGY practically continuously at zenith. The appearancePCN index values have been supplied from the Danish Me-
of discrete auroral forms implies the precipitation of emgr teorological Institute (DMI) while PCS index values have
getic electrons into the upper atmospheric layers. The elecbeen supplied from Arctic and Antarctic Research Institute
tron precipitation with energies ofA5 keV along the auroral. (AARI) (Troshichev et al., 2006). Basically, the PC index
oval leads to steep increase of the conductivity at dyname rewith a temporal resolution of 1 min represents the polar cap
gion altitudes. The incoming and outgoing FACs resulkin magnetic variation&\Fpc in nT, associated with the trans-
the generation of a meridional electric field, directed egsa polar part of the current system driven by the electric fidld o
torward. In this way the conditions for the appearance ofsthethe solar wind—magnetosphere dynamo.
electrojet with a westward directed Hall current are estab- 3.1.b The planetary indices AE, AU, and AL were intro-
lished along the auroral oval. s duced by Davis and Sugiura (1966) to characterize the UT
2.12.3 Fig. 3b shows the patterns T andAZ for the= variation (innT) of the eastward (AU), the westward (AL)
summer season of the IGY in coordinatestdfversus MLTz» and the total electrojet intensity (AE). These indices were
The legend here is the same as for Fig. 3a. The dependerietermined by the World Data Center A for Solar-Terrestrial
cies of the maximum moments in the course of the diusnalPhysics, NOAA, Boulder, USA (Allen et al., 1974, 1975)
variation of AT are depicted with the thick lines 1(M), 2(N¥, from 1966 to 1971. The indices were determined with a tem-
and 3(E), together with the corresponding sign changes oporal resolution of 2.5 min as maximal deviation from the
AZ. The M and N spiral with negative values &H forms,s quiet time level for positive (AU) and negative (AL) values
as in the winter season, the auroral belt, along which the<urof the H-component of the geomagnetic field based on a net-
rent flows in westward direction. In contrast to the winter work of 10-11 magnetometer stations. These observatories
seasonAT increases sharply in daytime hoursd@t> 75°.7: were distributed at auroral latitudes with a rather good-cov
The intensity of the disturbances in the dayside sectoreatsth erage in longitude (Allen and Kroehl, 1975). During the sub-
auroral oval is comparable with the nighttime—early mesn- sequent years up to now, the AE, AU, and AL indices are
ing disturbances at latitudes of the auroral zone. A nolgcab determined with a 1-min cadence by the World Data Center
increase of the\T vector intensity, caused by the positive for Geomagnetism, Kyoto, Japan, based on the data of 12
values ofAH, occurs during evening MLT hours in the range observatories.
60° <®' < 70°. The patterns oAT andAZ for the summet: 3.1.c For the study of the regularities of agitation develop
and winter seasons during the IGY give no hint on the exis-ments at high latitudes, one-hour amplitude averages of the
tence of two circular zones at fixed latitudes with maximasof horizontal components of H ajat D were largely employed
the magnetic activity. The absence of such circular zones i€cf., €.g., Nikolsky, 1951; Burdo, 1960; Lassen, 1963, and
confirmed by latitudinal cross-sectionsA during variouse: references therein). Nikolsky (1947) used the curve-lengt
MLT hours. a0 Of the D-variometer records as an every-hour characteristi
s Of magnetic disturbances.
a1 3.1.d Disturbances at mid-latitudes were estimated for par
3 Spirals in the irregular geomagnetic field varia- sz ticular geomagnetic observatories by means of the quasi-
tions Dj (agitation) a1z logarithmic index K (Bartels et al., 1939). This agreed mea-
as  sUre, with values from 0 to 9, estimates the amplitudes of the
3.1 The high-latitude diurnal geomagnetic variations aomts H and D component variations as deviations from the quiet
a component, which displays an irregular character. Itisas time level within 3-hourly intervals of UT. The estimatiof o
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K indices in various observatories for one and the samedimeDst index represents the axially symmetric part of the dis-
interval results generally in fierent values. es  turbance magnetic field at the dipole equator on the Earth
The averages of the K values from 1lfdrent observa-. surface (innT). Nowadays the World Data Center for Geo-

tories within the latitudinal range of 44 |®| <57°, fromes magnetism, Kyoto, Japan, provides with 1-min resoluti@n th
which only one is localized at the Southern Hemisphereysre-so-called SymH index (replacing Dst) as well as an asymmet-
presents the planetary index Kp. This index was introdecedic index AsymH as dierence between the maximum and
by Bartels in 1949. The Kp values counted according ¢#& aminimum values of the H component from a network of low-
particular scale, translate to the equivalent 3-hourly lamp latitude stations.
tude index ap (imT) and their daily averages Ap. The igar 3.1.g Up to the nineties of the past century, i.e. practi-
dices Kp, ap, and Ap were derived by the Geophysicadin-cally over 50 years, it was generally assumed, that during
stitute of the @ttingen University from January 1932 ug- geomagnetic storms the Dst index represents the magnetic
til the end of 1996. Since January 1997 the derivationsandvariation fields of the magnetopause currents DCF and of
distribution of the Kp values have been moved to the Adolf the ring current DR (see, for instance, the reviews of Gon-
Schmidt Geomagnetic Observatory Niemegk, part ofsthezalez et al., 1994; Kamide et al., 1998). The contribution of
GeoForschungsZentrum (GFZ) Potsdam (now: GFZ Gegmarthe magnetospheric tail current fields (DT) were assumed to
Research Centre for Geosciences, Helmholtz Centre &otde less than a few nT in the observations at the Earth’s sur-
dam). s face. Only resulting from the studies of Arykov and Maltsev
To characterize the value of the daily magnetic activity (1993); Arykov et al. (1996); Alexeev et al. (1996); Maltsev
level, the indices C and Ci are used. The magnetograms of2004) it became clear, that the DT contribution in the Dst in
any observatory are quantified for each day (in UT) with adex during magnetic storm periods is comparable to the DCF
magnetic character figure of the value 0, 1, or 2. This char-and DR contributions.
acter figure appears also as the C index of this day forthe 3.1.h The Sa (used in the literature to identify the diurnal
given observatory. Arithmetic mean values of the C indexchange of geomagnetic activity) has a complicated form at
values from all reporting observatories result in the Ceixes high latitudes, which changes with latitude. The consider-
which runs from 0.0 for very quiet conditions to 2.0 for veky ation of irregular magnetic disturbances revealed, they th
disturbed ones. The planetary index Cp for the daily distur-follow certain regularities at particular stations, ilee mag-
bance characteristic, which varies from 0.0 to 2.5 in stéps onetic disturbance has a significant diurnal course. The on-
0.1, is calculated from the Ap index. The Cp index is use# toset time as well as the maximum intensity of the disturbance
discern the international magnetically disturbed and reagia depends on the station’s position with respect to the alirora
ically quiet days. «: Oval. Below we present, according to our guess, basic ggsult
Mayaud (1967) assumed that the Kp index does not.sufsummarizing the research on magnetic agitation regudariti
ficiently reflect the planetary character of a magnetic distu at high latitudes concerning the spiral distributions. \&elks
bance and proposed its modification. The modified indicego follow in this review the historical progression accomli
Km, am, and Am are based on the K index of 24 mid-latitudeto the publication time of new ideas.
stations, including 9 at the Southern Hemisphere. 906 3.2. The first study on Sa at high latitudes was performed
3.1.e Magnetic disturbances of more than 100 years-arevith observational material of thei IPY by Stagg (1935),
described with the aa index (Mayaud, 1972). This indexcarried out with data of six arctic , one mid-latitude, and
was calculated from the K index of the observatories Mel-three antarctic stations. It was shown, that the form of Sa
bourne and Greenwich (i.e., one station in each hemisphegrejs determined by the magnetic latitude and local time. In
beginning from 1868. Later these stations were replaced bynid-latitudes the activity maximizes during evening hours
Abinger and Hartland for Greenwich and by Toolangui and of local time. Progressing to higher latitudes, the maximum
Canberra for Melborne. From the aa values, daily means:{Aanoves to later hours and during midnight it is observed at
index) and monthly means are calculated. as O ~69. The form of Sa changes at latitudes of highest activ-
3.1.f To describe the variations of the Earth’s magneticity between 70< ® < 78°. There two maxima are observed:
field during geomagnetic storms, the planetary Dst index isone at the morning hours, the other during nighttime. At
broadly used. A starting point for the studies concerningelds ® > 78°, the maximum activity reaches morning or even mid-
derivation can be found at the end of the forties of the-lastday hours. Nikolsky (1947) assembled observational result
century. More systematic determinations started after.thenf 16 stations, partly positioned within the formerly inase
IGY (Sugiura, 1964). For the derivation of the hourly Bst sible Eastern regions of the Arctic, and found soméedi
values, one usually uses hourly UT values of the low-lagtid ences from Stagg’s results: the morning maximum for sta-
magnetic observatories Honolulu (USA), Kakioka (Japan),tions along one and the same geomagnetic parallel occurs at
Hermanus (SAR), and San Juan (USA). These observateriedifferent local times; the equatorial boundary of the active
were chosen for the reason that their locations afficgntly. zone is recorded down to a latitude ®f 62°; the morning
distant from the auroral and equatorial electrojets antl.thamaximum appears in the western hemisphere almost con-
they are distributed in longitudes as evenly as possiblesd h currently at 15.5-16.5 MLT, while its appearance lags by

Hist. Geo Space Sci. www.hist-geo-space-sci.net



927

928

929

930

932

933

934

935

936

937

938

939

940

942

943

944

945

946

947

948

949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

967

968

969

970

971

972

973

974

975

976

977

978

979

Y. I. Feldstein et al.: Spiral Regularities 13

0.7 hours in the eastern hemisphere whtkhifted by E; in-s0 in the Artic, these corpuscles should be protons according
tensity variations with latitude areftiérent during nighttime. to Stgrmer’s theory. The appropriateness of Nikolsky’s as-
and morning maxima. Noting thefterences of the evening sumption about the congruency of his spirals with the spiral
and morning magnetic activities, Nikolsky (1947) assuraed,of Starmer was challenged by Agy (1960). He paid attention
that their behaviour follows dierent regularities. He didnts  to the fact, that the Nikolsky’s spirals of the morning Sa max
even exclude dierent natures of the corpuscular fluxes,«#e- imum represent positions at the Earth’s surface of the simul
sponsible for the two types of magnetic disturbances. s taneous (in UT) onset moment of maximum activity along
3.3 Benkova (1948) considered 17 Arctic observatasiesthe whole spiral. These spiralsfidir essentially from those
and concluded, that the Sa value of high-latitude statiolhs:f of Starmer, along which the penetration of corpuscles accur
low the scheme, that was proposed by Stagg (1935). «d hsimultaneously only in a few points. The whole spiral of
description of Sa as expansion of harmonic series accosdin@tgrmer results from corpuscular precipitations over géon

to w1 time interval of the order of a year.
992 3.6 Based on the calculation results of Stagrmer (1955),
Sa = ZCnCOS('It—(xn) (®)s: Nikolsky (1960a) concludes, that there exist four regions
n

«s Within the morning spirals, where the solar proton trajecto
has shown, that over the range®f 0° to 90 the paramsss ries are gathering closer (see Fig. 1). These regions (‘A"
etera; varies betweenr2r and+2r and the sign change ef “B”, “C”, and “D”) occur at 02, 08-09, 14, and 20 hours LT,
the first term of the expansion occurs at the latitude ofstherespectively. Nikolsky suggests that as the Earth rotates d
auroral zone. The dependence @enfrom @ in polar co~s urnally under the spiral, the high point density sections of
ordinates turns out to be a spiral, winding up in clockwise the spiral on Fig. 1 will trace out four ring “auroral zones”
direction through the morning sector. This appears to hedther regions with auroras in the zenith and increased magnetic
first mention of a spiral distribution in the literature ritan:  agitation. In Fig. 1 there are four such high point—density
to the morning maximum of magnetic activity. w2 Sections and therefore, according to Nikolsky, four adrora

3.4 A.P. Nikolsky addressed the analysis of spiral distribu zones will occur. Fig. 4 from the paper of Nikolsky (1960a)
tions of the high-latitude magnetic activity in a large niemk.  shows the positions of all four regions “A’, “B”, “C”, and
of publications. The most important results are collectegsi “D” at the Earth’s surface. The figure shows also the im-
the anthologies of the Arctic and Antarctic Research liasti-age replication of Starmer’s spiral (named “S”), the positi
tute (AARI) in St. Petersburg (Nikolsky, 1951, 1956, 196@8a) of which was arbitrarily changed by Nikolsky. The spiral in
It was shown, that the specific characteristic of the Sa.gon+ig. 4 is prolonged to low latitudes (observatory Bombay in
sists in the appearance of maxima at morning, daytimegandndia). The extension of each of the “auroral zones” to the
nighttime hours, the relative amplitude of which varieséis& equator is limited by the position of the high point density
pendence on the stations’s distribution. The intensityhafit section of the spiral in Fig. 4.
morning and dayside disturbances increases with incrgasin 3.7 Zone “B” is identified as second (inner) region, where
geomagnetic latitude, the nighttime disturbances are sfixedhe intensity of magnetic agitation and the occurence of au-
to the local midnight and maximize at latitudes of thei@u- roras achieves maximum values at 08—09 LT. The summary
roral zone. A.P. Nikolsky turned his particular attentiom:.4 effect of the precipitation zones “A” (02 LT) and D (20 LT)
the study of morning and daytime disturbances. Considerappears as the main auroral zone (“Fritz zone”), which is lo-
ing observations at 30 places with> 60°, the observational: cated at mid-latitudes over the American continent. Such a
material is very broadly scattered about the indices ofiigti: position of the “Fritz zone” is quite unusual and in case of
used. It turned out that the agitation during morning and.day its observational confirmation it would be a good argument
time hours is not connected with the auroral zone. Consigderin favour of the planetary distribution of corpuscular ppéc
ing contour maps of concurrent appearance (with respest téation and the related auroras and magnetic agitation,gs su
UT) of the morning agitation maxima, it became clear, that gested by A. P. Nikolsky. Unfortunately, it is not possilde t
the isoline represent a system of spiral sections, whicinbeg verify the appearance of zenith auroral forms in region “C”
at the pole of homogeneous magnetization. At the Northerrwith observations - due to daylight conditions around 14 LT.
Hemisphere they wind up clockwise. Nikolsky assumed;that The appearance of auroral forms in the zenith discloses, in
these sections of spirals should be seen as projections.ontmntrast to the magnetic disturbances, directly the looaif
the Earth’s surface of those real trajectories, along wthieh precipitating corpuscular fluxes. Feldstein (1963a) \eifi
solar corpuscles penetrate into the upper atmospherew:s THeence the existence of four zones of maximum corpuscular
positions of the most frequent particle precipitationsngle precipitation useing auroral observations from the IGY pe-
the spirals are determined by the character and the pasameiod (Annals, 1962).
ters of the particles in the corpuscular fluxes. 1031 3.8 The appearance of auroras is usually very rare at mid-
3.5 Nikolsky (1960a) identifies the spirals of the morniag latitudes and if it appears, then preferably with northern a
agitation maximum with the Stgrmer’s spirals of penetgtin imuths. Near the zones “A’ and “D”, in case they are pre-
solar corpuscles. Because these spirals wind up clockwiseipitation zones, the auroral forms should appear mainly at
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Figure 4. Location of solar corpuscular flux precipitation zones “A’, “B”, “Chid “D” above Earths surface and corresponding maximum
values of agitation and appearance frequency of auroras accéoditikplsky (1960a). Letter “S” marks St@rmers spiral, which is arbitrarily

prolonged towards low latitudes.

zenith. The positions of some observatories in the enuvizon- From Table 1 follows, that the probability of zenith auroras

ment of zones “A’” and “D” are shown in Fig. 4 and their at the stations Delaware and Ithaka are small, althouglethes
coordinates are given in Table 1 together with the respecstations are close to the zones “A” and “D”. The auroras are
tive probability for the appearance of auroras in the zenith seen mainly northward from the observatories, as it is usu-
per cent of the total number of observations as well as.theally expected at mid-latitudes of the Northern Hemisphere,
number of observation intervals with auroras northward.and.e., in the direction toward the auroral zone. The FritziPe

southward of the station.

1048

1049

1050

# Station Coordinates Zenith Numberzos:
¢, N A, W (O] % N Si0s2
1 Fritz-Peak| 39°52" 10531' 48.7 2.2 82 110s3
2 Delaware | 40°30’ 83 51.6 3.6 152 28054
3 Ithaka 4227 7631 538 | 52 | 275  9Q
4 Pulman | 4643 117100 535 | 11.0 | 236 94,
5 Meanook | 54°36° 11320° 61.8 90.0 888 506

105

Table 1. Auroral observatories during the IGY with their coot&f-

nates (geographic latitudeand longitudel as well as the correcteg
geomagnetic latitud®’; appearance of auroras in the zenith inger atthe American continent, situated in the region of corpusc
cent of the total and the number of observations northward (N)sandar precipitation that are formed by the mid-latitude paifts

southward (S) of the station.

Hist. Geo Space Sci.

1062

station is situated between zones “A’ and “D”, which sug-
gests observations of auroras both northward and southward
But for the period from August 1st to December 1st, 1957,
there was only one case of observations in southward direc-
tion. The station Pulman is close to zone “A’ in the western
part of the continent. The number of auroras in the zenith
was small and they were recorded mainly in northward di-
rection. At the station Meanook, which is north of the zones
“A” and “D”, one would expect by far more aurora toward
south. But they appeared more often northward, toward the
aurora zone.

3.9 The observations of auroras at the mid-latitude station

zones “A’ and “D”, show the incorrectness of the planetary
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precipitation scheme, which had been proposed by Nikalskymaxima are interpreted as zones of enhanced magnetic activ-
Along these zones, which stretch into mid-latitudes, fenit ity (agitation): the zone of maximal disturbancesbat 66°
auroras are practically missing. Consequently corpuseulais thought to be coinciding with the main auroral zone and
precipitations, which would lead to discrete auroral forms that at® ~ 77.5° coincinding with the second, high-latitude
are non-existent there. The existence of corpusculargireei zone or region “B” according to Nikolsky (1960a). Such
tation regions, which extent into mid-latitudes or evenhtent: an interpretation of the latitudinal amplitude distritmurtiof
equator during evening and nighttime hours, that woulddeadhe first harmonic, that was made by Mansurov and Mishin
to the appearance of auroras at these latitudes, beloinggsat (1960), diters from the general view on the zones of maxi-
to the genre of scientific fiction than to scientific results..s - mal magnetic agitation. The latter is usually charactertne

Referring to some morphological characteristics of mag-the largest daily averaged agitation value, but not by the am
netic disturbances at mid- and subauroral latitudes, Hepelitude variation value in the course of the day. Furtheg, th
(1961) suggests, that they may be explained as disturhancesnplitude values of the first harmonig is determined not
transported from high to low latitudes by the ionospheric.cu  only from the activity level, but also from the charactedst
rent system, probably identical with ti8, circulation. In  Sa value. The minimum df; at ® ~ 73° might be caused
addition we note that one cannot preclude a certain contrbuby two Sa maxima at this latitude inftBrent local times.
tion to the disturbances at these latitudes originatingnftitess  TheK; values appear to be minimal duringBciently strong
magnetic fields of the magnetospheric currents systems.andaily averaged disturbance levels.
from the FACs between ionosphere and magnetospherass 3.12 Beside of those studies, which employ statistical

3.10 Mayaud (1956) studied the magnetic agitation intghemethods to derive regularities of magnetic disturbances, a
polar region by using three-hourly amplitudes, obtainedifz: number of scientists investigated the morphology of mag-
the K-indices of 49 magnetic observatories at the Northermetic storms by comparing the magnetograms of various
and Southern Hemispheres wil®’| > 50°. He separateds high-latitude observatories. Such a method was used in the
nighttime and daytime types of agitation, which corresgonrd studies of Birkeland (1913). The possibilties for applying
to the nighttime (N) and morning (M) maxima of activity ag- this kind of methods extended greatly after the IGY. The
cording to the terminology of Nikolsky. Nighttime agitatio. data of a planetary-scale network of stations, collecteétden
is characteristic for magnetically disturbed days and maxi World Data Centers, give a comprehensive perception of the
mizes at latitudes of the auroral zone (magnetic inclimatio global magnetic disturbances at all latitudes and longisud
of | ~77). The time moment of reaching the maximum.ag- Results obtained by this kind of methods were presented,
itation in the diurnal variation at the auroral latitudegdad..s e.g., by Bobrov (1960).
behind those at neighbouring (northward and southward)dat 3.13 Whitham and Loomer (1956) addressed in their in-
itudes. The daytime agitation is most characteristic fenth vestigations the question of the existence and position of a
near-polar region with ~ 85°, whose maximum is observed second zone of enhanced magnetic activity in the Canadian
at local magnetic midday and shifted406 MLT atl ~81°.s sector of the Arctic. The magnetic observatory Resolute Bay
The daytime agitation has maximum values in summer, mini-(®’ ~ 83°) is situated, according to Alen (1955) and Nikol-
mum values in winter, and stays at a comparatively highlevelsky (1956), directly under the second zone, while the statio
during magnetically quiet days. Daily averaged agitatialhys Baker Laked’ ~ 73.7° sits between the first and the second
ues showed in the latitudinal dependence both for individua zone of enhanced magnetic activity. The comparison of the
seasons and for the full year on average, that the 3-hourysanmagnetic data of these two stations for the years 1953-1954
plitudes have one maximum @ ~ 65°, but there is no disss showed an interconnection between their disturbancesstate
turbance enhancement in the near-polar region, which dhoulbut no unambiguous evidence for the existence of the second
be expected in case of a second, high-latitude maximuia ofone of corpuscular precipitation that spans above Resolut
the agitation. uso  Bay.

3.11 Mansurov and Mishin (1960) investigated the Saby Whitham et al. (1960) analysed the latitudinal variation of
using data from high-latitude stations in the Northern £49)the magnetic disturbances based on 16 magnetic stations in
and Southern (11) Hemisphere. Again the 3-hourly K-ingexCanada with 54< @’ < 86° for winter, equinox, and sum-
was employed as measure of agitation. It was assumedsthamer periods of the IGY. They used the hourly amplitudes of
the Sa is controlled by local time and UT. That part, which horizontal components (H, X, or Y) as the index of magnetic
depends on local time, is described 8g(t) = So+ Ky cost—ues  activity and the levels of activity were determined for altal
a1)+.... They determined the amplitudes and phases afi¢theas well as separately for the disturbed and the quiet days. It
first harmonics and modelled the dependence of the ampliwas concluded, that there exists a maximum in the latitudi-
tude from geomagnetic latitudes for the winter and the sum-nal distribution atd’ ~ 67° for all seasons and for all activ-
mer season. During the winter, there exists only one maxity levels, in which during disturbed days the level reaches
imum at® ~ 67°, but during the summer season there:are~ 200 nT. Confirming the former results of Whitham and
two maxima atb ~ 66° and® ~ 77.5° in the latitudinal varinn  Loomer (1956), no anomalyffects were found at the sta-
ation with a deep minimum ab ~ 73’ in between. These tion Resolute Bay, which could indicate a second zone of
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enhanced magnetic activity in the proximity of the statien. imal deviation of these elements from the quiet time level.
Some activity enhancements at the station Al@rt~85.7°)2s The disturbance of one hour is estimated at most by fo,yr
close to the geomagnetic pole were assumed to be due.to E6-min intervals. Observations form 27 stations were used,
limited localized region of enhanced activity. 1 Which cover the high-latitudes of the Northern Hemisphere
3.14 Some progress in the analysis of regularities insthebetween 58° < @’ <88.1°. The IGY observations allowed
spatial-temporal distribution of the magnetic activityhégh-:s  at the highest level the use of homogeneous material both
latitudes came along with the researctiodgs of Burdas. for the interval length and time of the observations as well
(1960). Observational material of 30 locations were usedas with respect to the activity index. Diurnal and latitadin
unfortunately non-uniform in interval length, times of al- variations of the agitation were analysed separately fa-ma
servation and the activity index used. He devoted patticunetically disturbed and magnetically quiet days. The fofm o
lar attention in the study of the Sa forms, because the absathe diurnal variation depends on season and to a great extent
lute amplitude of the magnetic disturbance depends asseren the geomagnetic latitude of the observation.
tially from the season and the index used. Seasonal uaria- 3.16 The Sa has one maximum in the near-polar region
tions could not be deduced, since the observations at 16.{owturing the winter season converging to the midday MLT
of 30) locations were shorter than one month. The latitudi-hours (at stations Thulep’ = 86.2°, Resolute Bay,®d’ =
nal dependence on the maximum entry times in Sa appear83.0°, and Godhavn®’ = 77.5°). At lower geomagnetic lat-
to be more regularly when using the corrected geomagnetigtudes, this maximum shift to the morning hours and in the
latitude®’, which takes into account the position of the sta- Sa appears a second, evening maximum (stations Murchi-
tion with respect to the auroral zone. This means accogdingson Bay,®’ = 75.1°, Tikhaya Bay,®’ = 74.7°, Baker Lake,
to Burdo (1960), that the magnetic activity at any timesof ® =737°, Cape Cheluskingd’ = 71.6°, and Point Barrow,
the day is controlled by processes in the auroral zone.dh@’ =69.4°. At even lower latitudes, these maxima aréidi
activity is most intense at corrected geomagnetic latéuae. cult to discriminate as they merge to one single maximum ap-
64° < @’ < 66° between 01-03 MLT. This maximum splits:dp proaching midnight hours (stations Dixon Isladd,= 68.0°,
with increasing latitude and become®eetively two maximas:  Leirvogur, @’ = 66.8°, Kiruna, @ = 65.4°, College, @’ =
—one at morning and the other at nighttime. The distance:be64.7°, Murmansk,®’ = 64.1°, Sodankyh, ®’ = 63.0°, and
tween the two maxima increases with further shift towardtheMeanook®’ = 61.9°. The Sa forms are better controlled by
pole. A third (evening) maximum at 64 @’ < 66° comes iks. the corrected geomagnetic latitude (Hultqvist, 1958; &fsst
at 17-19 MLT. With increasing’, the morning and evening son, 1970) than by geomagnetic latitude. The stations Ju-
maxima convene more and more and converge finally.intdianehab ¢ = 70.8°, ® =68.7°) and Leirvogur ¢ = 70.2°,
one at®’ ~ 78 —80°, which is found at 10-12 MLT. In obss @’ = 66.8°), which are located at relatively high geomag-
servatories with the same distance to the auroral zonessbutetic latitudes, have only one near-midnight Sa maximum,
at different longitudes, the maximum occurs approximatelywhich is characteristic for the auroral zone, but the stegtio
at one and the same MLT. This fact serves as proof thatthdoint Barrow (¢ = 68.3°, @’ = 69.4°) and Cape Chelyuskin
universal time has practically no influence on the form of.5a.(® = 66.2°, @’ = 71.6°) at relatively low latitudes have clearly
Synchronous hourly values of the disturbance vesfigg 2. two maxima (nighttime and morning), which is charactetisti
at the stations Fort Ra&b(~ 69.7°) and Tromsg @ ~ 67°)ss  foOr stations at latitudes adjoining the near-polar regidhe
were compared for 15-16 UT, when these stations args.unkatitudinal anomalies in the Sa forms disappear, when cepla
der the intense current regions of the morning and evegindng the geomagnetic latitudé with the corrected geomag-
vortices, respectively. It turned out that the disturbanaiss netic latituded’. When moving from the auroral zone toward
both stations appear at the same time, i.e., with the ineseashigher latitudes, the morning disturbances shift to latenh,
of the disturbance intensity at one station it also incréades and the nighttime disturbances to earlier MLT hours. Drawn
the other. This disproves the conclusion of Nikolsky (1261) in polar coordinate®’ versus MLT, the maxima in Sa are or-
about the independence on disturbances during the masnindered along segments of spirals. The change in local time for
and evening hours. The disturbances thus appear simultane@arying latitudes s stronger for the morning maximum than
ously at the morning and evening side of the Earth, comprisfor the nighttime maximum. There are no longitudindteti-
ing the whole high-latitude region with maximum intensitie ences in the time of maximum appearance for the Sa. This is
close to the magnetic spirals. 1274 an evidence for the unimportance of the UT moment for the
3.15 The regularities of magnetic disturbances at :highpositions of maxima in Sa.
latitudes were studied by Feldstein (1963a) using data.ef a 3.17 In the summer season, the Sa behaviour is subject
global set of stations from the IGY period. Hourly Q-index to substantial changes. From the geomagnetic pole down to
values of magnetic activity were used, which allow the stzdy®’ ~ 70°, Sa is characterised now by one maximum in the
of diurnal and latitudinal variations of the activity (Beld.» prenoon MLT hours. At lower latitudes, one observes two
and Fukushima, 1956). This index characterizes the agaplimaxima of Sa: one in the post-midnight to early morning
tude variations of the horizontal geomagnetic field compo-hours and one in the afternoon to evening MLT hours. The
nent for 15-min intervals and accounts further for the max-Sa maximum in the afternoon to evening hours turn up as the
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o 63.0°), Cape Wellen®’ = 625°), Meanook (¢’ =61.9°), and

wo  Lerwick (@ =59.4°). The three distinct maxima in Sa are
5 obviously the characteristic pecularity of the summer geas
"1 during days of intense magnetic disturbances. Apart fran th

_ s dependence on the magnetic activity level, during the win-
—tize  t€r Season, as a rule, there exist not more than two maxima.
s The evening maximum does not appear related to the strong
=6 Weakening of the disturbance intensity wisid > 0 during

1327 these hours. Such disturbances exist, but they do not appear
p w22 as maximum in Sa at the background of the subsequent more
= INtense disturbances withH < 0.

1330 The intensity of the disturbances along the winter and

Figure 5. Dependencies of local geomagnetic time of Sa mM#&ki- summer s_plraI§ Is dierent. Dur_ln_g W|nter,_the nighttime
mum occurrence on corrected geomagnetic latitude for magfieto@Nd moming disturbances maximize at latitudes of the au-
disturbed days. a- winter, b summer 1 morning (M) maximur¥of foral zone and become smaller toward higher latitudes. This
agitation; 2 night (N) maximum of agitation; 3 evening (E) masd- decrease is very small titb’ ~ 75°, but at higher latitudes
mum of agitation (Feldstein, 1963a). 15 the disturbance decreases sharply. During summer, the dis-
s turbances along the evening and morning spirals increases
13z monotonically from mid-latitudes to the auroral zone and be
characteristic pecularity of the summer season as it is-missyond that till®’ ~ 72, but for the morning maximum it re-
ing in winter. Its appearance changes the form of Sa,fun-mains at a high level until the near-polar regiorbat 84°.
damentally during the transition from winter to summer,at  3.19 What is the nature of the spiral distributions in the
' ~60"+70. s time moments of maximum values in Sa? There exist essen-
The analysis of Sa based on the Q-index of magnetic,actially two assumptions in the public literature: firstlyggip-
tivity over all days of the winter and the summer season.gur-tation of corpuscular fluxes takes place along all spirals o
ing the IGY proves the existence of morning, nighttime,and at least along some of it (Nikolsky, 1956; Feldstein, 1963a)
evening agitation maxima &' > 60°. Thereby each seasQn or, secondly, the spirals are the places of convergentmurre
has its own specified maxima: during summer in the morpingiines of the equivalent current system (Harang, 1946; Burdo
and evening and during winter in the nighttime and morping 1960). In the first case, the morning and nighttime spirals of
hours. In the near-polar region one observes one single maxhe winter season should coincide with the position of auro-
imum during daytime hours. ws  ras in the zenith, i.e., with the auroral oval, as the pasitio
3.18 Fig. 5 shows the moments of maxima in Sa in pglarof auroras points at the places of precipitating electroitis w
coordinatesp’ versus MLT as observed during magnetically auroral energy into the upper atmospheric layers. The mag-
disturbed days of the winter (a) and the summer (b) seasometic disturbance can be the result of processes, which take
The basic characteristics of Sa are kept during all days implace far from the location of their records.
the winter season (Fig. 5a). The diurnal activity variation |n Fig. 6 (from Akasofu, 1968) shows the M, N, and E spi-
has two maxima — during morning and nighttime hours., [hera|s, obtained by Feldstein (1963a), together with the rliro
morning maximum appears at later morning hours with, In-oal according to Feldstein (1963b) in polar coordinabés
creasingd’, while the nighttime maximum appears earli€Lin yersus MLT. This compilation shows, that during magneti-
the evening hours. The nighttime maximum, however, shiftsca|ly disturbed days the nighttime spiral N and during morn-
faster toward earlier evening hours with increasiigthan., ing hours the M spiral are situated within the auroral oval,
for observations, which comprise the full day, andat 80°,.,, j e, within the region of precipitating electrons with ara
this diference in MLT attains four hours. The nighttipe energy. The N and M spirals, obtained from observations
maximum appears at all stations up to the highest latitygdesef the magnetic disturbances, are therefore positioneinvit
The morning maximum clearly traces from the near-polalre-the auroral oval of precipitating electrons. The eveninig sp
gion to the latitudes of the auroral zone. The segments ofa| E adjoins to the equatorial side of the auroral oval. This
the spiral, that correspond to the nighttime and morningSgs the region of the eastward electrojet and of precipigatin

extremes, establish a shape, which reminds an oval, whosgrotons with auroral energies and soft electrons (Starkav a
symmetry axis traverses the meridian 02—14 MLT. ws  Feldstein, 1970).

During magnetically disturbed days of the summer sea-
son (Fig. 5b), there are three clearly established maxima of
Sa activity at many stations. Three maxima appear arys<4 Spirals in the distributions of auroras
tal clear at the stations Arctica 2b(= 77.5°), Tikhaya
Bay (@’ = 74.7°), Cape Chelyuskind®’ = 716°), Dixon Iswe 4.1 The daily variation of the occurrence frequency of visi-
land @’ =68.0°), Murmansk (¢’ = 64.1°), Sodanky& (@ =0  ble auroras is an important aspect of the auroral activing T

~y

4

www.hist-geo-space-sci.net Hist. Geo Space Sci.



1371

1372

1373

1374

1375

1376

1377

1378

1379

1380

1381

1382

1383

1384

1385

1386

1387

18 Y. I. Feldstein et al.: Spiral Regularities

: ' SUN

; k - — ',-/ /
e N !
| MaG. A : ~

4

s

7%
2t

MAG,

N \
. (DISTURBE ' '%‘ \
X D) \ &.\Q\\\‘\\\

LS
N\

7
7

7
7

;
/

%

o
0
o" /

&«

L

s

SR
L)

"y

N

&80°

Figure 6. The M, N and E spirals determined by Feldstein (1963a) and the aunabby Feldstein (1963b) in dipole latitude and time
coordinates (from Akasofu, 1968, Fig. 9).

simplicity of its determination and the informative valuk® ation of the aurora occurrence frequency is characteriged b
this parameter for comparisons of the auroras with othesgeotwo maxima, one during late evening, the other during morn-
physical phenomena of the electromagnetic complex stimuing hours, and a minimum shortly after midnight. The morn-
lated the appearance of a multitude of publications insthising maximum at 05-07 MLT was afterwards interpreted as
field of research. Below we consider only a few of them, evidence for the existence of a second auroral zone in the
which generalize the observations and give general impsespolar cap, where the occurrence frequency of auroras and of
sions about acting physical regularities. 104 INtense magnetic disturbances maximizes (Nikolsky, 1960b

4.2 There is a tendency, that intense active discrete diforal "€ maximum during morning hours appears clearly in the
forms appear most often1 hour prior to magnetic midnigFfe daily varlathns of visual data sets at the stations Kingad-j
at latitudes of the auroral zone, as it was described byve{®’ ~77.8°) in Canada (Neumayer andoByen, 1886) and
gard (1912) according to the materials of the First Intétha-11khaya Bay @’ ~74.7°) at Franz Joseph Land (Pushkov
tional Polar Year (1882-1883). Additional to the nighttitie €t @l., 1937; Isaev and Pushkov, 1958). This maximum is
maximum, some high-latitude stations indicated a secgfftar @8PSent in the records of_some other stations. Analysing a
morning maximum (Tromholt, 1882; Isaev, 1940; Pushkoyv large amount of observational data, Hulburt (1931) comes to
et al., 1937). The accurate visual observations of aursrathe conclusion that the probability of the occurrence ofa se
performed by Tromholt at the station Godthaly ¢ 73.3°) ondary morning maximum is as high as its absence.
in Greenland attracted particular attention. The diuriaai-vo. Full-day visual aurora observations at Greenland are not
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possible even during winter season, because of the daylighdrises as a part of the spiral in the rangé 64 < 71° in the
period from~07-17 local time. This complicates the pregise evening sector. The publication of Malville (1959) is theffir
determination of the morning maximum and the frequerncyone, where the existence of a spiral regularity in the spatia
of its occurrence. Observations by Carlheim-Gyllenskigld temporal distributions of aurorae is mentioned. Later iswa
(1887) at the station Cap Thordsen, Spitzbergen(74.3°)4s«  extended both in latitudinal range and by including the dis-
where practically a full-day monitoring is possible, ces- tribution of the morning spiral.
firmed the existence of two maxima - one in the morning 4.5 During the IGY, a network of all-sky cameras operated
and the other during pre-midnight hours MLT. uer  at high latitudes, which produced photos of the sky in 1-min
4.3 Based on hourly observations of the years 1954—-495%adence with exposure times of 20 sec or 5 sec. The results
from 50 polar stations at geomagnetic latitudes 5™ <wueo 0f the perusal of the all-sky films were recorded in special
80, Feldstein (1958) concluded: 1) the nighttime maximum tables - the so-called ascaplots, which allowed to locdlize
attains maximal values at auroral zone latitud@s-(65°);.» aurora on the sky, to exclude intervals of illumination tgme
2) the shape of diurnal variations changes gradually witl-in and of bad meteorological conditions. The ascaplots were as
creasing latitude, and there appears a second maximusn isembled according to the instructions of fBtegen (1959).
the morning hours atd{ > 69°) with a smaller intensity ef. The full sky was divided along the geomagnetic meridian
the absolute value than the nighttime one. In the near-pelamto three zones: zenith (from 3@levation north to 30
region, the diurnal variation is sparsely developed and.dis elevation above the south horizon), North (fron? 16 30
crete forms appear likewise rarely both during nighttime.an elevation above the north horizon), south (front 16 30
morning hours. us  €levation above the south horizon). The extent of eachestrip
Lassen (1959a,b, 1961) investigated the diurnal variaioramounts to~ 3° of geomagnetic latitude. The report about
of auroral occurrences at 5 Greenland stations for the yearthe ascaplots of a global network of stations is given in An-
1948-1950. It was concluded that théfelient types of di=: nals (1962).
urnal distribution can be arranged according to the follew- 4.6 Feldstein (1960) determined the diurnal variation of
ing scheme: 1) at latitudes of the main auroral zone, thereauroral occurrence frequency in the zenith for 24 stations
is one maximum of auroral occurrence around midnight;of the Northern Hemisphere in the latitude rangé 69’ <
2) at latitudes from the main to the inner zone of auresas85°. Fig. 7 shows the characteristic shapes of the diurnal vari-
(8°-10 poleward from the main zone), there appears asecation for various latitudes. In the auroral zone and equator
ond, smaller morning maximum; 3) within the inner auraral ward of it clearly appears a maximum. It occurs-88 MLT
zone, one observes clearly two maxima - one around.saidin Verkhoyansk ¢’ = 56.6°) and around midnight MLT for
night and the other at06 MLT; 4) within the polar cap, thes @’ ~65° +66° (Murmansk,®’ =64.1° and Wrangel Island,
morning maximum dominates about the nighttime one. sub-®’ = 64.7°). At higher latitudes between 6% @' < 78,
sequently Lassen (1963) analyzed the results of visualebsethere exist two maxima - one in the evening hours, the other
vations at many high-latitude stations for the intervalla4. in the morning (Arctica | afd” ~ 72° and Piramida, Spitzber-
1% IPY (188283) and up to the begin of the IGY with respeet gen atd’ ~ 77°). With increasing latitude, the morning max-
to the daily variation of the frequency of auroral occuresie imum occurs later in the morning and the evening maximum
and obtained the following results: 1) stations in the alit.s 0ccurs earlier. Already ab’ ~ 80°, the auroras don’t emerge
nal range 64< ® <69 show a maximum near midnight;:2) at midnight as at auroral latitudes, but around midday. In
between 70< ® < 76° an evening and a morning maximum the polar cap (Arctica Il a®’ ~ 82°, the auroras are rare, but
of equal size are observed; 3) north df~ 77° + 78, thews if so, they appear mainly during daytime hours. The max-
morning maximum is dominating, it occurs late in the magn- imum around midnight a®’ ~ 73° + 75° appears in visual
ing. Lassen (1963) could not find a regular displacemest ofobservations of the full sky during th& IPY at Greenland
the evening and morning maxima. 10 and Spitzbergen as intense auroras with a southern azimuth
4.4 Visual observations in the above-mentioned investiga-at latitudes of the nighttime auroral zone.
tions considered auroral forms that are visible over the.en- The appearance times of the “nighttime” and “morning”
tire sky. Assuming an elevation of 100 km for the lower maxima in®’—MLT coordinates are distributed along two
borders of the auroras, such observations comprit@ ofises segment of straight lines. Transferring this relationshtp
latitude, from the northern to the southern horizon. Canseolar coordinates (Fig. 8), then it results in a pattern,alvhi
quently, only a limited latitudinal discrimination was pes reminds of an oval with minimum distance to the geomag-
sible. By determining the geomagnetic times of the maxi-netic pole on dayside hours and maximum distance at night.
mum occurrence probability for overhead auroras’iwidess The oval consists of two spirals with opposite sense. Fig. 8
latitudinal ranges, Malville (1959) demonstrated at theesst represents the first full display of spiral regularities e t
tions Ellsworth (0 ~ 67°) and South Poled§ ~ 77°), Antarcs=i:  auroras of the Northern Hemisphere. A similar double spi-
tica, that the maximum time occurs systematically easlierral distribution for the Southern Hemisphere was obtained
in the evening as the pole is approached from the awreraby Feldstein and Solomatina (1961). They are considered as
zone. This dependence in polar coordinabegersus MLTs« the starting point for introducing the term “auroral ovat’ i

www.hist-geo-space-sci.net Hist. Geo Space Sci.



1515

1516

1517

1518

1519

1520

1521

1522

1523

1524

1525

20 Y. I. Feldstein et al.: Spiral Regularities

Figure 8. Dependence of occurrence times of MLT “night” and
“morning” maxima in diurnal changes of probability of auroras
appearance in zenith on geomagnetic latitude in polar coordinates
(Feldstein, 1960). 1 — night maximum; 2 — morning maximum.

" ) P 126 €ra” of active space exploration.

£ t ! e i

50 e .\\ : 1527 4.7 Lassen (1963) used aurora observations at four Green-
sd . / . 12 land stations during the IGY to determine the diurnal vari-
ol / 120 ation of frequencies of occurence in the zenith as well as

e R A T T northward and southward of the zenith. At the sta}tions God-
: - ' : “sn havn @ =77.5°), Kap Tobin (' =727°) and Julianehab
12 (O =687°), auroral observations were not possible during
Figure 7. Diurnal variations of auroras appearance in zenith (¢fhi- 10 daytime hours because of the daylight. A Contlnu0u§ F:Iata
versal Time). 1 — Verkhoyansk; 2 — Murmansk: 3 — Wrangel Istd; S€t was achieved by the use of ascaplots from nine additional
4 — Arctic | (North Pole 6); 5 — Piramida (Spitzbergen); 6 — Aretic high-latitude stations in the Arctic and Antarkic. Four of
Il (North Pole 7). Figures along the axis of ordinates signifysthe them allowed auroral observations throughout the whole day
frequency of appearance of auroras at zenith (in percent). FHae arThe moments of maxima in the diurnal variation are allocated
row depicts local midnight, double arrow depicts local geomaggsgticclose to two segments of straight lines. In polar coordimate
midnight (Feldstein, 1960). 10 the maxima rearrange along two spirals of opposite sense.
10 These results coincide with the similar double spiral distr
1 bution shown by Feldstein (1960). Such a coincidence of the

solar-terrestrial physics’ S|gn|fy|ng the region’ whene s results of two independent inVEStigationS can be eXpeCted,
getic charged particles penetrate into the upper atmoep{qerCOﬂSidering the accordance in the selected data sets.

On the one hand the auroral oval is the region of the most 4.8 Magnetic disturbances and auroras constitutergint
frequent appearance of auroral forms in the zenith at a giveraspects of the same electromagnetic complex of phenomena
geomagnetic latitude, but it signifies also the actual zdine othat take place at high altitudes. The magnetic variations,
auroral lights for the given moment in time. The ovakis the one hand, which are recorded at the Earth’s surface, rep-
asymmetric with respect to the geomagnetic pole due testheesent the integralffect of the corpuscular fluxes and of the
deformation of the geomagnetic field by the solar wind..hecurrent systems in the ionosphere, covering a considerable
discussions about the conception of the auroral oval cestinpart of Earth, but the positioning of the auroras points di-
ued in the science community till the 70-ies of the past.een-rectly to the location of precipitating corpuscular fluxidest

tury as long as it didn’t find itsfdrmation in the “Sputnils: cause the magnetic disturbance.
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The discussion of the interrelationship between the awro5.2 Discontinuity in the ionospheric current of the auroral
ras of diferent types and the plasma domains in the mag- belt
netosphere and their structure is beyond the scope of the
present review. Detailed considerations about the preserk-2-1 The equivalent current system, which characterizes t
understanding of problems in auroral physics is containedntensity and spatial distribution of geomagnetic disaurtes
in the collective monograph on “Auroral Plasma Physies” at high latitudes, was introduced by Chapman (1935). It
(Paschmann et al., 2002). Results about the projectisn ofvas a major paradigm for a few decades. Its characteris-
the boundaries of various aurora types from ionospherigttev tic pecularity consists in two concentrated current flows in
into the magnetosphere and the relation of their emissionéhe auroral zone, which were named by Chapman as electro-
with the magnetospheric plasma domains are sumed up bigts: the eastward electrojet (EE) appears in the evening se

Feldstein et al. (1994) and Galperin and Feldstein (1998): tor and the westward electrojet (WE) on the morning side.
s Between these electrojets exist discontinuities duringva f

16 hours around midnight and midday.
1617 5.2.2 Harang (1946, 1951) confirmed with his investiga-
s tions, that the electrojets are located within the aurooakz
w0 at @ ~67° from evening to morning hours. This was to a
120 great extent due to the paradigm (ruling at that time) about
w22 the positioning of a particle precipitation region at thizde
The number of spirals appeared to be disputed, based sn tHgdes. The Harang study presented no drastic revision of the
analysis ofSp variations of the geomagnetic field as dis- conceptions regarding the structure of the high-latitugte ¢
cussed in the previous sections; according to Meek there: argent system. As before, the electrojets were associatéd wit
two (M and E spirals), while according to Harang-Bur@s— the auroral zone. According to Harang a discontinuity be-
Feldstein (“H.—B.—F.”) we have to deal with three of them tween the WE and EE is located at latitudes of the aurora
(M, N, and E spirals). Referred to Meek (1955), there ceuldzone but not along the auroral oval (yet unidentified at that
be only two spirals, namely one that represents the maxtime). The morphology of the night time discontinuity be-
imimum decrease of the horizontal componekit(< 0, M2 tween the electrojets was shown in detail in Harang (1946,
spiral) or the other that represents the maximum increasé&ig. 2). It does not come to an agreement with his statement
(AH >0, E spiral). A third spiral was not identified, as aleng about the discontinuity in the localisation at aurora zate |
it also appliesAH < 0, but with a smaller amplitude thandn itudes. The electrojets overlap each other in the dusk secto
the deepest minimum. According to H.—B.—F., the spirals(in the sense that the EE and WE coexist at the same local
match both extremal values iiH < 0 and a sign change:in time but at diferent latitudes ) and the westward current is lo-
AZ. The number of extremal values in the diurnal variation cated there poleward of the eastward. Between the eletstroje
of AH changes in dependence on magnetic latitude fromsondhere exists no discontinuity, according to his data, bilitera
to three (the M, N, and E spirals). Three characteristic geak a gap, whose latitude varies between evening and nighttime
were also found in the diurnal variation of the Sa actiwty hours. The westward electrojet is not delimited by the mid-
(Chapman and Bartels, 1940; Nikolsky, 1951, 1956; Bureo,night meridian, but extends toward the evening sector,-posi
1960; Feldstein, 1963a). Also Akasofu (2002) distinguishstioned at higher latitudes with respect to the eastwardrelec
three spirals M, N, and E. 1wa jet. Due to this, the electrojets don't stay strictly withire

The magnetic spirals specify regions, where concentrate@uroral zone ab ~ 67° from the evening to the morning side,
isolines of the ionospheric equivalent current sys@mdesss but comprise also slightly higher latitudes. For the wester
scribe the magnetic field variations at high-latitudes. #wo electrojet during nighttime any discontinuity is absehg jet
spirals form the current oval: for Meek (1955) it consists<of rather continues steadily in LT from morning hours over the
the westward (M spiral) and eastward directed currentss (Enighttime to evening hours.
spiral), while for H.—B.—F. only of westward directed (M and  5.2.3 According to Burdo (1960) the latitude of the dis-
N spirals). The current direction in the spirals is not unam- continuity between the electrojets increases fibm 65° at
biguously related to the direction of its winding: in thesM midnight to®’ ~ 75° at~ 20 MLT. Those processes that lead
and N spirals with westward currents, the winding is in:dif- to the generation of currents, which are responsible for the
ferent directions; in the N and E spirals, which turn in.ene observed geomagnetic variations, are both for Harang and
and the same direction, the direction of the current isep-Burdo the precipitation of corpuscular fluxes at auroralezon
posite to each other. The winding of the spiral is alsasnaotlatitudes (the existence of an auroral oval was not known at
determined by the sign of the charged particles that pregipithe time of their publications). Currents at higher latéad
tate into the upper atmosphere. Particles of the same sign astart-up due to the dynamdfect. The existence of dynamo
precipitating along the M and N spirals (electrons of autera electric fields is also necessary, as they are generatexdat io
energy, that are forming the oval), but the winding diregtio spheric altitudes owing to the neutral wind motion within
of these spirals diers. s these layers. The dynamo current system at ionospheric alti

5 Interpretations of the spiral regularities in mag-
netic field variations and auroras

5.1 Magnetic spirals, their number and correlation with
the ionospheric current system
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tudes is two-dimensional and controlled by processes insthe
upper atmosphere close to Earth. 1714
5.2.4 The discovery of the auroral oval brought abaut a
new stage for the interpretation of the discontinuity betme
the electrojets. This discovery led to a fundamental chamge
the conception of the planetary morphology concerning:the
electro-magnetic complex in the near-Earth space (Akasofu
and Chapman, 1972). The active auroral forms and hence
the most frequent and most intense corpuscular precipita-
tions into the upper atmosphere are distributed along the.au
roral oval and not along the auroral zone. It was shown,;that
the westward electrojet runs along the auroral oval from.the
evening to the morning MLT hours (Feldstein, 1963b; Reld-
stein and Zaitzev, 1965b; Akasofu et al., 1965; Akasofu-and
Meng, 1967a,b,c; Starkov and Feldstein, 1970). 1726
The location and configuration of the auroral oval is inti-
mately connected with the asymmetric shape of the Easth's
magnetosphere in the Sun-Earth direction (O‘Brien, 1.963;
Frank et al., 1964; Feldstein, 1966), with the plasma steuc-
ture of the magnetosphere (Vasyliunas, 1970; Frank, 1971;
Winningham et al., 1975; Feldstein and Galperin, 1985),-and
in particular with the plasma sheet in the magnetosphegric
tail. The eastward electrojet runs in the evening sectes at
latitudes of dffuse luminosity, adjoining the auroral oval;at
the equatorial side. This luminosity is caused by the pregip
tation of low energy electrons from the inner magnetosphere
with energies up to- 10 eV, which are convected from the
plasma sheet in the Earth’s magnetotail (Nishida, 1966&}-F¢l
stein and Galperin, 1985), and by protons with energies of
~ 10 keV, which are formed in the magnetosphere in the par-

Y. I. Feldstein et al.: Spiral Regularities

in the ionosphere and the discontinuity between them
are caused by the precipitation of auroral particles and
therefore the enhanced ionospheric conductivity at lati-

tudes of the auroral oval as well as by the neutral wind

system in the ionosphere. The dynamo action is respon-
sible for the appearance of a 2-D current system at iono-
spheric heights;

Feldstein—Akasofu (FA) — no discontinuity, but rather
a gap between the eastward and westward electrojets.
The morphology of the current gap is analogue to the
current discontinuity of HB, but the physical reason for
the gap appearance idldirent. In actuality, there occurs
no discontinuity of the electrojet, because in the west-
ward electrojet any discontinuity is missing. The elec-
trojet does not break apart, but continues from night-
time to evening hours, shifting toward higher latitudes.
Resulting from that, between the electrojets appears
a gap. This gap reflects the boundary of large-scale
plasma structures in the nightside magnetosphere. The
westward electrojet along the auroral oval is connected
with the central plasma sheet in the magnetospheric tail,
while the eastward electrojet — with the Aéfw layer in

the inner magnetosphere (Feldstein et al., 2006). The
electrojets appear as elements of a 3-D current system,
which extends throughout the Earth’s ionosphere and
magnetosphere (Lyatsky et al., 1974; Akasofu, 2004,
Marghitu et al., 2009).

tial ring current of westward direction (Grafe et al., 1997; 6 Current systems of polar magnetic disturbances

Liemohn et al., 2001). Its short-circuit by FACs through the

ionosphere causes the appearance of the eastward eleetrofel The description of geomagnetic field variations by means
in the ionosphere. This way the emergence of the auroralevadf equivalent currents ationospheric level and later aistsi

conception combined the existence of the gap betweensthd-D extension within the Earth’s magnetosphere, has a long
eastward and westward electrojet with the magnetospherifistory. The sequential progression of perceptions in this

plasma structure. 1745

field of geophysics was accomplished by the contributions

5.2.5 In the course of 30 years (from 1935 till 1965), beth of such “titans” of science like Kristian Birkeland, Sydney
the morphology and the physical conception of the night-Chapman, Hannes Alén, Takesi Nagata, and many other

time discontinuity in the equivalent ionospheric curreyg-gs

outstanding scientists. It is beyond the scope of this vevie

tem changed successively, Heppner (1972) proposed tescalp consider this history, we rather have to confine ourself
it the Harang discontinuity. This term has been consolilate to a short demonstration of the present-day views about the
since that time in the scientific literature as designatibn: o spatial-temporal characteristics of the current systerien

the discontinuity between the electrojets. Note that thgsex near-Earth space (Akasofu, 2002; Feldstein et al., 2006).
tence of the discontinuity was found by Harang in 1946 (see, 6.2. Modelling of equivalent ionospheric currents, based
e.g., Zou et al., 2009). Apparently, when discussing the-dis on magnetometer data on the Earths surface, can be realized
continuity between the electrojets as a natural phenomesorwith different methods. The direction and intensity of the lin-
debated intensively for a long time, one has to give credit toear current can be found by rotating the horizontal magnetic

various cutting-edge researcfiats: 1757

— Chapman-Harang (CH) — discontinuity at auroral Z8he
latitudes during near midnight hours;

disturbance vector clockwise by 9Kamide and Akasofu,
1974; Baumjohann et al., 1980). Based on data from 70 mag-
se Netic observatories, including six meridional chains ofyma
o Netometers, Kamide et al. (1982) obtained the spatial dis-

— Harang—Burdo (HB) — for increasing latitude of the dis- tribution of ionospheric current densities for four UT s
continuity in the evening sector, it shifts from mie- sections during a substorm on 19 March 1978. An overview
night to evening hours. The generation of electrajetsof various techniques used for simulations of the equivalen
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currents from ground-based magnetometer data was given bine DP intervals. Such patterns are usually used for gener-
Untiedt and Baumjohann (1993). 14 alized representations of perturbed geomagnetic fieldbvect

6.3. Kotikov et al. (1991) developed a practical inversion distributions on the Earths surface. Fig. 9a-e shows sckhema
scheme to infer the fine structure of the auroral electsejetically various current system patterns, that were reparted
by utilizing a series of linear ionospheric currents (50sal- the literature by diferent authors. They comprise the classi-
together) of diferent intensities located at 100 km altitude. cal two-vortex current system (Chapman, 1935; Fukushima,
The current distribution was adjusted to fit measurementsl953) (Fig. 9a), the single-vortex system with a WE along
on the Earth’s surface. This numerical method for estima-the auroral oval (AO) and closure currents through the po-
tion of equivalent ionospheric currents, using magnetidifie lar cap and at mid-latitudes (Fig. 9b) reported by Feldstein
observations along meridian chains of ground-based vectof1963b) and Akasofu et al. (1965), and the two-vortex sys-
magnetometers, allows not only for the determination afthetem with a WE within the boundaries of the AO and with an
latitudinal distribution of the ionospheric current ing#ty2c  EE in the evening sector &t ~ 65° (Feldstein and Zaitzev,
but also for the separation of the contributions to theseb-1965b) (Fig. 9c). It was concluded that during substorms the
served geomagnetic variations of the fields from extesnalWE extends to all longitudes along the AO and its intensity
(ionospheric and magnetospheric) and internal (inducegr bylecreases from midnight to noon hours. The EE as a separate
telluric currents) sources. Popov and Feldstein (1996)%-anaturrent system, rather than a return current from the WE, is
Popov et al. (2001) suggested a refinement of the Kotikovlocated atd ~ 65° in the evening sector.
method by approximating the auroral electrojets with ase- 6.6. A modification of these patterns (Fig. 9d,e) for sub-
ries of narrow current strips of finite width. The strips with storm and storm intervals was realised by Feldstein et al.
currents of diferent intensities were distributed along a geo- (2006). The space-time distribution of currents and their
magnetic meridian at 115 km altitude over the range ofsdat-structure at high latitudes during a polar magnetic substor
itudes covered by the ground magnetometer stations. isBotlith an intensity of AL~ -800nT is shown in Fig. 9d. The
the accuracy of the method and its spatial resolution sverdocations of the WE (red strip), EE (green strip) and PE (po-
considered in detail by Popov et al. (2001). 13 lar electrojet: dark blue strip) are shown.

6.4. Feldstein et al. (2006) applied the refined metheg of 6.7. The narrow strip (23° width in latitude) of the PE
Popov and Feldstein (1996) to some substorms and asmagds located at the latitudes 7& @’ < 80° under quiet mag-
netic storm in order to obtain the location and distributbdss netic conditions. These are typical for the ionospheric pro
eastward and westward electrojet intensities as a funofien jection of cusp latitudes around noon. At substorm maxi-
latitude. For that study were used data from three metigiarmum both PE and cusp shift towardis- 73° + 75° (Fig. 9d).
magnetometer chains: the IMAGE chain along the°1Q@Ges:2 Both intensity and direction of the PE are controlled by the
(corrected geomagnetic) longitude meridian; the GWC chainMF B, component (eastward fdB, > 0 or westward for
along the 40 CG longitude meridian; the CANOPUS chain By < 0) [Feldstein, 1976 and references therein]. A number
along the 330 CG longitude meridian. 15 Of pioneering investigations, devoted to PE and its connec-

The observed magnetic field variations in the verticak Z tion with IMF, are quoted below. Svalgaard (1968) was the
(downward) and horizontal H (northward) components atanyfirst who indicated the existence of two characteristic $ype
point “I" along the geomagnetic meridian at the Earth’s:sur- of magnetic field variations in the polar regions. The dis-

face due to a single current strip is given by 10 turbances occur simultaneously in the north and south po-
) 10 lar caps and are controlled by the IMF sector polarity. The

Hoe(l) = 4L {arctanxi +d o rctar® _d} ()= dependence on the magnetic field variations in the polar re-
2r h h 12 gions on the IMF sector polarity was independently obtained
i h2 + (x; +d)? s Dy Mansurov (1969). Friis-Christensen et al. (1972) and

Zex () = Ar I”{m} (") Sumaruk and Feldstein (1973) discovered independently and

15 Simultaneously, that those magnetic field variations ate no
wherej; is the current density in thi&' strip, d, h, andx; aresss controlled by the IMF sector polarity, but by the direction
the half-width, the altitude, and the distance from the obse of the IMF azimuthalB, component. Friis-Christensen and
vation point to the ground projection of the centre of tfigs  Wilhjelm (1975) and Feldstein et al. (1975) used a regres-
strip, respectively. Using these expressions for eacheoKtls  sion method for extracting thB,-controlled fraction of the
magnetometers in the chain we obtain 2K equations to deterhigh-latitude magnetic field variations and identified the-c
mine the current densities in N strips£M00). If N>2K, thes: responding equivalent DPB) current systems. The de-
problem is underdetermined and the solution is not uniguetailed description of this type of magnetic field variati@msl
In order to constrain the solution the regularization mdtto corresponding DP®;) current systems can be found in the
developed by Tikhonov and Arsenin (1977) isused. s review (Feldstein, 1976, and references therein). The PE is

6.5. Latitudinal current density distributions for evesy a characteristic feature of DPBy() current system. The PE
chain with a 10-min cadence were the basis for the creationintensity during the summer season for the IR 6 nT is
of equivalent ionospheric current patterns in the course of~1.8x10° A.
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.____D_O____.
el AL =-1200nT, Dst=-150nT
12

00 00

Figure 9. Schematic view of the electrojet’'s space-time distribution at ionospheric &stud) classical current system according to
(Fukushima,1953); b) single-vortex system with westward electrojegaioe auroral oval according to (Akasofu et al., 1965); c) double-
vortex system with westward electrojet along the auroral oval and e@kselectrojet in the evening sector at latitudes of the auroral zone
according to (Feldstein and Zaitsev, 1965b); d) the magnetosphestosubwith AL ~—-800nT; €) the magnetic storm main phase with
AL ~-1200nT, Dst~—-150nT (d and e by Feldstein et al., 2006).

6.8. During substorm intervals the characteristics ofsthe hours, become most intense in the evening MLT, and

eastwardvestward currents as far as their intensities ang.do- reach auroral latitudes at nighttime hours. The EE com-
cations are concerned, can be summarized as follows: isss prises the evening sector from early evening to midnight
1886 hours and is located at lower latitudes when approach-
— westward currents are most intense after midnight hgurs ing midnight. During midnight the EE latitude is the
at auroral latitudes of 65< @ <70°, and are shifteg, same as that of the WE equatorward edge. Both the EE
to cusp latitudesd ~ 73°) in the morning and evening width and its intensity reach maximum values during
sectors. Its latitudinal width is- 6° during midnight;,,, dusk hours:
dawn hours. As seen in Fig. 9d the WE does not cover
all MLT hours (contrary to Figs. 9b,c) during the sub-  — eastward currents are located just equatorward of the
storm, but is seen only within evening-night-morning westward currents for evening hours where currents in
hours. During pre-noon and late afternoon hourssthe opposite directions overlap in latitude. During evening
WE adjoins the cusp, i.e., it is magnetically mapped.to hours, when overlapping occurs, the maximum east-
the magnetopause; 1895 ward current intensity is higher than the westward cur-
1896 rent intensity at the same local time;
— eastward currents in the evening sector start from cusp
latitudes (¢ ~ 73°) during the early afternoon Mbi, — the EE shown in Fig. 9d is not a closure current for
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the WE at higher latitudes, contrary to Fig. 9b, andksis strong poleward-directed electric fields driving fast ptas
not located in the auroral zon@ (~ 65°), contrary tes convection bursts at subauroral latitudes in the evening lo
Fig. 9c. During early evening hours the EE adjoinssthe cal time sector and called them polarization jets (PJ). The
ionospheric projection of the cusp (CU), i.e. the Ek.is new name SAPS (Sub-Auroral Polarization Stream) is gen-
magnetically mapped to the magnetopause duringsthiserally accepted nowadays for this phenomenon (Foster and
MLT interval. 13 Burke, 2002). In Fig. 9e the location of the bursts are indi-
, . . 105« cated by a yellow line, the longitudinal prolongation of wini

Itis clear from Fig. 9d that the WE is located along M BQd is adapted from Foster and Vo (2002). Galperin (2002) pro-

N spiral segments, but it does not cover the MLT hourslgleearposed a model that explains the formation of PJ or SAPS

midday. Such peculiarity in the WE structure is determl'g':—,'yedduring magnetic substorms and storms in the evening-to-

by the character of its connection with the central pla}sassgnanighttime sector of the discontinuity region between the au

Z?:Istelgutgteo:Cv?a%]:tgfsﬂée\r/{flzta;io-r:gihiiSsg)ifjlted 'mqs]sgd"roral electrojets. A detailed consideration of the intierre

1we0  tion between auroral luminosity, FAC and PE during mag-

6.9. In Fig. 9d the location of the projection of the plasma- qic gisturbances in the dayside sector was given by Sand-
pause (PP) to ionospheric altitudes is indicated by thelquas holt et al. (2004)

circle (blue). There is a latitudinal gap (of a few degrlegées)

b he PP and EE that d h hinde 6.12. To show the structure of magnetospheric plasma
etween the an that decreases when reachin sp'gHBmains and the 3D current systems, a cross-section of the

hours. During substorms this latitude gap is comparaqgg arth's magnetosphere is displayed in Fig. 10. It is shown

the EE w@th. o . 10es_there with cuts in the midday-midnight meridional plane and
6.10._F|g. 9e shows_the distribution O.f equalen_t currlgerg_tsin the equatorial plane, using ground-based observatibns o

_anq their structure during the storm main phase with agtivit yigerent auroral luminescence types and auroral precipita-

indices of AL~ ~1200nT and Dst=-150nT. The follow: i (Galperin and Feldstein, 1991). The majority of plasma

ing characteristics of the electrojet dynamics are apPATEN  domains seen in the figure are directly related to large-

— during evening hours both the EE and WE shift egua-Scale current systems in the magnetosphere. Such FAC sys-

torward and the intensity of the electrojets increases: tems exist permanently in the magnetosphere (Maltsev and
w3 Ostapenko, 2004).

— the eastward and westward current intensities in,;the 6.13. The 3D structure of currents in the near-Earth space
evening sector imply that the EE cannot be the capseis enclosed by the magnetopause. The currents screening the
quence of the WE closing through lower latitudes; itds magnetic field of the inner magnetosphere from penetrating
likely that these electrojets are signatures dfedlent,; into the solar wind are located on the magnetopause. These
geophysical phenomena; ws  eastward Chapman-Ferraro (CF) currents screen the dipole

_ at the peak of the storm main phase the equatoﬁWarJ'eld' The magnetopause screening currents for the ring cur-

boundary of the CU (and hence the PE) shifts t6 65° _rent (RC) fields are in the same direction, _but their |nteyn5|_t
. o e . 1w IS @n order of magnitude weaker. The tail current (TC) in
@’ <67° and the width is 2+ 3°. During the late morn- L .
. : 1082 the central plasma sheet (CPS) is in the dawn-dusk direc-
ing and early evening hours the westward currents ad-. . .
o ] wss  tion. The closure of the TC is attributed to currents on the
join the PE; ) . . .
18« Magnetopause which exist not only on the night side, as well
— at the main phase maximum the EE during near-neorestablished, but on the day side as well. In Fig. 10 the TC in
hours adjoins the CU ab’ ~ 65°, the WE is absent ins the equatorial plane of the magnetosphere is indicated by tw
the day-time sector; 1w vVectors. At midnight one of them is located in the innermost
) s part of the current sheet, the other along its boundary.rThei
— the WE asymmetry with regard to the noon-midnight continuation on the magnetopause can be seen. However, the
meridian is valid for storm intervals (similarly to the first remains in the tail and the second reaches the day side
substorm intervals). However, the asymmetry pafiernof the magnetopause where the directions of the CF and TC
changes essentially; in the night sector the WE pgle-are opposite as seen in Fig. 10. Since CF currents are always
ward boundary is located at higher latitudes than thg PEnore intense than TC closure currents the resulting current

in the noon sector; e 0N the day side is always eastward.

— the WE in the midnight and early morning sectors H a 6.14. The field aligned current flowing into and out of the
current density of 1.6 kA/km, and the integrated ciif? ionosphere in the vicinity of the PE are located on the cusp
rentis~2<3 MA ' ' 107 SUrface. In Fig. 10 PE-FACs are indicated by two green lines

1w (NOt vectors) along the magnetic field. The PE-FAC direction
6.11. During the main storm phase the bursts of thesionis not shown since it is controlled by the IME; component:
drift velocity attain as much as 4 knys at subauroral latie underBy >0 (B, <0) the current flows into (out of) the iono-
tudes (outside of the plasmapause) in the region of theianosphere along the cusp inner surface and out of (into) it along
spheric trough. Galperin et al. (1974) was the first to reportits outer surface. The ionospheric closure of the inflowing
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Figure 10. The 3-D system of electric currents in the magnetosphere during magdisticbances (Feldstein et al., 2006). Descriptions of
the current system and the magnetospheric plasma structures aréngive text.

and outflowing PE-FAC is by Pedersen current. Its diregtioncated by three vectors for day, dusk, and nighttime hours. It
in the ionosphere is identical with the direction of the.s0- is generally believed, that the Region 2 FACs are located in
lar wind electric field componer¥ x By, i.e. underBy > 0.2 the inner magnetosphere and part of a single current system
(By < 0) the electric field in the cusp is poleward (equater- with the EE and PRC. As seen in Fig. 10, the Region 2 FACs
ward) at ionospheric altitudes. In the cusp the Hall cussentare flowing into the ionosphere during evening hours and are
in the form of the PE, spreading in the ionosphere (out afsthelocated in the magnetospherelat 4. In the early afternoon
cusp) is generated by this electric field. The PE is eastwardector, where the EE adjoins the PE, the Region 2 FAC in the
(westward) undeBy > 0 (B, < 0). 2034 €quatorial plane of the magnetosphere is near the LLBL.
6.15. The Region 1 FAC in the dusk sector is usuallysee- 6.17. The auroral electrojets present a continuation of the
lieved to be mapped magnetically from the ionosphere tathé=ACs at ionospheric altitudes. Eastwavdstward electro-
low latitude boundary layer (LLBL), i.e., to the peripherfx6 jets are connected with magnetospheric plasma domains (the
the magnetosphere, in the vicinity of its boundary withsdthe Alfv én layer/ the CPS) via FACs. In known models of the
solar wind. Such a pattern is valid for Region 1 FAC dusiag EE, the Pedersen current in the ionosphere along with the
day-time hours only and is shown by a current arrow, restingRegion 2 FACs constitute Bostrgm’s Case | current system
against the LLBL. During the dusk to pre-midnight hours, (Bostiom, 1964). At the same time, the Region 2 and Re-
where Region 1 FAC is located at AO latitudes, FACs inflaw gion 1 FACs in the evening sector constitute Bostrgams Case
to the CPS, i.e., into the deep magnetosphere. In Fig. th@ current system. The northward electric field between these
second current arrow of the Region 1 FAC crosses the equaFACs leads to Hall currents along the EE. Hence, the EE has
torial cross-section of the magnetosphere in the dusk.seca joining dfect of Pedersen and Hall currents in the iono-
tor of the CPS behind the TC vector that depicts the cuskensphere.
along the TC boundary. =7 6.18. As mentioned above, a characteristic morphologi-
6.16. The Region 2 FAC flows into the ionosphere fram cal feature of auroral electrojets exists in the evening sec
the Alfvén layer periphery, where the partial ring curtent tor, namely in their overlapping. This is due to an additlona
(PRC) is located. In Fig. 10, the Region 2 FACs are ingli- Region 3 FAC current flowing into the ionosphere from the
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PSBL during intense magnetic disturbances. A triple xAC 7. The spiral distributions are not related to the dynamo ac-

structure arises. In addition to the Region 1 FAC andxke-
gion 2 FAC, the Region 3 FAC (flowing into the ionosphese)
located on the poleward boundary of the auroral precipita-

tion region appears. As a result, the necessary presgqui-

sites for overlapping auroral electrojets are created. UAlsm.
ward electric field, favourable for the appearance of west-
ward ionospheric Hall currents near the PC boundarys.ap-
pears between the Region 3 FAC and Region 1 FAC.:As a
result a spatial overlapping of electrojets takes placesoAd
worth noting is that the WE represents the resultdiigot 0f.os
Pedersen and Hall currents in the ionosphere.

2110
2111

7 Conclusions

2112

Spiral distributions (spirals) were used in the first staga-6*
vestigations for explaning the positioning of chargedipkat
fluxes, precipitating into the upper atmosphere. Later they,

A

tion at ionospheric heights. The existence of the spirals
and their distribution is determined by large-scale struc-
tures of plasma domains at the night side of Earth. The
M- and N-spirals are connected with the inner (near-
Earth) part of the central plasma sheet in the magneto-
spheric tail. The E-spiral relates, however, to the region
between the central plasma sheet and the plasmapause,
where the partial ring current is situated in the evening
sector and where the low-energy plasma drifts in sun-
ward direction out of the central plasma sheet.

. There is no discontinuity between the westward and

eastward auroral electrojet at a fixed latitude around
midnight, but rather a gap, the latitude of which in-
creases smoothly from nighttime to evening hours.
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acterize the spirals in magnetic disturbances and auroras.
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