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FOREWORD

Professor Dr. Leiv Marius Harang died on 21 September 1970.

Leiv Harang combined great personal achievement with the ability to stimulate interest and -

create a research atmosphere in the best scientific tradition. He held a central position among
Norwegian geophysicists, not only because he achieved international rénown, but because
his work and inspiration was decisive in establishing reseach activities both in Tromsa at the
Auroral Observatory, as well as in Oslo, at the Defence Research Establishment and at the
University.

Leiv Harang was a pleasant and modest personality, but he devoted his life to imaginative
work at the frontiers of knowledge. The undersigned group of scientists, who started their
work under his guidance, and had the pleasure of his continued collaboration and interest
for many years, proposed about one year ago that he should be honoured with the dedication
of a collection of papers in his areas of interest. We have invited some active scientists to
dedicate short contributions to this collection, as a sign of gratitude and respect.

Alv Egeland Bjorn Landmark Finn Lied Anders Ombolt Willy Stoffregen
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PROFESSOR, DR, PHILOS, LEIV MARIUS HARANG

By F. Liep

: . MINISTER OF INDUSTRY, )
ON LEAVE FROM THE NORWEGIAN DEFENCE RESEARCH ESTABLISHMENT,
KJELLER, NORWAY

The man and his work

Professor Leiv Harang passed away on 21 September 1970 at an age of 68. With him the last

of the Norwegian pioneers in cosmic and ionospheric physics has left the scene. Kristian

Birkeland and Carl Stermer were pioneers of theories on the origin of the aurora and emission-

of particles from the sun. Lars Vegard pioneered studies of the auroral spectra. Leiv Harang
made the study of the ionosphere in polar regions his particular field of interest, attacking
problems with a variety of techniques and an unusual and stimulating interest,

Leiv Marius Harang was born on 19 April 1902 in Trondheim. After matriculation at
Trondheim Katedralskole, he studied science at the University of Oslo and graduated in 1926.
His main subject was physics with X-ray crystallography ~ a popular subject at that time —
constituting his Master of Science thesis, Immediately after graduation he made a brief visit
to Gottingen.

The Haldde Observatory, established by Kristian Birkeland on a mountain top near Bosekop,
was in operation from 1912 until 1927, It had an-extremely inconvenient location from a
climatic point of view, and as early as 1925 Professor Vegard approached the Rockefeller
Foundation in order to obtain funds for a new auroral observatory in Northern Norway. He
was successful and the Foundation made 75,000 dollars available, The Auroral Observatory
was built outside the town boundary of Tromse at that time, not far from the Geophysical
Institute in Tromse which was established in 1918. The Auroral Observatory, together with
the Bureau of Geomagnetism in Bergen, became the Norwegian Institute of Cosmic Physics
with Professor Vegard as the first chairman of the board.

In 1928 Leiv Harang was offered the position as director of the Auroral Observatory and
he held that position for 18 years. The original staff was, in addition to the difector, Mr. Einar
Tonsberg (physicist) and Mr. Magnus Jacobsen (instrument maker). In addition to auroral
observations, the original programme of work included earth-magnetic observations, and
studies of earth-electricity and ozon.

Dr. Harang’s own work was originally the study of earth-magnetic sterms and propagation of
radio waves, parts of what later became the field of ionospheric physics. But he was also interes-
ted in auroral studies and his first publication in 1931 dealt chiefly with auroral forms and spectra.

R




10

During the Polar Year 1932-33, Sir Edward Appleton and Mr. R. Naismith visited the
Observatory; their visit coincided with that of a German group including Mr. W. Stoffregen,
then a young radio engineer, who remained in Tromsg. Both groups were interested in studies™.
of the ionosphere by means of radio waves, and Dr. Harang immediately realised the potential
of the new echo-technique. He was able to obtain an ionosonde built at the Radio Research
Station in Siough, England, and devoted himself to a long series of experiments, particularly
investigating the disturbed jonosphere. In 1937 he submitted his thesis for the degree of Doctor
of Philosophy: ‘Anderungen der Ionisation der héchsten Atmospharenschichfen wihrend der
Nordlichten unter Erdmagnetischer Stohrungen’. In this very typical study, he tried to illu-
strate the difference between the normal and disturbed ionospheric conditions in polar regions
and even tried to determine recombination coefficients for electrons in the ionosphere. This
latter attempt was somewhat premature. But the thesis represented a long leap forward in
general knowledge of ionospheric conditions and was the starting point for a great number of
investigations by himseif and his colleagues. '

Between 1931 and the outbreak of the last war, Leiv Harang published nearly thirty papers.
During the war, due to other activities, he published only five papers, but in 1945 and 1946
he published nine, some of which had been written during the war. Most of these papers
dealt with the aurora and earth-magnetic problems, but his main interest was ionospheric
physics and here he was a clear leader in this field in Norway. His efforts were also appreciated
by his colleagues abroad, and the Auroral Observatory in Tromsg became internationally
known and respected. _ ' - _

Reference also ought to be made to the well-illustrated monograph finished before the
war entitled: ‘Das Polarlicht, und die Probleme der héchsten Atmospharenschichten’. This
served for many years as an introduction to the physics of the ionosphere. '

The war interrupted Dr. Harang’s work and he became engaged in clandestine work against

the German occupation forces. Together with his colleague, Mr. Reidulf Larsen, he did his
- country great service. In 1944 he was arrested, and was eventually interned near Berlin. Leiv
Harang was a man of considerable courage and his fortitude was an example to all.

In 1946, well after the war and the return of the free Norwegian forces to Norway, the Govern-
ment decided to establish the Norwegian Defence Research Establishment, an interservice
applied research establishment.

‘Dr. Harang was offered the position as superintendent of one of its five divisions, the Divi- .

sion for Telecommunication. With a handful of young, enthusiastic colleagues and under the
difficult conditions then prevalent he established himself as a clearsighted leader and organized
hisdivision in two sections, one for radio wave propagation’ and one for hardware develop-
ment, One might think that applied research was far from his interests and field of ability,
but the difficult pioneering conditions in Tromse had turned him into a very practical man
and the war had taught him a lesson: Never again! ‘ ‘ o

The work at the Division for Telecommunication resulted in many interesting studies of
polarization of reflected waves, absorption in the jonosphere, scattering from irregularities,
absorption of extraterrestrial radiation, and photoelectric measurement of auroral phenomena.
The combination of Dr. Harang’s fundamental interest and the techniques developed during
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the war became a happy. and fruitful whole and resulted in a great number of publications,
chiefly by his colleagues, since Dr. Harang was naturally engaged with establishing and con-
solidating his division and in 1949 with moving it from Bergen to Kjeller, 25 km outside Oslo.
In 1952 Dr. Harang’s work entered a new phase. He was appointed Professor at the Uni-
“versity of Oslo on the initiative of Professor Svein Rosseland, but continued his association
with the Norwegian Defence Research Establishment. At an age of 50 years, beyond the pro-
ductive period of most men, Dr. Harang entered perhaps the most creative phase of his life.
From 1954 to 1969, when illness brought his activities to a halt, he produced close on 40 scien-

tific publications over a wide field. In addition, he held both undergraduate and graduate 7

courses and guided a number of graduate students, many of them now active in geophysics
in Norway. :

Dr. Harang’s publications from this period dealt not only with his old subjects of radio
scattering from auroral forms and drifts of ionospheric irregularities, but also with the then
novel application of photoelectronic techniques which he had developed partly in cooperation
with his old friend Dr. Willy Stoffregen, then working in Uppsala. His interest was also caught
by the VLF emissions from the disturbed ionosphere and correlation between these emissions
and the aurora and earth-magnetic disturbances. Studies of the VLE emissions occupied him
to the very last and brought him into close contact with workers in many countries. He pu-
blished from 1964 until 1969 no less than 15 papers on this subject, developing a most ingenious
technique to extract the emissions wanted from man-made disturbances.

‘As a scientist, Dr. Harang bridged the gap between the classical geophysicists and the mo-
dern, electronically influenced ‘geophysicists. Perhaps his theoretical understanding was not
very deep, but his imagination, his feeling for physics and his ability to interpret confused
material were second to none. He was also exceptionally gifted in the art of presentation, and
impatient as he could be to get work done, he had exceptional patience in studying and working
with- the results.

As early as 1940 Dr. Harang became a member of Det Norske Videnskapsakademi and
in 1969 he received Framkomiteen’s Nansen-award,

Of course a man of Dr. Harang’s calibre was called upon to serve on many occasions, He
was from 1958 until 1969 a prominent member of the Science Research Council and here he
influenced the general developments in physics to a great extent, :

But perhaps his greatest influence was through the fact that he placed Tromsg on the scien-
- tific map and made the creation of a university in that town a practical possibility. The Auroral
Observatory is now an element of the university. Many will remember his efforts in the long
and difficult period before the war and will regard the Observatory as one of the pillars on
which further happy developments rest. . - _

In addition to being an unusual scientist and public-spirited citizen, Dr. Harang had personal
and human qualities that made him a hi ghly valued member of all associations; he had friends
all over the world. He drew strength and humour from a happy family life, his wife, Signe
Harang, being his devoted and loyal supporter in all circumstances, _

Despite the prestige he commanded and the positions of influence he held, Leiv Harang
was indeed a humble man. He could argue strongly and effectively, but he was always ready
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to listen and willing to revise his opinion, He was a critical man, because for him science was
a serious occupation with rules that had to be respected. He guided the young with a firm
but always friendly hand, and he delegated responsibility and deliberately displayed trust in-

his colleagues irrespective of age and position.
But perhaps his friends will above all remember his helping hand when they needed it.
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THE FORMATION OF THE IONOSPHERE
IDEAS OF THE EARLY YEARS (1925-1955)

By J. A. RATCLIFFE
CAMBRIDGE, ENGLAND

1. Introduction

- Harang was active as a research worker during most of the period from 1925 to 1955 when
the ionosphere was being explored by radio waves emitted from the ground, and when ideas

about its formation were being developed slowly and with much hesitation. It is the purpose -

of this article to outline these developments. In the early days attention was concentrated.on
the simpler aspects of ionospheric behaviour and it was only later that more complicated
phenomena could be understood. In particular the behaviour of the polar ionosphere, which
Harang did so much to investigate, could not at first be used to establish the fundamental
. ideas about the formation of the ionosphere. Thus, it is not surprising that the work of Harang
himself is not mentioned in this review. : : '

As soon as the experiments (19252, b) with reflection of radio waves at vertical incidence
had demonstrated the existence of the ionosphere and had given a measurement of its height,
two separate, but closely related, lines of investigation were started; one to find out how the
ionosphere was formed, and the other to discover the nature of the upper atmosphere and of
the sun’s ionizing radiation. Between 1925 and 1955 ground-based radio measurements pro-
vided almost the only evidence, and by 1955 they had led to a fairly complete understanding
of the ionosphere and of the atmosphere between the heights of about 90 km (the top of the
D region) and about 300 km (the peak of the F layer).

Experiments with rocketsf and satellites, started soon after 1950, at first mainly confirmed
the previous ideas about the ionospheric £ and F layers, and about the neutral atmosphere
up to about 300 km, but by about 1960 they were providing new information above 300 km
(the topside ionosphere) and below 90 km (the D region). The new ground-based techniques
of partial reflection, cross-modulation, and incoherent scatter were also prov'iding information
about these previously unexplored regions.

In 1925 little was known about several phenomena that took part in the formation of the
ionosphere. They included: the nature and distribution of the atmospheric gases, the nature
of the ionising radiations, the nature (fonic or electronic) of the iondSpheric charged particles,
and the mechanism (recombination or attachment) by which electrons were lost. Knowledge
of these separate phenomena advanced simultaneously and because they are interrelated the
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story of their investigation is complicated. For simplicity the different topics are here dealt
with independently, with cross-reference where convenient. Section 7 shows how the ideas
were combined in the early 1950s to suggest in different ways how the ionosphere might be
formed. The bibliography (Sect. 8) is arranged chronologically and is accompanied by notes
to indicate the development of the subiject.

2. The radio evidence

Green (1946b) has given a fascinating account of the early radio investigations. Here oz_ily
those that provided evidence about the formation of the ionosphere are mentioned. The early
experiments (1925a, b) with radio waves reflected nearly vertically from the ionosphere were
made on fixed frequencies. From these results it was possible to use the expressions*

[i] = eomuiw?/e? or [e] = gomew?/e?

to deduce the ion, or the electron, concentrations ([i] or [e]) at the height of reflection, but.
since it was not known whether ions or electrons were operative the concentrations could not
be determined without ambiguity. . ..

_There was no knowledge of the height of the layer peak or of the concentration at the peak.
These quantities were at first deduced from knowledge of the skip distance observed on com-
munication circuits employing different frequencies (1926a, 1927a, 1928a). Later experiments
made with vertically reflected waves on a single frequency indicated (1927b) that there were
two major ionospheric layers (£ and F), and in (1931c) experiments with several frequencies
showed how the penetration frequencies could be determined. The F layer was sometimes
found to be split, by day, to form the F1 and F2 layers (1933a, b).

The reflected wave was found (1928b) to be elliptically polarized with left-handed sense in.
the northern hemisphere and the deduction was made that there were sufficient free electrons
to make [e]/me > [i}/m; at the height where the waves were absorbed. At first there was no
clear evidence that electrons played the major part in reflecting the waves, but later (1933d)
measurements of the penetration frequencies of magneto-ionically split echoes showed that
electrons were responsible for reflection from the F layer. It was, however, not certain that
- multiple echoes from the E layer were the result of magneto-ionic splitting, and many theorists
still supposed that ions were responsible for their return (1932a, 1934a, 1935a, 1938c). Finally,
after reception with a polarized receiver had shown (1933e) that, as sunset approached, char-
acteristic waves. with opposite senses of polarization penetrate the E layer at well separated
times, it was realised that electrons also play the major part in reflecting the waves from the
E region. Although it was then known that the ratio [e] / [{] of tlie concentrations in the £
region was much greater than the ratio m, [ m; of the masses, there was still the possibility,
important for the theory of geomagnetism (see Sect. 4), that it might be much less than unity
so that ions might be more numerous than electrons.

* Symbols in square brackets [X] denote the concentration (number per unit volume) of the appropriate
particle X. Other standard symbols used in the literature of the ionosphere are not defined here.
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Ground-based observations made before the war led to a knowledge of two other important

quantities — the thicknesses of the layers and. the collision frequencies of electrons at different
heights. Appleton (1937a) showed that his ionograms were consistent with a model ionosphere

in which the £ and F layers had thicknesses in the ratio 1 to 4. Studies of the way in which
the amplitude of a reflected pulse depended on its group delay-time led to measurements of
collision frequency in the E, F1, and F2 layers (1935b, c, 1936b). i

Investigation of the D region by totally reflected waves has always been difficult because -

of the long wavelengths that must be used. Some results were, however, obtained during the
period under review by observing the echo-times of pulses (1951b, 1959Db), and the phases of
continuous waves (1951a), reflected from the ionosphere. More recently (1966) the phase-
measurements have been interpreted to provide valuable information about electron concen-
trations at heights down to 60 km. . '

3. The ionising radiation. Photons or corpuscles?

Appleton’s early measurements of Vertically reflected radio waves were made on frequencies
used in medium-wave broadcasting; they were therefore made between midnight (when broad-

casting ceased) and sunrise (when the waves were removed by absorption). They showed that

a considerable concentration of eleétrons‘('or ions) persisted throughout the night, Most work-
ers thought that free electrons are removed by attachment to neutral molecules so rapidly
that they cannot persist through the night at heights near 100 km*, They therefore suggested
that the major part of the ionization must be produced by corpuscular radiation that falls on
the atmosphere equally by day and by night (1926a (Lindemann), 1926b). Later, when experi-
ments on frequencies received throughout the day showed that the ionization followed the

solar zenith angle closely (1932a) it was supposed that the daytime ionizing radiation comes

from the sun, _ _

To decide whether the daytime ionizing radiation was produced by photons or by corpuscles,
measurements were made on a single frequency during a solar eclipse in 1927. The height of
reflection of the waves was found to increase to a maximum at the totality of the optical
eclipse, and not later, as might have been expected if a stream of solar corpuscles had been
intercepted by the moon (1930a). But later Chapman (1932b) showed that a corpuscular
eclipse would be noticed on the earth one or two hours before the eclipse of the photon radia-
tion, and because the 1927 eclipse had occurred just after sunrise a possible corpuscular
eclipse would not have been observed. Those, like Chapman, who thought that the E layer
was produced by corpuscles did not, therefore, consider the results conclusive. Finally, how-
ever, measurements made during an eclipse during the middle of the day (1933g) provided
clear evidence that both the E and F1 layers were ionized by photons (1933f),

* This difficulty was again emphasised by Martyn and Pulley (1936a).
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4. Ionospheric conductivity and geomagnetism (19562a)

To explain the regular variations-of the magnetic field observed at the surface of the earth,
Balfour Stewart (1882) suggested. that the conducting upper atmosphere acted as the armature
of an ‘atmospheric dynamo’ when it is moved by the tidal action of the sun and moon, and
Chapman (1919) showed that, if the speed of the air movement in the lunar tide is the same .

at all heights as it is at the ground, the conductivity of the atmosphere must be about 2.5 X 10-5 -

emu. As different theoretical modelis of the 1onosphere were developed after-1925, caIculatlons
were made to see whether they had the necessary conductivity.

Pedersen {1927a) showed that the effect of the permanent geomagnetic field is to reduce
some components of the ionospheric conductivity. Because of this reduction it was concluded
(1937a) that, whether the charged particles producing radio reflections were jons or electrons, '
the conductivity of the ionosphere was much too small to provide the currents required by
the dynamo theory. About the same time Perkeris (1937b) revised the theory of tides in the
atmosphere and suggested that the speeds of the air movements might be 10 or 100 times
greater in the ionosphere than at the ground. But even so, the calculated conductivity of the -
ionosphere was about 10 times too small.

To overcome this difficulty it was supposed that the concentration [i-] of the negative ions
was at least ten times greater than the concentration [e] of the electrons. Because the mass of .
an ion is so much greater than that of an electron these ions would not play any measurable’
part in radio wave reflection, but (in the presence of the geomagnetic field) their contributions
to the conductivity would be important. For some time, therefore, theoretical work was direc-
ted towards deciding whether [i~] / [e], usually written A, could be as great as 10 or 100 in the
E layer (see Sect. 6.3). |

Bui later Martyn (1948a) re-examined the dynamo theory and showed that an jonosphere
limited in- vertical extent becomes electrically polarized and the resulting electrostatic field
increases the conductivity by a factor of about ten. Thereafter there was no need to suppose
that negative ions preponderated in the E region.

5. Atmospheric constitution and the heights of the layers

In his early masterly review of the jonosphere Pedersen (1927a) drew attention to two im-
portant points that had been emphasised by previous workers:

(¢) When radiation ionizes a gas that has an ionization cross-section o the rate of production
of electrons reaches a peak at a height where No = 1, N being the total number of |
jonizable atoms (or molecules) in a superincumbent column of unit area pointing to- -
wards the sun, provided the radiation is not absotbed by arly other gas. An alternative
way of stating this same result is H[n]o = 1 where H is the scale height and [#] is the
concentration of the ionizable gas at the height of the peak.

(b) The rate gm at which electrons are produced in unit volume at the peak is given by
gm = CI cos y/H exp (1) where I'is the intensity of thencident ionizing radiation, Cis the
number of electrons produced by umt energy in the radiation, and x is the solar zenith
angle.
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These two important relations were re-emphasised by Chapman (1931a) who also calcu-

lated the distribution of electrons that would be produced in an equilibrium situation where
the rate of production was equal to the rate of loss, assumed to be by recombination with a
coefficient that was independent of height. In this calculation he showed how the thickpess of
the electron layer depends on the scale height of the gas that is ionized.

5.1 The neutral atmospheric gases

When attempts were made to use the expression No = 1| (or H{n]o = 1) to explain the
production of a layer at any particular height, it was necessary to know the distribution of the
different atmospheric gases (to give N) and their ionization cross-sections (0). In the period

between 1925 and 1955 a main aim of ionospheric research was to provide this information..

Pedersen (1927a) coliated the ideas about the atmospheric gases that had been derived from
balloon soundings (up to 30 km), the disappearance of meteors (near 100 km), and the re-
flection: of sound waves (near 100 km). He supposed that the temperature was about 210 K
at all heights greater than 12 km and that mixing ceased at a height of 20 km. Above that

height the atmosphere -consisted of molecular oxygen, molecular nitrogen, and helium in.

diffusive equilibrium; helium thus predominated above 120 km. Because there was no evidence

for hydrogen in the spectra of the airglow or the aurora he supposed it was absent from the-

_upper atmosphere. _
For a long time there was doubt about the upper limit of mixing (later called the turbopause)
and competent workers suggested a variety of values, for example '

1926(a) Chapmann 20 km
1927(a) Pedersen 20 km
1938(c) Hulburt 110 km
1938(a) Wulf and Deming 20 km
1946(a) Bates and Massey 250 km
1949(a) Bates 200-300 km

Finally rocket borne mass-spectrometers showed (1958) that diffusive separation of gases
starts near a height of 100 km. : '
In the early days it was supposed that oxygen remained in the molecular form up to great

heights, but later Chapman (1931b) discussed its dissociation by ultra-violet radiation and

concluded that at a height near 100 km there must be a sudden transition from molecules
below to atoms above. Nicolet and Mange later (1954b) showed that the relative number of
atoms and molecules are determined by diffusion rather than by photo-chemical equilibrium,
so that, instead of a sharp transition near 100 km, molecules and atoms are both present
above this height distributed each with its own scale height.

Although Pedersen (1927a) had supposed that the temperature of the atmosphere above
100 km was about 210 K, most early investigators accepted the view 6f Lindemann and Dobson
(1922), based on the observed disappearance of meteor trails, that it was about 300 or 350K.
Maris and Hulburt (1928¢c) were the first to suggest that the lonizing radiation must itself
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heat the upper atmosphere to about 1000 K; the deductions drawn from radio measurements,
by Martyn and Pulley (1936a) on the one hand, and by Appleton (1937a) on the other, were,
however, the first to emphasise the need for high temperatures. Martyn and Pulley pointed out
that the electron collision frequency measured by radio methods changed by a factor of only
1.5 X 10-2 as the height increased from 100 to 250 km. Appleton used the measured thick-
" nesses of the E and the F layers in conjunction with the theory of Chapman to deduce that
the scale height changed from about 10 km at a height of 100 km to about 50 km at a height
of about 300 km. Each of these facts suggested that the density at 300 km was greater. than
had previously been supposed. It was therefore suggested that the atmosphere at this height -
must consist either of helium at a temperature of about 300 K or of atomic oxygen at a tempe-
rature of about 1000 K. Helium was ruled out on spectroscoplc grounds and it was concluded
that the upper atmosphere was hot. :

It is interesting to note that, although this conclusjon is still thought to be correct, the ar-
guments that led to it now seem to be invalid (1954a): that based on collision frequencies be-
cause electrons in the F layer collide more frequently with positive ions than with neutral
particles, and that based on the shapes of the layers because the shapes are not those of a
‘Chapman equilibrium’ layer. . :

- In 1950, just before rocket exploratlon started, the ground-based observations were thus
usually thought to indicate that the important gases below 100 km are molecular oxygen and
molecular nitrogen, and that above 100 km oxygen exists in both atomic and molecular forms
(and after 1954 they were thought to be distributed each with its own scale height). The turbo-
pause was usually supposed to be near 100 km (although Bates (1949a) still thought that
there was mixing right up to 300 km). The temperature was about 300 K at 100 km, increasing
to about 1000 K at 300 km; and at these heights it perhaps changed by a factor of 2 or 3 be-
iween winter and summer, or night and day.

In the early rocket experiments pressure and density of the atmosphere were measured up
to heights of about 220 km, but it was not possible to determine the molecular weight of the

air. A ‘rocket panel’ (1952a) prepared a ‘model atmosphere’ based on all the known results.
They assumed that dissociation of oxygen starts at 80 km and is complete above 120 km."
They also assumed (contrary to the ideas of most other workers) that molecular nitrogen
began to be dissociated at 120 km and that the dissociation was complete at 220 km, They
suggested that helium might predominate at heights a little above 220 km. These results did
not seriously modify the ideas about the atmosphere below 240 km that had been deduced
from the ground-based radio experiments.

5.2 Ionization cross sections

Once the height-distribution of any particular gas was known it was necessary to know the
jonization cross-section (o) of its molecules or atoms before the peak height of electron pro-
duction could be calculated. Because the appropriate ulfra-violet radiations are strongly
absorbed by air, laboratory measurements are difficult, and had not been made in the early
days of ionospheric investigations. But theorists concerned with the ionization in stellar
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atmospheres had calculated the ionization cross-sections of atoms and an expression derived by
Kramers (1923) was generally used, which led to values of about 10-16 ¢cm? for O and N.
More recent quantal calculations (1939a) led to values of about 10-17 ¢cm? for O.

Since about 1953 it has also been possible to measure the cross-section for molecules. That
for oxygen has a broad maximum of about 10-17 cm? at a wavelength near 1500 A (1953).
In some parts of the spectrum the cross-section varies rapidly with wavelength; at the Lyman

alpha line of hydrogen it was found (1955b) to be very small, only about 8.5 x 10-2L ¢cm?2, -

5.3 The heights of the layers

At all times investigators have been able to suggest combinations of gases and ultra-violet
wavelengths that made No = 1 at heights of 200 or 300 km, so that the formation of the F
layer at that height by solar radiation seemed reasonable. In the earliest days, when the tempe-
rature of the high atmosphere was supposed to be about 300 K the value assumed for N was
small, but the value of o was great (10-16 cm?). Later, when the temperature and N were
thought to be greater, ¢ was supposed smaller (10-17); the two changes cancelled to a large
extent and the calculated height of the peak remained near 200-300 km.

As the theory became more accurate, calculated values of o became smaller and finally
. (1954a) No was found to equal unity at a height near 170 km. At that time the theory of the
electron loss process (Sect. 6.3) suggested that this was the height of the F1 peak, although
from radio evidence the peak was usually supposed to be at a height near 200 km. A Iittle
later, however, improved methods were developed (1959a) for calculating the real height of
reflection from the apparent height recorded on ionograms, and when they were applied the
radio measurements appeared to agree reasonably well with the theory in showing that the
F1 peak was at about 170 km.

For the E layer, however, No was always found to be much greater than unity, implying
that no wavelength could penetrate to 100 km in any of the known gases. Many and varied
suggestions were therefore made to account for the occurrence of a peak of electron production
at that height. Chapman (1931b) suggested that it was produced by a neutral stream of par-
ticles ejected from the sun, but he abandoned this idea after the eclipse experiments of 1932.
Another suggestion supposed that the E layer was formed when suitable radiation, unabsorbed
in the atomic oxygen at greater heights, first encountered the molecular oxygen near 100 km
(1938a). This suggestion had to be ‘abandoned when it was realised that the transition from
molecular to atomic oxygen was determined by diffusion and was not sharp. Nicolet (1945)
suggested that molecular oxygen was pre-ionized by radiation in a part of the spectrum that
could penetrate to the E region.

Underlying all these early suggestions was the idea that the mtenSIty in the appropriate part
of the sun’s spectrum (approximating to that of a black body at 6000 K) decreased so rapidly
with decreasing wavelength that only the part near the ionizing thresholds need be considered.
But Miiller (1935d) drew attention to previous suggestions by Eckersley and Elias that X-rays
might be responsible for the E layer, and he showed that the appropriate ionization cross-
sections were of the right order. Hoyle and Bates (1948b) suggested that heavy ions in the
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hot solar corona might emit X-rays in sufficient intensity to produce the E layer. Confirma-
tion of these ideas had to await rocket-borne measurements of solar X-rays. -
Exploration with long waves emitted from ground stations (1951a, b, 1959b) showed that
there was a substantial concentration of electrons in the D region, down to heights less than
70 km, and that it changed with the solar angle as though produced by radiation from the
sun. It was, however, difficult to suggest a radiation that could penetrate to these depths. It
was often supposed that some minor constituent, such as a metal (1942) or nitric oxide might
be ionized by a part of the ultra-violet spectrum that could reach these heights: when labora-
tory measurement showed that the atmospheric absorption of Lyman-a was small it was
shown in detail (1945) how that radiation could ionize NO to produce the D-region electrons.

6. The rate of loss of electrons

After a combination of gas and ionizing radiation had been found capable of producing a
peak of electrons at the observed height, it had to be shown that the observed concentratlon
agreed with that calculated.

The expression g = CI cos y/H exp (1) was used to calculate the peak rate (gy) at which
electrons were produced in unit volume. The spectrum of the ionizing radiation was supposed
to be that of a black body at 6000 K. and the energy greater than the threshold ionization
energy was computed to give I: C was estimated on the supposition that each photon produced
one electron, The scale height H at the peak was taken from the assumed distribution of the
gas to be ionized, or was calculated by comparing the observed thickness of the electron laycr
with that deduced from Chapman’s theory.

After gn had been calculated it was necessary to compare it with the value deduced from -

experimental data. For this purpose the layer was assumed to be in quasi-equilibrium so that
the rate of production of electrons balanced the rate of loss, either by recombination at a rate

«[e]?, or by attachment to neutral particles at a rate f[e]. At first it was not known which Type

of loss process was predominant, or what were the magnitudes of « and f. Investigations of
these matters proceeded in three stages in which

~ (a) early theoretical values of loss coefficients were used,
(b) loss coefficients were obtained from the radio observations,
(c) more advanced theory was used to explain the unexpected results from the radio
observations. '

6.1 Early theoretical values

Bailey (1925c) had shown that when electrons collide with oxygén molecules they become
attached to form negative ions with a probability p = 10-5. When the collision frequency is
v the rate of loss of electrons from unit volume is thus pv{e]: if this is written B[e], the attach-
ment coefficient () is proportional to » and hence to the concentratlon [Oz] of the oxygen
molecules.

Two kinds of recombination, radiative and non-radiative, had been considered pre-
viously. Kramers (1923), following Saha, had investigated the equilibrium represented by
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Xt 4 e 2 X 4 hv between radiative recombination and photoionization, and had shown that
the coefficient « would have a magnitude about 10-11 ¢cm? st o
J. J. Thompson (1924) had investigated a process of mutual neutralization or ‘recombi-
nation’ (X* + Y~ + M - X + Y + M) that occurred in the presence of a third body (M)
without the emission of radiation, and had deduced a (pressure-dependent) magnitude for
the ‘recombination’ coefficient; his expression applied equaily to atomic and molecular ions.
In the early days it was not clear which of these values of loss coefficient was appropriate. ~

Those who thought that electrons were lost by attachment realised that they would disappear - -

very rapidly and could not last through the night. Those who adopted the theoretical recom-
bination coefficient of Kramers realised that the loss would be slow, and there would be little
change through a night. Some (like Pedersen (1927a)) thought that the night decay could be
roughly explained by Thomson’s recombination theory. '

6.2 The observed rate of electron loss -

Even before it had been decided whether the negative charges in the tonosphere were ions
or electrons, their rate of loss was deduced from radio data by observing the changes during a
solar eclipse, or the rate of decay at night, or the asymmetry about midday. o

It was first necessary to decide whether the loss followed the quadratic law appropriate to
recombination, or the linear law appropriate to attachment. For this purpose it was assumed
that the peak of electron concentration in a layer was at the level of the peak of production:
and that there was quasi-equilibrium, so that either qgm = ale]® or gn == fle]; and that
gm o< cos ¥ from Chapman’s theory. Observations made for different values of %, resulting from
changes in season or geographical position, favoured the hypothesis of recombination for the -
E and the F1 layers, but results for the F2 layer were never sufficiently consistent to lead to a -
firm conclusion (1932a, 1933f). Later an examination of the total number of electrons in unit
column above the F1 layer led, in a not very convincing way, to the conclusion that electron-
loss in the F2 layer can be described by a linear law (like attachment) (1956b). There has,
however, never been a convincing proof; the current belief in the linear law is based on a self-
consistent theory of the formation of the F2 layer.

Once it had been decided which law to follow, the magnitude of the loss coefficient was
derived from observations of the time-varying ionosphere during the night, the day, or an
eclipse. The value aug = 10~8 cm3 s—1 was found for the E layer (1939c¢). Although the situation
in the F2 layer was much less certain, observations were often interpreted in terms of recom-
bination. The value args = 10-10 ¢m3 s-1 was found from nocturnal changes in skip-distances
(1930b) and from the noon asymmetry of the penetration frequency (1937a).

6.3 Theories of recombination, attachment, and detachment and the magnitude of 3 (= [i-1/eD)

Martyn and Pulley (1936a) pointed out that, with Bailey’s value of p = 1075 (Sect. 6.1),
the electron concentration in the Flayer would decay by a factor e~ in five minutes. They there-
fore suggested that there must be some process capable of detaching the electrons.




22 ' -
Massey, Bates and their collaborators followed up this suggestion in an important series of
papers. At first (1937¢c) Massey thought that in the E layer, attachment and collisional detach-
ment were both more rapid than recombination so that a quasi-equilibrium was set up with
2 = 100: this large number of ions was convenient for dynamo theory (Sect. 4). Massey also
showed that the effective recombination coefficient (xsr) would be given in terms of the elec-
tron recombination coefficient (x,) and the jon recombination coefficient (o) by the expression

Off = e - Aty

so that, with A = 100 and with the value of e that they had calculated for the two-body
- neutralization process 0+ -+ 0- — 0’ -+ 0", Massey and his collaborators (1939a) could explain
the measured value of ass for the E layer.

Later (1939a), however, Massey and his collaborators pointed out that, because the E pene- '
tration frequency changes with the sun’s zenith angle as described by Chapman’s theory, the
loss coefficient must be independent of height, whereas loci would be helght-dependent They
stressed this need for a height-independent oyy.

Later still (1946a), after discussing the balance between collisional and radiative attachment

and detachment processes they came to the different conclusion that 2 is less than unity at all
heights greater than about 90 km. This conclusion, of course, reintroduced the difficulty that
the ionospheric conductivity was about 10 or 100 times too small for agreement with the
dynamo theory; it also remtroduced the difficulty of explaining large numerical values of ey
Because no other process seemed to be feasible they speculated that dissociative recombina-
tion (Oz* + e -~ O 4+ O) might prove to be sufficiently rapid to explain the result in the E
layer (1947a). This suggestion received support from the laboratory measurements of Biondi
and Brown (1949b) who measured a two-body recombination coefficient as great as 2 X 10-7
cm3 s~1 at 300 K. The process was thought to be one of dissociative recombination and a
theory was developed (1950) which was consistent with the laboratory measurements. '
- In their discussion of the Flayer Massey and his collaborators first (1939a) made an improved
quantal calculation of the radiative recombination coefficient to O+ and showed that it
was much smaller than bad been calculated from the crude formula of Kramers. It thus became
clear that radiative recombination could not be the responsible loss process, so they suggested
instead a process of charge-transfer or of ion-atom interchange (Ot + XY - XY+ 4 O or
O+ 4+ XY - XOt+ 4+ Y) followed by dissociative recombination (XY*+ 4+ ¢ - X 4 Y or
XO+ 4+ e - X + 0) (1947a). This would lead to a rate of loss that decreased upwards in
such a way that there would be an F2 layer above the F1 layer, even though there was only
one peak of electron production at the height of the F1 layer; moreover, the rate of loss. in
the F2 layer would be proportional to the electron concentration, and would thus simulate
an attachment process.

Tt had been suggested before the work of Bates and Massey that the radiation producing
electrons most rapidly at the F1 peak might also produce the F2 layer, formed as a kind of
‘bulge’ on the top of the_F 1. Thus Hulburt (1934a), Appleton (1935¢) and Martyn and Pulley
(19362) thought that the ‘bulge’ might be caused by a greater temperature at greater heights.
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Bradbury (1938b) thought that it might occur because the rate of loss of electrons decreased

upwards (but he did not quantify his discussion as Massey and his collaborators did). -
In the theory of Bates and Massey, or of Bradbury, photochemical equilibrium produces a

situation where the electron concentration increases with height: there must be a mechanism

that terminates this increase at the height of the F2-layer peak. Bradbury supposed that the

peak occurred where the upwards decreasing loss-rate became equal to the height-independent

loss-rate resulting from radiative recombination. But with the newer quantities this level would --

be much too high and another reason had to be found for the occurrence of the peak. It ..

was later suggested (1956b, c) that the peak occurs at a height where loss of electrons by

‘chemical’ processes occurs at the same rate as loss by diffusion. This is the present-day

theory (1960) of the F2-layer peak. It implies that in the ‘topside’ 1onosphere the distribution

of electrons is controlled mamly by diffusion.

7. Deductions from ground-based experiments

In the early 1950s, just before experiments were made in space vehicles, there was wide
agreement about the distribution of the atmospheric gases up to a height of about 300 km
and about the processes by which ionospheric electrons were removed. Expenments in space
vehicles confirmed the essential correctness of these ideas.

Because the intensity of radiation in the solar spectrum was not known, and there was
doubt about the ionization cross-sections of some of the atmospheric gases, there were several
suggestzons about how the dlﬁ‘erent layers were formed. They were collected by Mitra (1952b,

p. 290) as follows:

D region ionization of Oz (1938d) ¢ -
» » metals (1942) - -
» » NO (1945) : o
E layer  ionization of Og (1938a, d, €) ’
» » all gases by X-rays (1948b) _ i
pre-ionization of Oz (1945) |
F1 layer ionization of N3 (19383, d, ¢) '
» » O, accompanied by helght-decrease of the loss-rate (1947a)

- The early rocket measurements of solar UV- and X-radiation (1954a, 1955a), combined _ i
with improved measurements of ionization cross-sections, quickly led to the elimination of :
some of these possibilities and to the present ideas about the formation of the layers. But it
is noteworthy that those suggestions in the above list that were most widely accepted as reason-
able in 1955 were, in fact, shown to be correct when the rocket experiments were made.

In the preparation of this article I have had considerable help from Professor D. R. Bates,
to whom I am most grateful, -
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AURORAL PARTICLES

By BengT HUuLTQVIST

KIRUNA GEOPHYSICAL OBSERVATORY,
KIRUNA, SVEDEN

1. Introduction

By auroral particles we mean in this context superthermal particle populations with energies
from less than a hundred eV to a few hundred keV, some of which are precipitated into the
atmosphere causing atmospheric excitation and ionization, Such particles exist near the Earth
mainly at geomagnetic latitudes above 55°, At greater distances from the Earth they have their
largest density in the plasma sheet of the geomagnetic tail and in the so-called polar cusp
region on the dayside of the magnetosphere. Also the magnetosheath plasma, between the
bow chock and the magnetopause, contains particles in the lower part of the energy interval
mentioned. These particles, however, do not interact directly with the atmosphere — except
in the polar cusps — and are not dealt with here (with the exception mentioned). Large fluxes
of trapped energetic particles in the energy range of auroral particles have also been observed
recently in the upper ionosphere above the geomagnetic equator. Their origin is unknown but
it is most certainly quite different from that of the auroral particles. They will not be discussed
any further. _

Practically all auroral particles originate in the Sun. They seem to enter the magnetosphere
either along interplanetary magnetic field lines which are connected with the geomagnetic
field lines in the tail (true for the majority of auroral particles) or by the polar cusp on the
dayside where the geomagnetic field intensity is very low.

More than a decade of direct rocket and satellite observations of the auroral particles in
most parts of the magnetosphere have completely changed our concept of the characteristics
of the auroral particles and of their acceleration and precipitation mechanisms. The high-
energy tail of the energy spectrum (>40 keV for electrons) was first investfgated by means of
Geiger-Miiller tubes and solid state detectors, It is only from the later years of the sixties
that the knowledge of the main part of the energy spectrum has been built up, mainly on the
basis of measurements with channel multipliers and open photomultipliers. '

Synoptic observations of auroral particle precipitation into the atmosphere are provided by
the net of all sky cameras and, for the higher energies, by the riometer net. Although such
observations only provide rough integral information about different fractions of the energy
spectrum of precipitated auroral particles, they are the only means we have available for the
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investigation of the dynamics of the auroral particles in the magnetosphere. The dynamical
morphology of visual aurora is treated in other chapters in this volume (cf. Akasofu, Feldstein,
and Lassen) and will not be dealt with here. We will instead concentrate on the direct particle
measurements on board rockets and satellites, but some results on the dynamics of precipita-
tion of the higher energy auroral particles obtained from ground based measurements will
also be discussed. )

2. The distribution of auroral particles in the magnetosphere, and its dynamics

2.1. General outline

The observations in the Earth’s upper atmosphere of a strong asymmetry in the location
of the aurora between day and night-sides of the earth, which led to the concept of the auroral
oval, have also been verified by the direct satellite measurements of auroral particles below,
say 15 keV energy. It has recently been found that on the dayside in this high latitude preci-
pitation region, the characteristics of the energetic particles are the same as those of the warm
plasma in the magnetosheath, i.e, the energies are mainly well below 1 keV. One has therefore -

concluded that these particles penetrate from the magnetosheath into the inner magnetosphere
all the way down to the atmosphere along the magnetic field lines in the region of the neutral

point of the magnetosphere. This region is, however, not a narrow one, but is a fairly wide

and very broad ’cleft’ at about 78° invariant latitude stretching from the morning to the

evening side. This region is now mostly called the polar cusp. :

Figure 1. An idealized representation of a three-zoned auroral particle precipitation pattern. The auroral
oval distributed precipitation (splash type) is represented by the triangles, the auroral-zone oriented (drizzle
type) by the dots, and the polar-cusp precipitation on the dayside by the stars. The average flux is indicated
approximately by the density of the symbols. The coordinates are geomagnetic latitude and geomagpetic
time (Hartz, 1971).
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The high degree of asymmetry between day and night for low energy auroral particles is
not seen for the high energy tail of the auroral particle spectrum. Electrons of energies above
40 keV, which are those for which most measurements have been made, show a distribution
over the Earth’s surface coinciding fairly well with the auroral zone, i.e. they are most fre-
quently seen and have the highest fluxes in a zone approximately centred on the 67° invariant
latitude (or corrected geomagnetic latitude) curve around the Earth. i

The rate of precipitation of auroral particles into the upper atmosphere may schematically
be summarized in a diagram as shown in Fig. 1. The average flux is indicated by the den-
sity of the symbols. The dots mainly represent the higher energy auroral particles, the
triangles the medium energy ones responsible in the first instance for the visual aurora, and
the stars mark the particles entering the magnetosphere through the polar cusp. It has to be
remembered that the diagram of Fig. 1 is an idealized one to represent the average situation;
actually, new observations suggest rather more overlapping of the three principal zones with
a more gradual transition from one to the other than is shown here. We will discuss the various
characteristics of these three particle populations later. | '

Above, the relation of the soft auroral particles, seen at high latitudes on the dayside, to
the particle populations in the outer magnetosphere has been outlined and we will now relate
the auroral particles on the nightside to the outer magnetosphere particles. During the 1960s
we have, in fact, seen a complete change in our picture of the spatial configuration of the
hot plasma (i.e. the auroral particles) around the Earth and the morphology for various
disturbance phenomena in the high-latitude ionosphere. A schematic diagram showing some
of the main relations between certain boundaries and other topographic features (large gra-
dients) observed in the midnight sector in the ionosphere and in the magnetosphere is seen
in Fig. 2a.

1t has been clearly shown in recent years that the inner boundary of the plasma sheet in
the equatorial plane of the magnefosphere is connected with the auroral particle precipitation
zone in the nightside ionosphere by means of magnetic field lines. Thus, the hot plasma from
the plasma sheet has been observed by satellites practically all the way along the field lines
down to the atmosphere. The inner boundary of the plasma sheet connects to the equatorward
boundary of the auroral oval.

This inner boundary of the plasma sheet is a boundary for the high energy electrons but
not for the energetic protons (and not even for the electron density). The intense proton fluxes
characteristic of the plasma sheet reach closer to the Earth than the corresponding electron
fluxes. At the inner edge of the plasma sheet, where the electron mean energy sharply decreases
with decreasing distance, the proton energy instead increases. The protons may extend almost
to the plasma sphere in the midnight sector during magnetic storms. They then form the main
part of the asymmetric ring current responsible for the main phase of the storm,

The relations of the energetic particle occurrence in various parts of the magnetosphere
according to present views, as summarized in Figs. 2a and b, may possibly be somewhat
modified in the future, but not very much.

We will return to the characteristics of the auroral particles in the various regions of the
magnetosphere later in this chapter.
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Figure 2. Noon-midnight meridian (a) and equatorial (b) views of the magnetosphere showing the distribu-
tion of particles and their precipitation regions (McCormac et al., 1971).

2.2. Distribution over the Earth’s surface of particle precipitation —uverage characteristics

In this section we shall mainly deal with direct particle measurements. However, some
groundbased indirect measurements of auroral particle precipitation will also be referred to
when there are no data from direct measurements available. This is particularly true of the
dynamical aspects of the precipitation which need synoptic data. But before we discuss the
dynamics of the auroral particle distribution over the Earth in the next section, we shall
outline some average characteristics. '
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Figure 3. Average fluxes of precipitated electrons of 1, 6 and 13 keV energié's'; for fairly low activity level
(Kp = 1-3) as measured during a 20 months period from October 1968 to April 1970 with the ESRO 1A
satellite. The colour code is given in the figure. (a) is for 1 keV, (b) 6 keV, (c) 13 keV. The coordinates are

corrected geomagnetic latitude (practically identical with invariant latitude) and excentric dipole time
(Riedler and Borg, 1971).
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The distribution over the Earth’s surface of the average intensity of precipitation of auroral
electrons of a1, a6, and 13 keV energies at fairly low activity levels, as observed during a
period of 20 months around the latest sunspot maximum on a low orbiting satellite, are shown
in Fig. 3. S

This figure demonstrates, for instance, that the lower the particle energy, the larger the
asymmetry between noon and midnight sectors with regard to polar distance. The difference
is, however, not very large between 1 and 13 keV, and the asymmetry is on the whole smaller
than expected on the basis of the shape of the auroral oval. Even at the energy 6 keV, which
is thought to be near the average of the energy range of those precipitating electrons causing
the visual aurora, the impression is that the anisotropy is very small, if existing at all. At
13 keV there seems to be quite good symmetry. One should remember that the auroral oval
is generally not thought of as a statistical concept but rather as the locus of the aurora at a
given moment. Even so, the satellite results shown in Fig, 3 do not seem to support very
well the present views of the dominating role of the auroral oval as the region of most frequent
and intense precipitation of keV electrons. This illustrates the fairly considerable difficulties
that there are in comparing satellite measurements of auroral particles with observations of
auroral luminosity from the ground. The visual luminosity depends not only on energy flux
‘but on the energy flux above a certain threshold and also on energy spectrum and, to a certain
degree, on pitch-angle distribution. A few detailed comparisons of ground observations of
aurora and measurements of energetic particle precipitation on board satellites have been
carried out. They indicate that the electrons of several keV energy generally produce the
aurora, as illustrated in Fig. 4. '

Figure 3 further shows that the local time distribution of the precipitation 1nten51ty for the
energy range 1-13 keV electrons-has two broad (in local time) maxima centred in late morning
and late evening. Between these two maxima there are two pronounced valleys with their
bottoms at about 0200 and 1400 EDT (eccentric dipole time). This does not fit too well with
the distribution of auroral occurrence which has a maximum around local midnight, or shortly
before, in the auroral zone. No good physical explanation of the locations of the minima
(valleys) in the local time distribution exists at the present time. We will come back to a
discussion of this later in this chapter.

There are observations indicating that there is some amount of discontinuity at about 1900
EDT in the latitudinal distribution of the precipitation intensity, although this is not clearly
visible in Fig. 3. The most intense prec1p1tat10n is located some 3-5° further poleward to the
west of this EDT.

Finally, it may be pointed out that the latitudinal gradient of the prempxtatmg flux is much
greater on the nightside than on the dayside. The electrons on the low latitude side of the
dayside precipitation zone have probably drifted there from the night hemisphere.

The electrons of still higher energies than those represented in Fig. 3 produce ionisation
mainly below 100 km altitude, where the collision frequency 18 hlgh and so, therefore, is the
absorption of radio waves. Synoptic data of radio wave absorption provide us with the best
information available about the latitude-local time distribution of auroral electron precipita-
tion for energies above, say 15 keV. Figure 5 shows the percentage of the total measuring
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Figure 4. An auroral form measured by all-sky cameras bas been projected to the 100 km level for the
" lower border and to the 130 km level for the upper border and drawn. on a map (hatched area). Superim-
posed are the passage of the satellite and the particle measurements. The latitude values along the orbit refer
to the satellite. The meanings of the notations are the following: EP6 — precipitated electrons of 5.8 keV
energy, PP6 — precipitated protons of 6.3 keV energy, EP1 — 1.3 keV precipitated electrons (Gustafsson, 1970).

time that auroral radio-wave absorption of 0.5 dB or more occurred at 30 MHz during maxi-

mum solar activity. Characteristic is the large maximum in the morning and the minimum at

dusk, We will return to the dynamics of this distribution later.

For energies below 1 keV, precipitation is found in general to have a somewhat larger
extension, both poleward and equatorward, than at 1 keV. There is, in other words, a softening
of the spectrum at the edges of the precipitation zone which will be discussed in a later section.

Figure 3 represents fairly low geomagnetic activity levels. When the activity increases the
precipitation zone grows equatorwards but the main features seen in Fig. 3 are retained.

Over the central polar cap the fluxes of precipitated auroral particles are generally very
much lower than in the auroral region. Also the average energy is much lower and particularly
below 80° invariant latitude () there is much more spatial fine structure in the flux. Above
A = 80° the intensity of auroral electrons is very low and has again less spatial variation. The
precipitation intensity there appears to be anticorrelated with the magnetic disturbance level.

Sporadically intense precipitation of higher energy (>40 keV) auroral particles occurs over
the polar caps. The geographical extension of such precipitation events is quite limited and
they therefore show up as spikes in measurements on board low-orbit satellites. These spikes
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Figure 5. Percentage of total time with absorption exceeding 0.5 dB at different geomagnetic time and
latitude during equinox months (Oct. 1958 — Feb./Apr. 1959), (Holt, 1963).

are probably related to the particle “islands’ sometimes observed in the distant magnetosphere
in and outside the plasma sheet; they will be discussed later. '

We have hitherto only described the electron precipitation. For auroral protons the amount
of observational data is more limited. Figure 6 shows the distribution of precipitating 6 keV.
auroral protons for activity levels varying from fairly low to fairly high (Kp = 1-5). We see
that the distribution resembles very much the electron distributions in Fig. 3.

The relative intensity in the noon sector is, however, lower than for electrons. There is
a discontinuity at about 1900 EDT. There is a marked minimum at 0200 EDT, and the
latitudinal gradients of the flux are greater on the night side than in the day, as it is
for electrons. The anticorrelation between precipitated fluxes over the polar cap and Kp is
even more pronounced than for the elecirons. The distribution of the 6 keV proton flux well
outside the loss cone, i.e. of protons which are not on their way down into the atmosphere
but will mirror and return towards the other hemisphere, looks largely the same as that for
the precipitating protons.. g ' : '
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A comparison between Figs. 3 and 6 gives the impression that the auroral electrons and
protons of several keV energies are precipitated together. Investigations of individual cases
show that this generally happens, but frequently the proton precipitation on the evening side
reaches latitudes a little lower than the auroral electrons. For the midnight-dawn sector the
equatorward proton boundary is often well poleward of the electron boundary. Two examples
of latitudinal distributions of electron and proton precipitation as observed in the dusk—
midnight sector by a low orbiting satellite are presented in Fig. 7. ) -

It is not protons of energies below 10 keV that are mainly responsible for the Hoa and H ﬁ
emissions in aurora, but som_ewhat higher energy protons penetrating to ordinary auroral
heights of 100-150 km in the atmosphere. Direct experimental data of the kind shown in
Fig. 6 have not been published for these proton energies. Only indirect information about the
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Figure 7. Measurements on board the satellite ESRO 1A of electron and proton fluxes at various energies
for two different pitch angles, « = 10° and 80°. The curves connect 8 s averages for the count rates of the
detectors. The time figures give hour, minute and second. LT means geomagnetic local time (dipole time)
and ET excentric dipole time (in hours and minutes). 4 is the invariant latitude (in practice identical with
corrected geomagnetic latitude) at the Earth’s surface derived from the L-value for the satellite location.
The energy windows of the detectors had a width of about 10% of the energy value. The field of view was
about 4-8° The telemetry station which received the data is given at the top right (Hultqvist et al., 1971).
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One reason for this difference is a time-smoothing that has been introduced in the satellite
data. Eight second averages have been used in Fig. 7. But even if a time resolution of 50-ms
is used, corresponding to a spatial resolution of about 350 m for a low-orbiting satellite, the
gradients seen do not correspond to the visual impressions. This is mainly because the eye
can see the aurora only when the luminosity is above a certain limit (depending on the con-
trast). The distinct auroral forms are often the only luminosity in the sky recognized by the
eye (and the all sky camera), but in fact they are just the peaks of a widespread huminosity,
like the visible part of an iceberg. The satellite instruments see the entire ‘iceberg’ and -there-
fore the visible peaks do not look so very spectacular. =

2.3, Auroral particles in the magnetosphere — average characteristics

As indicated in Fig. 2, particle populations contributing to the excitation and ionization
of the upper atmosphere fill up large parts of the outer magnetosphere. We may classify the
regions as the plasma sheet, the ring-current belt (also called the storm-time belt) and the
polar-cusp regions. The energetic particle density in the various parts of the magnetosphere
varies strongly with the disturbance level. In this section the more stationary characteristics
will be outlined and the dynamical aspects will be dealt with in the next one.

MAGNETO PAUSE

SECTION BB IN TAIL AT 18 R°
-

Figure 9. The spatial extent of the plasma sheet and magnetotail. The regions are (1) magnetosheath, (2)
- plasma sheet, (3) trapping region, (4) high Iatitude region, and (5) neutral sheet (McCormac et al., 1971).
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The plasma sheet in the magnetospheric tail is centted on the neutral sheet. While the latter
is quite thin, the plasma sheet has normally a thickness of a few carth radii at the centre and
2-3 times this value at the magnetopause, The topography of the plasma sheet and its connec-
tions to the ionosphere are shown in a schematic way in Fig. 9. In the plasma sheet the density
. of the hot plasma (auroral particles) is of the order of 1 cm—3. The typical energy spectrum of
the plasma sheet electrons has a broad maximum at an energy ranging from a fraction of

1 keV to more than 10 keV, with the mean energy mostly of the order of 1 keV near the centre

of the plasma sheet and 1/3 to 1/2 of that value near its high-latitude boundaries. The spectra,
which fairly often do not seem to be much different from a Maxwellian distribution, may be
characterized by an equivalent temperature of the order of 107 K for an average particle
energy of 1 keV. The proton spectra have a shape similar to that of the electrons, but the mean
energy generally exceeds the electron mean energy, sometimes by a factor of up to 10, The
angular distributions of both electrons and protons are mostly isotropic except in certain di-
sturbance situations which will be discussed later.

As mentioned above, precipitation spikes of fairly high energy electrons are sporadically
observed over the polar caps. In a number of cases it has been possible to relate these spikes
to intense bursts, called particle ‘islands’, in the tail. Many of these bursts represent sudden
hardenings of the electron spectrum in the plasma sheet. In other cases the islands have been
located outside the plasma sheet. o _

As mentioned before, the protons may extend almost to the plasma sphere in the midnight
sector during magnetic storms, and even, as indicated in Fig. 2, into the plasma sphere at
dusk. They then form the ring current responsible for the main phase of the storm. The ring
current belt is highly asymmetric with the largest density on the evening side. The proton
fluxes in the energy band 50 eV-50 keV are generally found in the range 105 — 107 ¢m—2 s-1
sr-lkeV-1, ‘

Satellite data taken in 1969 and 1970 have established the existence of two cusp-like regions
in the dayside magnetosphere and the penetration of magnetosheath plasma to low altitudes
through them as illustrated in more detail in Fig. 10. The particle flux in the polar cusps shows
less variations with magnetic activity than other auroral particle fluxes in the magnetosphere.
There is, however, some structure in the electron flux in the cusps; bursts are superimposed
on a background continuum (for electrons but not for protons). The width of the cusp is
generally 2-3 latitude degrees in the ionosphere but may occasionally be larger. The cusp
is mostly found at 75-79° A, but has been observed as far equatorward as 67° during strong
magnetic storms. The longitudinal extension of the cusps is quite large; generally from about
0800 to 1600 EDT. There are thus two large clefts in the dayside magnetosphere, extending
over the whole sunlit side, through which large amounts of magnetosheath plasma penetrate.
This energy influx is mostly of the order 0.1 erg cm—2 s—1 which is sufficient to explain the
dayside aurora. The particle spectrum is much softer in the cusps than in the tail. The average
energy is usually of the order of 100 eV. -

The discovery of the radiation belts in the late fifties created a boom of speculations about
the role of these belts in the auroral phenomena. For several years the idea was prevalent
that the precipitated particles were dumped from the large storage of energetic-trapped par-
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Figure 10. A diagram showing the geometry and location of the polar cusp within the polar magnetosphereﬂ
in the noon meridional plane during periods of relative magnetic quiescence. The coordinates are geocentric
radial distance, Rz, and dipole magnetic latitude, 1. The polar cusp intersects the auroral zone at A a 79°.
Several sample trajectories ‘of IMP 5 through the dayside magnetosphere are also shown (Frank, 1971).

ticles in the magnetosphere through the influence of disturbing effects, until Lunik 2 and
Explorer 12 measurements demonstrated that the earlier values of the particle flux in the
radiation belt were too high by several powers of 10. It was also found that the flux of trapped
radiation increases, not diminishes, when auroral particle precipitation takes place, indicating
that the radiation belts are fed with particles by the same mechanism that causes precipita-
tion into the atmosphere. '

Closely related to the question of the relations between radiation belt particles and auroral :
particles is the question of whether auroral particles occur on ‘oper’ or ‘closed’ field lines.
Even if by ‘closed field lines’ we mean field lines that are permanently closed and do not
participitate in the convection from the dayside to the tail and back again, it is clear from
the fact that worldwide auroras occur down to L a 1.3 that at least sometimes aurora occurs
partly within the region of permanently closed field lines. If, on the other hand, we define
closed field lines only by their connecting the two hemispheres, gven though they may be
drawn out quite far into the tail, as illustrated in the auroral cusp region of Fig. 2, a large
fraction of the auroral particles (giving rise to the most intense aurora) are found on closed
field lines. In fact, the maximum flux of precipitated electrons greater than 40 keV has been
found at the same L value as that of trapped electrons i the same energy range. On the
other hand, at least the soft particles at the poleward edge of the precipitation zones and over
the polar caps are on open fields lines — open in the sense that bouncing between hemispheres
and drift of particles cannot occur.




10000

1000 S
IN eV | -

100 - ' —

: ,

1/6/70 0 6 12 18
PARALLEL" * - - PRI
PROTONS "y -

Figure 11. A spectrogram of the proton differential energy flux during 6 Jan. 1970. The pitch angle is 0°.
The intensity of the energy fiux is given by the brightness of the diagram. The upper half identifies how some
of the maxima in the energy spectrum vary with time (DeForest and Mcllwain, 1971).

2.4. Dynamics of auroral particle morphology in the magnetosphere

The auroral particles on the dayside, which intrude the magnetopause through the polar
cusps, show relatively little variations with magnetic activity level. The process is more com-
plicated on the nightside, where most auroral particles apparently originate in the plasma sheet.
This, in turn, is fed by the solar wind in a way which is not quite clear. The solar wind plasma
may be heated in the tail by merging of the geomagnetic field lines which have been convected
from the dayside of the magnetosphere. Such a process may increase the average energy of
the solar particles to values of the order of 1 keV, as has been observed in the plasma sheet,
But even after this heating, an acceleration of part of the particle ﬁopulation is needed. This
acceleration process is in fact not a steady one but involves a characteristic sequence of events
called a substorm.
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A substorm may be divided up into 2 number of stages of which the first one is usually
called the growth or development phase. This seems to start when a south pointing component
in the interplanetary magnetic field develops. At the beginning of the substorm growth phase
the plasma sheet is generally several earth radii thick even at magnetic midnight. During the
growth phase, which lasts typically 1-2 hours, the plasma sheet gradually decreases in thick-
ness and the plasma moves towards the Earth. The inner boundary of the plasma sheet in
the equatorial plane moves several earth radii inwards and at the same time a quiet auroral _
arc is seen to move slowly equatorward. 7

At some stage a violent eruption occurs. What triggers it is not known. The eruption is
known as the expansive phase of the auroral substorm. Highly directed particle flows are
observed in the plasma sheet at this time and after a while the plasma sheet thickens again.
The very break up of the aurora at the initiation of the expansive phase shows up in the tail
only as a little spike in the flux of fairly energetic auroral particles. :

The hot plasma which is brought closer to the Earth during the growth and expansive
phases seems to be introduced in a fairly narrow local time sector, located in most cases close
to magnetic midnight. From this injection sector the auroral particles then drift around the
Earth in the combined disturbance electric field and the magnetic field dominated by the
stationary geomagnetic field. Measured (in local time) at some distance from the injection
region, the spectrum of the energetic particles drifting by is strongly peaked at any moment,
the energy value of the peak decreasing continuously as time goes by and slower and slower
particles reach the detector. Presented in a three-dimensional diagram with time and particle
energy as axes and the measured energy flux given by a grey scale (the higher flux the brighter)
the results obtained at the geostationary. orbit look as in Fig. 11. Each of the sloping light
bands represents a substorm injection of particles into the inner magnetosphere.

In the ionosphere the dynamics of the keV auroral particles are best shown by the dynamlcs
of the visual aurora during a substorm. It has been described in the papers by Akasofu-and
Feldstein (this volume) and will not be dealt with here. .

The auroral particles of energies above, say 15 keV show a somewhat different behaviour
during substorms than do the keV particles. At these energies the longitudinal drift caused by
gradients in the geomagnetic field dominates other kinds of drift, and therefore these particles
follow invariant latitude circles when they drift — the more accurately the higher the energy —
instead of the auroral oval type of geometry. The temporal development of a substorm event
as seen in the precipitation-flux of this high energy tail of the auroral particles is illustrated
in Fig. 12. The contour lines in the figure represent isoabsorption lines for radio waves at
30 MHz. The maps are based on measurements at 44 riometer stations all over the auroral
regions and the polar cap. There is one map for every 15 minutes of the substorm in Fig. 12.
As can be seen, the injection of the energetic particles takes place in the midnight sector
and the electrons then start drifting eastward. While drifting the precipitation rate increases;
the maximum auroral absorption moves eastward. The event shown in Fig. 12 is a typical one.
There is, however, a large dispersion in the behaviour of different substorms. Some general
conclusions on the basis of studies of many substorms may be stated as follows:
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Figure 12. The temporal development of the precipitation paitern for auroral electrons of energies above,
say 15 keV as observed by riometers in auroral and polar cap regions. The locations of the riometers which
have delivered data to the maps are shown on the first map. The coordinates are geographic longitude and
corrected geomagnetic (in practice identical with invariant) latitude. The isoabsorption contours are given
for 0.3, 1, 2 etc. dB, The dashed line cutting across the maps shows the location of the boundary between
sunlit and dark hemispheres at a height of 80 km (Berkey et al.; 1971).

(a) There is in general injection of electrons on the nightside. They then drift eastwaid.

(b) But there is often also an extension westward which cannot be due to drifting electrons
(and certainly not to drifting protons either). ,

(c) The location of the injection area varies also very much from case to case and can occur
anywhere between evening and forenoon (but appears most frequently around midnight).

(d) The velocity of the eastward expansion can sometimes be extremely high (up to 140° in
5 min.). .

(¢) The distribution in general follows the auroral zone fairly well, but deviations from it
occur, some of which indicate the auroral oval. On the whole the oval has very little
to do with these particles, however. .

(f) The absorption maximum may stay in the injection area, but _most frequently it moves
eastward. However, it has also been seen moving westward. It may move more than 270°
around in eastward direction. '
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In summary, although drift motions are very important for the temporal development of these
precipitation events they cannot explain all characteristics described. Direct injection from
the outer magnetosphere over expanding sectors seems to be needed during the expansive
phase of substorms.

Before leaving the subsection on the dynamics of auroral particles, a few words about time
variations in the particle precipitation. It is not possible to distinguish time and space varia-
tions in measurements by satellites, moving fast with regard to the magnetospheric reference
system. Even most sounding rocket measurements present serious problems in this respect.
‘Visual observations of active aurorae suffice to demonstrate fast time variations of periods
down to a second or even less. Auroral X-rays, measured with balloons, which are produced
by electrons of energies above some 25 keV, show time variations with periods as lowas 0.1 s.
There are indications that the temporal variability increases with increasing energy of the
particles.

3. Energy spectra of auroral particles

The energy spectrum of the auroral electrons may be divided into three parts of dfﬁ'erent'
characteristics with regard to detailed spectral shape, spatial distribution, and relation to -
upper atmosphere phenomena. -

— In the lowest energy range above thermal (<< 0.5 keV), the spectrum is mostly, but not
always, smooth. The pitch-angle distribution is often peaked along the magnetic field
lines. The precipitation is spatially widespread; it does not give rise to distinct auroral '
forms but carries field-aligned electric currents.

— The particles causing the auroral forms are found in the energy range 0.3-20 keV. Thus, . -
they carry most of the energy of the particle precipitation and show strong spatial struc-
ture. The energy spectrum in this band mostly contains one or more peaks in the pre- =
breakup.aurora but are smoother after breakup. The pitch-angle distribution is in general
nearly isotropic.

— The high-energy tail of the auroral particle spectrum (>>15 keV) is unimportant as energy
and current carrier. These particle fluxes are very dynamic both spatially and temporally.
The energy spectrum is mostly smooth but not always. The pitch-angle distribution shows
a depleted loss cone when the precipitation intensity is not too high, but generally approa-
ches isotropy in intense precipitation events. In exceptional cases, ﬁeld-ahgned anisotropy
seems to occur. :

The fairly limited data on the auroral proton energy spectrum that are available generally
correspond to an e-folding energy of 10-50 keV below 100 keV and still hlgher values in the
high-energy tail.

It is not possible to give any statistically meaningful average spectra, particularly not for the
lower part of auroral particle energy range, as only a few of such data have so far been published.
Instead, some examples from various parts of the magnetosphere and ionosphere will be
presented below. For the high-energy tail of spectrum (=40 keV), statistical spectral data
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Figure 13. An example of differential energy flux spectra for electrons and protons. The upper curves are

for pitch angles close to 90° and the lower ones for pitch angles around 0°. The parallel-to-B electron

energy flux has been multiplied by 102 and the perpéndicular-to-B proton energy fluxes by 102, All values
are 4.1 minutes averages (DeForest and Mcllwain, 1971).

have been published. The spectra have, however, been obtained from integral flux measure-
ments and are therefore quite rough. They may be related to e.g. statistical data on average
auroral absorption of radiowaves.

More insight into the physics involved is prov1ded by the dynamic spectra shown in Fig. 11,
which have been obtained on a geostationary satellite. The magnetic field lines of the geostatio-
nary orbit reach the Earth’s surface in the auroral zone, The dispersion of the.hot plasma
clouds injected during substorms has the effect that at a given local time one expects the energy
spectrum to vary widely with time from the injection. The energy spectrum generally shows
one or more peaks and the energy values of the peaks may vary from below 1 keV to about
30 keV. An example of the differential energy flux (particle flux multiplied by energy) of
electrons and protons is given in Fig. 13. As can be. seen, there are several strong peaks par-
ticularly at high energies. A case of almost monoenergetic electron spectrum observed in a
pre-breakup aurora is shown in Fig. 14. : '

It seems that the high degree of fine structure of the energy spectrum at L = 6.6 (geostatio-
nary orbit) does not exist in the plasma sheet. Some examples of electron spectra measured
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Figure 14. Nearly monoenergetic electron spectrum measured in a pre-breakup aurora of about IBC 1
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energy side corresponds to an equivalent e-folding energy of the order of a-few tenths keV. Hardly any
variation of the energy value of the peak (3.8 keV) occurred over a period of 150 sec (Evans, 1968).

there at a distance of 17 earth radii (Rg) are shown in Fig. 15. Not only are the spectra generally
smoother in the plasma sheet than in the upper atmosphere but also the fluxes are lower.
It therefore seems clear that an acceleration takes place during the inward transportation of
the hot plasma from the outer magnetosphere. An acceleration process seems to be needed
between the equatorial plane and the ionosphere too, because the particle fluxes seen in the
atmosphere tend to be somewhat higher than at the middle of geomagnetic field lines, as
mentioned. ' : S

Some representative examples of energy spectra from the polar cusp region can be seen in
Fig. 16. The energy spectrum shows a latitudinal variation for keV electrons. In the main
part of the precipitation zone the ‘hardness’ does not vary very much, but at the edges the
spectra soften considerably. On the poleward side and up into-the polar cap the spectra are
much softer than in the main auroral precipitation region. This soft zone may have quite a
large latitudinal extension. On the equatorward side it is just the edge of the precipitation
zone that shows a softer spectrum. This is illustrated in Fig. 17. On a much smaller scale
there also exist large variations in the hardness of the spectrum. The most important regularity
in this connection is that the core of an auroral form has a harder spectrum than its edges.

For the lowest part of the energy range of auroral electrons the energy spectrum has been
found to be generaily softer on the nightside of the Earth than on the dayside (except in the
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polar cusps). For electron energies above some 25 keV the hardness of the precipitation
spectrum has a minimum a few hours after magnetic midnight and a maximum shortly before
midnight, :

It has been known for some years that in the energy range 40-250 keV there is a tendency
for softening of the electron spectrum, i. e. lowering of the average energy with increasing Kp. On
the other hand the measuring results for energies, below 40 keV show that part of the spectrum
for precipitated electrons tends to harden when Kp increases. It thus seems that the greatest
relative increases in the spectrum occur somewhere fairly close to 40 keV. =

It may be worthwhile to emphasize that the intensity and spectrum of auroral electrons
very often show an astonishing degree of stability. Most electron measurements in aurora by
rockets in the last few years have shown such a high degree of stability. Buf measurements
have also been reported in which the rocket appeared to pass through beams of electrons,
and intensity changes of three orders of magnitude in less than a second have been observed.

In many cases it has not been possible to find any clear correlation between changes in
intensity and changes in the spectrum and angular distribution. Strong variations in flux.need
not be associated with any variation in spectrum shape at all.
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Figure 17. The steepness, S, defined as the ratio between eleciron fluxes at 1 and 6 keV, as function of L
value for two passes of the satellite ESRO 1A. Notice the ‘soft edge’ at low L values. Solid curves correspond

to precipitated electrons, broken to trapped electrons (Liszka et al., 1970).



On the average it seems, however, that the spectrum hardens below a few tens of keV when
the intensity increases and it becomes softer above several tens of keV. Sometimes the point of

transition from hardening to softening may be around 100 keV or above. In the range 1-100

keV the irregular time variations often seen in auroral measurements are generally stronger,
percentage-wise, the higher the energy. This is related to the mentioned hardening of the
energy spectrum when the precipitation is intensified.

If there is an electron energy below which the spectrum hardens when the intensity of —

precipitation increases and above which it softens, one would expect to see a peak in the
spectrum in periods of flux intensification. Such an observation has been reported.

4. Pitch-angle distribution

The early high-inclination low orbit satellites as well as the carly rocket ‘measurements of

auroral particles, mainly above 40 keV, all gave a fairly consistent picture of pitch-angle

distributions peaked at about 90° in quiet or stable periods, and approaching isotropy over
the upper hemisphere when the intensity of precipitation increased. This is illustrated in
Fig. 18. Since the middle of the sixties, when the lowest part of the energy spectrum for the
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Figure 18. Data from a northbound pass of Injun 3 over North America which show simultaneous deteciion -

of an aurora, of the precipitated electrons (>40 keV, pitch angle ~50°), and of trapped electrons. Note
the approach to isotropy of the particle flux over the aurora (O’Brian and Taylor, 1964).
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auroral particles has also been measured by means of new secondary emission devices, an
increasing amount of evidence has been produced for the existence sometimes of pitch-angle
distributions peaked at zero pitch angle. This is true for the energy range from a small fraction
of 1 keV up to energies of the order of 100 keV. For the higher energies the observations of
field-aligned anisotropy are still quite few and have mostly been associated with intensifications
in the measured electron flux.

For keV electrons and protons, Fig. 7 illustrates situations seen in the upper atmosphere
The detectors for the same energies at pitch angle 10° and 80° were identical (within some
ten percent), so the count rates in Fig. 7 directly provide us with data for computing the
ratio of fluxes in the loss cone and approximately perpendicular to it. As can be seen, the
cases in Fig. 7 show a depleted loss cone type of anisotropy at the equatorward edge of the
particle precipitation zone. This is true for keV electrons as well as for protons. The width of
the region with this type of anisotropy may sometimes amount to several latitude degrees
for the protons, but is mostly only a fraction of a degree for the electrons. For the protons,
the depleted loss cone anisotropy at the equatorward edge is always found on the nightside
but practically never on the dayside. The electrons neither show the same consistency nor
the large value of the anisotropy as the auroral protons. : _

Going polewards in the ionosphere through the particle precipitation zone, one reaches
approximate isotropy for the keV particles after the above-mentioned anisotropy region has
been passed. The pitch-angle distribution in the large majority of cases stays approximately

isotropic through the rest of theé precipitation zone. That this is not always so is shown by

Fig. 7. In fact the cases presented in this figure were chosen to illustrate another type of aniso-
tropy, namely one with the peak flux along the geomagnetic fields lines. As can be seen in
all examples in Fig. 7, the protons develop this field-aligned anisotropy in the poleward part
of the precipitation zone. In fact it is most frequently seen in a fairly narrow region at the
poleward edge. The ratio between fluxes at 10° pitch angle and at 80° may in extreme-cases
reach values of the order of 100. The observed results of this type of amsotropy may be sum-
marized as follows:

— The anisotropy occurs fairly frequently for 6 keV positive ions. Figure 19 shows the distri-
bution of observations of anisotropies by a factor >10. This kind of anisotropy occurs
at all Jocal times.

— Tt may cover large areas and sometimes be present for hours.

— Tt occurs in the same regions as strong auroral electron fluxes.

Also for keV electrons, pitch angles with the peak flux at zero pitch angle are sometimes
seen. It is, however, a less frequent phenomenon than for the p081t1ve ions. The distribution
in EDT and invariant latitude of the occurrence is similar to that for protons shown in Fig. 19.
Examples of the variation of the ratio of the directional flux at 10° to the flux at 90° with
respect to the magnetic field lines (called isotropy factor,®) are shown in Fig, 20. The more
or less stable value of @ for 1 keV electrons is not significantly different from unity. Different
detectors were used in obtaining the ratio, and deviations from unity by less than .a factor
two should not be taken too seriously. However, example b in Fig. 20 shows that sometimes
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Figure 19. The occurrence probability of field-aligned anisotropy (parallel to perpendicular fluxes ==10) for
6 keV per unit charge positive ions. In the black areas the field aligned anisotropy has been observed in
=574 of all measurements. In the shaded regions measurements have been made but an occurrence frequency
of <574 has been found. For the white regions no data are available (Borg, 1971).

the:ﬂux in the loss cone may be very much larger than that perpendicular to it. Values of this
ratio of up to 100 have been seen. Such high values are, however, quite rare. The occurrence
probability seems to increase with decreasing energy.

Leaving now the upper atmosphere in the auroral zone for the magnetosphere, it should
be underlined that only the particles in the equatorial plane within a few degrees from the
magnetic field lines reach the ionosphere. All the others mirror at greater aititudes. The
field-aligned anisotropy described above requires, if it is produced in the tail, that there should
be a very strong structure in the pitch-angle distribution within the very small loss cone out
there. No indications of this have been found experimentally and it seems highly unlikely
that the source of the anisotropy is to be found in the tail. We will discuss this further in a
later section.

It has been mentioned earlier that the pitch-angle distribution of both electrons and protons
in the plasma sheet is approximately isotropic during quiet or stable conditions. When a
magnetospheric substorm occurs, field-aligned fluxes are seen there. This does not, however,
mean that this anisotropy is so strong that there is strong variation even within a few degrees
from the magnetic field lines. On the contrary, observations indicate that the variation of
directional flux within a few degrees is quite small. Thus, when these particles reach the iono-
sphere, they appear with approximately isotropic pitch-angle distribution (unless some special
physical processes influence the particles on their way down to the atmosphere).

Also at the geostationary orbit all kinds of anisotropies have been observed — from those
with a strong peak perpendicular to the field lines to those with ths maximum flux along the
magnetic field lines. At the time of writing, there seems to be no clear understanding of what
causes these anisotropies, although hypotheses exist.
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Figure 20. The ratio @ of the directional electron flux at 10° pitch angle to the flux at 80° observed during
four different passes of the satellite ESRO 1A: (a) was obtained during quiet conditions, Kp = 1; in (b)
a broad field-aligned peak in the 1 keV electron pitch-angle distribution can be seen; Kp = 3— (Holmgren

et al., 1970) _

In the polar cusps the pitch-angle distribution has been found to be isotropic in the upper
atmosphere. For greater distances from the Earth some observations of pitch-angle dlStI‘lbu-'
tions peaked along the magnetic field lines have been reported.

Pitch-angle distributions varying with particle energy have been observed in a few cases.
The variation seen has mainly been such that loss cone-depletion has varied with energy,

being lower the lower the energy.

5. Acceleration and precipitation mechanisms

We will not present here any complete discussion of all physical mechanisms that may
play a role in the acceleration of the solar wind particles to the auroral particle energies and
in precipitating them into the atmosphere. Only a few mechanisms which we now think play
a major role in these processes will be briefly described. Those are the following: field line
-merging, Fermi acceleration, betatron acceleration, acceleration in the electric field associated
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with the convection of the plasma inside the magnétospherc, electrostatic fields along the
geomagnetic field lines, and diffusion of energetic particles in turbulent wave fields.

That auroral particles may be accelerated at neutral points of the geomagnetic field was
suggested more than 20 years ago, but it was the discovery of the neutral sheet of the magnetos-
phere in the middle of the sixties that first placed acceleration of auroral particles in neutral
regions of the geomagnetic field at the focus of interest. The reason for the importance of
neutral regions is that with no magnetic field to deflect the particle motion and cause drift—
perpendicular to both the electric and magnetic field, an electric field will be free to accelerate .. _
the particles. '

Figure 21. Schematic diagram showing the flow of rlasma induced into the magnetosphere because of
field-line reconnection at the boundary. The plain numbers show the successive positions of an interplanetary
magnetic field line, and the primed numbers show the corresponding successive positions of a geomagnetic
field line. Reconnection occurs at the contacts of 2 and 2’ and of 7 and 7’ (Levy et al,, 1963).

Field-line merging (reconnection) is thought to take place in the tail at the neutral sheet.
According to Dungey it is a part in the general convection scheme of the magnetosphere,
illustrated in Fig. 21. The geomagnetic field lines connect to the interplanetary field lines at a
neutral point on the sunward side of the magnetopause. An efficient form of interaction
between the solar plasma and the magnetic field is produced in this way. The field lines are
moved with the solar plasma outside the magnetospause, whereas inside the magnetosphere
they move toward the neutral sheet with a velocity of, at the most, 10%; of the Alfvén velocity.
When they reach the neutral sheet they may reconnect through the effect of currents in this
sheet and convect back toward the dayside.

The reconnection of the field lines through the neutral sheet involves annihilation of mag-
netic field energy; it is most likely that most of this energy is transferred into kinetic energy
of the plasma. A plasma sheet, containing charged particles with energies similar to those
characteristic of auroral particles exists, as mentioned earlier, around the neutral sheet. The
pressure of this plasma prevents the neutral sheet from collapsing under the magnetic pressure
around it. It has been shown that the field-line merging can probably produce enough power
to account for an aurora. With reasonable assumptions about particle density and tail field
outside the sheet (2 cm—2 and 30 y, respectively) one arrives at an estimated average particle
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Figure 22. Fermi acceleration of charged particles: Type (a) in which the gyrating particle encounters a
converging magnetic field moving with velocity ¥; Type (b) in which the particle moving in a nearly
constant field encounters a region of curved geometry moving with velocity V. Type (b) occurs on closed
extended field lines in the magnetotail,

energy of 1 keV and an electron flux of 3 - 108 cm—2s—1sr—1, These values are in good agreement
with observations. ' '

The inward convection of geomagnetic field lines in the tail is associated with Fermi and
betatron acceleration. This convection is driven by the dawn-dusk electric field caused by the
interaction of the solar wind with the geomagnetic field.

The Fermi mechanism can be considered as reflection of a particle from a moving mirror.
Two different cases can be distinguished, a and b in Fig. 22. They are mathematically equiva-
lent. For the auroral particle acceleration in the tail, type b is applicable in the first instance.

A rough estimate of the amount of acceleration can be obtained from the constancy of the
second adiabatic invariant, {v,dl = const, which we can write <v;;> - [ = const. (v|| is the
velocity component parallel to the geomagnetic field lines; / is the length of the field line
between mirror points). When a volume element of the plasma sheet moves in from say 30 Rg
to 7 RE, the paraliel velocity increases by a factor of about 63/17 and the parallel energy by
(63/17)2 = 14,

The transverse (betatron) acceleration caused by the same motion is obtained from the
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first adiabatic invariant, y = E /B = const. (E| is the energy associated with the motion
perpendicular to the field lines). For observed values of B at 30 and 7 Ry in the tail of ~14 y
and ~30 y, respectively, the ratio of E L at 7 Rg is about twice as large as at 30 Rj. Thus,
the Fermi mechanism dominates over the betatron mechanism in the tail at distances greater
then ~7 Rg. _ .

We have here referred to the accelerations associated with the earthward motion of the

tail plasma as Fermi and betatron acceleration. We could also say that it is due to the electric

field associated with the convection of the plasma in the magnetosphere. This electric field =

is caused by the motion of the solar wind relative to the Earth. As seen from the Earth there
is an electric field of the order of v X B in the solar wind, where v is the solar wind velocity
and B is the magnetic field in it. Assuming that the magnetosphere has a diameter of
20R g there is a potential difference of about 40 keV between the dawn and dusk sides of
the magnetosphere with the electric field pointing from dawn to dusk. If this electric field
penetrates the entire magnetosphere, as it seems to do, it produces, together with the geomagne-
tic field, a drift motion which in the equatorial plane of the tail is directed towards the Earth.

Because of the inhomogeneity of the magnetic field, the more the closer to the Earth, the drift
motion is not perpendicular to the electric field, but the particle motion has a component -

parallel (or antiparallel) to the electric field and thereby the particle gains or loses energy. It
is obvious that the potential electric field discussed here cannot increase the particle energy
by more than the potential difference over the magnetosphere.

In addition to the potential electric field there may be electric fields for which the curl is
not zero but is given by the 8B/dz. The importance of such electric fields may possibly be
great in certain situations, but very little of a quantitative nature is known about them.

The electric field just discussed is perpendicular to the geomagnetic field lines. In recent
years a growing amount of evidence for the existence of electric fields also parallel to the
magnetic field lines has accumulated. Field-aligned electric currents and the field-aligned
anisotropy of auroral particles described earlier in this chapter are most important in this
respect. Potential drops along the magnetic field lines may be created if the resistivity for
field-aligned electric currents, which normally is extremely small in the magnetosphere and
ionosphere, is strongly increased. This may happen if wave-particle interactions occur, whereby
the free motion of charged particles along the field lines is prohibited. -

So-called potential double layers, which are well known from laboratory plasma, may
possibly exist under certain conditions. They are very thin — of the order of a few Debye
lengths — and the potential drop over them may be several kilovolts. -

The observed field-aligned anisotropy of auroral protons may be understood as an effect
of a potential difference between the hot magnetospheric plasma and the cold ionosphere
which, under certain conditions, is determined by the temperature of the hot plasma and,
therefore, may amount to several kilovolts. The basic cause for the production of such a
potential difference between two plasma of different temperature which are brought in con-
tact with each other is the existence of a higher flux of electrons (lons may be neglected if
their temperature is not very much higher than that of the electrons) from the hot plasma to
the cold than in the opposite direction. A net negative charge is then built up in the cold
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plasma and a stationary state is achieved first when the electrostatic field due to the charge
separation has grown to such a value that the electron fluxes in the two directions are equal.
This basic mechanism is the same irrespective of whether the electrons propagate between the
two plasma in a diffusion process of some kind or move in simple ballistic orbits without any
interaction with each other or with field irregularities. )

Whereas ordinary collisions play some role in the ionosphere out to distances of a thousand
kms from the Earth’s surface, the plasma in the plasma sheet is a collisionless plasma, if
one considers ordinary particle encounters, It seems clear, however, that the energetic particles'
interact with waves efficiently enough to create an effective diffusion process.

In order to explain the observation of different locations of the inner boundary of the energe-
tic electron flux in the equatorial plane (inner boundary of plasma sheet) and the inner boundary
of the convective motion of the plasma (supposed to be the plasma pause), one has to explain
how the convecting field tubes penetrating through the plasma sheet boundary are emptied
of its electron content. Since appreciable electron precipitation is known to take place at the
inner plasma sheet boundary it seems reasonable to assume that precipitation into the atmos-
phere removes all the energetic electrons in the field tubes. Tt is supposed that so-called strong
diffusion into the loss cone is the cause of the precipitation. If during the flow of a field tube
toward the Earth the life time of the electrons is short compared to the time scale of the flow,
many particles will be precipitated and the tube will flow onward depleted of the precipitated
particles. The flow time, T#, and the life time T for strong pitch-angle diffusion, have been
estimated for a highly simplified situation, which, however, is likely to contain the most
important features of the real case. One has found that

7 =~ 107/L2%p [sl, ' o _
Th =~ (ﬁi-)”z L [s] for ions : -
me/  Ei'P? '
o 5 o
and Ty ~ TP [s] for electrons

where L is the Mcllwain L-parameter, ¢ is the electric potential drop over the magnetosphere
corresponding to the convection, in kV, E;,. is the energy of ions and electrons, respectlvely,
in keV and my;, m, are the ion and electron masses. ‘

Since Ty o< L2 and T3 o< L* one expects T3 > T for sufﬁmently large L. Thus, at large
distances, precipitation will not affect the density in the field tube_significantly. The point at
which T3 a Tr determines the boundary, since beyond this point particles are depleted very
effectively by precipitation before the flow can travel very far.
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By Ya. 1. FELDSTEIN
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MOSCOW, USSR

Abstract

The paper gives a review of recent investigations on auroral space-time regularities and their
relation to electron fluxes responsible for the auroral luminescence. In Fig. 3 the position of
precipitation regions together with the auroral oval is shown. The following is under discussion:
1) A connection between the auroral oval and the large-scale structure of the magnetosphere
(Fig. 4); 2) Variations of inner magnetosphere dimensions (Fig. 5); 3) Magnetic fluxes re-
sponsible for magnetic tail formation (Fig. 6) at different phases of the magnetic substorm.
Figure 7 represents a general scheme of auroral substorm development in the northern high-
latitude region, consisting of three phases, i.e. the creation, expansion, and recovery phase.

On the basis of auroral data, the average energy flux of precipitating electrons in different
sectors of the auroral oval (Fig. 8), as well as the relation of aurora with the region of transverse
magnetic disturbances (Fig. 9), is obtained.

1. Introduction

Detailed descriptions of morphological characteristics of auroras such as space-time regulari-
ties, movements, and geometrical shapes were given in monographs by Stérmer (1955) and
Harang (1951); these monographs brought together the resuits of the early classical investiga-
tions ‘of Aurora Borealis by Norwegian scientists. A number of regularities in auroral behav-
iour were revealed by numerous determinations of auroral altitudes by parallactic observa-
tions (Egeland and Ombolt, 1967). These various works, containing the results of comprehen-
sive observations on auroral morphology prior to the IGY (1957-1958), have served as valu-
able manuals up to the present time.

The investigation of aurora has been greatly stimulated by space research. Auroral obser-
vation provides unique determination of the regions where charged particles penetrate into
the upper atmosphere and it allows study of dynamics on a planetaf'.y scale. Auroral observa-
tion gives information about processes far out from the Earth in the whole domain through
which the geomagnetic field lines extend.
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2. Auroral morphology

The notion ‘auroral morphology’ now encompasses a broader field than shape and distribution
of the visual aurora; the broadening of the scope grew with the various space researches be-
ginning with the IGY. At present auroral morphology includes: 1) study of the kind, energy
spectrum and spatial distribution of particles causing auroral luminescence, 2) the relation
of large-scale structure of the magnetosphere with the region of most frequent appearance of
zenithal aurora, and 3) auroral dynamics during substorms and the place of the auroral sub-
storm in the general picture of substorm development in the magnetosphere. -
The analysis of observational data acquired during the IGY has shown that zenithal auroras
occur most frequently along an oval with positions at @ a 67° near midnight and @ a 76°-77°
at noon. In Fig. 1 are given Feldstein’s (1963) first results of a statistical analysis of the space-
time distribution of zenith auvroral forms. The auroral frequency along the oval (shaded) is
non-uniform. Furthermore, the oval is divided into two parts, day and night. The bases for
this distinction are differences in the auroral forms and their morphological characteristics.
At the time these results were first presented, the reasons for distinguishing between day and
night parts of the oval were not sufficiently proven. Discontinuities within the auroral oval -
at morning and evening during magnetically quiet periods were found by Lassen (1963, 1969, -
1970) and Feldstein and Starkov (1967). These discontinuitites were filled with rather intense
luminescence in the periods of magnetic disturbance when the luminescence was observed
continuously along the oval. Variation in the probability of auroras along the oval was shown -
also by Stringer and Belon (1967) and by Zhigalov (1967). ' -
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Figure 1. Isoauroras in the Northern Hemisphere from IGY data. The dashed region of the most frequent
aurora appearance in the zenith is divided into day and night sections at morning and evening hours.

Khorosheva (1963} has shown that the extended forms of polar auroras are aligned along
the oval. This alignment results in a daily variation of the azimuths of extended forms (Davis,
1962; Hultqvist, 1962; Feldstein, 1963). The observation materials on this poiht were gathered
for IGY by Gustafsson (1967) and IQSY by Gustafsson et al. (1969). A detailed time-space
distribution of the orientation of extended forms allows for estimations of an auroral arc



59

position which is in good agreement with the auroral oval (Gustafsson, 1967; Feldstein and
Starkov, 1967; Gustafsson et al., 1969). It is shown by Jacka and Bond (1968) and by Bond
and Thomas (1971) that the location and orientation of auroras in the Southern Hemisphere
at different levels of magnetic disturbances agree nicely with this oval conception, which was
based on data from the Northern Hemisphere.

The possibilities of investigations of oval discontinuity and extended form posmon at high
latitudes have recently increased ‘owing to the availability of aircrafts provided with radio and
optical equipment. The analysis of observations carried out in 1967-1970 by Buchau et al.
(1969, 1970, 1971) and Whalen et al. (1971) showed: 1) The position of discrete forms of
auroras between 75°-79° corrected geomagnetic latitude at the noon sector, obtained on indi-
vidual flights and by statistical processing of data, is in a good agreement with results of
ground-based visual observations. 2) The distribution of discrete auroral forms agrees with
the existence of an oval belt within the limits of which the auroral arcs are located. 3) The
size and position of the oval change with variations in magnetic activity. 4) On moderately
disturbed days there is a continuous belt of luminescence along the oval but in magneto-quiet
periods discontinuities or sharp Iuminescence weakenings occur along the oval, and this could
be identified with the oval discontinuity in visually observed auroras. However, the broader
band of subvisual emissions exists in the same location as the v131bIc forms and continues
through the gaps (Buchau et al., 1971).

Figure 2. The flight of December 12, 1969 showed a continuous auroral band that extended from the local
magnetic noon to the midnight sector. The circles on the flight’s trajectory (dotted lines) show the all-sky
camera photo in the system of corrected geomagnetic coordinates. The photos are placed so as to keep
their orientation with respect to the radius-vector that connects the geomagnetic pole () and the zenith of
all-sky camera photo (Buchau et al., 1970).
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Thus, aircraft observations provide convincing evidence of the existence of an auroral oval
and not two quasicircular zones (Mishin et al,, 1970) at @' ~ 78° and 67°. Mishin et-al.
(1971) made an attempt to show that the distributions of discrete forms observed from
aircrafts correspond better to two quasicircular zones than to an oval. The auroral position
of December 6 and 12, 1969, and January 15, 1970 (from Buchau et al., 1970) was projected
on the Earth’s surface (cf. Fig. 2). However, because of misunderstanding, a reflection of twilight
on the southern side of the photograph obtained during day hours of December 6 and 12 was -
united by Mishin et al. (1971) with the real aurora. On January 15 a reflection of the moon on the
northern side of the photograph was taken as polar aurora. But when the extended forms of
aurora are projected correctly, they are arranged along the oval.

On the basis of the global distribution of auroras and taking into account that their mor-
phological characteristics differ for the day and night sector (Lassen, 1963; Feldstein and
Starkov, 1967; Davis, 1967; Feldstein, 1969; Khorosheva, 1967; Starkov, 1968) planetary
schemes of intrusion of electron fluxes with different energy at magneto-quiet and magneto-
disturbed periods have been obtained (Feldstein, 1968; Troshichev, 1970). In Fig. 3 is-given
the planetary scheme by Deehr and Egeland (1971) based on recent satellite observations.
In particular, at the night sector the discrete forms of aurora correlate with the penetration of
electrons with E av 6 keV (Gustafsson et al., 1971). Furthermore, aircraft observations of the
complex of geophysical events in the upper atmosphere (Buchau et al., 1971) have shown
that during day hours discrete auroral forms, Flayer irregularities and a band of soft precipi-
tation deduced from an enhancement at 6300 A, are very closely associated and are possibly:
identical in location. According to the observations the effects on the day side of the oval are
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Figure 3. The average position of the regions of precipitation and auroral oval in
a) magneto-quiet conditions, b) magneto-disturbed ones (Deehr and Egeland, 1971).
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caused by a direct penetration of the magnetosheath plasma to low altitudes (Heikkila and
Winningham, 1971; Hoffman and Berko, 1971 ; Frank, 1971a; Sharp and Johnson, 1971), and
on the night side they are caused by penetration of plasma from the plasma sheet of the tail
- (Vasyliunas, 1970b; Feldstein, 1970). Taking into account the broad region of energetic par-
ticle precipitation on the late-morning side and equatorward of the auroral oval, which is
responsible for absorption of the cosmic noise and X-rays, it is possible to biing into agree-

ment the present particle measurements in high latitudes (Craven, 1970; Fedorova et-al., 1971; ~

Hoffman, 1971) with the data on planetary distribution of penetrating electrons obtained by
ground observations of auroral effects. : '

3. The aurora and its relation to the magnetosphere

It has been shown (Akasofu, 1966; Fairfield, 1968; Shabansky, 1968; Vasyliunas, 1970a;
Feldstci-n, 1969; -Feldstein and Starkov, 1970) that there is a close connection between the
auroral oval and the structure of the magnetosphere. In particular the association is.close
between the plasma sheet in the tail of the nightside magnetosphere and the magnetopause
projection along field lines on the day side of the Farth. In Fig. 4, a section of the magneto-
sphere in the noon-midnight meridian plane is schematically given.
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Figure 4, A schematic section of the magnetosphere and the position of the oval in the noon-midnight
meridian plane. Shaded regions show the plasma sheet in the tail and plasma fluxes flowing from the tail
to upper atmosphere on night side and day side through the polar cusps.

The solar plasma moves from the magnetosheath to the upper layers of the atmosphere at
75°-80° geomagnetic latitude through a gap on the dayside of the Earth (Heikkila and Winning-
ham, 1971; Frank, 1971a). Electron energy of some hundreds of eV is sufficient to produce
the luminescence originating at 150-200 km and the energy flux corresponding to that observed
in this sector of the auroral oval (Hoffman and Berko, 1971; Hoffman, 1971; Feldstein and
Starkov, 1971). The southern boundary of the oval at the Earth’s night side is a projection
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of the inner side of the plasma sheet along real fields lines (Vasyliunas, 1970a; Feldstein, 1970).
Spectra and fluxes of electrons in the central part of the plasma sheet and at auroral lumine-
scence altitudes prove a close connection between these two regions (Vasyliunas, 1970a; Chase,
1969, 1970).

When magnetic disturbance grows, the auroral oval at noon hours is shifted to lower lati-
tudes without a noticeable widening (Starkov and Feldstein, 1967a; Feldstein et al., 1968).
A similar shift of some degrees of latitude towards the equator without a large increase in
its latitudinal width was noticed for both the day cusp (Frank, 1971a) and the soft high latitude
zone of radiation (Hoffman, 1970). The oval position during day hours varies with the change
of the inclination angle of geomagnetic dipole axis to ecliptic plane (Feldstein, 1970). The
existence of this was deduced from observations of the boundary of trapped energetic electrons
by Feldstein and Starkov (1970), and has been confirmed by latest data analysis. (Page and
Shaw, 1971). The data on similar variations of the region of soft electron intrusion are very
contradictory (Maehlum 1968; Hoffman, 1971) because of rather limited observations made
so far. -

The plasma sheet in the equatorial plane of the nightside magnetosphere envelopes the inner
magnetospheric region (according to Shabansky (1968) it is defined as a ‘core’). On the dayside
it links up with the magnetopause (Vasyliunas, 1968b). When the magnetic disturbance grows,
the inner boundary of the plasma sheet approaches the Earth and the low latitude boundary 7
of the auroral oval moves equatorwards (Vasyliunas, 1970b; Feldstein and Starkov, 1967). A
close connection between the equatorial boundary of the oval on one side and the plasma
sheet and magnetopause on the other (Vasyliunas, 1970a; Feldstein, 1970) makes it possible
to use data on oval dynamics at different stages of a substorm for estimations of inner mag-
netosphere dimensions. Whereas.the oval position is well known in all sections of the local
time during a substorm we cannot say the same about the dynamics of the inner boundary
of the plasma sheet (Vasyliunas, 1968a, b, 1969; Frank, 1968, 1971; Schield and Frank, 1970;
Freeman and Maguire, 1968).

Figure 5 shows the dimension of the core of the magnetosphere at different phases of the
substorm. The shape of the core defined by the projection of the southern boundary of the
oval along the real field lines into the equatorial plane. The geocentric distance to the subsolar
point of the magnetopause is given by Rudneva and Feldstein (1970). The creation phase of
the substorm is characterized by a sharp shift of the plasma sheet boundary in the midnight
sector towards the Earth. The smallest size of the core is observed at the highest point of the
substorm development. The core’s radius reduces by as much as ~ 6 Rg. At the midnight
sector, the boundary moves to ~ 4,2 Rg to the Earth. In the recovery phase the plasma sheet
boundary again withdraws from the Earth. However, signiﬁcanf fluxes of energetic electrons
drifting to the east remain on field lines of the core. These field lines penetrated the plasma
sheet in the period of maximum development of a substorm. On their eastward motion elec-
trons are accelerated by the electric field directed across the magnetosphere from dawn to
dusk and they precipitate into the ionosphere. Observations of electrons with energy 1 = E=25
keV (Galperin and Fedorova, 1971) are in agreement with this view of dynamlcs of the plasma
sheet during substorms.
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Figure 5. The position of the inner boundary of the plasma sheet in the equatorial plane at different phases
of a substorm :

1) quiet period and the beginning of creation phase (T = —60 min),
2) the beginning of expansive phase (T = 0 min),

3) maximum expansive phase (7 = 30 min),

4) recovery phase (T = up to 120 min).

The plasma sheet is shaded. The region of eastward drifting electrons quasi-trapped in the expansive
phase is shown by dots.

The oval dynamics permits one to evaluate variations of magnetic fluxes in remote regions
of the magnetosphere. The magnetic flux in the tail is known to grow from 1.3 - 1017 Maxwells
in magneto-quiet periods to 2.3 - 1017 Maxwells in magneto-disturbed (Piddington, 1967;
Starkov et al., 1968; Feldstein, 1969).

Proceeding from the magnetospheric structure and oval position, a supposition may be made
that the magnetospheric tail is formed by magnetic flux F; which Jpenetrates to the Earth’s
surface at the high latitude region poleward of the equatorial boundary of the oval. F; is
partly closed in the neutral sheet of the tail (Mihalov et al., 1968; Behannon, 1970). Assuming
that those outer field lines which are closed within the tail and are connected to the Earth all
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lie in the plasma sheet in the tail, it is then possible to estimate the magnetic flux F» which is
reconnected with the interplanetary magnetic field far from the Earth. (The boundary of the
plasma sheet is considered the same as the boundary of diffusive luminescence in the aurora.)
The magnetic fluxes F1 and Fa at different stages of a substorm are given in Fig. 6. Flux F;
is growing slowly during the creation phase and then at expansion_ phase sharply increases.
The creation phase is characterized by a sharp decrease of the magnetic flux through the neu-
tral sheet, possibly due to the extension of field lines in the antisolar direction. -
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Figure 6. Variations of magnetic fluxes in the tail at different phases of a substorm
— 60 << T' < { min - creation phase '
0== 7= 30 min -~ expansion phase
30 < T < 90 min — recovery phase
F1 — magnetic flux that formed the magnetosphere tail.
Fs — magnetic flux outside the plasma sheet of the tail. )
Magnetic flux passing through the plasma sheet, closed through the neutral sheet, is shaded. -

Thus, at the beginning of an active period of a substorm the field configuration is very
unlike the dipole field. At 7 = O the magnetic flux F» reconnecting with the interplanetary
field has its maximum. In the active period of a substorm (7 > 0) F» decreases simultaneously
with a sharp increase of the flux closed through the neutral sheet. The field line configuration
in the tail is then more similar to a dipole type than it was in the creation phase. These field
variations are in agreement with changes in field line configuration in the tail during substorms
(Fairfield and Ness, 1970; Fairfield, 1970).

On the basis of the position of the southern boundary of the oval near midnight, the inten-
sity of the magnetic field in the tail was estimated by Feldstein et al. (1968). In contradiction
to earlier observations of the magnetic field in the tail (Akasofu, 1968), it was found that this
field suddenly increases with substorm development. However, further investigations have
shown that magnetic field intensity really increases in the disturbance period (Sugiura et al.,
1970; Fairfield and Ness, 1970), and a more detailed analysis has confirmed that the most
essential increase of the field is at the beginning of the substorm (Meng and Akasofu, 1971;
Camidge and Rostoker, 1970; Russel et al., 1971).

An important goal of auroral investigations is to establish specific features of auroras during
substorms, since these reveal the complex character of changes in the upper atmosphere at
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the time. At present, auroral dynamics during a substorm is so thoroughly studied that it
serves as a basis for analysis of the role the magnetospheric substorm plays in other geophysical
processes. Thus the new scheme of auroral substorm development given below is of a broad
application. : ' :

The scheme of auroral substorm development was advanced by Akasofu (1964, 1965, 1968).
It has been one of the most fundamental notions of magnetospheric physics. 'HoWever, recent

investigations have significantly refined the scheme (Ivliev et al., 1970; Pudovkin et-al.; 1970;

Starkov and Feldstein, 1971; Feldstein, 1970; Davis, 1971). Figure 7 is based on recent data
obtained by Starkov and Feldstein (1971), and shows the orientation and motion of auroral
forms during a substorm. The coordinate system is magnetic time and latitude. The auroral
substorm consists of three phases: creation (—60 min < T < 0 min), expansion (0 min = T
== 30 min), and recovery (30 < 7' < 120 min). T = 0 corresponds to the beginning of the se-
cond phase: a rapid auroral motion towards the pole on the oval’s northern boundary ocours.

Br3g2t W Ter-z®

Figure 7. The general scheme of auroral substorm. I, II - creation, III, IV, V, VI — expansion, VII, VIII
~ recovery phases. Homogeneous forms of auroras are shown by solid linesy rayed forms by solid lines
with dashes; pulsating ones by blackened ellipses; luminescence connected with the plasma sheet in the
magnetosphere tail by crosses; and those conditioned by electrons drifting to the east in the magnetosphere
core by crosses with dots. '
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(The beginning of -the substorm is given in the previous scheme according to Akasofu (1964).)
After a quiet period all the three phases may be observed. Occurrence of a substorm will, -
however, have influence on the size and development of one following immediately after, and -
also will make difficult recognition of a new creation phase.

In quiet conditions (T’ = —60 min) the spatial distribution of aurora corresponds to the
scheme advanced by Feldstein (1966). At the night side weak homogeneous or rayed arcs are -
. situated on @ a 70°. Even in very quiet periods at near-midnight hours there are continuous . -
auroras at these latitudes; this fact agrees with the observations on electron intrusion (Deehr
et al., 1971) and radio reflections (Bates et al., 1969). The day side of the oval includes weak
rayed forms at @' ~ 78°-80°. In the polar cap (a section of the near-polar region confined
by the aurora oval) transient, weak, Sun-Earth aligned rayed arcs and diffusive Iuminescence
exist. The subvisual luminescence in the polar cap has been revealed by Weill et al. (1965),
Eather (1969), Eather and Akasofu {(1969), and Eather and Mende (1971) by photometric ob-
servations from aircrafts. It is possibly connected with the external region of the plasma sheet
in the magnetospheric tail (Vasyliunas, 1970b). Aircraft investigations showed that auroras.in
the Northern and Southern Hemispheres are exactly conjugated (Belon et al., 1969).

For quiet periods the interplanetary magnetic field is as a rule oriented to the north. When
the field orientation changes to south, a creation phase of a substorm starts and lasts about
one hour (Pudovkin et al., 1970; McPherron, 1970; Kokubun, 1971). In the creation phase
the magnetic field at the near-midnight sector on @' a~ 67° is quiet, but auroras become more
active on the day section of the oval (Starkov and Feldstein, 1967b) and are shifted towards
the equator (Starkov and Feldstein, 1971; Kaneda, 1971). At the same time a rather slow
(~~ 10-15 km/min) shift of arcs and bands in the night sector towards the equator is observed.
The shift continues up to 7" == 0 and is, in the midnight sector, approximately 5° of latitude.
In the creation phase, no noticeable intensification of arc brightness occurs, nor is any widening
of the oval’s night sector seen. Discrete forms of auroras gradually disappear in the polar cap.

If the southward orientation of the interplanetary field remains for one hour and the south
component of it is more than 6 , the creation phase is developed into the expansive one
(Nishida, 1971). :

The beginning of expansive phase (7" == 0) is related to increase in near-midnight arc bright-
ness and a sudden movement of the bright auroral band towards the pole (Akasofu, 1964),
and away from a rather weak arc in the near-midnight sector. This weak arc remains in the
same position or shifts equatorward. A rather intensive diffusive background is left equator-
ward of the bright band moving towards the pole. The integrated luminescence of this back-
ground may, however, be rather pronounced. The discrete forms of auroras in the region of
maximum background luminescence are poorly defined. Auroral motion towards the equator
is observed during all phases of a substorm. This motion is possibly connected with the elec-
tric field existing in the magnetosphere. The poleward motion is of explosive character and is
most pronounced near the polar boundary of the oval. In the expansive phase the conjugacy
of auroras on the two hemispheres breaks down. At @ ~ 67° they are shifted tens of km
when comparing with conjugated regions, and at @ a+ 70° conjugation sometimes is completely
missing (Belon et al., 1969; Davis et al., 1971).
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In the recovery phase the auroras withdraw to the starting position. A diffusive luminescence
designated as mantle aurora is observed in the morning sector (Sandford, 1964) equatorward
of the auroral oval as arc patches and pulsating auroras (Kvifte and Pettersen, 1969; Roldugin
and Starkov, 1970). The character of the luminescence, its location only in the morning-noon

sectors, their connection with X-rays, and anomalous cosmic noise absorption allows for the -

supposition that the emission is caused by electrons from the magnetospheric core with energy

essentially greater than that in the tail’s plasma sheet. The luminescence at the latitudes of the

auroral zone in the morning hours is due to the electrons drifting on closed magnetic field

shells, that were captured at near-midnight and early morning hours at small Z, during the expan-
‘sive phase of the auroral substorm. Auroral pulsationsin the morning hours possibly show regula-
rities in strong pitch-angle diffusion of the above-mentioned electrons entering the loss cone
when the particles are interacting with waves (Kennel, 1969). Pulsating auroras in the morning
sector along the auroral zone are nicely conjugated in both hemispheres (Cresswell and Davis,
1966). From observations of X-rays (Trefall et al., 1970), energetic electrons (Hoffman, 1970;
Galperin and Fedorova, 1971) and VLF emissions (Harang and Akasofu, 1969) during the
recovery phase, the appearance of hard electrons in the morning hours equatorward of the
oval has been found. While precipitation along the oval occurs at any time, quiet or disturbed,
the circular zone of intensive electron precipitation at auroral zone latitudes exists only in
disturbed periods, enveloping the morning and day sectors. On disturbed days, when substorms
follow one after the other, the distribution of precipitating particles may to some extent be
presented by a scheme, advanced by Hartz and Brice (1967) and by Hartz (1971). This scheme
coincides with the one given in Fig. 3.

Photometric standardization performed on all-sky cameras in the Soviet Union makes it
possible to obtain qualitative data on luminescence intensity and subsequently the energy of
the effect. In Fig. 8 (according to Feldstein and Starkov, 1971) average intensities of energy
flux density of precipitating electrons are given within six time sector along the oval."At noon
hours the energy flux increases from 0.45 to 1.4 erg/cm?s. It was noticed earlier (Feldstein,
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Figure 8. Average intensities of precipitating particle energy at different sections of the oval when magnetic
disturbance intensity varies.
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1970) that these values for the day sector are sometimes greater than those measured directly

by satellites (Johnson and Sharp, 1969; Sharp et al., 1969). The energy of precipitating parti- -

cles obtained from auroral data on the day side of the Earth is in much better agreement with
recent satellite measurements made in the oval’s day sector. According to Hoffman and Berko

(1971) and Hoffman (1971) the energy flux in the morning hours is greater than in evening
and changes from 0.3-0.58 erg/cm®s in morning to 0.1-0.18 erg/cm?s in evening. As to the

results of all-sky camera processing, the energy fluxes are found to be 0.6-0.8 erg/cm®s and

0.4-0.5 erg/cm?s in the morning and evening sectors of the oval, respectively. In the noon

sector satellite measurements of the energy of precipitating electrons arefound to be 0.5 erg/cm2s

(Hoffman, 1971; Heikkila and Winningham, 1971) while auroral intensity measurements give
0.45 erg/cm?s. ' ' '
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Figure 9. Daily variations of the region of transverse magnetic disturbances in the Northern Hemisphere -

when 0 = Kp = 2-}- (dots — the nearpole boundary, iriangles -~ the equatorial boundary). The polar oval

with Kp = 1 is shaded. . -

Particle fluxes precipitating along the oval may originate electrical currents. These particles
seem to be responsible for field aligned currents that give rise to magnetic disturbances trans-
verse to the direction of the local field at 1100 km altitude (Zmuda et al., 1967; Cummings
and Dessler, 1967). In Fig. 9 the position of the region of disturbance is given for 0 = Kp=2
according to Zmuda et al. (1970) together with the oval’s position for Kp = 1 (Starkov and
Feldstein, 1967, 1968). From 2000 until 1400 LT transverse magnetic disturbances are only ob-
served within the limits of the oval, while in the evening sector (1400-2000 LT) they are also
observed equatorward of the oval. The intensity of the flux of particles precipitating along the
oval is sufficient for the transverse disturbances of the observed intensity (Zmuda et al., 1970;
Hoffman, 1971), and almost always the disturbances present are in conformity with constant
occurrence of the luminescence along the oval. A wider region of transverse disturbances in

evening hours is possibly conditioned by the fact that in this sector the region of vertical

currents goes outside the oval. However, unlike vertical currents along the oval caused mainly
by electron fluxes and resulting in a westward electrojet, there are intensive fluxes of protons
in the evening sector equatorward of the oval which are connected with an assymetric ring
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current and eastward electrojet. This idea is in accordance with the data on eastern and wes-
tern current position when Kp = 1, according to Feldstein and Zaitzev (1968). 7

The region of transverse magnetic disturbances coincides with the auroral oval not only
statistically but also in specific cases. For the strong magnetic storm of November 1, 1968,
considered by Armstrong and Zmuda (1970), the region of transverse disturbances at 0851 LT

shifted to corrected geomagnetic latitudes 61° < &' < 67°. At that time the oval was at

62° = @’ = 67° taking into consideration the intensity of the existing Ds; variation,
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Abstract

Characteristics of midday auroras (which occupy the noon sector of the auroral oval) and
polar cap auroras (which appear inside the area surrounded by the auroral oval) are described
by reviewing earlier studies and also new satellite and airborne all-sky data. The relationships
between the midday auroras and polar cap auroras are also discussed., There is little doubt
that behaviors of the midday and polar cap auroras will give us many clues on the interactions
between the solar wind and the geomagnetic field.

1. Introduction

It is possible to classify auroras into two groups, the oval auroras and the polar cap auroras.
The oval auroras appear within the narrow oval band, the auroral oval, which encircles the
dipole pole (Feldstein, 1963, 1966; Khorosheva, 1962; Lassen, 1963; Malville, 1964; Davis,
1962; Sandford, 1964). The auroral oval is eccentric with respect to the dipole pole, and its
center is displaced toward the dark hemisphere by about 3°. Auroras which occupy the noon
sector of the auroral oval are called midday auroras.

Piddington (1965) suggested that the region encircled by the auroral oval should be called
the polar cap, rather than the region encircled by the auroral zone. Since the auroral oval
delineates approximately the intersection line between the outer boundary of the trapping re-
gion and the ionosphere, geomagnetic field lines which originate in the polar cap are supposed -
to be greatly distorted by the solar wind and form the magnetospheric tail, while those that
originate in the middle-low latitude region are imbedded in the trapping region. In the polar
cap, another group of auroras occurs. Such auroras are called the polar cap auroras. The polar
cap auroras appear across the oval and their alignment is approximately paralle! to the Sun-
Earth line (Mawson, 1925 p. 181; Davis, 1960, 1962; Denholm, 1961).

Sightings of faint auroras in the daytime in very high latitude regions and also near the
dipole pole have been reported frequently in records of Arctic and Antarctic expeditions. The
report of the Swedish expedition to Spitzbergen (1887) during the First Polar Year (1882/83)
includes a number of sketches of the midday auroras. However, the first systematic and ex-
tensive study of the daytime auroras was conducted by Lassen (1961). . h
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The purpose of this study is to describe the characteristics of the midday auroras and the
polar cap auroras, particularly their dynamical characteristics. These auroras may provide a
vital clue in understanding the interactions between the solar wind and the geomagnetic field.

2. Midday auroras : o

In the northern hemisphere, the dipole (dp) sector, which is bounded by. dp longitude lines
90° and 270°, is suitably located to study midday auroras (Buchau et al., 1969). Both Pyramida
(dp lat 74.5°N) and the Ice Floe T-3 (dp lat 78.3°N) are in this sector. In the southern hemi-
sphere, the South Pole station (dp lat 78.5°S) is an ideal station to observe the midday aurora.
These stations are located geographically high enough (so that the 24-hour darkness is secured),
but geomagnetically low enough to see the midday part of the oval; Fig. 1 shows the location
of the oval when the Pyramida station (marked by a dot) is in the midday sector. Figure 2

Figure 1. Approximélte location of the auroral oval at 08 UT. The direction of the Sun is indicated by a
circle; the location of Pyramida station is indicated by a dot.

Figure 2. Example. (in negative) of the midday auroras observed at Pyramida.
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shows three photographs (in negative) of the midday auroras taken from Pyramida. Figure 3
shows a photograph of the midday aurora taken from off the Siberian Coast.

The midday auroras are mostly faint rayed arcs (or bright rayed arcs in the bright back-
ground). Feldstein (1966) suggested that they consist of isolated rays (see his Fig. 6), but there
were many days during the IGY when the orientation of the rayed arcs could be definitely
measured, so that it seems to be more appropriate to treat them as rayed arcs.

*

Figure 3. A photograph of the midday aurofa taken from an AFCRL aircraft off ‘the Siberian Coast at
0405 UT on December 6, 1969.

In Fig. 2, an arc is seen in the northern sky of Pyramida on December 23, and about the
zenith on December 21, and in the southern sky on January 1. The first one (December 23,
1957) corresponds to a quiet condition (Kp = 1+, 1+, lo, 1+, 1o, 1—, 1—, 1-), the second
to a moderately active condition (Kp = 3—, 5—, 4o, 2+, 20, 20, 20, 20) and the third to very
disturbed condition (Kp = 60, 6+, 5+, 40, 3+, 4—, 5+, 40). The Dy values (Sugiura, 1963)
at the time when the above three photographs were taken were —3, —32 and —103 ¥, respec-
tively. It can be seen clearly that the location of the aurora shifts toward lower altitudes as
magnetic activity increases. This suggests an expansion of the oval in the day sector (Feldstein,
1966; Zmuda et al., 1966). Akasofu and Chapman (1963) showed that the expansion of the
oval in the night-side depends on the intensity of the storm-time radiation belt (the ring current).

Stringer (1966) showed that the midday aurora appeared with a very high occurrence fre-
quency over the T-3 station (practically every day on which observation was possible) even
when geomagnetic conditions were so quiet that the midnight auroras were very faint or
invisible. Based on ascaplots, Feldstein (1966) obtained the occurrence frequency of approxi-
mately 80-857;. When we consider the fact that the auroras appear in the bright twilight sky,
this high occurrence frequency is remarkable. Therefore, it is not difficult to infer that the
midday auroras are essentially a permanent feature of the Earth,

The midday aurora tends to align along the east-west direction. Figure 4 shows the orien-
tation measured for all the available data obtained during the IGY in Pyramida, together
with all that obtained by Feldstein (1961). Stringer (1966) showed the same tendency by using
the records taken from the T-3 station. As seen in Fig. 5 the aurora may be single or multiple
in form.

During high geomagnetic activity, a violent eastward motion of the auroras occurs in the
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Figure 4. The orientation of auroral arcs observed at Pyramida; MN, LM, LM, refer to the magnetic nooij,
the local noon and midnight, respectively. ' '

Figure 5. Examples (in negative) of the midday auroras; except the first one (Dec. 20, 1959), they are multiple.

midday sector of the oval. Figure 6 shows an example of the eastward motion of the midday
aurora, observed at Pyramida on January 1, 1968. Since the eastward motion is the most
common feature of the aurora during the auroral substorm in the morning sector of the auroral
oval, it is natural to infer that the eastward motion of the daytime auroras is an extension

i R e

Figure 6. An eastward motion of the midday aurora, observed on January 1, 1958.
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from the early morning sector. This suggests that the midday auroras are affected by the
auroral substorm activity which originates in the midnight sector of the oval.

It is also worthwhile to mention here auroras which occupy the forenoon and afternoon
sector of the auroral oval. Most of the morning auroras are also faint rayed arcs and have
been studied most extensively by Lassen (1961), using his visual and all-sky camera observations
at Godhavn, Greenland (dp lat 79.9°N). He has found that the percentage hourly occurrence

of the morning auroras is very high, 90-100%, and that there are no mgmﬁcant magnetic

disturbances associated with the auroras.

Based on the Alaskan north-south chain stations during the IQSY (including the Ice Floe
Station T-3 in the Arctic Sea), Stringer et al. (1965) and Stringer (1966) have shown also that
auroras appear with a very high occurrence frequency (practically every day on which obser-
vation was possible) over the T-3 station (dp lat 78°); in fact, even during an extremely quiet

period (both the local X and planetary Kp indices were zero), morning auroras were observed

there, in spite of the fact that auroras in the midnight sector faded below the threshold of a
photometer (0.5 kR), as well as that of the all-sky camera.

Lassen (1961) noted that there is a tendency for the overhead aurora to occur less frequently
on days of higher planetary disturbance than on other days. This negative correlation of very
high latitude auroras with geomagnetic activity was also discussed by Davis (1963). Figure 7
shows some of the all-sky camera photographs (in negative) taken from Resolute Bay (dp. lat
84.2°N). Active auroras at such a high latitude region do not occur in the daytlme during
very disturbed days; in fact, December 28, 1957 was one of the most quiet days during the
IGY (Kp = lo, 1+, 1—, 1—, 1o, 1o, 1+, 1+). There is little doubt that this negative correla-

Figure 7. Examples (in negative) of the late morning auroras observed at Resolute Bay on December 28,
1957; the bottom trace indicates the X component magnetic record.

St st e e e
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tion is due partly to the contraction of the auroral oval toward the dipole pole during quiet
periods and partly to the equatorward expansion during disturbed periods. -

Observing the morning auroras at Godhavn, Lassen (1961) noted that most of them tend
to appear directly near the zenith, rather than drift toward the zenith. On the other hand, at
the T-3 Ice Floe, it is quite common to observe arcs which move perpendicularly to them,
both poleward and equatorward, in addition to the familiar eastward drift motion (of speed of
order 300 m/s). The poleward motion is far more common than the equatorward motion, so
that many arcs move toward the zenith from the southern sky, and also many drift to the
northern sky after they appear first near the zenith. Like the midday auroras, their hfetlme
is short, of order 5-10 min, and their speed is of order 100-500 m/s.

When they are very bright, morning auroras are often associated with very weak changes
of the geomagnetic field. For example, in Fig. 7, a slight geomagnetic variation was recorded
between 1130 and 1145 UT when the auroras were exceptionally bright, In general, the mag-
nitude of the geomagnetic change is not more than 50y and lasts only for 15-30 min.

Lassen (1963) pointed out that there is no essential difference between the morning auroras
and the afternoon auroras. The afternoon auroras also are mostly rayed arcs. However, evening
auroras tend to be in the form of a homogeneous arc, except during the auroral substorm. It
is interesting to examine whether or not such a transition occurs gradually and whether or not
there exists an indication that the daytime auroras and the nighttime auroras are different
systems.

3. Polar cap auroras

Very little is known about the polar cap auroras except that they tend to align parallel to-the
Sun-Earth line and that they appear to fade out or do not appear during intense geomagnetic
activity (Davis, 1963; Akasofu, 1964). Their Sun-Earth line alignment was first demonstrated
by Mawson (1925) and confirmed later by Davis (1960, 1962), Denholm (1961) and others on
the basis of extensive all-sky film records. Figure 8 shows examples of the polar cap auroras
(in negative) which appeared over Resolute Bay at different UT times (0600 UT = 0000 LT);
the direction of the Sun is indicated by a dot in each photograph.

Motions of the polar cap auroras, which can be studied with reasonable accuracy by the
present all-sky camera, are those which are perpendicular to the arcs. Figure 9 shows examples
of the motions of polar cap auroras. In general, the speed is of order 100 m/s (Danieisen, 1969),
and there does not seem to be any systematic change of the direction as a function of local
time; it may be noted, however, that if polar cap auroras are fixed with respect to the Sun,
and the Earth rotates underneath, there will be an apparent motion (because of the eccentricity
of the oval with respect to the geographic pole); at Resolute Bay, it is a westward motion with
a speed of order 30 m/s in the midnight sector. |




Figure 8. Examples (in negative) of the polar cap auroras observed at Resolute
direction of the Sun is indicated by a dot.
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Figure 9. Examples of the motions of the polar cap auroras observed at Resolute Bay at different UT hours.
(1) December 14, 1957; (2) December 14, 1957; (3) October 26, 1958; (4) January 14, 1958; (5) February 28,
1958; (6) February 28, 1958; (7) December 14, 1958; (8) December 13, 1958; (9) December 13, 1958; (10)
December 15, 1958; (11) December 15, 1958; (12) December 15, 1958.
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4, Relationships between the midday auroras and polar cap auroras

In all-sky films, the polar cap auroras appear to have the same features as the daytime auroras.
Therefore, if they appear near the oval in the mid-morning or mid-afternoon sectors, it is not
possible to distinguish them from the oval auroras.

: ke el = -

Figure 10. All-sky camera photographs (in negative) showing the co-existence of oval auroras and polar
cap auroras taken from Nord, Greenland, December 13, 1958. The top of the photograph is toward the
geographic North Pole. The directions of the Sun at 0825 UT and 0912 UT are shown by dots.

ey

There are some indications that the polar cap auroras are ‘connected’ to oval auroras in
the day sector. Figure 10 shows all-sky photographs taken from Nord (dp lat 80.8°), Green-
land on December 13, 1958. Figure 11 shows the ground projection of auroras observed, at
0746 UT on the same day, in the field of view at Nord and Alert. The radius of the circle
around Nord and Alert is 800 km. The approximate direction of the Sun and the location of
the auroral oval are indicated.

This particular example occurred during the long initial phase of the geomagnetic storm of
December 13, 1958 (cf. at 0001 UT); the Kp index was 3+ during 06-09 UT on December 13.
Inside the polar cap, the Sun-Earth aligned arc was also seen at Alert (dp lat 85.9°) between
0830 UT and 0925 UT.

During the same period, Alaskan stations, i.e., Barrow and Bettles, were in the midnight
sector of the auroral oval. Only very faint auroras were seen between 0727 UT to 1300 UT; and
no polar substorm activity was observed until 1303 UT. .

Figure 12 illustrates another example of a photograph which shows both the midday aurora
and polar cap aurora. This photograph was taken from Nord on J. anuary 26, 1959,

From these observations, it appears that the polar cap auroras joined perpendicularly to
the oval aurora. However, there are many frames to suggest that the polar cap aurora is
simply a segment of the oval auroras, which loops away from the oval at a certain point
toward the cap along the Sun-Earth line. In fact, although it is not obvious in the figures, an
inspection of the films with a movie projector shows that as the polar cap aurora moves, the
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Figure 11. The locations of Nord and Alert together with a rough location of the auroral oval at 08 UT.
The direction of the Sun in indicated by a dot within the circle. The ground projection of auroras at 0746
UT on December 13, 1958 and the field of view of all-sky camera at Nord together with the approximate
observed Sun-aligned arc orientation and field of view of the camera at Alert are also shown.

Figure 12. All-sky camera photographs (in negative) showing the co-existence of oval auroras and polar
cap auroras taken at Nord, Greenland, January 26, 1959. The top of the photograph is toward the geo-
graphical North Pole. .

‘inflection point’ also moves with it. It is not certain whether such an observation confirms
the suggestion made by Gustafsson (1967).

It should be mentioned that such a geometrical relation between the ‘oval auroras’ and
polar cap auroras does not seem to exist in the midnight sector. In spite of the fact that we
scanned a considerable number of all-sky films, we have been unable to find a single frame
to show the ‘connection’ of both types of auroras. '
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5. Discussion

During the last few years, there has been a considerable progress in the studies of the midday
auroras and polar cap auroras. This is partly because intense fluxes of soft electrons (= 300 eV)
above the location of the midday aurora have been detected by 0GO-4 (Hoffman and Berko,
1971), ISIS-1 (Heikkila and Winningham, 1971), Injun-5 (Frank and Ackerson, 1971) and
IMP-5 (Frank, 1971) and because those electrons have an energy spectrum which is very .
similar to that of electrons in the magnetosheath. Such observations suggest strongly that
magnetosheath electrons penetrate into the magnetosphere, perhaps through the neutral line
on the magnetopause, '

Before such an important satellite finding, airborne observations of the midday auroras
had been carried out by Buchau et al. (1969, 1970), Whalen et al. (1971), Eather and Mende
(1971), and Akasofu (1970) over the Greenland sea and off the Siberian Coast. These studies
revealed that the midday part of the oval is a ‘gigantic subvisual red belt’ and its spectrum is
characterized by intense emission of the [OI] 6300 A. The magnetosheath electrons have a
suitable energy to produce such an enhanced [OI] 6300 A emission compared with other
familiar auroral emissions, such as the [OI] 5577 A and [N3] 3914 A emissions.

The belt has the north-south width of a few hundred kilometers. Within the belt, there is
a single or multiple bright curtain and such curtains have a form similar to those of nighttime
auroras. The difference is that the 6300 A emission is more intense than the 5577 A emission
(Heikkila et al., 1971). Polar cap auroras have similar spectral characteristics. Further, when
such red curtains become very bright, the green (5577 A) emission appears near the lower
edge. Thus, there must be more energetic electrons in‘the curtains than in the belt. An accelera-
tion process similar to that of nighttime electrons may thus exist in the day sector, as well as
in the night sector. _

It has been noted by the satellite observations mentioned earlier that the magnetosheath
electrons are seen just on the poleward side of the trapping boundary. Therefore, the midday
auroras give visible information as to the location of the intersection line between the outer
boundary of the trapping region and the polar ionosphere.

Thus, behaviors of the midday auroras should provide extremely useful information on the
amount of the magnetic flux which is transferred from the day sector of the magnetopause
to the magnetotail.

Indeed, it has been found by Akasofu (1972) that during an early phase of a substorm the
midday auroras move equatorward, indicating that the trapping boundary moves also equator-
ward and thus that some ‘closed’ field lines in the day sector become ‘open’ and are trans-
ferred to the magnetotail. It has been suggested that such an ‘erosion’ of the dayside magnetos-
phere is caused by the merging of interplanetary and geomagnetic field lines when the former
has a southward component. It is of great importance to compare north-south motions of
the midday auroras with the simultaneous interplanetary magnetic data, since the range of
the north-south motion should provide quantitative information of-the amount of the trans-
ferred magnetic flux.

The geomagnetic field lines which originate in the polar cap ‘constitute’ the high latitude
magnetotail, that is, the magnetotail region outside the plasma sheet. The plasma density in
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this region is far less (<< 0.01/cm?) than that in the surrounding regions, such as the plasma
sheet (=~ 0.1/cm?) and the magnetosheath (= 10/cm3). It is of great interest to examine why
magnetosheath electrons appear along a group of field lines in such a way that those field
lines form a sheet oriented in the north-south direction; note that the spectral characteristics of
the polar cap aurora are very similar to those in the midday aurora, so that it is quite likely that
polar cap auroras are produced by magnetosheath electrons. At a great distance, say rgq ~ 100 -
earth radii, some of the field lines in the high latitude magnetotail must lie in the magnetopause
or in the magnetosheath. Further, the polar cap auroras move in the direction perpendicular
to the Sun-Earth line. What does this motion tell us? There is little doubt that the behaviors
of the polar cap auroras will tell us many clues on the interactions between the solar wind
and the geomagnetic field.
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ON THE CLASSIFICATION OF HIGH-LATITUDE AURORAS

By KNuD LASSEN

DANISH METEOROLOGICAL INSTITUTE,
GEOPHYSICAL SECTION II,
CHARLOTTENLUND, DENMARK

Abstract

Polar graphs showing the distribution of mean auroral frequencies as observed from the net- -
work of all-sky cameras in Greenland are presented for values of Kp from O to 5. The grouping
of the frequencies in the plots and the dependence of this on Kp as well as on the sunspot
activity is discussed. Details are presented from single nights, and finally, with support from

a survey of the position in the polar graph of observed arcs and bands at Kp = 1, the following
model of the auroral grouping is inferred; the main precipitation curve is a spiral-like figure,
situated in the morning at 75°-80° between 0300 corrected geomagnetic time and the noon
sector. From this it decreases monotonically in latitude through the afternoon and evening
hours down to 65°-70° at 0200. '

This precipitation is mixed up with a night-system between 70° and 75° in the midnight -
sector, as well as with a system of polar cap arcs converging from the whole night sector at
70°-80° towards the cusp region in the noon sector. The model presented here implies a —
discontinuity in the main precipitation curve in the early morning; it is valid for quiet mag-
netic conditions.

1. Introduction |

During the International Geophysical Year 1957-59, four all-sky camera stations were ope-
rated in Greenland (Lassen, 1963). In 1963 the stations were established again, and in 1964
two new stations were added (Lassen and Rud Laursen, 1968). Thus, every winter since 1964
a network of six stations, well distributed between corrected geomagnetic latitudes 63° and
86°, has been operated with exposures once every minute.

Results of statistical studies of the photographic observations supplemented by visual ob-
servations from the pre-IGY period will be discussed in the following sections.

2. Grouping of the auroras

For the six stations in Greenland polar graphs were constructed for each of the years 1964-65
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to 1968-69 and for each value of Kp from 0 to 5. The polar graphs are represented as corrected
geomagnetic latitude (CGL) vs. time dials; the parameter shown in the diagram is the percen-
tage occurrence frequency of zenithal auroras (zenith distance < 60°), defined as the ratio
within each hour of the number of quarter-hourly intervals during which auroras were observed
to the number of quarter-hourly intervals during which observation was possible. The polar
graphs for a given value of Kp did not differ significantly from each other from year to year,
To increase the accuracy of the plots, all years were therefore combined to show the variation

1957-59

Kp=2 - Kp=3
1957-5¢ 1957-59

Kp=5
ooh 1957-59

Figure 1. Polar graphs showing distribution in corrected geomagneflc coordinates of occurrence frequency
of auroras for Kp = 0 through Kp = 5. Period: 1964-69. Isoauroral lines are based on zenithal frequency
and drawn for multiples of 10 per cent. Frequencies greater than 90%/ are indicated by dense hatching;
frequencies between 70%; and 909 are lightly hatched. '
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with Kp for the whole period 1964-69. The resulting diagrams are shown in Fig. 1. Isolines
with an interval of 107 have been drawn in the graphs to give a survey of the distribution
of the frequencies.

The graphs are only valid for latitudes higher than 67°. They are empty between 1000 and
1800 CGT at latitudes below 80°. In December and January observations are possible down
to about 75° (from Nord), but since they are not zenithal, they have been omitted here.

The polar graphs in Fig. 1 confirm earlier findings (Lassen, 1970). For Kp = 3 the isolines
form an oval as demonstrated by Tromholt (1880), Feldstein (1963), and Lassen (1963). But
for lower values the existence of several individual precipitation areas is clearly indicated.
Thus, for Kp = 0 the absolute maximum of occurrence frequency is situated in the late mor-
ning hours at 78°. The maximum value exceeds 90 %> and the auroras producing the maximum
occupy an area in the polar graph which follows the 78° latitude-curve till early morning. A
symmetrically situated distribution in the afternoon may be connected with the morning area
in the midday hours, thus forming one horseshoe-shaped day-time distribution, but although
midday auroras are known to exist at the proper latitude, there is still a possibility that the
morning and the afternoon groups are two separate populations.

The well known night auroras are less frequent at low Kp-values. Thus, whereas during
magnetically quiet intervals auroras are present on practically all mornings, night auroras are
at Kp = 0 observed with a maximum frequency not greater than ~ 509 shortly after mid-
night. In the graphs, the night area is overlapping with the day distribution(s) in the evening
‘and early morning, but except for high degrees of geomagnetic disturbance there exist separate
night, morning, and afternoon peaks. Combining this with the fact that day-time auroras
differ morphologically from night-time auroras, in the present discussion it is assumed that
the auroral oval, although admittedly formally and in daily speech a practical concept which
is not easily replaced by any other expression, is not a physical unity but a combination of
several distributions of auroras, each of which may be formed by particles of characteristic
energies and arriving from different parts of the magnetosphere. On the polar side of the
oval distributions, polar cap auroras are situated in two areas at the morning and evening side
of the polar cap, respectively. The mutnal connection between these two distributions and
between them and the oval auroras is not clear and has so far not been discussed in the liter-
ature. '

3. Night auroras

In the frequency plots the group of night auroras is centred at about 0100 CGT. For Kp = 0
the peak is situated at 72.5° CGL with a maximum value ~ 509, increasing rapidly to at
least 9097 at Kp = 2 at the same time as the peak latitude decreases to a latitude estimated
to be just below the 67° border of the polar graph. Also, with increasing geomagnetic activity
the night distribution rapidly expands towards morning as well as evening hours where it
overlaps with the daytime auroras. ' .

The night auroras are the usual auroral zone auroras including the brilliant substorm pheno-
mena. They are discussed here only in connection with their possible relation to the day-time
auroras.
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4. Morning auroras

The existence of a population of morning auroras at 75°~80° CGL was reported by Lassen
(1959a, b), who also published a detailed description of their morphology (Lassen, 1961a,
1963).

The auroras were not correlated with the simultaneously recorded geomagnetic noise. Only
in a few cases of extremely high brightness could a small perturbation be demonstrated in the
magnetograms. The missing magnetic effect has been regarded as a hint of the fact that morn-
ing auroras are generated by electrons of lower energy (less penetrating into the atmosphere)
than those generating night auroras. This view was supported by the ionospheric effects accom-
panying the auroras. Invariably the F layer was enormously disturbed; during the more active
part of the auroral display auroral E; was observed, but generally not in virtual heights below
120-150 km. No appreciable absorption could be demonstrated in connection with this type
of auroras. , :

The greater height of the day-time auroras was demonstrated directly by triangulation
using two all-sky camera stations at Spitzbergen (Starkov, 1968). The distribution with height
showed a main maximum at 150 km and a secondary maximum at 175 km. Using a similar
technique for a pair of stations in Greenland, Lassen (1969) confirmed that morning auroras
are situated at greater heights than night auroras, but the maximum was situated at 130 km.
The discrepancy between the two results appears to be explained by the fact that most of
Starkov’s measurements were taken later in the forenoon than Lassen’s (Starkov, personal
communication). Taken together, the two results may thus indicate a gradual increase of the
auroral height from early morning towards noon. From his height measurements, Starkov
concluded that the morning auroras could be generated by electrons of energy 0.5-1.0 keV.

The early observations from Godhavn (77.5° CGL) showed a slight decrease of the occur-
rence frequency with planetary magnetic disturbance. From Fig. 1 this is seen to be due to -
an equatorwards displacement of the distribution rather than to a decrease in the maximal
frequency of occurrence. Whereas the latter appears to be greater than 90%; for any Kp, the
latitude of the maximum at 0900-1000 CGT gradually decreases from a centre value of az
77.5° at Kp = O to &~ 75° at Kp = 4 and even lower (72°7) at Kp = 5 at the same time as the
morning distribution is developing farther and farther towards the midnight hours. The latitude
variation is in reasonable agreement with observations by Feldstein and Starkov (1967). It
may in part explain the negative correlation with the sunspot number reported on the basis
of visual and photographic observations as well as ionospheric effects. An increased number of
magnetically disturbed days at sunspot maximum will displace the peak equatorwards from
Godhavn and thereby lower the zenithal frequency at that station. This reasoning is based
on the assumption that the distributions with Kp are independent of the sunspot number.
The similarity between the single years of the period 1964-69 seems to confirm this. A com-
parison with the extreme sunspot maximum period 1957-59 (Fig. 2) shows that the assump-
tion is essentially correct. In spite of the fact that the 69%camera (Julianeh&b) was operating
only in the first winter and a camera at 75°, used in the construction of Fig. 1, was missing
during IGY, it may be concluded from Fig. 2 that the morning peak is situated at approxi-
mately the same latitude as in Fig. 1, but concentrated in the latest morning hours. The average
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frequency in the morning hours is thereby reduced; the deep minimum in the sunspot varia-
tion at Godhavn, observed in 1957-59, appears to be due to a combination of this effect with
the equatorwards displacement of the peak with increasing Kp.

Kp=1
1964 -69

no © Kp=3
a0 1964- 69 goh 19646

1gh

n Kp=4 .
00 1964-69 1964-69

Figure 2. Polar graphs showing distribution in corrected geomagnetic coordinates of occurrence frequency
of auroras for Kp = ¢ through Kp = 5. Period: 1957-59. Isoauroral lines are based on zenithal frequency
and drawn for multiples of 10 per cent. Frequencies greater than 909, are indicated by dense hatching;
frequencies between 70%; and 90%; are lightly hatched.

The low value during IGY of the early morning frequency at‘75°—78° is likely to have

played an important role for the hypothesis that the auroras form one complete oval-shaped ‘

belt, even at low Kp-values.
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Feldstein and Starkov (1968) have demonstrated that the polar distance of the ‘oval’ is
dependent on the ring current, expressed by the equatorial Dg. This parameter reaches sub-
stantially higher values during 1957-59 than during 1964-69; however, the average values of
D3 for the periods for which the polar graphs have been drawn, do not differ sufficiently to
cause greater differences between Figs. 1 and 2. An estimated 1957-59 decrease in latitude of
the night peak of about 1° is in agreement with the result of Feldstein and Starkov as well .
as with the difference between IGY and Second International Polar Year 1932-33, determmed
by Lassen (1963).

Lassen (1959, 1961a) observed that morning auroras lit up locally at 75°-80° without any
connection with the night auroras in Jower latitude. He therefore called the group of auroras
an inner (day-time) auroral zone, in which auroras are present every day. On some mornings,
however, the onset of the morning auroras was hidden by quiet rayed bands which gradually
approached the station (Godhavn, 77.5°) from the south. These bands were regarded as a
special type of auroras not belonging to the ‘proper’ morning auroras. They differed from
these mainly in their being accompanied by moderate magnetic perturbations and ionospheric
absorption. The occurrence of this type of auroras appeared to be relatively rare during the
period of observation; however, it should not be neglected, since it will contribute to the
difficulties in deciding, statistically as well as on single nights, Whether the mght and morhing
groups are independent distributions or not. i

The position and evolution of the night and morning peaks and the surrounding isolines
in Figs. 1 and 2 give the impression that the distributions are independent, developing along
parallel, but slightly different latitudes in the early morning (cf. e.g. Fig. 1, Kp = 2). On the
other hand, the statistical plots do not show a clear separation between the distributions,
only a trough corresponding to a decrease in frequency of about 10%; near 0300 CGT. Thus
it is possible, when judged from the statistics, that the distributions are in general overlapping,
or that their limits show a variation from day to day which makes the statistical pattern less
distinct. In this connection it should be remembered, too, that the smoothing of quarter-
hourly zenithal observations implies that every hourly value in the plot summarizes approxi-
mately two hours coverage at 75° latitude, so that even sharp limits between the distributions
will have a tendency to be blurred by the procedure itself. Finally, it has been observed that
late substorm auroras or the special bands mentioned above may fill out the expected gap
between the distributions.

Thus, the interpretation of Figs. 1 and 2 does not promise that a discontinuity in the auroral
distribution at about 0300 CGT can be found at any instance. Therefore, observations of
auroral forms across the morning trough on a limited number of mornings (Buchau et al.,
1970) give no proof of the existence of a continuous oval in the sense that the precipitation
follows the border between the open and closed field lines all around the pole, unless it is
proved, too, that the transition from night auroras to morning auroras takes place gradually
with a smooth increase in latitude. -

On the contrary, clear observations of discontinuities in latitude between night and morning
auroras, as they are observed occasiohally from the ground stations, are difficult to explain
from the continuity hypothesis, whereas they are in complete agreement with the interpreta-
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Figure 3a. Polar graph showing position in corrected geomagnetic coordinates of auroras observed from
Godhavn on the morning of March 10, 1956. ' o
Figure 3b. Same situation as in Fig. 3a, but only the position in the meridian of the auroral forms has been
plotted.

tion given here of the frequency plots in Figs. 1 and 2. Examples of such observations are
‘presented in Figs. 3-6. ‘ _

Figure 3a shows in a representation introduced by Buchau et al, (1970) the situation on
March 9 to 10, 1956. Observations were made visually by the author at Godhavn (77.5°).
The visibility was good, and auroras could be observed from 15° above the northern horizon
down to the southern horizon (cf. Lassen, 1961a). In plotting the auroras a height of 105 km
for the lower border was assumed. '

Observations which began at about 2130 CGT and were performed about once per hour
until about 0230 showed complete absence of auroras. The same was the case at 0300 and
0315. From 0330 observations were made continuously till dawn (0705 CGD).

Auroras were first seen 0344 CGT as raybands low at the southern horizon in international
brightness class (IBC) 1-2. They were slowly pulsating in intensity; often they disappeared
completely or were reduced to a single ray. The last ray disappeared at 0445 CGT.

At 0520 CGT faint single rays began to appear low in the northeast. Slowly and in low
intensity the aurora was elongated across the zenith until finally it reached the landscape
about 5° above the southwestern horizon, all the time showing the gradual change of intensity
between the individual rayed forms which is characteristic of the morning auroras. During a
few shorter intervals IBC 3 was observed, but as a whole the intensity was low, and auroras
were rare on the southwestern sky and at the zenith. -

The Kp index at the time of the auroras was 30,3—. A plot of the type shown in Fig. 3a
presents the position in the polar graph of all auroras observed from the station. Since a wide
area is covered at any instant auroras may appear close to each other in the diagram even if
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they are observed at rather different universal times, as about 0400 CGT in Fig. 3a. Although
this representation is correct it is possible to get a less confusing graph if for every term of
observation only the position of the auroras in the corrected geomagnetic meridian is plotted.
By such a procedure the shape of the auroral oval or any other precipitation curve should
easily be traced. In Fig. 3b this has been done for the data plotted in Fig. 3a. On this morning,
the figure shows that auroras occurred at two fixed latitudes, i.e. first at (and possibly below)
70°, and shortly after at 75°-78°, The discontinuity between night and morning auroras is
obvious. .

1955, Jan.,26-27

—
—Rayed fand

wr Palches or Vall
= A for 45 min

W—I% Aayed Band for aSmin
= Pays

Figure 5a. Position of auroras observed from Godhavn on the morning of January 27, 1955.
Figure 5b. Meridian position of auroral forms on the morning of .lanuary 27, 1955.

In Fig. 4 visual observations from Godhavn 1952, March 26 at Kp = 4 show the presence
of auroras around 70° from before midnight to 0430. Morning auroras appear isolated at
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76°-78° from 0430-0500 CGT. The radially directed row of dots at about 0230 is due to a
polar cap aurora. Figure 5 based upon visual observations on 1955, Jan. 26-27 at Kp = 00,1+,
2+ again shows night-time auroras along a fixed latitude parallel (72°), after a break of more
than two hours being followed by morning auroras spontaneously appearing at 76°-78°.

Figure 6. Meridian position of auroral forms on the night of Match 5-6, 1965, based on all-sky camera
photographs from Godhavn, S_ukkertoppen, and Narssarssuag.

Finally, Fig. 6 summarizes observations on March 5-6, 1965, from three all-sky cameras
at the same meridian, namely Godhavn (77.5°), Sukkertoppen (75.3°), and Narssarssuaq
(68.8°). The cameras cover the latitude interval from 63° to 82° along the meridian, and ob-
servations have been plotted with intervals of five minutes. The Kp values between 2100 and
0900 UT were 2—, 1o, 1o, 0+.

The night distribution is in this case situated at 66°~70°, with several poleward expansions .
appearing in connection with magnetospheric substorms from the first break-up around 2230
CGT to the last retreat between 0200 and 0230 CGT. Morning auroras at 74°~78° are first
observed shortly after 0300 CGT at the same time as the night distribution at 67°~70° is being
obscured by clouds. .

The above mentioned examples are clearly in favour of the idea of two distinct distributions
which may be completely separated. '

It has been mentioned, however, that a complete separation is not.to be expected at any
time. This is illustrated by Fig. 7 which shows the situation on March 15-16, 1955, according
to visual observations from Godhavn (Lassen, 1961a).

Night auroras were observed at 68°-72° until observation was discontinued shortly after
midnight. When continuous observation began at about 0300 CGT rayed bands were seen
approaching the station from the south, thus affording a connection between the night and
day areas. At the same time auroras are still visible at 67° at 0400 CGT. The rayed bands
differed from the ‘proper’ morning auroras in several respects. Their direction formed an
angle of about 15° with the usual direction of the first morning auroras, and they were accom-
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Figure 7. Meridian position of auroral forms on the night of March 15-16, 1955. Observations from God-
havin. No observations in the hatched area. -

panied by magnetic perturbations as well as increased absorption in the ionosphere. They
were therefore regarded as belonging to a special class, different from the morning auroras
(Lassen, 1961a). This class is possibly identical with the polar cap auroras.

It is concluded that a discontinuity may be observed in the morning about 0300 CGT. For
several reasons the discontinuity will not always be found, but this fact should not in itself
be regarded as a sufficient proof of the existence of a continuous oval from evening after
midnight till noon. -

5. Afternoon and midday auroras

In Fig. 1, the afternoon peak for Kp = 0 is centred at about 76° with a value of 50%/. The
maximum value increases rapidly with Kp at the same time as the peak latitude decreases to -

72° at Kp = 3 and less than 70° at Kp = 4. The peak is gradually extending farther towards

the midnight hours. ' '
During IGY (Fig. 2) the latitude variation is very nearly as in Fig, 1. This is in disagreement

- with Feldstein and Starkov (1967) who found a much smaller dependence on Kp with the

northern edge of the area situated between 1800 and 2200 near 71° for all degrees of distur- :
bance. The reason for the discrepancy is not clear, unless the measurements of Feldstein and -

Starkov refer to the night area alone, cf. the Kp = 3 plot of Fig, 2.
Midday auroras are observable from Nord in Northeast Greenland and from Spitzbergen.

Their variation with Kp was studied by Feldstein and Starkov and to some extent by Lassen .

(1961b). Whereas the Russian authors found a variation in accordance with that of the other
parts of the oval, Lassen found an increased frequency at Nord on internationally disturbed

days of IGY which he interpreted as the result of a bro'adening of the oval, assumed to be

situated some degrees to the south of the station. The interpretation does not fit well with the
Russian results; the cause of this is not known. '
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Buchau et al. (1971a, b) have studied the auroral phenomena in the noon sector intensively
on aeroplane flights. They found a peak of discrete auroras at 75°~78° CGL. On some flights
visual auroras were absent, but in these cases subvisual auroras were shown photometrically
to fill the gap between the last observed discrete arcs on the morning side and the first occur-
ring arcs in the afternoon sector. They therefore concluded that the morning and afternoon
groups are connected through the noon sector. It seems possible, however, that there are two
frequency maxima, one on either side of the noon meridian.

Direct evidence of the continuity through the noon sector was presented by Khorosheva

(1963). Using all-sky camera photographs from the Soviet network of stations for the season
1957-58, she was able to follow a single rayed arc from about 1000 to 1800 CGT. The latitude
of the arc was 74° CGL at noon and 73° at 1800, Kp was 3. This observation seems to indicate
that the morning and afternoon auroras form one single daytime group.

The afternoon peak during IGY is more elongated towards the midnight hours than in
Fig. 1. For the morning distribution the opposite was found to be the case. Thus, if the two
areas are actually two branches of one distribution, this must have been shifted counter-clock-
wise during the high sunspot maximum years 1957-59.

Buchau et al, (1971b) have found evidence of a hardening of the precipitating particles in
the afternoon branch from early afternoon towards the midnight sector. The counter-clock-
wise shifting of the daytime distribution may therefore be an indication of the fact that the
energy spectrum of the auroral partlcles was harder during IGY than during 1964-69.

At low disturbance levels a trough is found between the afternoon and night distributions
in Figs. 1 and 2. A search for a discontinuity in the form of a gap between the distributions
at 2100-2200 is not likely to be successful except in extreme cases, Whereas the night and morn-
ing arcs at 0200-0300 are approximately parallel a study of the direction of arcs in the evening
shows that the arcs in the afternoon group form an angle with the direction of the night arcs.
The two systems are often overlapping thereby probably giving rise to an increased frequency
in the hours 2100-2300 where overlapping takes place. Under these circumstances the hy-
pothesis of two independent auroral groups does not necessarily imply the presence of a hole
in the evening part of the oval.

6. Polar cap auroras

The frequency maps of Fig. 1 show that auroras occur quite frequently over the inner polar
cap in an area which may be characterized as consisting of two tongues stretching {rom the
noon hours towards the early morning and late evening, respectively. The only areas where
auroras are really rare phenomena are the high latitude midnight sector and a narrow area
around the pole of the corrected geomagnetic system.

The polar cap auroras on the evening side seem to have a maximum near 80° at about
1800. The peak intensity is quite constant in 1964-69: in IGY it decreases with Kp from
70%, (?) at Kp = 1 to 409, at Kp = 3. The latitude changes from approximately 82.5° to
80°. Whereas the change of the peak intensity in Fig. 1 is very small, the flank of the distribu-
tion at higher latitudes retreats rapidly towards the peak latitude with increasing Kp. Thus,
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‘in the afternoon and evening hours the zenithal frequency at latitudes greater than 80° is seen
to be negafively correlated with Kp. -
On the morning side the distribution shows the occurrence of polar cap auroras direcied
from 80° 0200 towards 80° 1100-1200. The gradual increase in frequency towards the
morning peak might suggest that the auroras are merely morning auroras broadening towards
the pole in the hours of maximum frequency. The curvature of the isolines may, however,

RS

Figure 8. Polar cap aurora (rayed arc), Thule 1969, December 6, 1104-1119 UT,
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indicate that a special group of auroras is present, which is near 80° overlapping with the
morning distribution. The variation with Kp is rather complex, but could be in agreement ~
with the hypothesis of two overlapping distributions. The frequency is at 83°-87° independent

of Kp; at 80°-82° it is anticorrelated with Kp, presumably as a consequence of the equator-
wards shifting of the morning peak.

Morphological studies of polar cap auroras including discussions of the direction of arcs
have been published by Mawson (1925), Davis (1962), Weill (1958), Eather and Akasofu (1969), -
and Danielsen (1969). The auroras are described as faint rays, patches and fragments of arcs -
with a lifetime of a few minutes only, but well developed arcs of longer duration are also
observed. The arcs and fragments of arcs tend to align along the Sun-Earth line. Danielsen
reports that the arcs often move transversely to their direction. The direction of the movement
is from the right to the left when looking along the auroral form and facing the Sun. The
velocity of the movement is typically 300-400 m/s. The arcs may drift across the pole of the
corrected geomagnetic system; thus this point is not a singular point (see also Fig. 9). A similar
drift has been observed in sun-aligned arcs over Godhavn around midnight. The movement
is believed to be an important expression of some dynamic effect in the magnetosphere. This
is also indicated by the fact that an auroral movement nearly always started after the forma-
tion of rays or an increase of the intensity. Sometimes the auroral bands vanished and then
returned after 5-10 minutes in such a place that it seemed as if the movement had continued
without interruption, while the intensity of the aurora was temporarily below the threshold
of visibility (Danielsen, 1969). A typical polar cap arc is shown in Fig. 8. .

Systematic classification of the auroras occurring over the polar cap has not yet been attempt-
ed. Significant differences between types do exist, but our knowledge about the phenomena
is not sufficient to show whether it will be reasonable from a physical point of view to try -
to separate the auroras into subgroups. _

It has already been mentioned that some auroras are short-lived and faint, whereas others -
are more stable and sometimes very bright. The auroras observed at Thule are in some cases
formed in the field of view of the camera, in others they drift in from lower latitudes. Of the
locally formed auroras recorded during 1964-65 more than 50°/ had a lifetime shorter than
10 minutes. The total duration of the 31 observed arcs was less than ten hours. Auroras coming
from lower latitude may be of a different origin. For example, they may be the northermost
outposts of the morning distribution, although no transverse movement has ever been observed -
from Godhavn at the peak latitude.

According to our observations the sun-alignment of the forms is only valid as a first approxi-
mation. Actually, the arcs on each side of the pole form such angles with the Sun-Earth line
as if they were directed towards the cusp region environment of the noon sector. The mean
direction over 24 hours will then be that of the Sun-Earth line. Arcs near the midnight meridian
are approximately sun-aligned. For the present it is not known whether it makes sense to
distinguish between evening and morning side arcs. Besides the difference in direction, the
difference in dependence on Kp should be recalled. -

The latitudes in which the arcs begin and end are expected to be important for the under-
standing of the processes involved in the formation of polar cap auroras. One might expect
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1967,March 8 22
0015 6T
Kp=Oc

a

Figure 9. Polar cap arc', March 8, 1967, 0145 UT. The arc was photographed near zenith from Thule, God-
havn, Sukkertoppen. Narssarssuaq was overcast.

the arcs to be restricted to the polar cap itself, i.e. to the area on the polar side of the closed
field lines. An observation, reproduced in Fig. 9, may, however, demonstrate that this is not
always the case. The figure shows an arc photographed near midnight from three stations.
The arc could be followed from about 2° colatitude in the noon meridian to 67°-68° in the
midnight sector. Polar cap arcs may, accordingly, be of considerable length, in this case more
than 2000 km. The Kp value was Oo, and the latitude in which the arc became invisible is
therefore assumed to be lower than the limit between open and closed field lines. Near this
limit, on the night side, sun-aligned arcs seem to be rare. Harang (1931) has published an
unusual observation from the Auroral Observatory at Tromsg of such an arc, which was
directed approximately at right angles to the usual direction of arcs in the area. The time-of
observation was 0200 CGT, and the height of the lower border was 107 km. The day was
moderately disturbed (international magnetic activity figure C about 1.1). Brilliant auroras
were observed before midnight, but no or only weak auroras were seen during the last two
hours preceding the observation of the sun-aligned arc, It is not pdssible from the description
to judge whether the arc traversed the limit between open and closed field lines or not.

Polar cap arcs may even be present together with arcs of the oval system as shown in Figs.

Godhawn
19?_?. Fab. 21
23016M £GT
Kp =1

Figure 10. Polar cap aurora crossing an evening band. Observation from Godhavn, February 22, 1952
0046 UT. : '
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Godhavn
1958, Jan. 29
09.30 CGT
Kp=1lo

Figure 11. Intense polar cap rayed band crossing morning rayed arcs. Observation from Godhavri, Janu-
ary 29, 1955, 1100 UT.

10 and 11. The latter illustrates the crossing of usual morning auroras with one long and two
short polar cap draperies. The observation is believed to be an outstanding one; the long
drapery could be traced after twilight during more than one hour after the fading of the mor-

ning auroras; its brightness must therefore have been very strong. The position over Godhavn

was nearly unchanged through 1% hours, thus ihdicating a drift in the ionosphere in the direc-
tion reported by Danielsen and with a velocity of about 160 m/s. The direction of the drapery
is parallel to the polar cap arcs on the evening side. The clear crossing of morning arcs and
polar cap draperies must be explained by any theory on the formation of polar cap auroras.

Starkov (1968) reports that all auroras with anomalously great heights (H > 300 km) were
found to be similar to auroras of the polar cap type. On the other hand, Heikkila et al. (1971)
observed in the noon sector bright arcs and bands which might well be polar cap auroras
with a green lower border, suggesting that those auroras were excited by more energetic elec-
trons than more faint arcs observed at an earlier flight. This observation, the bright drapery
of Fig. 11, and the rayed bands mentioned earlier in this paper, which may fill the gap between
night and morning auroras, and which are accompanied by minor geomagnetic and ionospheric
effects (absorption), suggest the existence of more than one type of auroras over the inner
polar cap. -

Direct as well as indirect height measurements have shown that at least parts of these high- .

latitude auroras are generated by electrons of energy less than 1 keV. It is interesting to com-
pare the distributions in Figs. 1 and 2 with satellite observations of the quiet day electron
density at 1000 km height, published by Sato and Colin (1969) and Nishida (1967). Both
papers report density concentrations resembling the tongues in the frequency plots; in Nishida’s
paper the two tongues radiate from a maximum area at about 78° immediately after noon.
Both this distribution and the direction of the arcs in the two tongues suggest a relation be-
tween the dayside cusp and (at least some of) the polar cap auroras.

-

7. Direction of arcs

In the preceding sections the direction of arcs has occasionally been mentioned. From a more
detailed study of this subject, which is being performed, a map of the prevailing directions is
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presented in Fig. 12. For the two winter months December and January of 1965-66 all photo-
graphed arcs and bands were plotted in corrected geomagnetic coordinates, assuming a height
of the lower border of the auroras of 105 km. Observations from all six camera stations were
plotted in one polar graph which was then so crowded with auroras that it was found less
suitable for reproduction. Therefore, a more rarified copy was-drawn, in which the
essential features of the original figure have been preserved. This copy is presented as
Fig. 12. The original figure confirmed what was expected beforehand that the arcs are directed
along the isofrequency lines except where two systems are overlapping. This makes it easy
to compare Fig. 12 with Figs. 1 and 2. ' '
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Figure 12. Position of auroral arcs observed from the network of stations in Greenland during Deceg'lber—-
January 1965-66 at Kp = 1. The diagram is slightly schematic.

The afternoon auroras are recognized as long spiral shaped arcs. In the final drawing, these
arcs are very extended due to a good fit of independent observations from different terms of

observations; it has not been possible, however, to follow extended arcs in the same way as 7

done by Khorosheva or in Fig. 9; the network of stations is not suitable for this purpose.
The afternoon system may be followed until about 0200 near 65° latitude. -

Morning arcs follow the curvature of the latitude circles. They are situated close to the
polar cap arcs which are stretching from the 0000-0600 quadrant at 75° towards about
75° latitude in the noon meridian. Polar-cap arcs are visible before midnight, too. In the .
winter of 1965-66 they were rare on the evening side of the polar cap at Kp = 1. In the present -
figure they are not clearly distinguishable from the afternoon system.

A system of arcs is situated in the midnight sector between 76° and 70°. The arcs are nearly
parallel to the latitude circles. This system of arcs is less obvious than the extended afternoon
spiral; at Kp = 0 they are even less obvious. They are interpreted as the arcs of the night
distribution of Fig. 1.



103

8. Conclusion

The auroral groupings in the frequency polar graphs combined with the representation of the
position of arcs and bands observed from the stations in Greenland lead to the suggestion
that the auroral precipitation curves consist of a spiral-like distribution which in magneti-
cally quiet periods is situated between 75° and 78° from about 0300 til noon, after which
time it decreases monotonically in latitude down to 65°-70° at 0200. This precipitation area --
interferes with a system situated between 70° and 75° from about 2000 to about 0500 as .
well as with at least one system of arcs crossing the polar cap from 70°-80° on the night side
of the graph towards the cusp region in the noon sector. -
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THE HARANG DISCONTINUITY IN AURORAL BELT
IONOSPHERIC CURRENTS

By J. P. HEpPNER

GODDARD SPACE FLIGHT CENTER,
GREENBELT, MARYLAND,
USA

1. Introduction

In 1946 L. Harang published a study of high latitude magnetic disturbances which ranks with =~
the works of Birkeland (1908, 1913), Chapman (cf. Chapman and Bartels, 1940), Vestine (cf.
Vestine et al., 1947), and their co-workers in setting the stage for describing the latitude vs.
local time pattern of the disturbances and the inferred ionospheric currents. Although for
many years eclipsed in journals by references to Chapman and Vestine and their co-workers,
and later Nagata (e.g., 1963) and his associates and students, Harang’s study was singularly
significant in recognizing and emphasizing the midnight (or pre-midnight, see later discussion)
discontinuity in the auroral zone, His statements in the 1946 paper indicate that he expected
the discontinuity in the magnetic disturbance and inferred currents to appear also as a dis-
continuity in the auroral activity. For example, he states ‘it would be of special interest to
follow the variations in the auroral luminosities during the hours when the storminess in &
changes from positive to negative values...’ and ‘it would be of great interest to decide
whether there is a parallel discontinuity in the mean movements of the auroras.’ These expecta-
tions were borne out. Heppner (1954) demonstrated that the reversal of E-W currents as -
indicated by the magnetic disturbance was in space-time coincident with a transition from
comparatively quiet, usually homogeneous, arcs to more active rayed forms with the major
change in activity occurring at the time the lowest latitude auroral arc near midnight broke
into bright, rapid moving, rayed aurora (i.c., auroral break-up). Davis (1962) demonstrated
that the discontinuity was in space-time coincident with a reversal in auroral motions from
E to W at local times preceding the discontinuity, to6 W to E at local times following the
discontinuity. -

Harang (1946) also expressed views on ionospheric closure of the electrojet currents. Relative
to return currents through the lower latitude ionosphere ‘the hypothesis that perturbing
currents flowing in the ionosphere are closed is untenable’ and relative to closure over the
polar cap ‘the material is, however, not sufficient to support the.view that the perturbing
currents as a whole are closed over the polar cap.” These are modern views that mesh with
journal articles being published today. Particularly, because it has become recognized that the
most dynamic processes within the magnetosphere (e.g., partial collapse of the magnetospheric
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tail, major particle energizations, redistributions of trapped particle populations, etc.) occur
coincident with sudden changes in the midnight discontinuity, often referred to as substorm
onsets, Harang’s (1946) diagrams for the disturbance patterns merit more attention than they
have received. These patterns can be identified with convective motions; in fact, the basic
correctness of the form of Harang’s patterns is indirectly confirmed by numerous recent elec-
tric field measurements. Nevertheless, only a few of the many investigators concerned with
high latitude phenomena and their magnetospheric implications have recognized or ascribed
any importance to the configuration of the discontinuity where auroral break-up, and asso-
ciated changes, first appear.

The principal intent of this paper is to direct attention to Harang’s contrlbutxon by bringing
together observations which illustrate the reality and form of the discontinuity near midnight,
which we have appropriately named the ‘Harang discontinuity.” In presenting this subject
the author is going to draw heavily on his own, and co-workers’, observations. A literature
review is not attempted. Hopefully, others will be motivated to compare their observatxons
with Harang’s patterns. - : -

2. Harang’s discontinuity

High latitude magnetic disturbances and auroral displays have never been found to be complete- -
ly identical on any two days. Nevertheless, at any single observatory repetitious similarities

as a function of local time are immediately obvious. Harang analyzed this diurnal variation
in magnetic records as a function of latitude by using a latitudinal distribution of eleven
observatories in a small longitudinal sector covering Scandinavia. To see if the diurnal charac-

teristics were dependent on the degree of storminess he separated days into four classes, I-IV, -
based on the daily sum of the hourly values of the perturbation in the horizontal component,

H, at Tromsd. Diurnal curves for each observatory within each class were obtained for each

component (H, D, Z) by averaging hourly means. To illustrate the diurnal variation graphi-

cally, equal values of the perturbations (AH, 4D, AZ) were contoured on a conical projection

of geomagnetic latitude vs. local time. Figure 1 iltustrates the result for one of the four levels

of disturbance analyzed. In more recent years it has become well known that longitudinal

differences in the diurnal pattern are largely removed by using geomagnetic local time (MLT)

in place of solar local time. Thus, to make Harang’s diagrams applicablé to other longitudes,

the time scale has to be changed. In Fig. 1 the change is indicated by tick marks giving the

MLT at Tromsd (magnetic latitude = 67.2°). As MLT is not independent of latitude the

change in the local time scale is not exact for other magnetic latitudes but the differences are

small enough so as not to affect major characteristics.

The principal feature that made Harang’s disturbance pattern distinct from others is that it
showed that the reversal in the sign of AH in the nightside auroral belt occurred at different
local times as a function of latitude as shown in Fig. 1. The coincident pattern in AZ was
consistent with interpreting the AH discontinuity in terms of ionospheric currents flowing
eastward and westward, respectively, in the southern and northern parts of the auroral belt
prior to the reversal becoming complete across the entire belt between 2200 and 2300 MLT.
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Figure 1. Contours of equal AH, AD, AZ for Harang's (1946) Range III disturbance levels: Solid lines
(-4 H, 4-AZ, West dec.), dotted lines (—AH, —AZ, East dec.), heavy dashed lines for AH and A4Z indicate
the center of the current system. Original coordinates are¢ magnetic latitude and solar local time. The mag-
netic local time scale is added for AH.

A similér but less striking discontinuity appeared near 1000 MLT on the dayside. Harang'

(1946) did not emphasize the 1000 discontinuity, possibly because of the weaker magnitudes
and its location above 70° magnetic latitude where his observatory coverage was more limited.
Thus, in naming the E-W current reversal the ‘Harang discontinuity’ the term is applied
here only to the night-time discontinuity. Also, recent investigations of both electric and
magnetic field variations have shown the reversal near 1000 MLT to be highly complex,
usually involving multiple reversals, such that a simple latitudinal overlap of E-W currents

derived from averages is not likely to be as representative of individual cases as it is during

the night hours.

It is appropriate to ask why most other analyses of high latitude magnetic disturbance
patterns have not shown the latitudinal overlap of + and —AH regions (or equivalent E-W
currents) in the pre-midnight sector. The answer lies in the averaging and smoothing tech-
niques used relative to how combinations of factors such as the observatory distribution, the
mixing of days with different degrees of disturbance, sampling intervals, the universal time
distribution of the data, etc. relate to the large spatial asymmetries #n magnitude and abrupt
changes in sign of the parameters being analyzed. This is easy to recognize; it is thus remarkable
' that the Silsbee and Vestine (1942) analysis has been so widely referenced. Their analysis
contained most of the obvious pitfalls and thus is illustrative; for example, between 44° and
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88° magnetic latitude only 5 observatories were used, individual samples were 3 hour averages,
the analysis was based on 9 hours of Universal Time corresponding to times when no auroral
belt data below 70.8° was available in the local time sector 1800-2400 and, as Silsbee and
Vestine (1942) state, the selection of bays for study was biased toward large values of —AH.
As to be expected, the resulting Silsbee and Vestine (1942) current pattern does not provide a
representation of auroral belt disturbance that fits other data in the afternoon and pre-mid-
night sectors of the auroral belt. Many analyses appear to miss the form of the Harang dis-
continuity simply because the data is greatly smoothed in space and time; however, some
suggestion of Harang’s discontinuity has appeared even in highly smoothed representations
(e.g., Nagata, 1963). There are also numerous analyses of selected times which give the im-
pression that the pattern of high latitude disturbances is extremely variable and thus might
suggest that average patterns such as Harang’s are without meaning. In most cases detailed
examination of these analyses reveals that the instantaneous distributions are greatly affected
by the observatory distribution and the interpolation between widely spaced observatories
when representation is in terms of equivalent currents closed within the ionosphere. Examined
critically, the patterns drawn by Grafe (1969) illustrate this pomt the techniques in many
other analyses have been similar.

The next question is how well do Harang’s patterns represent the spat1a1 dlstnbutlon of
individual disturbances?” From magnetograms it is obvious that neither positive nor negative
bays reach maximum intensities at identical magnetic local times on different days even when -
the days are selectively grouped as in Harang’s analysis. Thus the smoothing effect of averaging
different days produces a local time distribution with less contrast in magnitude as a function
of local time than is present in individual cases. A more subtle effect occurs relative to the
location of the nighttime +AH - —AH discontinuity. Because negative bay, post-break-up
values for [ —AH | are in most cases 2 to 8 times greater than A H in the pre-break-up positive
bay sector, the discontinuity that appears in averages is disproportionally biased toward earlier
local times by a small number of individual cases where the discontinuity occurs at an ab-
normally early MLT. Thus, in the majority of individual disturbances the +AH -~ —AH
discontinuity will be located at a somewhat later MLT than the discontinuity that appears in
Harang’s patterns. Similarly in the pre-midnight sector where -- AH and —AH regions over-
lap in latitude (e.g., between 2000 and 2200 MLT in Fig. 1) the discontinuity is shifted slightly
towards lower latitudes in the averaging process. These biasing effects, illustrated in more
detail by Heppner (1954), are unavoidable when averages are used. A more recent study
(Heppner, 1967), involving computer-generated movies of the simultaneous disturbance vec-
tors at 25 observatories at 2.5 minute intervals throughout several weeks, showed that the
biasing effects in Harang’s analysis do not appreciably alter the principal features of the
distribution (e.g., to represent a greater fraction of individual disturbances the shift in the
MLT of the +AH - —AH discontinuity would be approximately one hour). In fact with
allowance for these biases and ignoring local enhancements in magnitude (which are obviously
obliterated in Harang’s averages), the movies show that Harang’s average patterns for classes
I1, 111, and IV provide a remarkably good representation of the dlstrlbutlon of the instantaneous
disturbance most of the time.
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In addition to the four classes, or levels, of disturbance I-1V, Harang (1946) analyzed the
nine most intense storms at Troms® recorded between 1932 and 1937, He found no fundamen-
tal differences between these storms -and- his Class IV days. In effect, because the basic form
of his patterns changed very little between Classes IL, III, and IV the pattern was basically
the same for all Classes IT and above. His Class II corresponds roughly to-Kp = 3—. His
Class I pattern (corresponding roughly to Kp < 2-) differs in that overlapping - AH and _
—AH regions do not appear and the MLT of the nighttime discontinuity is displaced toward
earlier hours, Except for this apparent difference for Class I, his finding that the form of the
pattern is independent of disturbance level was confirmed by the movie analyses of Heppner
(1967). As the movie analyses did not indicate any basic differences for very weak disturbances,
and electric field directions in the auroral belt between 1800 and 2200 MLT appear to be
independent of disturbance level, it is likely that Harang’s averages for AH for very weak
disturbances, Class I, may have been influenced by a small baseline error or one of numerous
other factors which can influence averages when dealing with small quantities. This is suggested
also by the fact that his AD and AZ diagrams for Class I do not differ appreciably from those -
for other classes. Thus, no significance should be attached to his AH difference for Class L.
Like all other analyses Harang found that the region of disturbance extended to lower lati-
tudes with increasing disturbance.

3. The auroral discontinuity

Much of the apparent complexity of magnetic disturbances at auroral latitudes becomes less
mysterious when the simultaneous auroral behavior is observed in detail. Heppner (1954) was
- able to demonstrate repetitive relationships between the magnetic disturbance and sequences
of occurrence of different auroral forms and the distribution of these sequences in local time
and latitude. The typical diurnal behavior during the night hours between 60° and 70° magnetic
latitude was illustrated in terms of two patterns, Fig. 2. Pattern 1 was regarded as the basic
pattern; pattern II was included to cover cases, usually of weak disturbance, in which the
disturbance and aurora temporarily died out instead of being continuous through the night.
Although not drawn in an idealized pattern, hi ghly complex disturbances were shown to result
when new bay activations occurred before a previous disturbance died out. The auroral sym-
. bolism describes the visible auroral forms which characterize the auroral activity in terms of
magnetic local time and latitude and the related stage of development of simple positive and
negative bays. The dominant auroral transition is clearly the break between homogeneous
forms, usually appearing comparatively stable, and rayed forms, usually brighter, more rapid-
ly moving, and more transient in duration. In Fig. 2, Pattern 1, this break is indicated by the
dotted line 4B. Davis (1962) used a similar representation to show the local time vs. magnetic
latitude distribution of directions of auroral motions, Figure 3 is an example of a highly
disturbed day in which the aurora extended to latitudes < 60°, T he character of the pattern
is clearly dominated by the reversal of east-west motions along the line A4’ which Davis
identified as corresponding to Heppner’s line 4B, indicated in Fig. 2. Davis (1962) found that
this reversal was characteristic of every auroral display observed independent of the level of
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activity. Over 44 nights at College, Alaska (mag. lat. = 64.7°) the total range of local times
for the reversal was nearly 6 hours with the average ‘approximate geomagnetic time’ of the
reversal falling near 2300. Davis (1962} also found large variations in the alignment of auroral
forms associated with the reversal,

‘Both Heppner (1954) and Davis (1962) found that the simultaneous magnetic disturbance
was consistent with ionospheric currents directed eastward before and westward after the local
time of the AB (or A4’) auroral discontinuity. A station such as College, Alaska, located near
but slightly to the south of the center of maximum activity (most often 66°-68° in the mid-
night hours) is frequently situated so that the magnetic disturbance observed between the local
times of B (or A°) and A (Figs. 2 and 3) is a superposition of effects from westward currents
to the north and eastward currents overhead and to the.south. As the westward current in .
the high latitude part of the auroral belt (following AB or AA’) is usually more inteénse than
the eastward current in the low latitude part of the auroral belt (preceding 4B or AA’), the
superposition usually gives a small, but variable, —AH at these times. The College magneto-
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Figure 3. Directions of auroral motions with simultaneous College, Alaska magnetogram for one night
from Alaska observations of Davis (1962). The line A4’ corresponds to the Harang discontinuity.

grams, H trace, between magnetic times 2300 and G000 (or local 150th meridian times near
0100) in Fig. 3 provides a typical example. This tendency for the superposition to produce a
slightly negative AH illustrates the latitudinal bias in Harang’s averages, noted in the previous
section. o

The analyses which showed the AB, or A4’, discontinuities coincident with the ionospheric
current reversals were performed for a large number of individual nights and disturbances.
Thus, they illustrated the reality of Harang’s discontinuity independent of statistical averages.

4. Convection at the Harang discontinuity

The motions of visual aurora, described by Davis and others, and the motions of auroral
ionization irregularities by radio techniques described by Kaiser (1958) and Harang and Tréim
(1960), were used by Axford and Hines (1961) as observational evidence for their convective
model of high latitude disturbances. This is equivalent to stating that the ionospheric currents
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are Hall currents and numerous electric ficld measurements, beginning with the Ba+ motion
studies of Foppl et al. (1968) and Wescott et al. (1969), have since confirmed that the auroral
electrojets are Hall currents. Thus, it would appear that convection patterns can be deduced
from either the magnetic disturbance (see ¢.g., Heppner, 1969) or the auroral motion (see e.g.,
Davis, 1971). The limitations of these procedures are, however, evident. In the case of the
magnetic disturbance it is well known (Haerendel and Liist, 1970; Westcott et al., 1970) that
the intensity of the ionospheric current is more closely related to the ionospheric conductivity
than to the magnitude of the electric field. When this consideration is coupled with the fact
that the surface magnetic observatory is seeing the integrated effect of the regional ionospheric
current it is clear that abrupt changes within the convection pattern cannot be spatially re-
solved. Contributions from non-ionospheric currents also introduce uncertainties, and in regions
displaced from the principal auroral currents, such as the polar cap, it has been found (Heppner
et al, 1971) that the magnetic disturbance cannot be related to the overhead ionospheric
convection. The limitations in deducing convection from auroral motions are quite different
and fall into two general categories: (a) ionospheric irregularities associated with aurora can
arise from a variety of mechanism and without knowledge of cause one cannot be sure that
the motions are truly convective, and (b) the particles producing visual aurora are subject
to non-convective drifts in the magnetosphere (e.g., from magnetic field curvature and gradi-
ents) and thus the precipitation patterns are not necessarily along convective shells and changes
in magnetospheric magnetic fields, precipitation energies, etc. will cause apparent motions of
aurora that are not closely related to the convection.

Barium release experiments have clearly shown both the applicability and the pitfalls of
using magnetic disturbance vectors and auroral motions to deduce convective patterns. For
example, there have been a number of cases (Wescott et al., 1969 and unpublished observations)
where the motions of barium ion clouds were almost exactly parallel to auroral arcs and per-
pendicular to the surface magnetic vector. However, there are other cases (Wescott et al.,
1970 and unpublished observations) where the motion of auroral forms has been at a large
angle to the Ba* cloud motion and their paths have crossed. These obvious exceptions have

been observed in association with break-up aurora and transitions in the magnetic disturbance:

that can be identified with the Harang discontinuity. Thus, they illustrate that the discontin-
uity is a region of instability whose instantaneous form and location is frequently shifting
as discussed in Sect. 5.

Because of the shifting of the discontinuity, the uncertainties in using auroral motions and
magnetic vectors, noted above, and the limitation of having a finite number of Ba* clouds
to observe at one time, it is not possible to obtain a complete instantaneous picture of convec-
tion at the discontinuity. However, the Ba* motions observed slightly before, during, and

shortly after, times when the presence of the discontinuity is indicated by the local magnetic -

disturbance and aurora, suggest several features that may be general (i.e., each has been ob-
served more than once and each case involves multiple Ba+ clouds). (1) At local times slightly
before (e.g., 0 to 30 min.) the local time of the beginning of a negative bay, convective motions
are westward and closely parallel to lines of constant invariant latitude. (2) In space-time
coincidence with the beginning of a —AH disturbance and the development of bright rays,




Figure 4. (a) Convective motions of Ba+ clouds relative to the Harang discontinuity, idealized from northern
Norway observations of Wescott, Stolarik, and Heppner (see text), (b} convective continuity indicated for
the region of the Harang discontinuity, {c) ranges of variability in the location of the Harang discontinuity
(see text): Coordinates are magnetic local time and invariant Iatitude.

rapidly moving within unstable, moving auroral forms, convective motions toward the equator
are observed. (3) At local times slightly after the local time of the beginning of a negative bay,
while | —AH | is increasing, eastward convective motions are dominant, but there is also a
significant equatorward component transverse to lines of constant invariant latitudes (examples
in Wescott et al., 1969). The observations are idealized in Fig. 4a by referencing them in
local time to a discontinuity arbitrarily drawn to resemble 4B in Fig. 2 (Note: plotting actual
times and mixing observations from different nights would introduce an unreal randomness
relative to the discontinuity location as a consequence of the discontinuity displacements
between nights of observation). In Fig. 4b the idealization is carried one step further by
drawing continuity for the convection in this region. Using Ba*+ observations at earlier and
later MLT’s and in the polar cap, together with the extensive clectric field measurements of |
OGO-6 (Maynard, 1972; Heppner, 1972) the convection pattern could be extended to show ' |
its typical form at all local times. This is beyond the scope of the present paper but a point |
to.note is that one of the principal uncertainties in the pattern occurs at local times and lati- |
tudes (usually = 69°) where the auroral belt’ discontinuity merges with the anti-solar -polar ‘;
cap convection. The OGO-6 data in this region frequently suggest the existence of eddy-like
flow structures with dimensions of several tens of kilometers to several hundred kilometers.
The double reversal of the highest latitude Ba' track in Fig. 5a could be related to such an
eddy structure rather than distinct time shifts in the discontinuity as discussed for the examples
in Fig. 5b and 5c in the next section, Harang (1946) was perhaps prophetic when he stated
‘we get the impression that the currents producing the geomagnetic disturbances on the south-
ern edge of the zone move regularly, whereas on the northern, or inner, edge of the auroral
zone the currenis move more irregularly often forming systems of whirls.’ _

Despite the shorf-comings of deducing the convection near the Harang discontinuity from
magnetic vectors, auroral alignments, and auroral motions, noted above, the results resemble
Fig. 4b (see e.g., Davis’s (1962) contours). In essence this means that they yield statistically
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Figure 5. Horizontal tracks of Ba* clouds projected along magnetic field lines to the 100 km altitude level.
Invariant latitude lines (1) are superimposed on the geographical grid. Numbers along tracks are minutes
of the hour in (¢} (2 digits) and minutes and seconds in (a) and (b) (4 digits). From rocket release experiments
at Andenes, Norway by Wescott, Stolarik, and Heppner.

reasonable results when allowance is made for spatial resolution in the case of magnetic field
analyses and the possibility of misleading auroral motions and alignments in individual cases.

-

5. Time variability of the Harang discontinuity

The previous sections have emphasized a picture in which the Harang discontinuity appears
to have fixed location and form in magnetic time and latitude. Dynamic characteristics of the
discontinuity were noted primarily to explain how individual events bias averages or typical
distributions, The “fixed’ picture is necessary to show the form and the most common loca-
tion of the discontinuity. Next, the variability, particularly as related to initial stages of negative
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bay development, has to be examined (Note: the term ‘substorm’ or Birkeland’s term ‘polar
. elementary storm’ can be used interchangeably with ‘bay’. The term bay can be used some-
what more precisely to describe individual activity increases within a stormy interval and
when needed reference can be made separately to positive and negative bays. It is, of course,
even more precise to refer to 4H directly and avoid the semantic confusions that have accom-
panied these names.) | -

Most descriptions of the near midnight auroral and magnetic activity center on the dyna-
mics accompanying the sudden onset of a large negative bay and a visually impressive auroral
break-up (e.g., the extensive descriptions of Akasofu et al., 1964-1966). The attention given
these events is understandable because correlations with other observations are the most dis-
tinct. However, clearly identified sudden onsets seldom occur more than eight times per 24-
hours of UT and the associated duration of outstanding change (i.e., time for | —AH | to
reach large values) is usually less than one hour. This means that these descriptions apply
less than 8 out of 24 UT hours, and more typically less than 4 out of 24 hours. Thus in de-
scribing the variability of the Harang discontinuity it would appear that distinctions might
be needed between: (a) universal times displaced from the UT intervals of maximum change
accompanying a sudden activation, (b) universal times when magnetograms collectively show
growing bay disturbances of considerable magnitude, either or both - and —, but - when there
is a lack of evidence that the growth involves an identifiable activation time, and (c) universal
time intervals embracing the UT’s of sudden activations but restricted to the periods of maxi-
mum change. In principal the (b) intervals are included under (a); however, it is quite likely
that some of the (b) intervals are related to (c) but an activation time is not recognized as a
consequence of the discontinuity (i.e., onset location) not being near an observatory at the
UT of onset. The ambiguity of (b) has the same implication as noting that there are cases
where onsets are not detected and treating (b) as part of (a).

Despite expectation that the sudden bay activations, (c) above, would produce larger shifts
in the discontinuity location than shifts at other times, this was not borne out in the movie
analyses of AH by Heppner (1967). Particularly, with recognition that the bias effects in a
AH analysis are largest at the time of negative bay increases, only a questionable tendency
for larger shifts in MLT was evident. In essence, this confirms Harang’s discovery of rela-
tively little difference in pattern as a function of disturbance level, but applies it to a dynamic
condition (i.e., the variability during times of large change is not greatly different than the
variability observed at other times). The most characteristic behavior in the movie analysis
was that the transition from 4 to —AH disturbance progressed rather smoothly, moving
successively from one auroral belt observatory to the next as the Earth retated. In several
longitudinal sectors the observatory separations were 1 to 2 hours in MLT which meant that
the MLT shifting of the discontinuity was confined to less than 2 hours of MLT much of the
time: However, intermittently superimposed on this general behavior, discrete jumps, in which
the shifting between observatories took place within 10 to 20 minutes, were evident. In total
these observations indicated that there could be considerable small scale motion of the dis-
continuity, apparently independent of disturbance level, but that major sudden shifts over
ranges as large as 3 hours in MLT must be rare. A different form of exception to a completely
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fixed pattern was noted following some of the sudden shifts to earlier MLT’s; in effect, the
discontinuity gradually returned to later MLT’s at approximately the Earth’s rate of rotation.
This implies that to some extent the pattern tries to rotate with the Earth but that the forces
involved are apparently weak compared to the forces that give the basic pattern,

The variability of the discontinuity in terms of auroral forms and motions (Heppner, 1954;
Davis, 1962) appears compatible with the A H movie analyses. Segments of the lines 4B or A4°>
in Figs. 2 and 3 in some cases correspond to a slow east to west progression of the auroral
transformation across.the observer’s sky (e.g., most apparent when the east end of a honioge- -
neous arc bends northward to form a partial loop open toward the west). In select cases the
transformation within an east-west arc appears to take place over its visible length within
periods as short as 10 minutes, The latter cases suggest sudden shifts of the discontinuity =
2 hours in MLT at the arc latitude; however, they must be interpreted with caution in view
of recent findings of non-convective auroral motions during the break-up phase (noted below).
In general, however, auroral observations used with the magnetic data improve the resolution
for studying the shape of the discontinuity (i.e., its trace in magnetic' local time vs. Idtitude
projection) over that possible using only magnetic data. In extreme cases MLT differences
ranging up to 5 hours have been observed between points B and A4 in representations like
Fig. 2 (Pattern I) with A occurring well after magnetic midnight. A speculative point for in-
vestigation is whether or not these cases are indicative of the tendency for the pattern to
rotate with the Earth, as mentioned previously. The other extreme, that of zero time difference
between B and A, cannot be proven in terms of 'magnetic field and auroral observations as
it involves prediction in regions where aurora is absent {e.g., Fig. 2, Pattern IT), It is significant,
however, that there are not any documented cases of B (or 4”) (Figs. 2 and 3) occurring at a
fater MLT than 4. Neglecting the uncertain zero time difference cases, values of 30 minites
to 3 hours between B (or A”) and A are characteristic. Figure 5c¢ is an attempt to be more
statistical between magnetic latitudes 60 and 70°. Based primarily on the observations of
Heppner and Davis, a conservative estimate is that at least 669, of the time both points B
(or 4°) and 4 fall between the lines 2 and 3 and at least 959, of the time between lines 1 and 4.

Two examples of the motions of Bat clouds (Fig. 5, b and c) illustrate apparent stability
and shifting, respectively, of the Harang discontinuity. Both illustrate non-convective auroral
motions. In Figure 5b the two lowest latitude clouds, labelled I and I2 at the release points,
moved southward as well as westward in invariant latitude during the first 10 minutes of
observation. Simultaneously: (a) auroral arcs in the same vicinity showed rapidly moving rays
and progressed poleward across the magnetic shells of the Ba* clouds and (b) the magnitude .
of the existing -+ AH disturbance at an observatory at the right edge of the figure near A=
66.6° decreased to values near zero. After this initial period the clouds moved westward parallel
to invariant latitude lines. The higher latitude cloud, I3, moved principally southward through- .
out observations. These motions suggest a highly stable discontinuity location passing through -
I3 but with I1 and 12 on the westward fringe of the discontinuity such that the initial west-
ward component progressively moved them away from the discontinuity. "

Figure 5c, in contrast to Figure Sb, illustrates a shifting discontinuity. In this case the do-
minantly westward early motion {(beginning at release points I1, 12, I3, and 14) turned south-
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ward between 49m (I1) and 54m (I4). At 51m: (a) AH at the earth’s surface began a rapid
change toward large —AH values, and (b) auroral arcs to the south brightened and moved
poleward. The poleward moving aurora later crossed the magnetic shells of the Ba+t clouds
as in the previous case. The latest observations shown (e.g., I3 at 027) indicate that the motion
was turning from southward to eastward. As the initial westward motion was faster than the
Earth’s rotation the discontinuity had to shift rapidly toward an earlier MLT to reach the -
Ba* cloud positions.

6. Continuity of current at the Harang discontinuity

As quoted in the Introduction, Harang (1946) considered it untenable that the auroral belt
currents closed their circuit through lower latitudes and stated that closure over the polar
cap could not be supported in terms of the limited data available. These opinions came from
examination of the pattern of current vectors using Birkeland’s technique of drawing these
vectors perpendicular to the horizontal disturbance vectors with magnitudes proportional to
the disturbance. He did not speculate further on the closure and as late as 1966 (personal
communication) still regarded this as an unresolved problem. In 1946 he did, however, pursue
the question one step beyond the current vectors by drawing the indicated directions of current
flow to and from the auroral belt. As shown in Fig. 6, for Class IV disturbances this flow was
drawn relative to center lines of the evening eastward and morning westward currents. As
indicated in his other diagrams, center lines for all classes of disturbances were constructed
from both AH and AZ and tested for compatibility. The dominant characteristic of Fig..6 is
the outflow of current on the nightside with the distribution of outflow centered on the region
of latitudinal overlap of eastward and westward currents (i.e., the discontinuity).

-

Figure 6. Harang’s (1946) representation of directions of in-flow and out-flow of currents from the center of
the auroral belt currents, indicated by the dashed lines. His coordinates were magnetic latitude and solar
local time. An approximate magnetic local time scale has been added (outer time scale).
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.Recently, in seeking explanation for disagreement between the convective motion of Bat
clouds in the polar cap and the existence of current closure via the polar cap ionosphere
Heppner et al. (1971) concluded: (a) that neither the middle latitude night-side ionosphere
nor the polar cap ionosphere was conducting sufficiently to provide continuity for the auroral
electrojects, (b) that variations in the ratio of (grad N)/N to (grad E)/E in sub-zones of auroral
precipitation were such that the ionospheric Hall currents would close via field-aligned current
flows to and from the magnetosphere (N = lower ionosphere plasma density, E = electric
field intensity), (c) that the magnetic disturbance vectors in both the polar cap and regi_ons
adjacent to the low latitude boundary of auroral activity couls be explained in terms of two
sheet currents flowing ‘out of’ and ‘into’ the auroral belt ionosphere, respectively, in the
magnetic local time sectors 2000-2400 and 0800-1200, and (d) that a distribution of precipi-
tation which would give maximum ionization in the region of electrojet current reversal would
also make this region the mean location of a net field-aligned current. In essence, when idealized
further the magnetic time vs. latitude trace of the Harang discontinuity became the horizo.:jtal
intercept of a field-aligned current sheet. The sheet associated with the Harang discontinuity
represented a net inflow of electrons. A net outflow of electrons (or inflow of ions) in the

0800-1200 sector was required for continuity and explanation of the AH vector in adjacent

regions but the sheet configuration was less certain. Between these sectors field aligned currents
were flowing in’ and ‘out’ but the net current was small compared to that near the reglons '_
of current reversal when viewed in terms of widespread effects. _

Unfortunately, the authors (Heppner et al., 1971) had forgotten Harang’s ‘lack of COlltl-
nuity’ diagram (Fig. 6) at the time of the above study and it is not referenced. It would have
geometrically supported the conclusions reached. Converted to field-aligned flow the arrows
on the night side would leave the ionosphere in the regions where they depart mgmﬁcantly
from E-W flow. This gives outflowing currents distributed toward ¢arlier and later MLT,
respectively, in the higher and lower latitude portions of the auroral belt (i.c., a mean distri-
bution following the discontinuity).

7. Related topics.

Detailed studies contrasting the energy spectra and composition of particles precipitating at
and on opposite sides of the Harang discontinuity have apparently not been carried out for
ionospheric altitudes. Through association with stages of auroral and magnetic activity some-
information is potentially available from rocket and satellite measurements. Indirectly from
radio-wave absorption, sporadic-E, and auroral photometric studies it is known that the pre-
cipitation during and following break-up must be more intense and penetrating than prior
to break-up; however, more subtle differences should be sought. At synchronous satellite
altitudes, the reality of a discontinuity has been apparent in a number of studies (e.g., Leznaik
and Winckler, 1970; DeForest and Mcllwain, 1971) but #ts L vs. MLT form is not revealed
at a constant distance.

. Because the magnetosphere and ionosphere form a feedback system it has been impossible
to distinguish whether events such as sudden bay onset have a magnetospheric or ionospheric
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origin point. Thus, magnetospheric events can be treated as the logical consequence of an
ionospheric short-circuiting (e.g., Heppner et al., 1967) in the reversal region but this does not o
specify the cause of the short-circuiting which is likely to be closely tied to conductivity changes
resulting from a change in the precipitating particle flux from the magnetosphere. One im-
portant point, consistent with the feedback characteristic, is that sudden bay onsets of appreci- -
able magnitude occur only when aurora is already present. Another important point is that
electric field measurements (Heppner, 1972) are not consistent with invoking major changes
in the global electric field as a cause of bay activations. Similarly, as discussed here, the basic
properties of the Harang discontinuity do not change with the level of disturbance. The
Harang discontinuity is, however, the ionospheric locus of initial sudden change when a bay
activation occurs. This suggests that the search for instability mechanisms should be directed
to the conditions found at the location of the discontinuity. Equatorward convection, trans-
verse to L shells, and the presence of auroral forms predominantly aligned parallel to L shells
are two such conditions. Thus, at the Harang discontinuity the conditions are optimal for
obtaining a mixing of plasma populations having distinctly different energy spectra. Detailed
time-space mapping at and near the discontinuity for all particle energies, including the cold
plasma, is difficult to achieve operationally for the scale involved and the difficulty is com-
pounded by a need for selecting the most appropriate times. However, this is an objective
worthy of pursuit that could be approached in a limited way using existing particle data relative
to auroral and magnetic field determination of the instantaneous location of the discontinuity
with careful attention to the limitations of these techniques. Simultaneous electric field (ie.,
convection) mapping would be required for the ideal experiment.
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RECENT WORK ON IONOSPHERIC IRREGULARITIES
AND DRIFTS

By B. H. Bricas
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Abstract

The use of large aerial arrays, and observations of phase as well as amplitude, have provided
. new information about ionospheric irregularities, and forced a reappraisal of some established
methods of analysis of spaced-receiver records. Also, the height range has been extended by
the use of weak partial reflections from the D region. These developments are reviewed, with
particular reference to the validity of the various forms of analysis of drift records.

1. Introduction

When a radio wave is reflected from or transmitted through the ionosphere, temporal
fluctuations of amplitude, phase, and direction of arrival are usually observed, due to the
presence of irregularities of ionization. The understanding of these phenomena is important
from a practical point of view, and also offers the possibility of studying the nature and move-
ments of the ionospheric irregularities. Professor Harang was an active worker in this field,
and made observations of ionospheric drifts using both reflected radio waves (Harang and
Pedersen, 1957a and b) and radio star scintillations (Harang, 1963).

- Deductions about ionospheric irregularities and drifts have usually been made by recording
fading or scintillation at three spaced points on the ground, and then subjecting the records
to various forms of analysis. Many papers have been published on methods of analysis of these
‘spaced-receiver’ records, - ; - _ -

_Recently, there have been some important developments in techniques of observation.
Firstly, large arrays of aerials have been used to study the moving diffraction pattern formed
over the ground when a radio wave is reflected from the ionosphere, and observations of phase
as well as amplitude have been made. This work has given a clearer picture of the way the
moving radio pattern is related to the ionospheric irregularities and movements. Secondly,
the use of higher transmitter power has enabled ionospheric drifts to be measured using weak
partial refiections from the D region in the height range 60-100 km. The height of scattering
Is in this case selected by a time gate and is therefore under the direct control of the experi-
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menter. Height profiles of drift can be obtained without the need to use more than one radio
frequency. : ~
The object of the present paper is to review the present state of knowledge, to survey criti-
cally the various methods of analysis of spaced-receiver records in the light of this knowledge,
and suggest some problems for future research. We will not discuss the actual results of ionos-

pheric drift observations (see Kent and Wright (1968) for a recent review).

2. Observations with large aerial arrays

In the recent work with large aerial arrays, pulses on frequencies of a few MHz are reflected
from the ionosphere near vertical incidence, The time-varying pattern formed over the ground
by the reflected wave is observed with the array, and recorded in various ways. '

In some cases, the number of aerials was increased above the basic minimum of" three i in
order to improve the statistics and to study the effect of aerial spacing on the results (e.g.
Kelleher, 1966; Harnischmacher, 1968; Beynon and Wright, 1969a). In other cases, the radio:
pattern was sampled at a sufficient number of points to enable it to be converted into a visible
pattern for direct observation. Thus, MacDougall (1966) used a 4 X 4 matrix of aerials with a
spacing of 100 m, Haubert and Doyen (1966) used a 6 X 6 matrix with a spacing of 30 m,and"

Briggs et al. (1969) used a circular array 1 km in diameter, containing 89 crossed dipoles ona .-

rectangular matrix with a spacing of 91 m. The methods used to produce a visible picture are
described in the references cited. Here we wish to emphasize certain features of the results,
which have an important bearing on the problem of the relation of the diffraction pattern to
the ionospheric irregularities.

The direct observations of the moving pattern show that it is often not random, but made
up from bands or ‘fringes’. Felgate and Golley (1971a) made a comprehensive study of the
patterns observed with the 89 element array at Buckland Park near Adelaide, South Australia,
using a frequency of 1.98 MHz, and found that they could be classified into seven types as
follows:

Type 1. Patterns with a scale much larger than the array (i.e. much larger than 1 km).

Type 2. Falrly regular fringes moving across the field of view. The spacing varied from 400 m
up toa dlstance greater than the size of the array.

Type 3. Crossing fringes, in which several sets of moving fringes appear to be superimposed

Type 4 Random patterns moving W1th a steady velocity. Indlvﬁual features may change as
S they move.

Type 5. Patterns usually random, as Type 4, but from time to time resolving themselves into
one or more sets of fringes. -

Type 6. Random patterns with rapidly changing direction of movement.

Type 7. No fading at all.
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The relative frequencies of occurrence of the various types of pattern are given in Table I.

Table I.‘
Pattern I 2 3 4 5 6 7
Type
E 120 | 10 | 24% | 11 | 3% | 12 | 2y |
E, 199 | 34% | 20% | 3% | 14y | 6% | 4
F 46% | 187 | 12 | 3% | o 20, | 24

Patterns of Type 2 in which fringes with constant spacing and orientation cross the field
of view produce periodic fading records on a single receiver. Several workers have noted the
occurrence of periodic fading (e.g. Kushnerevsky and Zayarnaya, 1960; Monro, 1962; Essex,
1968), and Pfister (1971) has reported the presence of discrete frequencies in the power spectra
of fading records. However, patterns of Types 3 and 5 would probably appear random on a
single receiver, and the rapid changes which occur suggest that spectral analysis of a long
record may often be misleading. When the whole pattern is made visible, rapid changes can
be studied, and fringe structures consisting of as few as one or two bright or dark bands can
be recognized. The proportion of records which contain fringe-like structures is therefore
larger than would be estimated from the study of individual fading records. If we restrict
attention to patterns which would produce ‘usable’ fading records (i.e. excluding Types 1 _\,
and 7), the proportions which contain fringes of one kind or another are as follows: E, 65%; |
E;, 8874; F, 83%,. We must conclude that the majority of drift results are influenced by the !
presence of fringes. - _ |

Direct observations of the pattern also enable rapid changes of velocity to be studied. = |
Felgate and Golley (1971a) found that the velocity could sometimes double in magnitude, '
and/or reverse in direction, in a time of the order of 1 min. Such variations would be difficult
to resolve with a three-receiver system, because the minimum length of record which can be
usefully analysed is of the order of several minutes. '

-

3. Models 'of the reflection process

The first models of the reflection process assumed that the ionosphere contained small irregu-
larities and behaved like a random screen to which diffraction theory could be applied (Booker
et al., 1950; Ratcliffe, 1956). If, in Fig. 1a, the irregularities of scale L have a mean drift velocity
" ¥, and also an r.m.s. velocity vg among themselves, it can be shown that the diffraction pattern
will move over the ground with a velocity 2V and will also change in form as it moves. Appli-
cation of the ‘full-correlation analysis’ (Sect. 5) to three-receiver records provides measures
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@y (1] . tc)

Figure 1. Various possible models for waves totally refiected from an irregular ionosphere. In (a), the ran-
dom screen model, the angular distribution of downcoming energy takes the form of a continuous *filled-in’
cone. In (b), the specular point model, a small number of discrete downcoming waves occur. Model (c) is
a combination of (a) and (b).

of ¥ and, rather more indirectly, of vy (Kent, 1966). It has also often been assumed that the
scale of the diffraction pattern will be 2L. The factors of 2 arise from the so-called “point-
source’ effect (Wright, 1968; Felgate, 1970). The angular distribution of the downcoming "
~energy will take the form of a filled-in’ cone.centred on the zenith, which can be characte-
rized by a half-width 0p (Briggs and Phillips, 1950).

Based on this model, the following typical values are obtained for cases of total reflection
from the E, E;, and F regions in the frequency range 2-6 MHz:

" Drift velocities V ~50mst.
R.M.S. velocities vy ~ few m s—1,
Scales L ~ few hundred m. .
Half-width fo~ 5 deg.

According to this model, the diffraction pattern should be random, and the occurrence of
periodic fringes cannot be explained.

Several workers who have observed fringes or periodic fading have proposed the alternative
model illustrated in Fig. 1b. Here the wave is reflected from an isoionic surface which is
smooth enough to act locally as a specular reflector, but which contains large scale ripples
or tilts. From any point in the ground a small number of normals can be drawn to this sur-
face, and the feet of these normals will be specular points for propagation from a transmitter
to a nearby receiver. Thus a small number of discrete downcoming rays will be present rather
than a filled-in cone, and these rays will interfere to form the pattern over the ground. If there
were just two such rays, parallel interference fringes would be formed. The scale of these fringes .
would depend on the horizontal separation of the reflection points, and their motion would
be determined by the horizontal and vertical motions of the reflection points. If there are sever-
al specular points, each pair will contribute a set of fringes with a particular orientation and
spacing. Computer simulation (Holmes, 1971) has shown.that three downcoming waves pro-
duce a pattern in which crossing fringes are recognizable by eye, but more than three produce
a pattern which looks random. Also, horizontal motion of the reflecting surface with velocity
¥ produces a translation of the pattern with velocity 2¥. This model accounts very well for
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the fact that patterns can look either random or fringe-like, and can change from one type to
the other in a short space of time. Monro (1962) and Pfister (1971) have suggested a combined
version of the two models, as shown in Fig. Ic.

To decide conclusively between the various models illustrated in Fig. 1, direct observations
of the angular spectrum of downcoming waves are required, and these are possible with large
aerial arrays by the use of image-forming or rapid beam-swinging techniques. It is expected -
that both methods will be brought into use in the near future in Australia (Briggs et al., 1969;
Holmes, 1960; Mines, 1969). Valuable evidence can also be obtained from observations of
phase as well as amplitude, and Pfister (1971) has deduced angles of arrival and Doppler shifts
of discrete components in the angular spectrum, by the use of spectral and cross-spectral
analysis. -

If the specular point model is accepted, at least on those occasions when fringes are observed,
the scale of the ionospheric irregularities can be estimated from the observed spacing of the
fringes (see Fig. 1b). It is found that typical values for the horizontal separation of the re-
. flection points are 15 km for E region reflections, and 50 km for F region reflections. Thus
the ionospheric irregularities are very much larger than the observed scales of the patterns.

All the models of Fig. 1 are idealized, since they neglect scattering or angular deviation
occurring below the reflection level itself,

4. Evidence from phase-path measurements, and the role of internal gravity waves

There is, of course, other evidence for the éxistence of large scale tilts and undulations in the
effective reflecting surface. This comes from observations of group and phase height changes
(e.g. Munro, 1958; Monro, 1962), from observations of directional fluctuations (e.g. Bramley,
1953), and from observations of Doppler shifts (e.g. Georges, 1968). However, most of these
observations refer only to the F region. Table I shows that fringes are observed frequently
for E region reflections as well as for F region, and it is therefore of interest to look for inde-
pendent evidence of large scale undulations in the E region. The best technique for this purpose
is the phase path method which enables very small changes in the height of reflection to be
detected. |

In fact as early as 1957, Landmark (1957) discussed the fading of radio waves reflected from
the E region, and, on the basis of phase path measurements, suggested a model like that of .
Fig. 1b. The horizontal scales ranged from 10 to 40 km. He also pointed out that if the vertical
amplitude became large, more than one discrete reflection point could occur, giving rapid
amplitude fluctuations due to interference effects. -

More recently, Vincent (1971) has recorded phase path variations of E-region echoes using
three aerials of the Buckland Park array. The maximum available aerial separation of about
1 km was used. The phase was found to vary by 10 to 50 radians in a quasi-periodic manner
and with periods of the order of 5 min. This corresponds to height_fluctuations of the order
of 120 to 600 m. Small time displacements were observable between the variations at the
three aerials, from which the horizontal speed of the isoionic surface could be determined ;
the speeds were in the range 30 to 150 ms-1. When combined with the observed periods,
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these speeds enabled the horizontal scales to be determined; these were found to be in the

range 10 to 60 km. The observations are quite consistent with the deductions made from .

the fringe patterns, in so far as velocities and horizontal scales are concerned.

If we accept that the actual ionospheric irregularities involved in drifts experiments have
these large horizontal scales, the question arises as to the cause of such irregularities, and the
significance to be attached to the observed drift velocities. Now the scales in both E and F
regions are just the values expected for internal gravity waves-(Hines, 1960). Additional evi-
dence that gravity waves are involved comes from a further analysis carried out by Vincent
(1971). The power spectrum of the phase height variations was calculated, and was found to
‘show a small peak near to 5 min period, the expected Brunt-Vaisala frequency at E-region
heights, followed by a rapid cut-off for shorter periods. (See also Vincent, 1969.)

It seems likely that the mean drift velocity obtained from close-spaced receivers and arrays
will give the horizontal velocity of the isoionic surface, even if interference effects are present.
Howeéver, the velocities obtained could be the horizontal phase velocities of gravity waves,
and need bear no relation to the drift velocity of either the neutral air or the ionization. This
~ conclusion must, however, be reconciled with the fact that the velocities observed at E-region
heights do often show quite clear tidal effects and agree reasonably well with measurements
of the drift of the neutral air determined by independent methods (Kent and Wright, 1968).
‘The best solution to this apparent paradox seems to be the idea of critical layers proposed
by Hines (1968) in which gravity waves travelling with the velocity of the neutral air are pre-
ferentially amplified, and therefore dominate the observations. '

The significance of the F-region drifts is not at present clear, and more experiments are.

needed to compare the velocities of travelling ionospheric disturbances (T.I.D.’s) with veloci-
ties derived from closely spaced receivers. Some workers have reported reasonably close agree-
ment (e.g. Jones et al., 1957; Gusev et al., 1960) but diurnal and seasonal variations differ.
The presence of fringe patterns strongly suggests that T.I.D.’s of suitable scales may influence
F-region drift observations, but that small scale irregularities also exist at certain times is in-

dicated by the phenomena of ‘spread-F echoes’ and radio star scintillations. Other possible -

mechanisms by which T.I.D.’s might affect observations have been discussed by MacDougall
(1966). '

5. Implications for three-receiver record analysis

Many workers will continue to use the three-receiver method for the observation of ionos-
pheric drifts, because of its simplicity and economy. It is therefore important to decide upon
the best method of analysis of the records, in the light of the new evidence provided by the
large arrays and by phase measurements.

Most workers would probably reject three-receiver records which were obviously periodic.
However, it is now clear that this is not sufficient to guaragtee that interference effects between
discrete specular reflections are absent. Therefore, this possibility must be allowed for in
devising methods of analysis, and in interpreting the results obtained.

We will consider first the method usually known as full “‘correlation analysis’ {Briggs et
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al., 1950; Phillips and Spencer, 1955). In this method it is assumed that the pattern is random
and moves with a constant velocity; it may also change in form as it moves. A possible elonga-
tion in a preferred direction is allowed for, and is described by an ellipse which is a contour
at the 0.5 level of the two-dimensional spatial correlation function. The random changes are
described by a parameter V, of the dimensions of velocity. It can be shown_that, on these
assumptions, an ‘apparent’ velocity calculated in a naive way from the time displacements is
always larger than the true velocity of drift. The method showed how the true velocity can be
calculated in the presence of anisotropy and random changes.

The method is only concerned with describing the motion of the pattern, and not with the
way it is produced, and is therefore applicable in principle to patterns formed by interference
effects. The difficulty is, however, that the necessary correlation functions can only be calcu-
lated from records of several minutes duration, and the direct observations of the pattern
have shown that its velocity and type can change during this time. Velocity fluctuations, and
random changes of the pattern as it moves, are probably due to horizontal and vertical mo-
tions of specular points, which cause related movements of the interference fringes, and so
have no direct interpretation in terms of ionospheric movements. Similarly, the anisotropy
may be only an average effect for the length of record analysed, and may be produced by one
or two fringes occurring for a short time in a pattern which is at other times random in nature,
In fact random patterns in which all features are consistently elongated in a preferred direc-
tion do not seem to occur; rather the patterns tend to be mixtures of random features with
fringes of very large elongation. In any case, the spatial correlation ellipse will have a scale
much smaller than the ionospheric irregularities themselves, as pointed out earlier, whenever
interference effects are present. : _ -

In spite of the uncertain interpretation of the random velocity ¥, and the pattern scale
and anisotropy, it has been shown that, as far as the mean velocity of drift is concerned, the
‘true’ velocity of correlation analysis is the best available estimate, provided the aerial spacing
is not too small relative to the scale of the pattern. If the aerial spacing is small the ‘apparent’

velocity calculated directly from the time displacements is preferable. This has been established
as follows (Golley and Rossiter, 1970). By the use of the large aerial array at Buckland Park,

‘velocities could be determined almost instantaneously from direct observations of the dis-

Velocity
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Figure 2. Comparison of different methods of determining the velocity of the Eattern, using an array of 89
aerials. Values of ¥ and ¥, were determined by the standard correlation analysis, using three aerials at a
time, with various separations. The velocity ¥, was determined by the spatial correlation method, using all
89 aerials. F; is the average value of V; during the lengths of record used to determine V and Va.
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placement of the pattern in one second. We will call this method the ‘spatial correlation’
method (Briggs, 1968) and denote the velocity obtained by V. The velocity was also determined
by applying the standard correlation analysis to fading records obtained from various sets of
three aerials selected from the 89 aerials of the array. The ‘apparent’ and ‘true’ velocities
of correlation analysis were compared with the average value of Vs during the time of the
records. A typical result is shown in Fig. 2. It will be seen that the ‘true’ velocity V is less
than the correct value ¥, but tends to this value as a limit as the aerial separation increases.
The ‘apparent’ velocity V; is independent of aerial spacing, but somewhat larger than the
correct value, The departures from the value V; are often larger than in the particular example '
shown.

Golley and Rossiter (197{)) conclude that for total reflections from the E and F regions, the
optimum arrangement of three aerials would be at the corners of an equilateral triangle of
side 300 m, and that the best velocity estimate would be the ‘true’ velocity of correlation
analysis. : : :

There is at present some uncertainty as to the cause of the low values of ‘frue’ velocity
obtained by correlation analysis when the aerial separation is small, but it is generally agreed
that the effect is instrumental in origin. Non-linearities and digitizing errors in the various
channels (Golley and Rossiter, 1970}, and interchannel coupling effects (Fedor and Plywaski,
1971) have been suggested. A related effect is a tendency for the spatial correlation ellipse to
have its major axis along the hypotenuse of the aerial triangle, if small rlght-angled trlangles
are used (Beynon and Wright, 1969; Golley and Rossiter, 1970).

An important discussion of the relation of correlation analysis to different variants of the
‘similar fades’ type of analysis has been given by Sprenger (1969). The method of similar
fades is, however, not very compatible with modern methods of digital recording and computer
analysis, and the use of correlation functions is to be preferred.

We consider next the ‘three-dimensional’ form of correlation analysis in whlch an attempt
is made to measure vertical as well as horizontal velocities by the use of two or more radio
frequencies reflected from different heights (Gusev and Mirkotan, 1960; Fedor, 1967; Wright
and Fedor, 1969). The principle of this method is shown in Fig. 3. Suppose we had four probes
0, X, Y, Z situated in the ionosphere itself, each capable of recording the temporal fluctuations
of electron density. We could then apply a three-dimensional form of correlation analysis in
order to determine; (i) the mean drift vector ¥, which could be at any angle to the (x, y, z)
coordinate system, (i) a random velocity Ve, and (iif) an ellipsoid which would be a contour
surface at the 0.5 level of the three-dimensional spatial correlation function of the electron
density fluctuations. This ellipsoid has been called a ‘correloid: (Wright and Fedor, 1969).
It has been proposed that a system equivalent to that of Fig. 3 can be obtained by the use of
receivers on the ground, provided two radio frequencies fi and f2 are used. Thus. receivers
0, X, Y operate at f1 and an additional receiver at O operates at /2, for which the reflection
level is higher than for f; by the desired amount. -

Unfortunately, this proposed equivalence is open to criticism on several grounds. In the
first place, we have already seen that the horizontal scale of the ionospheric irregularities may
be much larger than that of the diffraction pattern over the ground, so that even the three
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Figure 3. Arrangement of probes in the ionosphere which could be used to determine three-dimensional drifts.

receivers on the frequency fi are not equivalent to three probes in the ionosphere itself. This
difficulty cannot be overcome by the use of complex correlation, because, although the com-
plex correlation function is invariant (Ratcliffe, 1956), its scale is smaller than that of the
diffracting screen when the phase deviation is large. Secondly, the use of two frequencies to
obtain an effective vertical separation is open to the objection that the diffraction pattern for
a frequency f; would be different from that for J1, even if the ionospheric structure were
independent of height. Indeed, several workers who have investigated ‘frequency diversity’
effects have shown that they can be explained by the path differences between waves arriving
from different directions (Briggs, 1951; Essex and Hibberd, 1968). Because of the neglect of
these effects, the length of the vertical axis of the ‘correloid’ will be underestimated, If the
‘correloid’ is incorrectly determined, so will all the derived quantities, including the drift
velocity. Also the vertical motion would have to be of a rather peculiar type in which irregulari-
ties moved relative to reflection levels which remained at fixed heights. We know from phase
path observations that the reflection heights are, in fact, continually changing by amounts
larger than the required vertical separation 0Z in Fig. 3. Thus, the three-dimensional form of
correlation analysis seems quite incompatible with the specular point model of Fig. 1b.

It is interesting that fading records obtained on two frequencies sometimes do show time
displacements which suggest, at first sight, a vertical component of velocity. However, several
alternative explanations must be excluded before this is accepted. On the specular point model
such displacements would be expected whenever one set of fringes dominates the records,
because the fringes on neighbouring frequencies will be displaced relative to each other. A
consistent sense of time displacement would not be likely to be maintained for more than a
few minutes, however. Essex and Hibberd (1968) have given an alternative explanation based
on ionospheric tilts. If consistent time displacements are maintained for times of the order of
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hours, as apparently reported by Drobzhev (1966), some kind of vertical motion would seem
to be indicated. Further investigation of such effects is desirable. -

Observations on several frequencies are, of course, very valuable in determining the height
variation of the horizontal velocity of ionospheric drift.

The last method of analysis to be discussed is often called ‘dispersion’ analysis. In this
method, the same Fourier component is selected from each of the three amplitude records,
and the phase differences are used to deduce the velocity and direction of motion of a plane
wave of the given frequency past the observing system (Yerg, 1956; Jones and Maude 1965,
1968). If the velocity is independent of frequency, the motion may be called ‘non-dispersive’,
If the velocity is found to increase with frequency the dispersion is ‘positive’, and if it de-
creases with frequency, it is ‘negative’,

Jones and Maude (1965) found marked positive dispersion for some records of waves totally

reflected from the E region. They regarded this as evidence for the propagation of a form of
surface gravity wave through the ionosphere, because the observed dispersion matched that
expected theoretically for this type of wave.

This interpretation rests heavily on the assumption that a given spatial Fourier component
in the ground pattern is produced by a wave of equal wavelength in the ionosphere. However;

when interference between discrete downcoming waves occurs, this is not the case. In fact, a_
particular spatial Fourier component (i.e. set of fringes) corresponds rather to a particular

pair of specular points, and its motion depends upon the horizontal and vertical motions of

these specular points. The wavelengths in the ionosphere are very much larger than those in

the pattern, and of the order expected for internal gravity waves.
The frequent occurence of positive dispersion, and absence of negative dispersion, is an

interesting experimental fact which must be explained. There are several secondary effects

which can produce an apparent or spurious positive dispersion; in the present case, velocity
variations during the length of record analysed seem a possible cause (Felgate and Golley,
1971b).

6. Drift measurements using partial reflections from the D region

1t is known that the D region contains small irregularities which are able to back-scatter
waves on frequencies in the region of 2-4 MHz, and which also cause ‘forward-scatter’
propagation on higher frequencies. Recently, the back-scattering at vertical incidence has been
used to observe drifts by the spaced receiver technique (Fraser, 1965, 1968; Fraser and Kochan-
ski, 1970; Haug and Pettersen, 1970; Rossiter, 1971; Golley antd Rossiter, 1971). This has
the advantage of extending the height range to lower levels and, because the reflections are
partial rather than total, a range of heights may be investigated on a single radio frequency.

Energy returned from the desired height is selected by a time gate set at the required time

delay after the emission of the transmitted pulse. There is the possibility of recording height
profiles of drift over the height range 60-100 km by manual or automatic scanning of the
gate. :

The occurrence of back-scatter on frequencies of the order of 2 MHz must indicate the
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presence of irregularities with scales as small as 75 m in the vertical direction, and the process
seems to be one of random scattering from small irregularities, perhaps of turbulent origin.

Some observations of the nature of the pattern produced by D region echoes have been
made with the Buckland Park aerial array, but so far are limited to observations of the strong-
est echoes, which come from heights near 90 km. They have shown that the patterns are

random and isotropic, and do not have rapid velocity variations. Aerial separations for a ..
correlation of 0.5 are of the order of 100 m, compared with 300 m for total reflections. The ]
angular spectrum is correspondingly wider; with the model of Fig. 1a, the value of 8y would:

be of the order of 16° (Golley and Rossiter, 1971).
These facts suggest that full correlation analysis would be applicable, and we might be

encouraged to deduce drifts, scale sizes, and random velocities. Dispersion analysis has also

been applied (Haug and Pettersen, 1970; Golley and Rossiter, 1971). However, we must be
cautious once again in interpreting the results, because there is a different complication in
this case; because of the finite height resolution, a small range of heights of the order of 5 km

is sampled for any one position of the time gate. Now sharp gradients of wind are known to -

exist in this region of the atmosphere, and we cannot assume that the velocity will be constant
over this height range. Thus patterns moving with different velocities may be superimposed.
This can affect the value of the random velocity V. of correlation analysis, and introduce
spurious positive dispersion, as discussed by Haug and Petersen (1970). It can be shown that
the velocity gradients are of the right order of magnitude to explain the effects observed.

In spite of these complications, several workers have shown that the mean drift velocity
determined by the spaced receiver technique is in reasonable agreement with the neutral air
velocity at D-region heights (e.g. Fraser and Kochanski, 1970). This is also true for low fre-
quency waves totally reflected from the D region at oblique incidence (Sprenger and Schminder,
1968). The method is therefore a promising one for synoptic observations in the height range
70-100 km.

It would be interesting to see whether vertical drifts could be measured in the D region by
comparing the fading of waves returned from different heights. This technique would not be
open to the objections mentioned in connection with the spaced frequency experiment.

7. Suggestions for future work

1. Further observations should be made of phase as well as amplitude.

2. Direct observations of the form of the angular spectrum of downcoming waves are needed,
both for E- and F-region reflections, and D-region partial reflections.

3. The reason for the dependence of ‘true’ velocity on aerial separation requires further
investigation. -

4. Muiti-frequency observations are desirable to study the height variation of drift, and rela-
tions between movements at different heights. '
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5. The possible occurrence of consistent time displacements between fading records on spaced
frequencies should be further investigated. B

6. Observations of D-region d_rifts at more plabes are needed.
7. The possibility of detecting vertical motions in the D region should be explored.

8. In the Fregion, more comparisons are needed of the velocities of T.I.D.’s and the velocmes
obtained from fading records on closely spaced receivers.

9. Every opportunity should be taken to compare ionospheric drifts with other observatlons
such as drifts of meteor trails and motions of rocket launched vapour trails.
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THE OCCURRENCE OF RADIO AURORA AT HIGH LATITUDES: .
THE IGY PERIOD, 1957-1959

By A.G. McNaMARA

ASTROPHYSICS BRANCH,
NATIONAL RESEARCH COUNCIL OF CANADA,
OTTAWA, CANADA

Abstract

Two years of data resulting from the operation of an auroral radar network in the Canadian
Arctic have been analyzed to determine the factors controlling the occurrence of radio aurora.
The radars were located at Ottawa, Saskatoon, Baker Lake, and Resolute, at magnetic lati-
tudes of 58.9, 61.5, 75.1, and 84.3°N. ¥t was found that magnetic aspect conirol is not very
strong at 48.5 MHz, and that echoes were obtained at all azimuth angles even where the aspect
was 19° away from perpendicularity. The latitude of most frequent echo occurrence coincided
with maximum of the visual aurora zone. Midnight maxima were observed in the diurnal
occurrences at Ottawa, Saskatoon, and Baker Lake, but the maximum occurrence at Resolute
was near local noon. '

1. Introduction

Since VHF radar echoes were first obtained from aurora (Harang and Stoffregen 1940;
Aspinal and Hawkins, 1950; Currie et al., 1953), observations have been made from many
locations. A good review of radio aurora observations has been published by Hultqvist and
Egeland (1964) and by Leadabrand et al. (1965). For geographical reasons virtually all of
these observations were made from locations either well outside the auroral zone or near the
low latitude edge. These observations led to conclusions that the polar diagram of the scatter-
ing process was very narrow, and was strongly controlled by the magnetic aspect angle de-
fined by the intersection of the radar line-of-sight with the Earth’s magnetic field at the re-
flection point. In general, the exact magnetic normality condition at auroral“scattering heights
can only be obtained by radars looking toward the pole from magnetic latitudes of about 55°
to 60°. Simpie aspect theory would lead one to the (erroneous) conclusion that auroral echoes
could not be obtained within or inside the auroral zone.

The IGY offered an opportunity to study radar avrora at large-aspect angles from inside
the auroral zone in Canada. Earlier research in Canada had shown the occurrence of radar
echoes at aspect angles up to 10° away from perpendicularity for radars located at Saskatoon
and Ottawa. It was inferred that echoes probably could be obtained at much higher Iatitudes
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where the aspect geometry was much more unfavorable. Newly-developed radars were in-
stalled in 1956 at Ottawa, Saskatoon, Baker Lake, and Resolute, and were operated continuous-
ly for two years, from June 1957 to May 1959. These stations spanned the auroral zone and
the polar cap. Their geophysical parameters are listed in Table I. Throughout this paper, the
mnemonics OT, SA, BL, and RB are used to denote the four stations Ottawa, Saskatoon,
Baker Lake, and Resolute respectively.

Table L. Characteristics of the auroral radar stations

OoT SA .+ BL RB
Geographic latitude 45.4 N 52,1 N 64.3 N 747N
Geographic longitude 758 W 106.7 W 96.1' W 94.9 W
Geomagnetic latitude 589N 61.5 N 751N 843N
Dip angle 74.8 77.2 86.2 89.2
Declination C o —13 +18 +5 —82
L-value 3.6 4.3 E 14.7 ) 94.2

It may be noted that RB is located between the geomagnetic dipole north pole and the dip
pole. The great circle distance from SA to BL is 1485 km, and the distance from BL to RB
is 1155 km.

The radar data presented were obtained during the IGY period, June 1957 to May 1959,
and represent approximately 34,000 half-hour intervals or 108 minutes of operation at each
station, Of this time, an average of 3% of the data were lost from all causes.

The auroral echoes discussed in this paper were obtained by direct backscatter, with ranges
from 200 to 1200 km. The most frequent occurrence of echoes was in the interval 500 to
800 km. _ , :

Aurorally-associated echoes propagated by 2 Es ground backscatter, and non-auroral ground
backscatter propagated by the 2F mode, were also observed on the radar network. These
echoes are easily recognized on the recorded display and they are not included in this paper.

2. The Canadian IGY auroral radar network

Identical auroral radars were installed at the four locations tabulated in Table I. The radars
were continuously operating automatic systems of the type described by McNamara (1958),
differing mainly in a new antenna system which was employed. Table II gives the radar para-
meters. The principal novel feature of this network was the orientation and synchronization
of the rotating beam patterns to provide simultaneous overlapping coverage of large regions
by pairs of radars, with the object of studying the aspect mechanism.




Table II. Radar system parameters

Frequency ‘ 48.5 MHz,

Wavelength ' 6.19 m

Peak power 1 kw

Pulse length 300 I -

Pulse repetition frequency 70 st

Horizontal beam width (1/2 power) 56 degrees )
Antenna gain (two way) 12.5 db

Receiver sensitivity : 2-10°16 W

Figure 1 shows the beam pattern coverage of the network with the beam pattern scaled to
correspond to 1140 km range, the horizon intersection with the 100 km level. The antenna
consists of an array of four corner reflectors with the beam stepped electronically through
the four increments of 90° each. The beam dwells for 30 s in each position thus taking two

minutes for a complete ‘rotation’.

—

# AuporaL
PRl

Figure 1. The locations of the auroral radars in the Canadian IGY network. The cloverleaf patterns represent
the simultaneous, successive antenna beam positions of the synchronized network. The beam patterns are
scaled to represent the approximate geographical coverage, out to 1140 km range.

The switchings of the beams at the four stations were such that at any instant all four
radars were in beam position 1, or 2, or 3, or 4. Synchronism was maintained at all
times by precision electronic oscillators and clocks which were checked daily against WWV
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or CHYV standard time signals. These clocks also provided the time information on the data
records. Accumulated time errors were not allowed to exceed 2 s at any time. g
The transmitted frequencies were in the interval 48.2 to 48.8 MHz, and were spaced approx-
imately 200 kHz from each other. Thus, any possibility of mutual interference was avoided
and the frequencies were close enough that the data could be interpreted in terms of a single
frequency. ' -
The “clover-leaf” beam patterns were offset from exact alignment with the magnetic meridian
in order to obtain the best overlapping coverage. The offsets from true geographic north are

indicated on the north beams in Fig. 1. Designation of the beam positions are with reference
to geographic directions. r
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Figure 2. Magnetic aspect contours for the four radars. The contour numbers are the angles between the
radar line of sight and the Earth’s magnetic field. A reflection height of 100 km is assumed.
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The antenna radiation was directed horizontally and was vertically polarized. Accurate
antenna pattern and gain measurements were -obtained by scale model tests. In the vertical
plane, the antenna pattern was controlled primarily by the height of the antenna above ground.
The antenna height was set such that no nulls occurred in the, radiation pattern between 0
and 15° elevation. : T

3. Magnetic aspect angles

Figure 2 shows the magnetic aspect angle contours for the radar network The aspect angles
are derived from the intersection of the radar line-of-sight with the Edrth’s magnetic field at
an altitude of 100 km. Since the actual magnetic field at this level controls the plasma con-
figuration, the measured surface values of the Barth’s main geomagnetic field (smoothed to
remove local anomalies) were used in the calculations rather than an approximate dipole
model. The values of inclination and declination were obtained from 1955 magnetic survey
data of Canada’s Department of Mines and Technical Surveys. At that epoch, the north
magnetic dip pole was located at 73.7° N, 101.0° W. The best aspect angles at Ottawa, Saska-
toon, Baker Lake, and Resolute were 1°,4°, 8°, and 7°, respectively, away from perpendicularity.
The regions of best aspect may be seen in Fi g 2, and in all cases they lie generally to the north
of the station.

On a few occasions, strong echoes were obtained right in to the limit of readability, at about
200 km range. At this range, the vertical angle of arrival 1nd1cates off-perpendicular scattering -
angles of up to 30°,.

Y

4, Observed azimuth- distributions

The data in Figs. 3 and 4 show conclusively that magnetic aspect control of 48 MHz radar
auroral signals within the auroral zone is not nearly so strong as commonly believed. In these
locations the geographical regions of occurrence of the scattering structures determine the
occurrence frequencies more strongly than do the aspect angles at which they are observed.
The same effect has also been observed by Bullough (1961) working within the Antarctic auroral
Zone.

Figure 3 shows an example of auroral echoes occurring to the east, south, and west at Baker
Lake where the aspect angles were 19° away from perpendicularity, but none were occurring to
the north at an aspect of 10°, Figure 4 shows the azimuth distributions of the entire two years
of data for the four stations. At Ottawa and Saskatoon where the directions of maximum
auroral occurrence and best aspect both occur to the north, the aspect control is more evident
and shows a centering on magnetic north. (See for example the Saskatoon azimuth data of
Currie et al. (1953), where the preferred echo azimuth is approximately 20° east of north.) At
Baker Lake and Resolute, the occurrence distributions obviously dominate the aspect function.

Analysis of a portion of the IGY data from the Saskatoon-Baker Lake overlap region was
used by McDiarmid and McNamara (1967) to derive the aspect attenuation rate. Using the
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Figure 4. Upper part: Fcho azimuth distributions observed at Ottawa, Saskatoon, Baker Lake, and
Resolute in the directions indicated by Figure 1. The four plots are not to the same scale. Lower part: The
relative total occurrence of echoes, independent of direction but plotted to the same scale,

simultaneous echoes from these two stations, a mean aspect attenuation of 1.1 db per dégfee
was found for the interval from 5° to 20° off-perpendicularity.

"This result is also confirmed statisticaily using the observational data of McNamara (1960)
on the cross-section probability distributions of the auroral echoes. In that paper it was shown
that the cross-section occurrence above a limiting value of o7 is proportional to 1 [or®, where
x is between 1.5 and 1.67. Using the observed ratio of 6.9 for the total minutes of occurrence
of echoes on Saskatoon-north compared to Baker Lake-south, a value of 1.2 to 0.9 db per
degree is obtained.

5. Seasonal and Iatitudinal variationsl

Most of the data presented in this paper are based upon the occurrence of radio aurora in
each of the 48 half-hour intervals throughout the day. The figures show the occurrence on
this basis or as a percentage of the total number of half-hour intervals, Over the two years of
the IGY operation, the average percentage occurrence was as shown in Column 1 of Table IIL
The data were also read on a finer time scale in terms of the actual number of minutes of
occurrence; these data are listed in Column 2. The differences in the two measures of occurrence
reflect the more transient nature of many of the echoes observed at the higher latitudes. The
half-hourly intervals were used in most of the analysis because they were more suitable for

computer analysis and because other phenomena could be more readily scaled and correlated
on this basis. : '
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Table III. Average occurrence of radio aurora

Station % of half-hour % of minutes Ratio
intervals % intervals

%, minutes

oT 9.8 5.6 . 1.8
SA 21.6 12.1 1.8
BL - 9.3 _ 4.1 2.3
RB _ 1.8 0.78 2.3

Figure 5 shows the monthly occurrence at each station throughout the two year period.
The occurrence rates at Ottawa and Saskatoon, outside the auroral zone, correlate well.
However, the most notable feature is the tendency toward anti-correlation within the_polar
cap. Baker Lake occurrence tends to be a maximum when the lower latitude stations are
minimum, Resolute is somewhat independent in its occurrence characteristic. This is particu-
larly evident when one examines the day-to-day occurrence of echoes.

T v [ T ¢ [T 177 T 1 17§31 1T §J 7 T ¢t ]

30
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Figure 5. The monthly occurrence values of radio aurora throughout the IGY interval.

The azimuth distributions for Baker Lake and Resolute have also been examined for seasonal
effects. The data were divided into four quarters, centred-on the equinoxes and the solstices.
No significant seasonal variation was found for Baker Lake. In the Resolute data there appeared
to be some preference for eastward echoes in the summer and a preference for westward
echoes in the winter.
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6. Diurnal variations

6.1 All echoes. Selected directions of the diurnal distributions are shown in Fig. 6. The data
are from the full two years of continuous observation. Ottawa has a diurnal maximum occurring
near local midnight. However, the 48 MHz data taken over shorter periods have shown a
doublepeaked night-time maximum with a small dip which varies around 0400~0530 UT, near

local midnight. The time of the first maximum varies from 0100 to 0230 UT and the second ~

maximum is at 0700 to 0800 UT. (This characteristic also appears in the 488 MHz data of
Blevis et al., 1963.) Saskatoon has a midnight maximum and a smali morning peak on the side
at 1300 UT. This characteristic is always present on the Saskatoon data, and was also observed
in 1952 by Currie et al. (1953).

For better comparison with the other stations, only the north and south distributions are
plotted in Fig. 6 for Baker Lake. The southward occurrence has a single nighttime maximum
at 0430 UT, but the northward occurrence has maxima at 0430 and at 1730 UT. The latter
activity is seen to coincide with the activity at the pole station, Resolute.

.................................

H
3
T
!

|3
T
OCCURRENGE ~HALF HOUR INTERVALS

OCCURAENGE ~HALF HOUR INTERVALE

g
-

SASKATCON
NOATH

8
g
H

OTTawa
HORTH

LS

8
s
3

8
8
T

QGGUMRENGE ~HALF HOUR INTERYAL
BECUARENCE —HALF HOUR INTERVALS

! T T T T o T T
) L " ] a a0 o os [ Il I L] 2 0
HOURS ~1.7, HOURS - U3,

0
do o g8

Figure 6. Diurnal occurrence variations for selected directions at Ottawa, Saskatoon, Baker Lake, and
Resolute. Data are from two years of continuous operation. The black bars on the abscissae mark the
time of local midnight at the station.

-

Diurnal plots of Baker Lake activity for the east and west directions (not reproduced here),
are similar to those for Baker Lake-south but displaced in time. The eastern maximum occurs
at 0300 UT, the southern at 0430 UT, and the western at 0500 UT.

6.2 Diffuse and discrete radio aurora. Radio aurora has frequently been categorized as
diffuse or discrete, and attempts have been made to relate the fwo types to different scattering
mechanisms. Leadabrand (1961) has ascribed diffuse and discrete echoes to horizontal layer
structure and to vertical ray structure respectively, and Unwin (1968) has associated diffuse
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echoes with the two-stream instability. The IAGA Working Group on Radio Aui'oral Nomen-
- clature has attempted to further divide the types of echoes according to range spread, time,
duration rate, and height of reflection (Unwin, 1967). In general, the classification of echoes as

diffuse or discrete is somewhat arbitrary, and is very dependent upon the parameters of the

radar. With the pulse length, beam width, antenna elevation, and antenna scan employed in
the Canadian network, it was only possible to recognize the two basic categories, based upon
the appearance of the echoes on the range vs. time display.
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Figure 7. Diurnal variations of the diffuse and discrete types of radio aurora.




145

Figure 7 shows the diurnal distributions of the diffuse and discrete types of echoes. In
general, the discrete type tends to be characteristic of the midnight period, while the dlﬂ”use '
type i an afternoon and morning phenomenon.

The diffuse echo is mainly a type scen at the lower latitude stations. This relative occurrence
is quantized by taking the ratio of the number of minutes of discrete echo to-the number of
minutes of diffuse echo. The ratios are 1.7, 2.1, 21, and 21 for OT, SA, BL, and RB, respectively.

In the paper of McDiarmid and McNamara (1967), the data were grouped in various -
discrete and diffuse classification combinations to see if any difference in aspect sensitivity
could be found. If a difference were found, then one might infer a difference in the scattering
mechanism. However, the analysis revealed no significant difference in the aspect functlons
for the two types.

7. Compariéon with optical aurora

Comparable statistical properties of the optical aurora in the same region of Canada where
the radars were located were derived by reading 35 mm all-sky camera film from nine stations
in Canada. The stations are listed in Table IV, In this comparison of the optical and radio
aurora, interval-by-interval correlations have not been Inade Only the total GCCurrence sta-
tistics are compared. '
Analyses were performed on data derived by noting the presence or absence of any aurora
on the pictures, taken at one-minute intervals, during each half-hour interval. The latitudinal
location of aurora was aiso noted by recording the appropriate combination of three zones
in which the aurora was observed: the zenith zone, defined as a band normal to the geographic
meridian, with borders 1/2° of latitude north and south of the station; the north zone, the
. entire area north of the zenith zone; the south zone, the entire area to the south of the zenith
zone. :
Observing and operating conditions were noted for each half-hour, and assigned to one of
four categories:

I. Unlimited visibility ‘ = stars visible, no cloud above 15° eleva-
_ tion. '
I Partially cloudy or imperfect record = some cloud above 15°, partially fogged
' mirror, moonlight, uncertain time
determination.
HI. Film run but no record ' = completely clouded or fogged, covered
. with snow..
IV. No film = daylight, complete mechanical failure.

For the purpose of this analysis, records bearing the quality indiees I and II were defined
as ‘usable time’,'and hence used as valid samples. Table IV lists the total number of usable
half-hour periods obtained at each station in the 12 months of data utilized. The station coor-
dinates are for a dipole field.

A
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Table IV. The Canadian 35 mm all-sky camera stations

Name Symbol Geographic Geomagnetic No. of usable
Lat. Long. Lat. Long, Intervals
Alert AL 82.6 62.0 85.5 =~ 195.0 1305
Resolute Bay RB 74.7 94.9 83.0 73.1 2541
Baker Lake BL 64.3 96.0 73.7 44.3 3122
Churchill CH 58.8 941 68.7 37.2 2862
Yellowknife YE 62.4 114.4 68.8 65.4 994 -
Meanook ME 54.6 113.3 61.9 59.0 1992
Saskatoon SA 52.1 106.6 60.5 49.5 3479
Ottawa oT 45.4 75.9 56.8 87 | 316l
Victoria VI 48.4 - 123.4 54.2 67.2 4888

Figure 8 shows the distribution of the auroral occurrence defined in terms of ‘percent usable
time’ where the basic unit of time is the half-hour. The dashed curve is based on all aurora vi-
sible from each station, i.e. the complete hemisphere seen by each camera, whereas the solid
curve is restricted to the aurora visible within the 1°-wide band of latitude passing through -
the camera zenith. Restriction of the data to this zenith zone reduced the auroral occurrence
only to 709/ of that obtained utilizing the entire field of the camera. The severe limitations on
visibility imposed by atmospheric extinction and geometrical compression is evident when it
is noted that the geographical area covered by the zenith zone is- only 6.49% of the total poten-

tially available area down to the horizon.

Figure 8. Occurrence of visual aurora determined from all-sky camera photographs. The camera stations
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are identified in Table'IV. The magnetic coordinates are based on a simple dipole field.
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The period of data chosen for this analysis was one year, 1 November 1957 to 31 October
1958, to help minimize possible effects of night-to-day ratios and seasonal differences. In
addition, separate analysis of the data divided into the four seasons of the year was carried
out. This analysis revealed some shifts in the distributions across the zone but these effects
created relatively minor variations in the over-all shape of the zone. Hence, only the yearly
average is presented in the figure,

To search for possible effects of different diurnal distributions in the zenithal auroral occur- .

rence among the stations, diurnal curves at half-hourly intervals were plotted for each season
and each station, using the zenithal zone data only. The diurnal peak was located from these
plots and the occurrence rate at the peak noted and summed for the year. The resulting curve
of maximal occurrence of zenithal aurora is shown by dotted curve of Fig. 8.

The average radio auroral occurrences on a half-hour interval basis as noted previously
were 9.8, 21.6, 9.3 and 1.8 % for OT, SA, BL, and RB, respectively. The observational statistics
of the optical occurrences are weighted differently because ‘usable time’ is a factor. A more
realistic comparison with the optical occurrence can be obtained by taking the radio auroral
occurrence at the diurnal maximum for comparison with the similar optical rates. When this
is done, the maximum radio auroral occurrences observed at the four stations are 18, 49, 19,
and 3.2%; in the radar beam positions OT(N), SA(N), BL(S), and RB(S). From the zenithal
aurora diurnal maximum curve of Fig. 8, the optical occurrences at the latitudes corresponding
to the maximum echo regions of the four selected radar beams are found to be 63, 85, 68 and
357;. The radar auroral zone is more sharply peaked in latitude than the optical, and appears
to maximize at the same latitude. At the radar sensitivity employed here, the radio aurora
occurrence at the diurnal maximum is somewhat less frequent than the visual aurora, by a
factor of about 2 to 3. : :

8. Discussion

' The VHF radar network operated during the IGY at high latitudes clearly demonstrates
that under the intense excitation in the auroral disturbance, the conditions for strong aspect
sensitivity are not valid. Based upon several independent analyses of these data, the aspect
attenuation, at least at angles greater than 5° from perpendicularity, has a slope of about 1 db
per degree. Moreover, the relative occurrence seen from Ottawa, where the aspect angle is
within 1° of perpendicularity, compared with the radio and optical aurora seen at the other

stations in the network suggests that this aspect attenuation rate must be essentially the same -

down to 1°. If any marked enhancement occurs at exact perpendicularity, then it must be
relatively small and extremely narrow.

Numerous direct measurements of densities in aurora (McNamara, 1969) have shown that
critically-dense electron concentrations (3 - 107 cm~3 at 48.5 MHz) probably never occur even
in the most intense auroral forms, and certainly not outside the forms. It is generally accepted
now that the radar aurora at these and higher frequencies is due to under-dense back scatter-
ing from very small perturbations in the plasma, with dimensions of 4/2 metres (where A is

_ the radio wavelength).
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The source of the micro-scale irregularities (3 metres to produce back scatter of 48.5 MHz
radar waves) (McNamara, 1970), is undoubtedly due to some form of plasma instability, A
particular theoretical model which is the most developed at the present time is the two-stream
instability which generates ion-acoustic waves (Buneman, 1963; Farley, 1963). While some
characteristics of the radio aurora do coincide with the predictions of this linear theory, others
do not. For example, echoes are obtained at angles far off-perpendicular and Doppler spectra
are frequently broad and shifted by amounts that do not always coincide with the ion-acoustic
model (Hofstee and Forsyth, 1969). - ' : )

Since plasma instabilities generally require some particular combination of magnetic field,
electron density, electron temperature, electron gradient, conductivity, and electric field and
current flow in both magnitude and direction, it is not surprising that detailed correlation-
is not usually found between the occurrence or the position of particular visual auroral forms
and the occurrence of radar echoes. o

Since the data presented in this paper are derived from many observations over a period of
two years, the observational fact that radio aurora can be seen at 48.5 MHz without difficulty
over a considerable range of aspect angles must be accepted. Any realistic model of the radlo- '
aurora process must recognize this fact. E
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ELECTRON-DENSITY INCREASE IN THE
E LAYER BELOW AN ARTIFICIAL BARIUM CLOUD

By W. STOFFREGEN

UPPSALA IONOSPHERIC OBSERVATORY,
RESEARCH INSTITUTE
OF NATIONAL DEFENCE, SWEDEN

Absiract

During the first two minutes after the release of an artificial barium cloud at a height of 187
km, a local enhancement of the electron density in the E layer geomagnetically below the
cloud was observed. This observation was made by using a vertical ionospheric sounder
tuned to 2.5 MHz. A similar effect had previously been studied indirectly by means of spectral
observations at 5577 A and 4278 A. An increased emission was observed when the instrument
was pointed towards the area below the cloud in the E layer.

1. Introduction

Barium clouds have been successfully used mainly for the study of electric fields in the ionos-
phere at heights above 150 km (see e.g. Haerendel et al., 1967). When an artificial barium cloud
is released, an interaction between the cloud and the ambient atmosphere will take place, The
geomagnetic field will guide electrons from one part of the cloud down to the E layer, where
the high conductivity of this layer will facilitate the return transport of electrons up to the
opposite part of the cloud. This has been proposed by Haerendel et al. (1967), who concluded
that a local increase of the electron and ion density must thus be expected.

A detailed theoretical study of the electron density change in the E layer associated with
the artificial barium cloud has been made by Papamastorakis (1968). From these two papers,
it is concluded that within the area of the E layer, which is connected with the cloud by the
geomagnetic field-lines, a zoné of increased electron density, corresponding to the rear side
of the cloud, will be created. Another zone of decreased electron density will appear, corres-
. ponding to the end of the cloud which points in the direction of its motion.

Recently, during a rocket campaign at Esrange (lat. 68.1° N, long. 21.0° E), some evidence
was found that the barium cloud, which constitutes irregularities in the F layer, may trigger
an increased particle precipitation. During the flight of the ESRO rocket S66 on 14 February
1970, it was observed that, in connection with one of the releases, the electron flux increased
sharply by a factor of 2 and remained above the steady background for 10-15 seconds. The
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pitch-angle distribution of the electrons also changed to a direction more perpendlculan to
the geomagnetic field, according to Kohn et al. (1971).

Attempts have been made on several occasions to obtain experimental verification of the
electron- and ion-density increases in the area of the E region below the cloud (the E-down
area). As it was considered possible that an increased flux of electrons would give rise to a
slightly higher emission on OI (5577 A) and N} (4278 A), a spectrophotometer was directed
‘towards the E-down area. It soon became clear that a measurable effect could only be ob-
tained when the background emission was rather small and stable. Hence an observabIe in-
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Figure 1. Enhancement of emissions OI (5577 A) and N3 (4278 A) from an area in the E- layer geomagneti-
cally below an artificial barium cloud.
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dication of an enhanced emission was only expected when the release took place during
undisturbed conditions. On two occasions (23 March, 1968 and 15 March, 1969), an increase
of the emissions of at least 2-10%, was observed. One typical feature of the optical records
was that the increase started about 5 s after the release. The probable reason for this delay is
that the ionization of the cloud is produced with a corresponding time constant. In Fig. 1 four

examples of an observed increase of emissions from the E-down area are shown, according to--

Stoffregen (1970).

2. Direct observation of the electron«den_sity increase

Any direct measurement of an E-down area effect is of importance for the understanding of
the behaviour of an jon cloud. Such measurements can be made by means of an ionospheric
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sounder situated as close as possible below the E-down area. The sounding station at Esrange
used for the observations reported here is located =30 km to the north of the launching site,
approximately directly below the apogee of the estimated rocket trajectories. During the actual
ESRO experiment (S87, March 1971), the trajectory of the Skylark rocket was such that the
E-down area was at an elevation of a¢75° with respect to the ionoSpheric sounder. This is
well within the radiation diagram of the sounder’s antenna. As the normal operation--of the
sounder only permits complete sweep-frequency records in one minute, which is too slow for
this purpose, the sounder was adjusted to a fixed frequency. During the first barium release
on 15 March, 1971, a frequency of 0.5 MHz was used. Because of high absorption, no ionos-
pheric reflections were recorded at all. A frequency of 2.5 MHz, about 1 MHz above the criti-
cal frequency of the E layer at this time of day, was chosen during the next experiment on
24 March, 1971. The record of this event is shown in Fig. 2. Before and after the fix frequency
sequence, the recorder scanned. over the frequency range of 0.25-20 MHz, A rather strong
sporadic E layer with a critical frequency varying between 4 and 5 MHz was present during
the actual period. The normal E layer could not be identified but is known from records on
the days before and after to have had a critical frequency, foF between 1 and 1.5 MHz at
1930 h. - o

- The record is not perfect, in that the recording oscillograph tube was not correctly adjusted,
so that because of overloading by the signal the image of a strong echo was broadened. For
this reason, the height of the reflections had to be measured when they were weak. This tech-
nical imperfection, however, was of benefit, as it enabled us to scale the broadening as an
arbitrary measure of the amplitude of the reflections. This is plotted in the lower part of
Fig. 2.

3. Discussion

In discussing these observations, the primary question is whether the measured enhancement
is a real E-down effect or not. The height of the cloud was measured as 187 km. A direct
reflection from the cloud cannot be expected because of screening due to the presence of
a strong Es layer. The second reflections have to be regarded as a multiple reflection
(2 X Es) from the sporadic E layer. This is confirmed by the fact that the I X Es reflection
is enhanced too, as shown in the diagram. Finally, there remains one possible objection,
and this is that the observed enhancement is purely accidental and due to ionospheric
activity. In that case, however, one would expect a corresponding change of the geomagnetic
records as well as of the auroral activity. No evidence has been found for this.

On the other hand, it is striking that the start of the observed increase of electron density
was delayed by almost exactly the same time as was observed earlier by other techniques
(Fig. 1), i.e. by approximately 5 seconds. The duration of the increase is of the order of 2
minutes. Compared with three of the optical observations {Fig. 1), the duration is somewhat
lbnger. Because of instrumental noise, the optical records are extremely difficult to deduce,
especially when the increase is only a few per cent. However, the upper curve in Fig. 1, which
unfortunately is interrupted because of the observation of a second cloud, shows an increase
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of the emission to about 10%/. If the observation had continued, this emission would probably ~
have decreased to the background level at a time comparable with the observation in Fig. 2.
Both before and after the record of the rather strong multiple reflection 2 X Es, only the
1 X Es was present. It seems rather unlikely that an accidental increase would appear and
disappear in this manner. To obtain further confirmation of this observafion, the increase
discussed here should be further investigated. -

4. Concluding remarks

It is not yet understood in detail how an electron transport from the barium cloud towards
the E layer igs started. At an early stage it was assumed that electrons Jrom the cloud were
guided along the geomagnetic field lines to the E layer below because of high conductivity
along the line of force. The probability that energetic electrons are involved in this process
is still being discussed. Evidence has recently been found for a sudden increase of the energetic
- particle flux immediately after release. In any case, when electrons from a higher altitude
penetrate into the E layer, this will cause a local density gradient. If this gradient, AN/N, is
- very pronounced to begin with, it will give rise to radio reflections and scattering from this
area. Diffusion and recombination will smooth out such gradients fairly rapidly and the radio
reflections will disappear. In the case reported here the E-down area was slightly off the posi-
tion of the ionospheric recorder (elevation ~ 75°). Hence, if after somé time the gradient
tends to be horizontally orientated, reflections from this area may disappear quite abruptly,
as the observations have shown.
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Abstract

A survey of the established features of VLF emissions is given. The characteristics of the
propagation of emissions in the magnetosphere and ionosphere are reviewed with emphasis
on those topics that are important in determining the regions in which emissions are generated.
Both single particle and collective processes that have been studied as possible sources of VLF
emissions are discussed. A number of recent experiments involving rockets and satellite-borne
instruments have provided new clues to the generation process and these are briefly summa-
rized. :

1. Introduction

A wide variety of naturally occurring emissions (Helliwell, 1965) is found in and around the
VLF band of the radio spectrum. Ground based observations of these emissions have shown
that they be relatively steady for several minutes or even hours, or they may occur in discrete
bursts lasting for as little as a fraction of a second. Generally the emissions are confined to
welldefined and often quite narrow frequency bands, with bandwidths ranging from a few tens
of hertz to twenty or thirty kilohertz. Several frequency bands may sometimes be observed
simultaneously, but they are not normally harmonically related. Regular diurnal variations in
the occurrence of VLF emissions have been found as well as systematic variations with geo- -
magnetic latitude. They are observed most commonly at middle and high latitudes, are gene-
rally localized in geographic extent, and in some cases are closely associated with whistlers.
Emissions observed at geomagnetically conjugate locations are often closeiy related both in
form and in time of occurrence. While many unanswered questions.about their generation
remain, the available evidence indicates that the emissions seen on the ground propagate to
the earth in the whistler mode from a region of generation in the jonosphere or magnetosphere.
The advent of satellite observations of VLF emissions (Barringtén and Belrose, 1963) has
led to a great inpouring of new information, but as yet this increase in experimental know-
ledge has not been matched by a corresponding increase in theoretical understanding. In part
this is because the satellite-borne sensors, in addition to the types of VLF emissions observed
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by ground based instruments, have also found a number of new types. Moreover, for satellite

observations many of the assumptions that are valid on the ground (Cornwall, 1970) no

longer apply. In a plasma such as the ionosphere and magnetosphere, both electromagnetic |
and electrostatic VLF waves can propagate, but only electromagnetic waves can escape and
reach the Earth’s surface. For whistler mode waves to escape from the ionosphere they must
normally be incident on its lower regions at a small angle to the local zenith, whereas a satellite

sensor can usually detect waves propagating in an arbitrary direction. In view of such factors
it is not surprising that during the first decade of space observations much of the eﬁ‘ort has

been spent in relating satellite and ground observations of emissions.

In this paper recent observations of VLF emissions, particularly by satellites, are rev1ewed
These results are discussed in the light of current theories of the generation of VLF emissions
and recent advances in the field of plasma physics. In order to provide a meaningful frame-
work in which to discuss these current theories and observations certain features of magnetos-
pheric propagation must be considered. These are particularly important in attempts to deduce
the regions in which VLF emissions are generated. To simplify the situation only frequencies
above the maximum proton gyrofrequency will be considered. This restriction excludes a
number of intense and interesting emissions that occur at frequencies of a few tens or hundreds
of hertz, but these are normally restricted to the ELF band. There is also increasing evidence
that many such emissions are not closely related in their generation to those found at VLF
frequencies (Barrington, 1971).

2. Propagation of VLF emissions

While VLF emissions are generally found to propagate in the right-hand circularly polarized
whistler mode, two significantly different types of propagation are encountered. As was origi- "
nally pointed out by Storey (1953), the refractive index surfaces for the whistler mode are
highly anisotropic, leading to the guiding of whistler waves in the direction of the Farth’s
magnetic field. In the terrestrial ionosphere, however, with its relatively small gradient in the
refractive index transverse to the field direction, the wave normal direction does not change
as rapidly as the direction of the field. As a result the ray may deviate progressively from the
direction of the Earth’s fields. For frequencies below hybrid resonance frequency, propagation
transverse to the field is permissible, and hence an increase in the angle between the ray and
the field direction may lead to reflection. The magnetospherically reflected (MR) whistlers
observed by satellites (Smith and Angerami, 1968) demonstrate that such reflection does in
fact occur. Frequently, whistler mode wave packets have been oBbserved to bounce back and
forth several times between reflection points. Such propagation has been termed non-ducted
and has the following characteristics: the signals can be observed by satellites but not on the
ground, the propagation path depends on the waves launch angle and frequency as well as
on the properties of the medium, and the wave normal angtes with respect to the field direction
are usually large. '

A second, and in some ways more complicated type of propagation, has been termed the -
ducted mode. Here the waves are trapped or confined by field-aligned columns or ducts of
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enhanced ionization. As in a waveguide they are constrained to travel primarily along the
axis of the duct. Thus the path of propagation is determined by the duct and is independent
of frequency and wave normal direction. Usually, ducted propagation is assumed to be longi-
tudinal since the dispersion of whistlers travelling in such ducts is fairly accurately described
on the basis of this assumption, and the physics of duct formation suggests that they should
be field aligned. Ducting is important in the analysis of VLF emissions since most of the --
emissions seen on the ground have propagated in ducts. In addition, whistlers travelling in .
ducts often appear to trigger emissions, Only occasionally are ducted emissions seen by satel-
lites, presumably when the satellite happens to be in a duct at the same time as an emission,
Whistler evidence suggests that ducted propagation occurs primarily within the plasmasphere,
1.e. the innermost region of the magnetosphere that is characterized by relatively high elec-
tron density and is in diffusive equilibrium with the ionosphere (Carpenter, 1966). Satellite
observations of ducted whistlers over a broad range of latitudes suggests that there is often
considerable leakage of whistler mode energy from the ducts. ' .

The question of ducting or non-ducting of VLF emissions is important in deducing the
region in which emissions originate. Of similar importance is the direction of propagation of
an emission and in particular whether it is upgoing or downgoing. The ability of the VLF
experiment onboard the Injun V satellite (Mosier and Gurnett, 1969) to determine if the
Poynting flux is directed up or down the geomagnetic field represents an important develop-
ment in this area. For discrete VLF emissions, where only waves propagating in a specific
direction are encountered, the sign of the Poynting flux indicates whether the signals are pro-
pagating up or down the geomagnetic field. When many waves with different wave normal
angles are present the sign of the average Poynting flux of all the waves can only be determined
in special circumstances, i.e. near any gyrofrequency or for waves whose normals are uniformly
distributed in the.plane perpendicular to the direction of the magnetic field (Mosier and
Gurnett, 1971). : |

Gurnett et al. (1971) have employed the Injun V Poynting flux observations to study a
number of types of VLF emissions. Their results indicate that generally chorus is downgoing
although occasionally at invariant latitudes of less than 60° upgoing chorus is found. In such
cases the transition from upgoing to downgoing propagation usually occurs near the boundary
between the plasmapause and the light ion trough with the upgoing waves observed inside
the plasmapause. Of the several types of VLF hiss observed by satellites, all are found to
consist of a mixture of upgoing and downgoing waves. Since much of the hiss is observed to
be downgoing and is at frequencies above the LHR frequency it must be generated in the
opposite hemisphere or at higher altitudes than the satellite. At present it Has not been deter-
mined whether the upgoing hiss is generated below the satellite or is due to the reflection of
downgoing waves.

Another question related to the propagation of VLF emissions is whether any of the emis-
sions observed by satellites are due to electrostatic waves. In the vitinity of the lower hybrid
resonance both theory and experiment indicate that waves propagating transversely to the
field are essentially electrostatic (Gurnett et al., 1969). These authors also report the observa-
tion by Injun V of bands of noise that have an electric field component but no magnetic field.
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Such noise bands are not related to the local LHR frequency and could be due to electrostatic
waves. Injun V also observes effects at harmonics of the proton gyrofrequency. These are
attenuation bands and although most clearly defined in the electric field spectrum, they are
also observed in the magnetic field spectrum. As a result the waves involved in the gyrofre-
quency harmonic interaction are probably electromagnetic. OGO 5 (Kennel et al., 1970) has .
observed magnetospheric electric field emission, as well as the sporadic narrowbanded. electric
field bursts observed in interplanetary space. These latter are probably electron plasma oscilla-
tions. Scarf et al. (1969) have also suggested that some of the emissions seen by OGO 5 in
interplanetary space may be due to ion acoustic waves. Undoubtedly, electrostatic as well as
electromagnetic waves are generated in the warm magnetized plasmas of space. In many in-
stances, however, the separation of these waves into pure electromagnetic or pure electrostatlc
waves is an over-simplification of the types of waves that are encountered.

3. Theories of the generation of VLF emissions

There is fairly general agreement that VLF emissions result from wave-particle interactions-

occurring within the terrestrial ionosphere or magnetosphere. Such interactions are of prime -

importance in the developing field of plasma physics and considerable progress has been made
in the past decade in their study, In the magnetosphere, plasma conditions that cannot be
duplicated in laboratories exist, and hence the wave-particle interactions that generate VLF
emissions are potential new tools for the study of plasma physics. As yet, however, there is
little general agreement on the details of the interactions that lead to partlcular types of VLF
emissions. ,

Early theories of VLF emissions concentrated on well- known processes by which charged
particles radiate electromagnetic waves. In the ionosphere and the magnetosphere, energetic
particles move along helical trajectories, and the radiation resulting from such motion has
some unusual properties due to the dispersion and anisotropy of the plasma in these regions.
When the local phase velocity is less than the particle velocity the polarization induced in the
medium by the charged particle leads to Cerenkov radiation. The acceleration associated with
the gyration of particles about the field direction produces cyclotron radiation which is ap-
preciable in the low-order harmonics at Doppler-shifted frequencies. In both cases the energy
is radiated along cones in the magnetic field direction due to the symmetry of the medium.
Cerenkov radiation is always emitted in the foreward hemisphere with respect to the motion
of the particle’s guiding centre. For the whistler mode, cyclotron radiation from electrons is
emitted entirely in the backward hemisphere. N

Liemohn (1965) has carried out an extensive analysis of the radiation from electrons in a
cold collisionless magneto-plasma. He has evaluated the complicated analytic formulas for
the radiated power for several special cases. For the whistler mode most of the energy is found
to radiate along wave normals at large angles to the magnetic field direction and to occur at
frequencies other than the rectilinearly Doppler-shifted fundamental cyclotron harmonic. Using
reasonable approximations to eliminate the resonance singularity of the whistler mode refractive
index for a cold collisionless plasma, the total power radiated into this mode is found to be a
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slowly varying function of frequency and electron energy and has an average. value of 10-30
watts per hertz per electron. Liemohn concludes that for incoherent radiation this power level
per particle is inadequate to explain the observed intensities of VLF emissions.

Jorgensen (1968), using satellite and ground based observations of VLF hiss intensity and
space observations of the flux of electrons, has proposed that the incoherent Cerenkov process
could explain the intensities of auroral hiss. The differences between Jorgensen’s and Liemohn’s

calculations lie in their estimates of hiss intensity, the flux density of suitable electrons, and - -

the L value of the tubes of force on which the mechanism is operative, In view of Jargensen’s
work, it is not possible to rule out incoherent processes as a source of some types of VLF
emissions, It is clear, however, that mid-latitude hiss and many forms of discrete emissions
are of such intensity and so located that they cannot be explained by an incoherent process.
In studying emission processes involving coherence, it is usual to work with dispersion
relations, assumed particle distribution functions and to look for the existence of instabilities
and their associated growth rates. Such an approach is not only a powerful tool for studying
VLF emissions but it can be extended to show the impact of VLF wave fields on the precipita-
tion of particles. This has brought into focus the fact that not only can energetic particles lose
energy wave fields, but also VLF waves can have a significant impact on particle precipita-
tion. The question of which way the energy may flow depends critically on the detail of the
particle distribution function and on the amplitude and wave normal angles of the waves.
Here, however, consideration is limited to the production of VLF emissions and hence only
cases where the particles lose energy to waves are considered.
 While a number of instabilities may occur in the ionospheric and magnetospheric plasma,
the transverse cyclotron instability has undoubtedly attracted the most attention as a candidate
for explaining VLF emissions. This instability may occur with a proton or electron beam and -
requires that the Doppler-shifted wave frequency seen by the particle equals the particle gyro-
frequency and has the same sense of rotation. Since whistler mode waves are right circularly
polarized, their fields rotate about the Farth’s field in the same sense as an electron and in
the opposite sense to that of protons. Thus, an anomalous Doppler-shift (i.e. the frequency
must be shifted through zero so that a reversal of polarization occurs) is required to obtain a
transverse instability involving whistler-mode waves and protons, whereas for an electron beam
the Doppler shift is normal. As Brice (1964) has pointed out, when an electron beam ‘produces
VLF waves as a result of this instability, the longitudinal energy of the beam increases and
the transverse energy decreases, leading to a reduction in the average pitch angle of the beam
particles. Thus an electron beam in which the particles have no transverse energy cannot gene-
rate whistler mode waves by this process. For a proton beam, if this instability generates
whistler mode waves, the longitudinal energy of the beam decreases, the transverse energy
increases, and the average pitch angle increases. Thus a proton beam that contains no trans-
verse energy can still generate whistler mode waves by this mechanism. Brice has proposed
that this mechanism operating in the equatoriai plane can account for the intense VLF emis-
sions that are observed, since such an instability can involve feedback between the waves and
the electrons and hence can be self-sustaining over a relatively long time. Bell and Buneman
(1964) have studied this possibility in some detail. x
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For instabilities involving a longitudinal resonance between whistler mode waves and par-
ticles the longitudinal velocity of the particle must match the wave phase velocity and the
wave electric field must have a longitudinal component. The observed flux densities of the
particles that can satisfy this resonance condition are such that only electrons are likely to
produce VLF emissions by this mechanism. The whistler mode waves are generated at the
expense of the longitudinal energy of the electron beam with no effect on the transverse energy.
Thus, particle precipitation as a result of this instability occurs only when whistler mode waves
give up some of their energy to electrons.

Many proposals (Kimura, 1967) involving one or another of the mechanisms that have
been described have been made to explain the discrete types of VLF emissions seen both in
satellites and on the ground. None of them, however, adequately explain the narrow band-
width, the rapidly varying frequency, and the long duration of these emissions. Since discrete
emissions and those triggered by whistlers or VLF transmitters are very similar, it seems
possible that they both may result from very similar processes. If this is correct then two
features of artificially stimulated emissions provide valuable clues to the type of mechanism
required to explain them. One is that there is a delay of about 100 ms between the onset
time of the triggering signal and the time the triggered emission begins. This time tends to
be longer than the dot and shorter than the dash of a coded VLF transmission. Secondly, -
since triggering is often observed when no spontaneous emissions are present, a small signal -
instability may not be required to produce the observed emissions. |

To explain these features of discrete emission Helliwell (1967) has developed a phenomeno-
logical theory that is predicated on the cyclotron resonance between whistler mode waves
and energetic electrons. In this theory a feed-back between waves, and electrons connected
with the oscillation of the electrons in the magnetic ‘potential well’ of the wave is invoked.
This feed-back occurs over a period of about 10~ s and a path length that is long compared -
to the wavelength. In essence the feed-back or interaction region is determined by the path
length over which the phase angle between the transverse velocity of the electron and the
magnetic field of the wave lies within 4 s radians. Typically the interaction region is 1000 km,
and the variation of gyrofrequency and the spread in parallel velocities of the resonant elec-
trons of this region would lead to emission bandwidths of about 100 Hz.

The narrow band emission comes from the current associated with the resonant electrons
that are bunched in phase with the output wave. As electrons move through the interaction
region they are acted on by a longitudinal force due to the magnetic field of the wave. This
force causes the electrons to execute an oscillatory motion about their position in the absence
of the wave and leads to phase bunching, with a bunching time Elependent on the amplitude
of the wave magnetic field. An increase in this field beyond a critical value leads to a decrease
in the physical length of the bunching region without a corresponding increase in the asso-
ciated transverse current that produces radiation. Thus the amplitude of the emission is limited
by a process that is more or less independent of the strength of the triggering wave and hence
could explain the almost constant intensity of discrete or triggered emissions. The bunching
time is typically about 30 ms and this coupled with the time for waves to traverse the inter-
action region leads to a time delay between the emission and the triggering pulse of about
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60 ms which is not too different from the observed 100 ms delay.

A rapid change of frequency with time, as is often characteristic of VLF emissions, results
from the fact that the radiation from each electron changes in frequency as the electron moves
through the interaction region due to the changing parameters of the medium. If it is assumed
that energy is conserved in the interaction region then this region must drift. ‘For drift across
the equator in the streaming direction a hook in the frequency time spectrum results. Drift --
- in the opposite direction inverts the hook, while successive crossings of the equator yield an
oscillating tone. Thus a wide variety of spectral forms can be produced by this mechanjsm.
The drift velocity of the interaction region does not affect the rate of change of frequency
with time for a specific emission, since this is determined solely by the distance of the inter-
action region from the equatorial plane. _

Das (1968) has developed independently a theory of VLF emissions that invokes the same
basic process as Helliwell’s. There are, however, significant differences in their conclusion,
In the Helliwell model a cyclotron resonance instability is not necessary since all the energy
for the emission comes from the triggering wave. In Das’s work non-linear effects such as
trapping are shown to lead to enhancement of the growth rate of this instability for particular
narrow frequency intervals, and hence the energy of the emission can be obtained from the
electrons. Both workers conclude that the required triggering power is proportional to the
fourth power of the trigger pulse length, but neither approach at present explains the pre-
ference for triggering at one half the equatorial gyrofrequency.

Instabilities involving electrostatic waves have received far less attention in the contex of
VLF emission theory since little observational evidence exists to show that such waves occur
in the ionosphere or the magnetosphere. Some calculations have been made and these show
that the plasma density must exceed some critical value for instability, but this criterion is
usually met in the magnetosphere. There are also indications that the instabilities tend fo
occur at even or odd multiples of half the electron gyrofrequency. As indicated in the next
section there is growing evidence to support the existence of electrostatic waves in the mag-
netosphere and this will no doubt attract attention to the theory of the instabilities in which
they are important.

4. Satellite observations of VLF emissions

Satellite observations of VLF emissions have yielded considerable information on the spatial
and temporal distribution of VLF emissions. There are a number of prolﬂems encountered
in determining such distribution. When narrow-band receivers are used, it is easy to determine
the intensity of the noise seen at a given frequency, but it is not usually possible to differentiate
between different types of noise. Broadband receivers permit the identification of different
noise types, but in many cases it is difficult to determine the intehsity of a particular type
accurately. Observations by both the Alouette (Barrington et al., 1971) and Injun (Gurnett,
1966) satellites indicate that the most intense noise is found in the ELF part of the spectrum
and is primarily a daytime phenomenon, with a maximum occurrence around local. noon at
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Figure 1. The variation in local time and latitude of three types of noise observed by the Alouette and ISIS
satellites. The noise contributing to the ELF map always has a peak in its intensity at frequencies of a few
hundred Hz. The LF map gives the mean intensity of noise observed at a fixed frequency of 200 kHz. The
LHR map plots the average of the maximum intensities of noise bands that are cut-off at the LHR frequency.

an invariant latitude of about 60°, These features are illustrated by the contour plots shown
in Fig. 1. e _ ] ,
- The commonest form of emission in the VLF part of the spectium-is auroral hiss. These
emissions are extremely broadband- (Laaspere et al., 1971) extending usually from approxi-
mately the. local lower hybrid resonance frequency to frequencies of the order, but aiways
less than, the local electron gyrofrequency. The latitude of maximum occurrence of auroral
hiss varies throughout the day in much the same way as-the auroral oval of Feldstein (cf.
this volume), but lies slightly on the poleward side of this region. Maxima in the occurrence
rate of this hiss occur near noon and midnight, but the intensity of the hiss is somewhat
greater on the noon side of the Earth as shown in Fig. I. '
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Dunckel and Helliwell (1969) have observed VLF emissions using OGO 1, a magnetospheric -
satellite. These observations differ from those made with low altitude satellites such as Alouette
and Injun, in that they include downward propagating emissions that are reflected or absorbed
at high altitudes. In the magnetosphere, emissions are found at all local times except for the
midnight to dawn sector, at L values exceeding 5. The intensity of these emiissions peaks at
L values of 4 and 9 and at a local time of 1000. The upper frequency limit of most of the --
emissions is proportional to the minimum electron gyrofrequency along the magnetic field
line on which the satellite is situated. No emissions were observed beyond the estimated
position of the shock boundary.

. Satellites, in addition to providing new insight into the occurrence and characteristics of the

VLF emissions seen on the ground, have discovered new types as well. Burtis and Helliwell
(1969) have reported that the OGO 1 and OGO 3 satellites observe a new type of VLF radia-
tion in the magnetosphere that they call ‘banded chorus’. The frequency, f, of this chorus
depends on the equatorial electron gyrofrequency, fio, for the field line of observation, and
ratios f/fmo of 0.2-0.5 are typical. This ratio is also found to be latitude-dependent with the
lower values of the ratio occurring at higher latitudes. This chorus has been 6bserved at all
local times but is most common during the morning hours outside the plasmapause. It is
claimed that these emissions are produced near the equator at a fraction of the equatorial
electron gyro-frequency by the electron cyclotron resonance generation mechanism.

The OGO 5 satellite in addition to detecting banded chorus has also yielded interesting data
on what appear to be electrostatic waves (Kennel et al., 1970): These emissions are localized
near the geomagnetic equator on auroral lines of force and occur at frequencies above the
local electron cyclotron frequency fxo. They are typically narrow band emissions and the
most commonly occurring frequency is 3/2 fg. The electric field intensities of these waves are |
in the 1 to 10 millivolt per meter range, implying that these waves could be effective sources _
of pitch angle diffusion and energization for electrons. OGO 5, unfortunately, lacks appro-
priate wave magnetic field diagnostics and hence the identification of these waves as largely

st
Figure 2. Saucer-shaped emissions observed by the Alouette 11 satellite. Two events of a few seconds in
duration can be seen around the 1 minute mark of the upper trace. These occur in conjunction with other :
saucer-shaped events with durations of about 20 seconds. ;
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electrostatic must be considered tentative. There are, however, several indirect arguments
supporting this identification.

The Alouette satellites were the first to detect a type of VLF emission that has been termed
by Gurnett et al. (1971) a saucer-shaped emission. Figure 2 shows an example of such an
emission. An analysis of these events using the Poynting flux technique of Gurnett shows clearly
that all frequency components of such events propagate up the geomagnetic field. At present
this is the only type of emission whose origin is definitely known to be at low magnetospheric
altitudes, i.e. below a few thousand kilometers. These emissions have only been observed by
satellites, and, particularly for the short duration events, their hyperbolic form is often quite
symetric. Gurnett et al. (1971) has reported that the same saucer event has been seen on as
many as three successive orbits of Injun 5, indicating that the frequency fime spectrum is
primarily a spatial rather than a temporal effect. It has been proposed (Mosier and Gurnett,
1969), that the frequency time spectrum is due to a frequency dependent limiting ray angle
for whistler mode propagation from the source to the satellite. At a given frequency the ob-
served intensity variations are postulated to be due to the motion of the satellite through thearray
of possible ray paths from the source to the satellite. Smith (1969) has suggested that the source
of these emissions is an auroral beam that radiates over a limited region (perhaps at the
altitude of break-up of the beam). He has also found evidence in saucer events that extend to
low frequencies that he interprets as due to the presence of electrostatic beam modes. In fact
he suggests that the minimum frequency of a saucer event is an increasing function of the
minimum distance from the satellite path to the source beam.

Since all forms of VLF emissions with the possible exception of those triggered by whistlers
or Barth-based transmitters are thought to derive their energy from energetic particles, there
have been many attempts recently to correlate emission observations with energetic particle
data. Oliven and Gurnett (1968) have reported that the Injun 3 satellite has observed that
microbursts of precipitating 40 keV electrons are always accompanied by a group of VLF.
chorus emissions, but that chorus is not necessarily accompanied by microbursts. In this study
it was not generally possible to find a one to one correspondence between individual bursts of
chorus and particular microbursts.

Using rockets, Gendrin et al. (1970) have observed VLF emissions and particle fluxes simui-
taneously. During chorus events an increase in the flux of newly injected electrons, both
trapped and precipitated, was detected. When periodic hiss emissions were observed, a hydro-
magnetic wave of the same period and fluctuations in the intensities of trapped electrons were
present. These observations are interpreted as ev1dence of pltch—angle scattering of electrons
associated with VLF emissions.

Rosenberg et al. (1971) have reported on simultaneous X-ray observations and VLF obser-
vations made from balloons over Siple Station in the Antarctic. The X-rays arise from the
precipitation of energetic electrons. During a period of enhanced activity at Siple Station a
one to one correlation was found between short X-ray bursts and discrete VLF emissions
with a centre frequency near 2.5 kHz. ‘

A significant step in the study of wave particle interactions that generate VLF emissions
has been taken by Cartwright and Kellogg (1971). These experimenters used a rocket-borne
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electron gun to inject bursts of electrons of 3545 keV energy into the ionosphere over a
range of pitch angles from 65° to 115°. Receivers installed in a capsule that was ejected from
the main part of the payload observed the radio spectrum from 16 Hz to 10 MHz. It was
found that the electron beam generated waves at frequencies around the local plasma frequency
and over the full whistler range from the low frequency limit of the receiver. The authors
consider that this radiation is generated by a Cerenkov-like emission from the electrons of -

the beam. In addition to this radiation a 50 eV argon ion beam, used to keep the accelerator - -

payload neutral, generated a hiss band centred close to the lower hybrid resonance frequency.
The amplitude of this hiss was modulated at the spin rate of the accelerator payload and the
minimum intensity occurred when the plasma jet was directed away from the nose cone con-
taining the receivers.

Summary

Both theory and experiment over the past decade have revealed that VLF emissions are an
integral part of the wave-particle interactions that occur in the ionosphere and the magnetos-
phere. As such they provide a valuable tool for detecting and studying such Interacuons since
they can be observed and recorded at locations remote from the interaction region. Thus, it is
not unrealistic to anticipate that with time such emissions will become a convenient monitor
of the behaviour of the magnetosphere and its interactions with the solar wind and with the
interplanetary plasma.
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