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Abstract

The space-time distribution of the discrete aurorae in the polar cap
and of the zone aurorae is discussed. Special attention is paid to the
dynamics of the association of aurorae with polar magnetic disturbances
and ring currents in the magnetosphere. A scheme of the dynamical
morphology of aurorae including the observed regularities in their
movement accompanied by the appearance, development, and extinction
of polar magnetic disturbances is presented for the northern hemisphere.

The morphological and phenomenological features of aurorae during
the solar maximum (IGY) and minimum (IQSY) are compared.

I Introduction

Aurorae are the luminescence of the upper rarefied atmospheric layers.
Earlier Birkeland (1908) showed that aurorae were possibly due to the
intrusion of energetic charged particles from space.

It is usually assumed that the discrete pronounced visual forms of aurorae
are due to atomic and molecular excitation under the influence of energetic
electrons for which £ < 10 keV. This was confirmed by direct rocket measure-
ments (Mcllwain 1960, Davis, Berg, and Meredith 1960). It is usually assumed
that these electrons intrude into the atmosphere from the geomagnetosphere
or from the region of the neutral line on the day side of the earth (Piddington
1965, Shabansky 1968, Axford, Petschek, and Siscoe 1965, Dessler and Juday
1965, Dungey 1968, Pletnev er al. 1965, Ponomarev 1966, Akasofu 1966b,
Omholt 1963). However, the discrete structures in aurorae are likely to be
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due to the ionospheric electric discharge accompanied by the appearance of
energetic electrons in the ionosphere (Lebedinsky 1952, 1956). Proton intru-
stons do not result in the appearance of pronounced structural formations
but form vast regions of homogeneous diffuse glow.

Aurorae differ from the weak and relatively stable airglow by a high ratio
of the intensity of the 3914 A line of the N;* First Negative band to that of
the 5577 A Ol line (Dalgarno 1965, Cummings et al. 1966) and also by close
correlation of the auroral morphology with the geomagnetic field.

A historical review of the development of ideas about the aurorae before
the IGY was given by Chapman and Akasofu (1964) and the morphology of
aurorae has been surveyed by many workers (Harang 1951, Stérmer 1955,
Chamberlain 1961, Elvey 1964, Paton and Evans 1964, Bates 1960, Hultqvist
1964, Khvostikov 1963, Schneider 1964). On the basis of the results of visual
observations of aurorae for a number of centuries, Fritz (1881) plotted a map
of the isochasms of equal average frequency of auroral visibility. Vestine
(1944) prepared a subsequent map of isochasms from visual observations
during the First and Second International Polar Years (1882-1883, 1932-1933)
and data on magnetic disturbances. The peak isochasm along which the
aurorae are observed practically every clear night, i.c. with 100 per cent
frequency, is located along the so-called corrected geomagnetic latitude
M = 67° (Hultgvist 1958); the approximate position of the peak isochasm in
the southern hemisphere has been determined by White and Geddes (1939)
and Vestine and Snyder (1945).

The latitude range in which aurorae are most frequently observed has been
named the auroral zone; its boundaries are the isochasms with a definite
probability of auroral occurrence. This zone is customarily called the Fritz
zone. Instead of isochasms, the auroral zone may be defined by isoaurores
(lines of equal average frequency of occurrence of overhead aurorae), and the
location of the auroral zone is determined from statistical data based on the
probability of auroral occurrences in excess of a certain given value, for ex-
ample, 0.1 (Davis 1950, Malko 1966) or 0.6 (Sandford 1964, Feldstein 1966b).

[n investigating the morphology of aurorae one has often to discuss the
boundaries of the region in which at a particular instant aurorae are over-
head. We shall call this region the auroral belt. The notion of the zone appears
as a result of the statistical averaging of the instantaneous patterns of aurorae.
Such an averaging may be made both for definite geophysical conditions
evaluated by the geomagnetic activity indices and for definite periods of time.

Ideas about the location of the auroral zone were significantly altered as a
result of the analysis of the IGY-I1GC observational material (4nn. IG Y 1962,
1964). It appears that distinct forms of aurora exist practically continuously
during the near-midnight hours at geomagnetic latitude @' ~ 67°. During the
evening and morning hours such forms are observed predominantly at higher
latitudes and near midday they are observed at &’ ~ 76-77°. The region of
overhead aurorae is located eccentrically with respect to the geomagnetic
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pole: in the day-time this region is 10° closer to the pole than at night-time.
This eccentrically located region is called the auroral oval. To a rough
approximation, one may assume that the auroral oval is fixed in space with
respect to the sun, and the earth is rotating below it, i.e. the luminescence
region hangs permanently over the rotating earth. The Fritz zone in such a
model is a region on the earth’s surface over which the near-midnight portion
of the oval is passing. In this approximation, three regions should be distin-
guished: the polar cap, the auroral oval, and subauroral latitudes. The region
inside the auroral oval is related to the polar cap and that at the equatorial
oval 1s related to the subauroral zone. Depending on the local time, one and
the same station may be located (during a 24-hour period) in different regions:
in the polar cap, in the auroral oval, and in the subauroral latitudes. The form
and the width of the auroral oval depend on the intensity of the polar
magnetic disturbances DP and ring current DR.

Depending on the nature of the exciting agent (electrons or protons), the
energies of the charged particles, and locality, the aurorae may be divided
into several groups:

I. Polar-glow aurorae. The main exciting agents are the low-energy
protons and alpha particles of the solar cosmic rays in the energy range from
100 keV to several MeV, and, probably, protons of even lower energies,

These particles are generated in the solar flares. A description of the
polar-glow aurorae is given by Sandford (1967b).

2. Hydrogen luminescence along the auroral oval due to protons with
energies of 1-10 keV (Chamberlain 1961, Galperin et a/. 1966) and according
to some determinations up to 100 keV (Evlashin 1964, Murcray 1966). This
luminescence, which is due mainly to the proton intrusion, was called by
Ombholt (1963) the hydrogen aurora. The protons intrude as a band of size
from several hundreds to thousands of kilometres (Galperin 1959, Vallance
Jones 19635, Evlashin 1963, Eather and Sandford 1966, Krasovskii 1961).

The hydrogen emission band undergoes a systematic drift towards the
equator during the evening hours and towards the pole during the morning
hours (Galperin 1959, Rees and Reid 1959, Montbriand and Vallance Jones
1962). The occurrence of hydrogen emission in the evening at a station at
@ ~ 65° precedes the occurrence of electron aurorae (Galperin 1959, Romick
and Elvey 1959). Stoffregen and Derblom (1962) consider that in the evening
the proton aurora is located nearer the equator than are the structured
auroral forms, and in the morning closer to the pole. These results are con-
firmed by Vallance Jones (1965) and Evlashin (1969) but disagree with the
data of Galperin (1959) and Eather and Sandford (1966) according to which
proton aurorae are always located nearer to the equator than electron
aurorae. According to Krasovskii (1967), Eatherand Jacka (1966),and Ombholt
et al. (1962) hydrogen luminescence is observed in the diffuse forms but not in
bright electron aurorae. However, an increase in the hydrogen emission in the
bright structural formations has been found by Chamberlain (1958).
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3. Discrete aurorae in the polar cap characterized by pronounced forms.
The occurrence of such aurorae is restricted within the region of magnetic
lines of force forming the magnetospheric tail. The exciting agent is electrons,
probably with energies which do not as a rule exceed 500 eV.

4. The oval zone aurorae. The exciting agent is electrons probably with
energies of several keV. These aurorae are easily visible as pronounced forms
bordering the near-polar region.

In the morning and evening Sandford (1964) observed subvisual glow at a
latitude nearer the equator than the auroral oval; this he has called ** mantle
aurora.” Piddington (1965) and Hartz and Brice (1967) associate the occur-
rence of the mantle aurora with quite a number of geophysical events and
assume that it is due to the £ > 20 keV electrons.

A stable red luminescence in the form of arcs at middle latitudes during the
intense magnetic storms was found by Barbier (1958). This luminescence is
produced at altitudes of the order of 300 km. A detailed review of the results
observed is given by Roach and Roach (1963). Mechanisms for the excitation
of the oxygen atoms are proposed by Megill and Carleton (1964) and Cole
(1965%).

2 Classification

During the last decades, the forms and structures of electron aurorae have
been classified according to Stérmer’s recommendations (1930).

To unify the visual observations of aurorae from the world-wide network
of stations, the IOSY Instruction Manual (Jacka and Paton 1963) and the
International Auroral Atlas (1963) have been issued in conformity with
the International Association of Geomagnetism and Aeronomy decisions. The
phenomenology introduced by these documents is briefly summarized as
follows.

The whole variety of the luminescence regions observed visually is described
by six parameters:

1. The auroral forms are divided into three groups: band-like (arcs and
bands), diffuse (patch and veil), rays.

2. The structure is analysed into three kinds: homogeneous, striated,
rayed.

3. The structure is qualified as multiple, fragmentary, or coronal.

4. The state of activity characterizes the behaviour of a single form or of
the whole display and is subdivided into quiet, active, pulsing.

5. The brightness of the aurorae observed visually is evaluated according
to the scale of International Brightness Coefficients. Seaton (1954) and
Hunten (1955) associated this scale with the absolute intensity .of the
5577 A emission. In this case, the unit of measurement was the kiloray-
leigh, i.e. 10° photon cm~2s~1 As calculations have shown (for example,
Dalgarno 1965), a flux of energetic particles of about 3 ergcecm™2s7! is
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necessary to excite a weak luminescence of intensity | kilorayleigh, i.e.
0.2 per cent of the particle energy is transferred to the visible radiation.

These results agree well with the rocket and satellite data (Mcllwain 1960,
O’Brien and Taylor 1964). On the basis of the data on the vertical distribution
of the luminescence intensity of the 3914 A line, Belon et al. (1966) showed
that the 1-4 keV primary electrons dominated in the arcs and that the
E > 30 keV electrons were of little importance in the excitation of aurorae.
The total electron flux in 16 arcs was changed from 2.9 x 10°to 1.10 x 10**
electrons cm~2s~! and the total energy flux varied between 28 and 590
erg cm~2s~ ', Electron energy fluxes of about 360 erg cm~2s~*sr~* (Kras-
ovskii et al. 1961) or 400 erg cm~2s~*sr~* (O’Brien and Laughlin 1962)
are sometimes found.

6. The colour of aurorae is notable for its considerable variety. Spectro-
scopic observations have shown (Krasovskii 1961) that the type of spectrum,
and hence the colour of the luminous formation, is explained by the depth to
which the excitation agent penetrates into the atmosphere.

3 The Characteristics of the Auroral Forms

Detailed investigations of the time regularities in the occurrence of the
auroral forms have been carried out by Heppner (1954) (see also Meek 1953,
Oguti 1963, and others). The sequence in the occurrence of the forms observed
at @ ~ 65° depends on local time and on magnetic disturbance. The sporadic
occurrence of the polar geomagnetic disturbances results in the activation of
the whole auroral pattern (Akasofu 1964b, 1965) and therefore the observed
sequence of the form on a specific day may be somewhat different. The
systematic change in auroral forms is not observed in the polar cap.

The predominant latitude distribution of individual auroral forms has been
studied statistically. According to Dzyubenko (1964a), the rayed arcs and
rays are located, as a rule, closer to the pole than the homogeneous forms,
and the pulsating spots are observed even nearer to the equator; according
to Gartlein (1958) and Nadoubovich (1967), however, rays are located 2° to
the south of homogeneous arcs. .

Jorjio has shown (1959) that only a small portion of the radiation which
incrcz'lscs with increase in geomagnetic activity 1s concentrated in the pro-
nounced bright formations (Sandford 1964). . .

Homogeneous arcs and bands extend over thousands of kllometres in
magnetically quiet periods (Khorosheva 1963b, Akasofu l96l3b).; in excep-
tional cases they can extend about 10,000 km. During magnetic d1sturbance§
the length of the arcs is greatly decreased and their regular structure 1s
distorted. According to the measurements of Kim and Volkman (19.63, 1965)
the thickness of the arcs at Churchill is on the average 9.1 km, that in Alaska
is 8.8 km and it increases with geomagnetic activity. Bands of less than 1 km

thickness are reported (Akasofu 1961). The vertical extent of homogeneous
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arcs and bands according to Currie and Weaver (1955) is on the average
25-29 km, and according to Andrienko (1965b) 28.5 km. The lower boundary
is located at altitudes of 100-110 km (Vegard and Krogness 1920); in the
IQSY period it was at 111.5 km (Andrienko 1965a). The distance between the
homogeneous arcs is 30-40 km (Akasofu et al. 1966). When photographed
with an exposure of ¢ second the homogeneous arcs look like the super-
position of elements extended horizontally along the arc direction and having
a size of 100-1000 m (Davis 1966).

Nadoubovich and Starkov (1961) and Dzyubenko (1965) studied the
striated structure of arcs and bands. Dark bands of minimum width 150 m
and length of the order of 20 km are most frequently observed in the morning
and persist for several minutes.

The lower altitude of the rayed forms is 106.6 km (Andrienko 1965a). The
rays are located along the line of the magnetic field (Vegard and Krogness
1920) and reach a length of thousands of kilometres (Stérmer 1955). Accord-
ing to Vegard (1912) the cross sections of the rays are several hundreds of
metres. In the years of maximum solar activity the rayed forms are of greater
length than in the years of solar minimum. The altitude of the lower boundary
also changes with the solar activity cycle (Elvey 1957) but correlation with
solar activity is absent (Egeland and Ombholt 1966).

Hill (1965) measured the altitudes of aurorae over Churchill in 1963 and
1965. The altitude of the lower border was most frequently 110 and 120 km
as compared with 101 and 107 km during the IGY period (McEwan and
Montalbetti 1958). Parallactic measurements of auroral altitudes in the
Antarctic (Kinsey 1965, Aitken 1965) gave values between 100 and 110 km
for most of the altitudes.

According to Harang’s observations in Tromso (1944), those by Andrienko
in Tixie (1966), and those by McEwan and Montalbetti in Canada (1958), the
altitudes of the lower border of aurorae decrease with increase in intensity.

Aurorae have minimum altitude and maximum brightness at the latitudes
of the peak isochasm (Stérmer 1955, Malko and Starkov 1965, Khorosheva
1960) and it has been shown by Egeland and Omholt (1966) that the altitude
systematically decreases from @ = 70° to ® = 60° and depends on local time,
decreasing towards the morning hours.

The aurorae with the green line intensity of up to 11.5 kR occur most
frequently at ® ~ 65° (in 80 per cent of cases). The intensity was above
100 kR only during 0.4 per cent of the time (Roach and Rees 1960).

Akasofu and Kimball (1964) believe that the quiet homogeneous arc is the
main stable luminous form and that other forms are produced from it and
that, as the intensity increases, these are arranged in the following order:
rayed arc, homogeneous band, rayed band, rays, patches. This may be valid,
but not for all latitudes. Thus, at ' ~ 75° in the day-time, the activation has
the opposite sequence: from rays to the rayed arcs (Feldstein and Starkov
1967).
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The data on the forms and location of aurorae for the period July 1957~
December 1959 have been published as visoplots (4nn. IG Y 1964, Gartlein
et al. 1965, Lassen er al. 1964). Synoptic maps of the auroral distribution for
individual days of the IGY period are given by Akasofu (1963a) and by
Gartlein (1966). Similar maps for each hour UT of the IQSY period are being
plotted at the World Data Centres. The planetary distribution of aurorae
according to data from all-sky cameras may be determined from ascaplots
(Ann. IGY 1962) which provide information on the occurrence of aurorae
in three regions of the sky — zenith, north, and south — and at half-hourly

intervals. Ascaplots are also being prepared from all-sky cameras for the
1QSY period.

4 Discrete Aurorae in the Polar Cap

The aurorae observed in the polar cap are, as a rule, of the form of single
or multiple arcs with a diffuse rayed structure. The brightness of such aurorae
is inconsiderable. These aurorae persist for only short periods. The period of
existence of a single form is of the order of several minutes.

4.1 Alignments of Aurorae

It has been known since 1920 (Vegard and Krogness 1920) that in the
near-polar region the arcs were not in any predominant alignment, and the
rotation of the arcs through 360° during a day with the predominant direction
towards the sun was noted by Mawson (1925). Observations during IGY have
confirmed the rotation of arcs through 360° in the polar cap (Weill 1958,
Davis 1960, 1962b, Feldstein 1960, Denholm and Bond 1961).

Figure la shows the changes in azimuth according to Feldstein (1960),
Denholm and Bond (1961), and Davis (1962b). At midday and midnight the
arcs were oriented approximately in the direction of the geomagnetic pole
and their azimuths changed during a day by 360°.

Aurorae roughly aligned in the direction of the sun are observed at night
up to the latitudes of about 75° (Starkov and Feldstein 1967a).

Figure 15 shows the data from the near-polar station Vostok for 1965
(Belousov et al. 1968a). During the IQSY period, aurorae in the near-polar
region were also aligned in the direction of the sun within +25° In very rare
cases during intense magnetic disturbances at @’ > 80° aurorae occurred
which were aligned at an angle of about 90° to those usually observed.
Figure 16 shows the azimuths of two such aurorae which were oval zone
aurorae.

42 Aurorae and Magnetic Activity

Attention was drawn by Lassen (1959), Feldstein (1960), and.Hathgrton
and Midwinter (1960) to the absence of correlation between the intensity of
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magnetic activity and the occurrence of aurorae at a number of high-latitude
stations. Lassen (1961a, b, 1963), Feldstein (1961, 1962b), and Davis (1963)
have examined in detail the association of aurorae with magnetic disturbances

at high Ilatitudes.

Table 1 shows the percentage occurrence P of aurorae in the zenith accord-
ing to Feldstein (1961, 1962b) for various values of the magnetic activity
index Q. As Q increases, P also increases at latitudes ®" < 70° and decreases

at latitudes &’ > 80°.

Figure 2a shows the latitude changes in P for various Kp obtained by
Davis (1963). At © > 80° the occurrence of visual aurorae is in anti-
correlation with Kp; for @ < 70° the correlation is positive. The presence of
the negative correlation of visual aurorae and magnetic disturbances in the
near-polar region is confirmed by Sandford (1964) and Akasofu (1964b).

According to Fig. 26, the negative correlation of P and magnetic activity is
also maintained during the IQSY period (Belousov et al. 1968b). The number
of auroral forms also decreases with increasing Kp according to Stringer and
Belon (1967). The negative correlation of P with Kp explains a more frequent
occurrence of aurorae in the near-polar region in the years of solar minimum

(Davis 1950).

The indices K, Q, ry” characterize the intensity of geomagnetic disturbance.
It has been shown by Evlashin and Maltseva (1965) and Zhigalov (1966) that
the occurrence of aurorae in the near-polar regions is usually accompanied
by irregular short-period pulsations of the small-amplitude electromagnetic

field.

The red luminescence of oxygen in the near-polar region described by
Sandford (1964), Weill et al. (1965), and Evlashin (1961) cannot be observed
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Fig. 2 a. Variations of P(%,) with latitude at different Kp by Davis (1963) in 1957-1958.
b. Variations of P(%,) at Vostok at different Kp in 1965 (Belousov er al. 1968b).
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visually or using all-sky cameras. It is likely that the nature of this lumines-
cence (as was noted by Cole (1966) and Krasovskii (1967)) is different in
principle from that caused by the excitation of energetic particles. Taylor and
Hones (1965) explain the existence of the negative correlation of Kp and P
in the near-polar region by the extension and rupture of the geomagnetic
field lines in the magnetospheric tail at large Kp.

4,3 Altitudes of Aurorae

Starkov has found from the ascafilms that during the IGY period the
altitude distribution of aurorae had a peak at altitudes of 150-175 km at
@’ ~ 76°. Aurorae were often observed at altitudes of about 300 km. As the
brightness of aurorae increased from 10~7 to 10~ stilb, the altitude decreased
from 200 to 150 km. Evaluation of the energy of the monochromatic electron
flux penetrating down to the observed altitudes gives £ < 500 eV (Rees 1963)
for aurorae at altitudes above 175 km. The high altitude of aurorae explains
the absence of the connection between DP which is due to currents in the
ionospheric E layer and the frequency of occurrence of aurorae.

The depth of the penetration of the corpuscular streams into the ionosphere
may be judged from the data of the vertical soundings of the ionosphere. At
® ~ 65° the occurrence of overhead aurorae is accompanied, as a rule, by
sporadic formations in the E region at altitudes of 100 km (Heppner er al.
1952), ete. In 1957-1958 and 1958-1959 at Arctica II station overhead auro-
rae were not accompanied by the regular formation of Es at altitudes of
100-110 km (Feldstein 1961). Additional ionization produced in the near-
polar region when aurorae occur is located at the altitudes of the upper part
of the dynamo region (> 120 km).

A higher altitude of aurorae inside the auroral oval follows also from the
analysis of the spectra obtained in 1958-1959 using patrol spectrographs with
exposures of 2 and 8 minutes (Evlashin 1961). It appears that at ® ~ 75°in
42-48 per cent of all recorded spectra and at ® ~ 65° in only 3.5 per cent of
all spectra, the 6300 A line is more than 1.5 times more intense than the
5577 A line.

5 Aurorae of the Auroral Oval Zone
5. The Space-Time Distribution during the IGY Period

The most detailed data on auroral distribution before the IGY are given
by Vestine (1944), White and Geddes (1939), Vestine and Snyder (1945), and
Isaev (1958) who evaluate the frequency of occurrence of aurorae on the
basis of the number of nights when aurorae occurred in every portion of the
sky. Before the beginning of the IGY, Chapman (1957) noted the necessity
of plotting maps of the frequency of occurrence of overhead aurorae.
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The frequency of occurrence of overhead aurorae P is a function of latitude
and local time P = P(®, r). In the cycle of experiments carried out independ-
ently in 1960-1963, Feldstein and Khorosheva put forward the idea of the
existence of the auroral oval (Feldstein 1960, 1963a, b, Khorosheva 1961a, b,
1962, 1963a, Feldstein and Solomatina 1961b).

To obtain the function P(®, t) it is necessary to examine separately the
variations in P(t) for constant ® and the variations in P(®) for constant .
Figure 3 shows the former for 1957-1959. For @' < 68° overhead aurorae
occur most frequently at near-midnight hours. For 71° < ®" < 75° the peak
is divided into two and both peaks move further away from midnight with
increasing @', For ® < 77°, the aurorae are observed predominantly in
day-time. For @' between 66° and 77°, the value of P reaches 80 per cent or
more; at lower latitudes it is less than 80 per cent, and in the near-polar
region aurorae occur much more seldom. The diurnal variations described
above are confirmed by the data from the overwhelming majority of stations
at which aurorae were photographed during the IGY-IGC period (4nn. IGY
1962).
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hemisphere.



Paper 20 The Phenomenology and Morphology of Aurorae 323

L£20

0] midniah‘l‘

Fig. 4 The frequency of occurrence of overhead aurorae in coordinates ®’ and local
time for the period 1957-1959 in the northern hemisphere (Feldstein 1966b).
The figures indicate the percentage frequency of aurorae. The solid line shows
the boundary of the trapped electron stream £ > 40 keV of intensity
3 x [0°cm~2s 1 (Frank er al. 1964).

When P(r) is available, the dependence of P on ¢, P(d’), at constant ¢ and
the isoaurores of the frequency of occurrence of aurorae may be plotted.
The isoaurores for the northern hemisphere are shown in Fig. 4; those for the
southern hemisphere are given by Sandford (1964) and Feldstein (1964). The
region where P is highest is hatched. This region is located asymmetrically
with respect to the geomagnetic pole in the plane of the midday-midnight
meridian and is of oval shape. It is this region that is the auroral oval zone.
The characteristic feature of the oval zone is the fact that on the day side this
zone is less widespread latitudinally than on the night side. Also plotted in
Fig. 4 are the data on the boundaries of the £ > 40 keV electron trapping
according to the data from the Injun 3 satellite (Frank et al. 1964). The
boundary agrees quite well with the position of the oval zone. Some of the
discrepancy can be attributed both to the difference in the periods of observa-
tion and to the intensity of geomagnetic disturbance which affects substantially
the position of the oval zone and the boundaries of the trapping zone
(Maehlum and O’Brien 1963). Injun 3 observed also the brightest aurorae
along the high-latitude boundary of the trapped electrons (O’ Brien and Taylor
1964). In somewhat idealized form the oval may be represented by the ring
located on @' ~ 67° at night-time and on ¢’ ~ 777 in the day-time and having
mean radius approximately 19°. It can be seen from Fig. 5 that the location
of the extended forms of aurorae at fixed moments of universal time coincides
well with the auroral ring both on the day side of the earth (19 December) and
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Fig. 5 The projection on the earth’s surface of the extended auroral forms:

1, a diffuse band at 1718 UT, 16 February 1958;
2, a rayed arc at 0730 UT, 19 December 1957;
3, a rayed arc at 1050 UT, 19 December 1957.

Thin circles show the location of an auroral ring at 1100 UT and 1700 UT. The
ring radius =19°, the centre is located in the closed thick curve near the geo-
magnetic pole. The points indicate the stations at which the aurorae were
photographed (Khorosheva 1963b).

on the night side (16 February); this is confirmed by Akasofu (1964b). The
oval zone for the southern hemisphere is shown in Fig. 6; the position of the
hydrogen auroral zone according to Evlashin (1963), Eather and Sandford
(1966), and Montalbetti and McEwan (1962) is also shown. The proton
auroral zone is located near the auroral oval.

The data on the diurnal variations in P(per cent) at a great number of
points of the northern and southern hemispheres agree with the idea of the
oval zone. Tt is known from the observations carried out before the IGY
(Hultgvist 1964, Heppner 1954, and others) that P(t) at @ < 68°-70° is
maximum near midnight; for 70° < ¢’ < 78° an additional peak is observed
in the morning; at ®" > 78° the characteristic diurnal variations are absent.
During the IGY period, one night peak was observed at ¢’ = 62.6° (Malville
1959) and two peaks were observed at &' = 74.7° (Malville 1959, Morozumi
1963). Near midnight aurorae occur most frequently at & = 55-58° (Lassen
et al. 1964), ®' ~ 65° (Malko 1967, Dzyubenko 1963b), ®' ~ 70° (Davis and
Dewitt 1963), and @' ~ 69° (Davis 1962a). At ® > 70° in the Antarctic P (/)
is maximum not at midnight but in the morning and evening (Hatherton and
Midwinter 1959). In the day-time, aurorae occurred predominantly at Nord
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station (Lassen 1961a) and at the drifting stations (Belousov and Moisseev
1960). The number of peaks at Baker Lake is different according to Davis
(1962a) and Feldstein and Solomatina (1961a). The time of occurrence of
peaks in P(¢) for the Greenland stations is represented by two sections of
spiral, clockwise and counterclockwise (Lassen 1963). For 67° < &' € 77°
these sections coincide with the auroral oval. This spiral form of the variation
of P(¢) has been studied by Lassen (1963), Feldstein (1964), Malville (1959,
1964) and Korotin (1965) and of the variation of magnetic activity by Burdo
(1960).

When the earth rotates beneath the oval, the night portion of the oval
traces a band on the earth’s surface whose distance from the geomagnetic
pole is essentially greater than that for day-time aurorae. The maximum
isoaurore is located at ® ~ 67° at night and at ®' ~ 77° in the day-time.
Thus, the maps of isochasms (isoaurores) and the position of the maximum
isochasm (isoaurore) given for the northern hemisphere by Fritz (1881),
Vestine (1944), and Feldstein (1960) and for the southern hemisphere by
White and Geddes (1939), Vestine and Snyder (1945), Feldstein and Solo-
matina (1961b), and Bond and Jacka (1962, 1963) reflect the distribution of
night aurorae. Day aurorae occur most frequently at the latitudes of the
inner auroral zone (Nikolsky 1956, Alfvén 1955, Lassen 1959, Feldstein and
Solomatina 1961a).

Several theoretical interpretations of the position of the peak isoaurore
were proposed. Gartlein and Sprague (1960) believe that this isoaurore
follows the isocline of the real magnetic field / = 76°. Hultqvist (1958, 1961)
explains the deviation of the peak isoaurore from the geomagnetic parallel
by the distortion of the path of the penetrating particles due to the distortion
of the geomagnetic dipole field near the earth’s surface. Vestine and Sibley
(1959) have shown that the peak isoaurore corresponds to the line of equal
value of the integral invariant of the movement of the particle along the
geomagnetic lines of force between conjugate points. The auroral oval which
gives the aurora distribution in (®’, t) coordinates is essentially different from
the theoretical curves described above. The theoretical explanation of the
existence of the auroral oval should be sought in the day-night side asym-
metry of the geomagnetosphere constricted by the solar wind. In this case,
the outer boundary of the trapped electrons lies at higher latitudes on the
day side than on the night side. The calculations of Malville (1960), Hones
(1963), Fairfield (1964), Shabansky (1965), and Tverskoy (1964) have shown
that the magnitude of the asymmetry in the position of the boundary depends
on the model accepted for the geomagnetic field. According to Williams and
Mead (1965) the observed asymmetry is in agreement with the theoretical
calculations which include the constriction of the field on the day side and
the formation of the geomagnetic tail on the night side.
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52 The Alignment of Extended Forms in Aurorae

At the latitudes of the auroral oval, auroral arcs and bands are extended
from east to west (Vegard and Krogness 1920) and the deviation of the mean
azimuth from the geomagnetic parallel is due, according to Hultqvist (1958),
to the difference of the geomagnetic field from the dipole field. Because
extended forms in aurorae are located along the oval one would expect
diurnal variation in the azimuth of the arcs and bands. Before the IGY such
variations were described by Harang (1945) and Currie and Jones (1941), and
their existence was confirmed in a great number of studies during the IGY
(Evans and Thomas 1959, Feldstein 1960, Denholm and Bond 1961, Lassen
1961b, 1963, Starkov 1961, Denholm 1961, Hultqvist 1962, Khorosheva 1962,
1967, Davis 1962b, Dzyubenko 1964b, Lassen et al. 1964, Starkov and
Feldstein 1967a).

The following main regularities in the variations of the azimuths have been
found: (@) the amplitude of variation increases as the latitude increases and
is about 20° at ®" ~ 65° and about 60°at ®" ~ 75°; (b) the arcs rotate in the
direction opposite to the changes in azimuth in the polar cap.

Fig. 6 The zone of hydrogen emission in the southern hemisphere as a function of
latitude and eccentric dipole time (Eather and Sandford 1966). A, B, the con-
jugate zone of hydrogen emission in the northern hemisphere: A, Montalbetti
and McEwan (1962); B, Evlashin (1963); C, the auroral oval zone (Sandford
1964).

Fig. 7 The polar diagram of the observed alignment of auroral arcs in coordinates of
corrected geomagnetic latitude and time (Gustafsson 1967).
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Gustafsson (1967) has obtained the smoothed .mean diurnal variations of
the azimuths in the 61-90° latitude range during the IGY period; a polar
diagram showing the alignment of the arcs is given in Fig. 7. The solid lines
show eight ovals along which the auroral arcs are located, obtained by
graphical integration. Comparison of the oval curves calculated from the
variations in arc azimuths with the position of the auroral oval determined by
Starkov and Feldstein (1967a) and Gustafsson (1967) shows good agreement.

The agreement of the oval curves and the auroral oval testifies to the fact
that the observed diurnal variations in the arc azimuths are due to the
existence of an auroral zone located eccentrically relative to the geomagnetic
pole. Evans and Thomas (1959) also explained the variations in the arc
azimuths at Halley Bay station by the eccentric location of the auroral zone
shifted by 2° from the geomagnetic pole towards the two-hour meridian.

5.3 The Change in the Space~Time Distribution of Aurorae

The auroral distribution presented in Fig. 4 for the IGY period changes
with the intensity of DP and DR. Gartlein, Gartlein, and Sprague (1960) have
found that over North America the peak isoaurore at ® < 70° is displaced
to lower latitudes as K and Kp are increased. According to Davis (1962a) the
position of the peak isoaurore is not changed. Bond and Jacka (1963) have
found for the southern hemisphere that the 50 per cent isoaurore is located
at a distance of 23.3° from the pole at Kp = 1 and 28.8° at Kp = 5. The
equatorial displacement of the peak isoaurore on magnetically disturbed days
with simultaneous increase in P at higher latitudes has been noted by Feld-
stein (1960), Feldstein and Solomatina (1961b), and in the Antarctic Atlas
(1966).

Figure 8 shows the overhead auroral distribution on quiet and disturbed
days according to Lassen (1963). The location of the isoaurores indicates the
formation of at least two regions of most frequent occurrence of aurorae in
the quiet periods: at 76-78° in the morning hours and at 69-72° on the night
side. On magnetically disturbed days, the isoaurores form a single region
which is similar to the oval zone in Fig. 4. The absence of the single oval zone
in magnetically quiet periods is reported also by Feldstein and Starkov (1967)
and Malko (1965). At low levels of geomagnetic activity, the oval zone is not
always continuous. Before midday and in the evening, breaks in the oval or a
decrease in auroral intensity below the sensitivity threshold of the camera are
possible.

The equatorial edge of the auroral oval on the night side of the earth moves
equatorwards with increase in geomagnetic disturbance (Meek 1953, Heppner
1954, Gartlein 1958, Bless et al. 1959, Bond 1960, Isaev 1962, Davis 1963,
Lange-Hesse 1964b, Schroder 1965, Khorosheva 1967). Bless et al. (1959) and
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Fig. 8 Isoaurores (Lassen 1963) from the data for four Greenland stations in 1957-1958,
using the magnetic coordinates of Mayaud (1960): q, international quiet days;
b, international disturbed days.

Bond (1960) have shown that the displacement is practically linearly depend-
ent on Kp and is similar in the northern and southern hemispheres.

The positions of the boundaries of the oval for all 24 hours of the day for
various intensities of DP on the night side of the earth have been determined
by Feldstein and Starkov (1967) (Fig. 9). Around midnight at @ = 0 the oval
is located at ® ~ 70-72°. As the geomagnetic activity increases, the oval is
displaced somewhat equatorwards and is markedly extended for @ > 2; the
southern and northern boundaries are displaced equatorwards and polewards
respectively. In the day-time, there is a gradual equatorward displacement of
the whole oval as Q increases, which is in good agreement with the results of
the theoretical calculations of Slutz and Winkelman (1964). The expansion
of the oval during the night and its displacement during the day are in agree-
ment with the findings of Davis (1963), Lassen (1963), Akasofu (1964b), and
Feldstein (1966b). At low Q the oval seems to be a weakly deformed ring with
its centre at a distance of 3° from the pole along the midnight meridian. The
quantitative characteristics of the auroral oval asymmetry for the day-night
and morning-evening hemispheres with changing Q are given by Feldstein
and Starkov (1967). The asymmetry is present at any value of Q but the
change in its character is fairly complicated.

A characteristic feature of magnetic storms is the occurrence of the ring
current DR at a geocentric distance of 3 to 5 R,. The Dst variation is the
measure for DR. Akasofu and Chapman (1962, 1963) studied the influence of
DR on the location of the auroral oval. Figure 10a (from Akasofu and

/)
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Fig. 9 The northern and southern edges of the auroral oval as a function of Q index in
1957-1959 (Feldstein and Starkov 1967). The broken line is the centre line of
the auroral belt:

a, 10-14 h b, 6-10h ¢, 14-18 h
d, 18-22 h e, 22-02 h £, 02-06 h

Chapman 1963) shows the dependence on Dst of the location of the southern-
most quiet arcs during 16 magnetic storms in the IGY period. As DR in-
creases, the arcs appear at even lower latitudes at night. Figure 106 shows the
location of the northern and southern edges of the oval with changing Dst for
Q constant at 3 and 5 according to Starkov and Feldstein (1969). An increase
in the Dst variation results in the equatorward displacement of both edges
of the oval. Thus, the influences of DR and DP on the location of the oval
near midnight are quite different: the ring current displaces both edges
equatorwards and the polar disturbances result in the poleward displacement
of the northern edge and equatorward displacement of the southern edge. An
increase in Dst results also in a small expansion of the oval. Thus, the occur-
rence of the ring current inside the magnetosphere results in a deformation of
the geomagnetic field lines and hence in the change in the position of the
auroral oval. This problem has been theoretically examined by Akasofu
(1963c, 1966a).

Akasofu and Chapman (1962) consider the auroral pattern in two time
intervals of the very severe storm of 11 February 1958. The use of additional
observations enabled Starkov and Feldstein (1969) to show that the auroral
belt is not located along the line L = constant (Mcllwain 1961) over the
whole longitude range but is displaced towards larger L in the evening hours
compared with the night hours. The radius of the belt increases with increasing
DR and for intense DR aurorae appear overhead at ® ~ 60° in the evening
and at ® ~ 55° at night,
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Fig. 10 a. Location of quiet arcs over North America and intensity of ring current
during the IGY period (Akasofu and Chapman 1963).
b. Location of the northern and southern edges of the oval at @ = 3 and 5 near
midnight during the IGY period plotted as a function of Dsr (Starkov and
Feldstein 1968).

5.4 The Comparison of the Auroral Distribution during the
IGY and 1QSY Periods

Information on the auroral distribution during the IQSY is very scanty and
therefore the analysis is based predominantly on the material from the Soviet
network of stations using data already published. Figure 11 shows the
latitude changes in P at the near-midnight hours during the IGY and IQSY
periods (Feldstein et al. 1966). Despite a very considerable decrease in solar
activity, atmospheric glow exists practically continuously at ®" = 68-71° on
the night side. The change in auroral intensity in the zone is also insignificant.
Solar activity has little effect on the number of days with aurorae at the
latitudes of the peak isochasm (Langé-Hesse 1964a), and at Byrd station the
3914 A emission intensity at K > 3 was the same in 1959 and 1963 (Sandford
1967a). At &' ~ 65° the mean auroral intensity was the same in the years of
minimum and maximum (Ponomarev 1966, Dzyubenko 1964a) but aurorae
occur less frequently overhead and move back to higher latitudes with
decreasing solar activity (Malko 1967, Blundell 1967, Dzyubenko 1964a). The
proportion of rayed forms steadily decreases and that of the diffuse forms is
appreciably increased (Blundell 1967, Dzyubenko 1964c¢). The most appreci-
able effect of the cyclic changes shown in Fig. 11 is a more frequent occurrence
of aurorae at subauroral latitudes during the IGY period. The latitude of the
region with maximum overhead aurorae does not undergo appreciable cyclic
displacements. During the IQSY period, the peak night isoaurora was
located at @ ~ 69-70° and during the IGY period at ®" ~ 68°, if the middle
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Fig. 11 Latitude distribution of P on all days during the six-hour period centred on

local midnight (Feldstein et al. 1966).

of the interval in which the highest frequency of occurrence of aurorae was
observed is taken as the position of the peak isoaurore. The satellite measure-
ment in January-February 1963 (O’Brien and Taylor 1964) showed that the
3914 A emission intensity was maximum over North Americaat ® = 69 + 1°,
The smaliness of the cyclic changes in the location of the zone agrees also
with data published elsewhere (Davis 1950, Gartlein 1958, Sheret and Thomas
1961, Feldstein 1962a, Gustafsson 1964, Malko 1966, Sandford 1967b). In
1964, the number of nights with aurorae over Great Britain was less than in
the minimum of the previous cycle (Paton 1965).

The number of days with aurorae at middle latitudes is a maximum 1--2
years after the peak spot formation (Meinel et al. 1954) or coincides with it
(Lassen 1963). Ohl (1960) has shown that for four cycles near the maxima of
the 90-year solar activity recurrence the number of aurorae increased at the
end of the decrease branch (of the solar activity).

Figure 12 shows the frequency of occurrence of nights with hydrogen
luminescence for the period 1957-1965 according to data from Eather and
Sandford (1966) and Evlashin (1969). In the northern and southern hemi-
spheres P at & ~ 65 and the frequency of occurrence of electron aurorae
decrease throughout the cycle. The number of auroral forms observed at
® = 60-70° during the IQSY period is markedly increased with Increasing K
and the latitude of the peak is displaced from & > 70° at K = 0 to 66.5" at
K > 5 (Stringer and Belon 1967). However, the greatest number of aurorae
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Fig. 12 Probability of appearance of hydrogen aurorae in the cycle of solar activity:
1, Murmansk (Evlashin 1969); 2, the southern hemisphere (Eather and Sand-
ford 1966).

was observed at @ = 66.5° in both the IGY and IQSY periods and only the
shape of the latitude distribution was somewhat changed: during the IQSY
period the southern boundary of the oval was displaced equatorwards with
increasing Kp. It follows from Fig. 13a that for weak magnetic disturbances
the boundary is located at the same latitudes in years of maximum and
minimum. As Kp increases aurorae occur at even lower latitudes, but during
the IGY for the same Kp the boundary of the oval was located farther from

%04 a
40+ 1957-1959

1964 - 1965
3= x o
192- 196

Fig. 13 a. The southern edge of the auroral oval from visual observations at longitudes
145-190° in 1957-1959 (Feldstein and Shevnina 1963), 1962-1963 (Malko 1966),
and 1965-1966 (Shevnina and Feldstein).

b. Auroral oval near midnight during the period of IQSY (hatched) and IGY
(broken line) as a function of the Q index (Starkov and Feldstein 1967c).
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the pole. A similar result was obtained during the observations at Murmansk
(Malko 1967) and at Sacramento Peak (Bellew and Silverman 1965). The
comparison of the locations of the auroral oval during the IGY and IQSY
periods (Fig. 136) (Starkov and Feldstein 1967c) shows that, with exclusion
of very quiet periods, both northern and southern boundaries were shifted
equatorwards during the IGY and the width of the oval was practically
the same. During the IGY and IQSY periods, the central line of the oval at
2 € Q < 6 was located at @' = 67.5° and at ®" = 69.0°, respectively.

The cause of such cyclic variations is likely to be due to the change in the
intensity of DR with the phase of solar activity for the same intensities of DP.

In December 1964, according to Bates et al. (1966), the aurorae existed even
in absolutely magnetically quiet periods. In the day-time, the belt was located
at @ = 77-79° and by midnight was displaced to ® = 65-70°.

The auroral distribution in very quiet periods is given by Akasofu (1964a),
Stringer et al. (1965), and Feldstein (1966a). During the IGY and IQSY
periods the auroral belt near midnight on the days with X Kp < 10 was
observed as a rule at ®’ ~ 70° for K < 1; this has been confirmed by radar
data (Bates 1966). It appears that atmospheric luminescence occurs con-
tinuously irrespective of the intensity of the planetary magnetic distur-
bance. The eccentricity of the oval zone with respect to the geomagnetic
pole is maintained even in the complete absence of planetary geomagnetic
disturbances.

5.5 The Auroral Belt according to Radar Data

The intrusion of energetic corpuscular streams into the atmosphere results
in the appearance of auroral radio reflections. The mechanism of scattering
or reflection to explain the appearance of echoes has been examined theoreti-
cally by Booker (1960), Moorcroft (1961), and Pogorelov (1962), and in
review papers by Hultqvist and Egeland (1964) and Leadabrand (1965); the
spatial features of the radio reflections are discussed by Egeland (1962),
Bagariatsky and Feldstein (1965), Unwin (1966), Brunnelli and Sandulenko
(1961), and Bullough (1963).

Gadsden (1959) and Leonard (1962) have established the existence of a
zone of maximum frequency of occurrence of radio reflections which em-
braces the geomagnetic pole. The peaks of diurnal variation in frequency of
occurrence of radio reflections are located along three sections of spirals
(Bagariatsky and Feldstein 1965, Unwin 1966), two of which are located along
the oval zone. The use of multichannel radar at frequencies of 4-64 MHz
enabled Bates (1965) to obtain reflections over the whole distance range
from the zenith to 3000 km avoiding the limitation imposed by the condition
of aspect sensitivity on the occurrence of the reflected signals. There is good
agreement between the simultaneous optical and radio observations of the
locations of the auroral belt and the scattering belt (Bates et a/. 1966). From



334 Y. I. Feldstein, S. I. Isaev, and A. |. Lebedinsky Yolume 4

00

Fig. 14 The average geomagnetic latitude of the southern boundary of the scattering
belt during 1965 plotted against geomagnetic time for the ranges of Kp indicated
(after Bates 1966): 0, Kp = 0; 1, Kp < 2;2,1 < Kp < 4; 3, Kp > 3. There
are no data for ® < 68°.

the radio observations, the spatial and time variations in the auroral oval
in the sunlit period of the day in summer could be determined. Figure 14 shows
the results of statistical treatment of the location of the southern boundary of
the scattering region (Bates 1966). For weakly disturbed days, the boundary
is located 1500 km north of College during the day; in the evening the
boundary approaches, and in the morning it moves away from College. Under
identical magnetic conditions the boundary is located at approximately the
same latitudes in summer and winter. In magnetically very quiet periods the
southern boundary is always displaced to ® ~ 70° near midnight. During
winter, the scattering region was observed on the College meridian at the
given hour for at least 85 per cent of the period, and for more than 55 per cent
in summer.

5.6 Development of the Auroral Substorm and Movement of Aurorae

The change in auroral activity over the entire polar region seems to be a
sequence of auroral substorms. Khorosheva (1961a, b, 1967) has concluded
from the analysis of the substorms that the aurorae are observed simultane-
ously over a great longitude range and are a single, physically connected belt;
the auroral intensity changes simultaneously at all longitudes (Khorosheva
1962). The change in the auroral activity has been studied by Davis (1962b),
Akasofu (1963a, b), and Feldstein (1966b) by plotting synoptic maps.

Akasofu (1963a, 1964b, 1965) and Akasofu and Kimball (1965) have
examined in detail the simultaneous changes in the forms, brightness, and
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movements of aurorae during substorms for the night side of the earth. For
the day side, Akasofu’s scheme is supplemented by Starkov and Feldstein
(1967b), and Feldstein and Starkov (1967). The duration of an individual
substorm was from tens of minutes to 2-3 hours. The development of aurorae
varies considerably from case to case; the features which are characteristic of
a great number of substorms have been taken as the basis of a schematic
representation of their development.

According to Akasofu, the substorm appears first in the region of the
midnight meridian and has two phases of development: the expansion phase
and the recovery phase. In Fig. 15, which illustrates the development of an
auroral substorm, the quiet phase corresponds to T = 0, the expan-
sion phase to T = 0-5, 5-10, 10-30 min, and the recovery phase to T =
30 min-1 h, 1-2 h.

At T = 0 one may distinguish three pronounced regions corresponding to
various auroral forms: homogeneous arcs on the night side, rays on the day
side, and the geomagnetic polar region with arcs aligned towards the sun. It is

Fig. 15 Schematic diagram, illustrating the development of an auroral substorm. The
north geomagnetic pole is at the centre of the concentric circles and the sun is at
the top of the diagram (Akasofu 1964b, Feldstein and Starkov 1967).
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likely that the night aurorae are associated with the electrons of the magneto-
spheric tail (Akasofu 1966b, Dungey 1968, Piddington 1967, Shabansky 1968)
and the day aurorae with the electrons from the region between the magneto-
spheric boundary and the shock wave (Pletnev er al. 1965, Piddington 1967).
A number of other geophysical events which are due to corpuscular agents
also occur in different ways on both day and night sides (Morozumi 1966).
The expansion phase shows itself as an increase in the brightness of the quiet
arc around midnight and as the occurrence of rayed arcs around midday.
During intense storms, the poleward movement of the arcs results in the
appearance of a bulge in the midnight section (Fig. 15¢) which propagates
rapidly towards the pole, east, and west with a velocity of 10~100 km min~—1.
Around midday the arcs become brighter and a southward movement with a
velocity of 10-30 km s~ begins. At the peak of the expansion phase
(Fig. 15d) the bulge reaches its most northern position, being stopped at
® ~ 80°by very intense substorms. In the evening the formation of the bulge is
sometimes followed by the formation of enormous surges which propagate
westwards along the existing arcs with a velocity of 10-100 km min~?!. After
midnight the break-up of the arc with the formation of spots drifting eastwards
is observed. In the morning hours, individual bands drift as a whole eastwards
with a velocity of 18-30 km s, On the day side the changes cover the near-
midday hours where the rayed arcs moving equatorwards are formed. The
aurorae cover all longitudes and form a single belt.

The recovery phase (Fig. 15¢) is characterized by the southward movement
of the northernmost active arcs and bands near midnight with a velocity of
6-15km s 1. The irregular westward-moving surges often assume the form
of regular loops which drift in intense substorms up to distances of 2000 km
from the midnight meridian with a velocity of 30 km min~?. In the morning
hours at @ = 60-70° the arcs are replaced by spots drifting eastwards with a
velocity of 20 km s, On the day side, the auroral brightness is increased, the
width of the belt is a maximum, and equatorward movements predominate.
In the second period of the recovery phase (Fig. 15/) homogeneous arcs are
formed from the spot groups in the morning; on the night side, the aurorae
move equatorwards and on the day side they move polewards; the intensity of
aurorae is decreased.

The above described scheme of the development of the auroral substorm
may be particularized for the positions of arcs in the night hours in the quiet
period (at ® ~ 65-70° and not at 60-65°), for cases when equatorward
movements are greater than poleward (Heppner 1954, Davis 1962a and
Fig. 9¢), and for the possibility of the onset of auroral activity not on the
midnight meridian.

Akasofu and Kimball (1965) have illustrated the main features of the
development of the auroral substorm by a great number of photographs of
aurorae with all-sky cameras.

The general regularities of the meridional and longitudinal movements in
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aurorae have been established by Meinel and Schulte (1953), Kim and Currie
(1958, 1960), Stoffregen (1961), Davis (1962b), Dzyubenko (1963a, 1964b),
Akasofu (1964b), Malko (1965), and Feldstein, Shevnina, and Lukina (1967).

The meridional movement may be of several types. The equatorward and
poleward drifts dominate in the evening and in the morning respectively, due
to the earth’s rotation beneath the oval. Such systematical drift was described
by Stérmer (1930), Harang (1951), Heppner (1954), and others. This drift,
reaching 60 km min~?, has been studied for a great number of stations by
Malko (1965) and Dzyubenko (1963a) for the IGY period and by Feldstein,
Shevnina, and Lukina (1967) for the 1QSY period. Irregular motion due to
substorm development is superposed on the regular diurnal drift. During the
expansion phase, poleward movements, which exist for a short period, appear
near the northern edge of the belt. The equatorward movements of aurorae
appearing near the southern edge in the expansion phase or during withdrawal
to the initial position at the northern edge in the recovery phase are observed
more frequently.

The longitude movement is controlled by local time. At ® < 67° this
movement is eastward in the morning and westward in the evening with a
change in direction of drift near midnight. In the high latitude region, Davis
(1962b) and Stoffregen (1961) have found eastward movement in the evening
and westward movement in the morning. The velocity of the movement
increases as magnetic disturbance increases (Unwin 1959, Kim and Currie
1960). The very active rays may move with velocities of up to 30 kms~*
(Omholt 1962) and extend vertically for tens or hundreds of kilometres
without changing their form (Cole 1963). High-speed filming of the luminous

formation has shown the presence of velocities of up to 125 km s~ * (Davis
and Hicks 1964).

5.7 The Local Features of A\uroral Distribution

The detailed study of the auroral distribution over comparatively small
regions of the earth’s surface has revealed a number of local effects. Nadoubo-
vich (1967) has examined various aspects of a vast complex of events which
are due to the dependence of auroral characteristics on the presence of the
water—land interface (the coastal effect). It appears that the peak isoaurore of
the homogeneous forms is a copy of the coastline, the extended auroral form
being bent in specific cases along this line. Figure 16 shows the projection of
auroral arcs on to the earth’s surface near the East Siberian shore (Nadoubo-
vich 1967) which illustrates the tendency of the arcs to be located along the
coastline. The theoretical explanation of the coastal effect has been given by
Ponomarev (1964).

Samsonov and Zaretsky (1963) have found a non-monotonic change in P
when moving towards the equator from the peak isochasm. Comparison with
magnetic field maps shows that the regions of maximum concentration of the
arcs coincide with the central regions of the East Siberian magnetic anomaly.
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Fig. 16 Examples of the coastal effect in the location of auroral arcs in the region of
Siberia (Nadoubovich 1967).
1, 11 March 1958, 1527 UT
2, 2 February 1959, 1341 UT
3, 21 January 1960, 1632 UT

6 Conclusion

There is no doubt that the atmospheric luminescence observed in the form
of the normal types of aurora is due to energetic particle fluxes. The source
of such particles may be the plasma of solar corpuscular streams transformed
in the magnetosphere, particles accelerated within the magnetosphere at great
distances from the earth, and particles accelerated by the electric fields within
the ionosphere. Besides these, other acceleration mechanisms, such as the
result of strong heating of the ionosphere by hydrodynamic waves (Krasovskii
1967), are possible.

If the IGY and the IQSY programmes have solved in the main the problem
of the space-time distribution of the frequency of occurrence of ordinary
aurorae, further investigations must be directed to elucidating the cause of the
phenomenon. To achieve this it is necessary, in our opinion, to carry out
complex observations of atmosphere luminescence using both ground stations
and the rockets and satellites which have already been started (Evans 1965,
Johnson et al. 1967).

Satellite measurements make it possible to obtain prompt and detailed
latitudinal cross sections of the luminescence intensity, to observe simultane-
ously the luminescence and the particles that produced it, to observe the
energy spectrum of such particles and the direction of their movement, to
observe the luminescence in the ultraviolet (<2700 A) including also day
aurorae. Satellite measurements of such transient events as aurorae are
severely limited: the satellite crosses the active forms of aurorae for fractions
of a second, gives information on the course of an event only at a single point,
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and excludes the possibility of tracing the development of the process with
time. Therefore the combination of satellite and ground measurements
enabling the aurorae to be synoptically studied is important.

Observations using all-sky cameras should be prolonged to obtain the
planetary distribution of the luminescence intensity, and monochromatic
determination should be added to the network.

Both photography and photoelectric photometry from the ground network
and from satellites should be carried out using absolute photometric standard-
ization in order to compare the energy balances of the aurorae and the
intruding corpuscular streams.

Particular attention should be paid to the study of the luminescence in the
polar cap using satellites in polar orbits and expanding and strengthening the
high-latitude observatory network, in particular in the Antarctic.

It is necessary to carry out photoelectric measurements both from ground
stations and from satellites up to an intensity of 0.1 rayleigh in order to detect
and study the subvisual luminescence (red aurorae). It is very desirable to
carry out such observations at middle and high latitudes during intense
magnetic storms.

The study of weak luminescences in the near-polar region and at low
latitudes should be combined with vertical ionospheric soundings and rocket
launchings.

In parallel with the planetary observations from the network of cameras,
photography with exposures of fractions of a second, giving a high resolution,
should be carried out at individual points simultaneously with the launching
of sounding rockets to resolve the development of the process with altitude.

The luminescence at conjugate points should be investigated more
thoroughly.

Realization of this observation programme would make it possible to solve
many urgent problems of aurorae; in particular, the problem of the role of
various factors in the formation of aurorae and the problem of the use of
aurorae as an indicator of the geophysical activity index and as an original
spectrometer of charged particles.
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