Abstract

After the general introduction, characteristics of the world-wide distribution of
the current origin for polar magnetic disturbances was examined systematically: positive
bay, sharp negative bay, broad negative bay and giant pulsation are studied with
special reterence to the distribution of their equivalent current systems. Somec remarks
are also given for the peculiarity of the current system responsible for gaint pulsations
(Chapter 1).

In comparison with the geomagnetic nature in polar disturbances, the world-wide
patterns of foEs and A’E are shown in the next chapter. When examined in the light
of world-wide pattern, the distribution of ionospheric activity (increase in foEs) is tound
to be quite similar to the geomagnetic activity around the auroral zone. There is also
an evidence for a systematic fall of A’Es throughout the night in the auroral zone
(Chapter II).

The subsequent chapter is devoted to the description ot the world-wide charateristics
ot aurora, with reference to its altitude distribution pattern, which revealed itself to
have strong resemblance to that of /'Es. From the resemblance, the origin of the two
phenomena is first concluded to be common, and is suggested to be due to the effect of
incoming corpuscular stream which penetrate into the level of the two disturbance
phenomena (Chapter III).

A brief summary of the statistical results reached in the preceding chapters is
given in the next chapter and the problems which are left unsolved in Part I (Chapter I-
V) are also summarized. They include the problem of altitude effect on the disturb-
ance phenomena, which is later solved in Chapter VIII (Chapter IV).

Subsequent chapters belong to Part II of the present paper, in which the numerical
relations among the upper atmosphere disturbance phenomena are mostly discussed.
To make clear the problems which will be dealt with in Part II, the physical quantities
concerned are examined and selected for establishing inter-relations among the disturb-
ance quantities. Then, the most important of them are concluded to be the magnitude
of horizontal disturbance vector in geomagnetic field, maximum electron number density
and the height of the level of the maximum density in Es layer or cloud and auroral
zenith luminosity of 25577 (Chapter V).

In introducing to part II, the relationship between the maximum number density of
electrons in Es (nmax) and auroral zenith luminosity of 25577 (J (5577)) are examined



with some references to the luminosity of NG based on the data at Syowa Station, the
Japanese Antarctic Base. From the examination, it is established here that in an equi-
librium state in aurora, f (5577) is proportional to the second power of nmay, with a pro-
portionality constant 5 X 10—10 KR/ (electrons/um?)2, such as J (5577) =5 X 10-10n2y,,,,

The dependence of the proportionality constant on the altitude of disturbances is
also examined. Further, [rom the dependence on altitude is obtained the dependence
of effective thickness of auroral display on altitude, which in connection with the
altitude dependence ol eflective recombination coefficient, is lound to result in only a
little altitude eftect on the proportionality constant (Chapter VI). The study is [urther
extended to the relationship between the magnitude ol horizontal disturbance vector in
gcomagnetic field (|AH|) and auroral zenith luminosity of 25577 (J(6577)). It is
lound that J (5577) is proportional to the second power of |[AH| in an equilibrium
state, as so 1s in J-n.,, relation. But there is a number of factors which modily
appreciably the relationship. A consideration, in which the tactors are assumed to act on
the proportionality constant in terms of a [actor due to integration in some cases and
ol a factor due to impedance eftect in the ionosphere in some others, is developed (cl.
Chapters VII and VIII). It is conduded {rom the consideration above that simple
relation holds between |AH| and J(5577) such as, J(5577)in xR = 3 X 10-3 |AH |2
in the case of isolated bay disturbances, and the relations in cases of severe storms, SSC*s,
giant pulsations and short period pulsations can be interpreted as some modifications
of the “standard” relationship. In addition, some remarks are given on a sort ol giant
pulsations which seems to have no rclated and ionospheric phenomena ol appreciable
magnitude (Chapters VII and VIII).

In Chapter IX are given summaries and discussions on the conclusions reached in
Chapters VII and VIII. On the relationship between |AH| and ] (5577), the factors
which affect the relation, namely, the altitude effect, the effect of integration, the
impedance effect and the change in electric field (Chapter IX) are discussed. By using
the numerical relations among the disturbance quantities, an attempt is made to inter-
pret the world-wide characteristics of the disturbance phenomena around the auroral
sone. Then, it is shown that almost all the magnetic, the ionospheric and the auroral
phenomena, except a sort ol giant pulsations, may be reasonably attributable to the
anomalous ionization with simultaneous excitation of the upper atmosphere particles
due to the incoming of electrons with the energy ranging {from 500 ev to 10 kev. The
electric field in auroral lorms is also studied in connection with some observational
evidences which may indicate a possibility of its existence in the lower ionosphere during
severe magnetic disturbances (Chapter X). In concluding, some of the important re-
sults obtained, with the problems which remained unsolved in the present paper, are
summarized in Chapter XI.



GENERAL INTRODUCTION

It has been known for a long time that geomagnetic disturbances and the auroral
displays have certain essential features in common, and the explanation of their physical
mechanism is one of the oldest problems in geophysics!—6). The fact that the magnetic
disturbances and auroral displays are concentrated around the auroral zone, has long
led to the belief that the pbenomena are caused by high-speed charged corpuscles
guided towards the regions by the action of the earth’s magnetic field. These ideas
have received strong support from laboratory experiment with “Terrela” as first per-
formed by BIRKELAND?).

A direct proof of the entry of high-speed corpuscles into the upper atmosphere has
been first obtained by the asymmetrical broadening of He (26562) line in the aurora by
MEeINELS) and GARTLEINY). MEINEL had noted that the asymmetrical broadening is
observed only when the direction of observation is along the magnetic lines of force.
He concluded from his observation that, during a moderate aurora, the shift may cor-
respond to a mean energy of incoming protons of 2 kev, with a maximum 10 kev, and that
during intense auroral displays energy amounts up to 60 kev has been recorded. Recent
development of rocket technique has made it possible to examine the nature of incoming
particles directly and in full detail. Davies, BErR¢ and MEerEDITHIO) have found that
with the aid ot the data of four aerobee rockets which through the auroral rays, the
most part of incoming particles are electrons with energy higher than 10 kev. The
same kind of result have been obtained at about the same time by McILwaINlD), by
using IGY rockets II 6.26 F and II 627 F. His results are summarized in Table 1.

Table 1. Incoming particles during auroral display.

Rocket Object Flux Energy range
I1 6.26 F Auroral glow of 2.5X10° e—E/30 protons/sec cm? sterad. 80-250 kev
about intensity 1 2.5x10° e-E/5 electrons/sec cm? sterad. 3-30 kev
I1 6.27 F Bright active 0.75 J is due to monoenergetic
auroral arc electrons with energy of about 6 kev
5x 101 electrons/sec cm? sterad. (peak)

Other kinds of evidences were presented in the ionospheric observations in high
latitudes. As early as 1932, ionospheric storms accompanying magnetic storms and
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auroral displays were found at Troms6é during the Second Polar Year. In particular.
it was sometimes found that a strong absorption region was formed in the lower E layer,
while the electron density in the ionospheric F2 region was generally reduced. The re-
search of the abnormal ionization in the lower E layer in the polar region has been
futher developed by Osavyasur and Hakural!213). They have made an extensive analy-
sis of ionospheric blackout, which is an outstanding feature in the polar ionosphere, and
concluded that, some kinds of high-energy corpuscles are invading the polar region
causing polar-cap blackout before the onset of magnetic storms, and that the blackout
region moves to concentrate along the auroral zonc as the magnetic storm proceeds.

In addition to the ground observation on earth storm, new knowledge on the
physical condition of the earth’s outer atmosphere has been brought out {rom direct
observations Dby artificial satellite!4.15,06). The first Explorer satellite, launched in
1958, showed that a large number of charged particles are trapped around the earth by
its magnetic field above 1000 km. The deep space probes established the existence of
two Van Allen radiation zones, the inner zone extending {from about 1000 to 6000 km
at low latitudes, the outer sone extending out o 6 earth radii or more in the equatorial

plane. The characteristics of the radiation zones may be summarized as follows (Table

2).

Table 2 Observed particles in the radiation belts.

Outer zone Inner zone

height 1000-6000 km 1000 km
majority ol 101! clectrons/cm?® scc 20 kev 10° clectrons/cm? sec 20 kev
particles 100 protons/cm’ sec 60 Mcv 2 X 10* protons/cm? sec 40 Mev

The outer zone, descending [rom a maximum height around the equatorial plane
approximately along the geomagnetic lines of force as the latitude increases, approaches
the earth surface at about 50-55° in geomagnetic latitude just outside of auroral zone.
Moreover, a strong evidence for a geomagnetic eftect ot the trapped particles in the
outer zone was given by the Pioneer IV probe, launched during the period after several
days of marked auroral activity, which showed much greater intensity of low energy
electrons in the outer radiation zone than pioneer III, launched after a rather quiet
geomagnetic period. The facts suggest that the Van Allen radiation zones, at least
outer zone, are intimately related to the entry of high-energy corpuscles into the auroral
zone, and it appears likely that the sone may have a role of a reservoir ol charged
particles.

Many evidences have been found, as stated above, to substantiate the belief that
magnetic storms associated with ionospheric disturbances and auroral displays in the
polar regions result from the entry ol solar corpuscular stream into the auroral zone
under the action of earth’s magnetic field. There still remain, however, many unsolved
problems for understanding the whole physical process of generation of the earth
storms. One of the most fundamental problems may concern with the physical state

ol the lower ionosphere in the auroral sone, during magnetic disturbances associated
with auroral displays.
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The present study mostly concerns with the interaction of impinging corpuscles
with the earth’s upper atmosphere, and the mechanism of polar earth storm due to the
energy flow of the corpuscles into the upper atmosphere in the auroral zone. At first
the world-wide distribution pattern of various kinds of disturbances, i.e., geomagnetic
and ionospheric disturbances and auroral displays, with special reference to their al-
titude dependence will be dealt with. The result may give us information on the
magnitude of energy and flux density of impinging corpuscular stream and on the
mechanism of spatial distribution of the energy flow into the upper atmosphere in the
polar region. Secondly the study concerns with the inter-relations among auroral dis-
plays, ionospheric disturbances and geomagnetic storms in the auroral zone, since it seems
that problems have been not yet quantitatively established, though a number of studies
on 'individual phenomena have been reported!9.20.21,22),

Auroral displays and anomalous ionization in the lower ionosphere may be attribut-
able to excitation and ionization respectively of the earth’s upper atmosphere due to the
impinging corpuscles, and the anomalous ionization consequently may cause an addi-
tional electric current in the lower ionosphere which may result in geomagnetic dis-
turbances. The corpuscular stream, however, may consist at least of two components,
namely protons and electrons, and these two kinds of particles may have respective
energy spectra. In addition, flux density of each particle group may also be a significant
point in relation with the intensity and the height of ionization and auroral displays.
For the purpose ol attacking this problem, a number of data on geomagnetic disturb-
ances, ionospheric disturbances and auroral displays in the northern and in the south-
ern polar regions have been examined for the period during the International Geophysi-
cal Year.

As for the second point of the problems, that is, the inter-relations among the
upper atmosphere disturbance phenomena, special synthetic observations of the earth’s
storm were carried out at Syowa Station (69° 00’S, 39° 35’E) near the auroral zone in
Antarctica.

The present study consists ot two parts. The one concerns the morphological
aspect of upper atmosphere disturbance phenomena, which may indicate the character-
istics of impinging corpuscular stream, and in the second part, the inter-relations of
the disturbance phenomena in the polar region will be dealt with as quantitatively as
possible.



PART 1

I. WORLD-WIDE CHARACTERISTICS OF POLAR
MAGNETIC DISTURBANCES

1. Early studies of polar magnetic disturbances

The systematic study on the morphology of magnetic storms had been commenced
by CuapmaN and his colleagues23.24.25) in 1913, and has been extended by many in-
vestigators26,27,28).  In their analysis, the average features of sudden commencements,
SSC, the storm time variation Dst and the disturbance daily variation SD have been
established. However, there have been left some ambiguities concerning the physical
meaning of the statistical characteristics deduced from the mathematical average of the
disturbance quantities. In fact, it was one of the most fundamental questions that,
what represents the most elementary process ot polar magnetic storms, the mathematical
average or the individual disturbance. In 1948, NacaTa29) and VESTINES?) examined
detailed aspect of individual disturbance field for some typical magnetic storms, and
pointed out that the disturbance field does not always appear in the idealized form
which is derived from the early statistical study (Fig. 1.). This study was further
extended by FukusHima3l), who finally concluded that polar magnetic storms are com-
posed ot a number of elementary disturbances, such as shown in Fig. 2, which is the
most elementary pattern ol the disturbance, shown by a simple doublet field type
current-system centered around the auroral zone. His results showed that the elemen-
tary disturbances, regional in space and enduring short in time, are the most funda-
mental disturbances in the polar regions.

2. A trial classification of polar magnetic disturbances

As FuxkusuiMa has pointed out, the polar elementary storm can be represented by
an equivalent current system ol simple dipole type, which takes place intermittently
or successively with a short duration, along the auroral zone. The distribution pattern
of the occurrence probability, however, is not yet clear enough for the examination of
inter-relations among the world-wide pattern ol disturbance phenomena, though it
reveals itselt to be one ol the most important problems in connection with the spatial
distribution of impinging corpuscular stream. But it seems necessary to re-examine
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Fig. 1. The mean equivalent current-system for
polar magnetic storms during the Second Inter-
national Polar Year (electric current between
adjacent stream lines is 2.9 X 10 amp.). After
NAGATA.

the characteristics of polar elementary storm, before the distribution pattern is studied,
because the so-called polar elementary storm may consist of physical process more ele-
mentary, or may include other kinds of disturbance in it. An attempt then was made
for a trial classification which concerns mostly with the magnitude of time derivative
of disturbance field and their dependence on local time.

One may notice at a glance of magnetograms recorded at high latitudes that the
geomagnetic variation of fairly large amplitude, whose duration is from several minutes
to a few hours, shows characteristic sharpness of the onset of the variation. It may be
considered that the so-called polar elementary storm has its commencement of sharpness
which depends on the local time when it occurs. Fig. 3 shows the average curves [or
time derivatives on the magnitude of geomagnetic horizontal vectors, observed at Syowa
Station in the southern auroral zone, during March, June, September and December
in 1959. It is obvious in the figure that, an average |dH/dt| has a fairly definite
pattern, showing large values around local midnight, with two maxima in equinox
and with broad one in June and December solstice.

An important problem here will be whether or not each of the values |dH/d¢|
can be classified into certain goups, since this problem ought to be examined in
connection with other, i.e.,, ionospheric and auroral phenomena. The study of
the total occurrence frequency may be an answer to this question. The distributions
of total occurrence frequency of each value are shown in Fig. 4. It seems that the
values may be divided into two groups; namely sharp (dH/d¢>30y/min) and broad
group (dH/dt<30y/min), the later of which include the so-called positive bays whosc
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Fig. 2. The cquivalent current-system for a polar magnetic storm. After FukushiMva.

accurrences are mostly concentrated in the evening, as seen in Fig. 3. Then, the
results bears out a conclusion that the polar magnetic storms are composed at least of
threc kinds of disturbance, that is, the sharp negative group, the broad negative group
and the broad positive group.

In addition to these thrce kinds ot disturbance, characteristic pulsative variations
are lound frequently on the magnetograms at high latitude stations. They may be the
so-called giant pulsations, or other kinds of pulsative variation, the study of which has
been devcloped recently in connection with the oscillation of carth’s magnetic field
in the carth’s outer atmosphere32,33,).

These lour kinds of disturbance, mentioned here, have their own characteristic
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Fig. 3. The local time changes in mean time deriva-
tives of geomagnetic horizontal disturbance vector
of bay disturbances (dH/dt) at Syowa Station.

feature, for example, in the local time dependence, in the spatial distribution of magni-
tude and in the duration of occurrence.

For the purpose of establishing the characteristics of the disturbances, further exami-
nation by means of distribution pattern will be useful especially with respect to
the relationship with the ionospheric and auroral phenomena. From this standpoint,
the distribution patterns of them will be dealt with in the next paragraph.

3. Occurrence probability of polar magnetic disturbances

The geomagnetic activity is generally predominant in night time at high latitudes
(Fig. 5), and the type of disturbances may be classified into four groups as has been
already stated in the preceding paragraphs. An example of traces on magnetograms
of the four kinds are illustrated in Fig. 6.

As for the occurrence frequency of each group at Syowa Station, positive group
mostly occurs from evening to night, while the majority of the disturbances around
midnight are sharp negative group, and broad negative group is concentrated in the
morning (Fig. 7). The mean values of [dH/dt| for positive bay group and for broad
negative bay group is approximately equal to each other and are to be a few tens of
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Fig. 4. 'The distribution of occurrence frequen-
cy with respect to the magnitude of the time
derivative (dH/dt).

gammas per minute, while in the case of sharp negative bays, it sometimes amounts up
to about 300 gammas per minute.

As already established by FukusaiMa, polar elementary disturbance may be attribut-
able to an equivalent current-system of simple dipole type, with the main axis being
approximately along the auroral zone. The centre region of the overhead current-
system, where the current seems to be generated, is rather regionally limited in small
linear dimension. This area will be called hereafter as a magnetically activated area
in the polar region. Examples of the simple current-system responsible for sharp
negative bay, broad negative bay and positive bay are given in Fig. 8.

In order to confirm such an occurrence probability of polar disturbances as obtained
at Syowa Station, the world-wide distribution pattern of activated area is examined.
A number of data on polar storms at the stations well distributed around in northern
high latitudes, have been collected for this purpose. The stations whose data are used
in this analysis are ginven in Table 3 and Fig. 9, for the period of analysis covering irom
January to July 1958 during the IGY.

On examining the world-wide data of polar storms, it has become evident that
the occurrence probability of activated area of the three kinds of group shows a consider-
able local time inequality of occurrence in addition to the characteristic dependence on
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Fig. 6. Examples of four kinds of polar magnetic disturbances, positive
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served at Syowa Station.
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Fig. 7. 'The local time distribution of occurrence
frequencies of polar magnetic disturbances. The
histograms for positive bays, sharp negative bays,
broad negative bays, giant pulsations (T =270
sec), short period pulsations (T =9 sec), are the
results obtained at Syowa Station in 1959, and
the local time distribution of the activated area
for equivalent current system (bottom) responsible
for bay disturbances is obtained by the data at
22 stations around the north polar region.

geomagnetic latitudes. Fig. 10 represents the statistical distribution pattern of activated
area responsible for sharp negative bay, broad negative bay and positive bay groups on
a map viewed from the geomagnetic north pole.

The world-wide pattern of distribution of the activated area strongly confirms the
local time dependence of disturbances obtained at Syowa Station, showing that, the
positive bay, sharp negative bay and broad negative bay occur most probably in the
evening, around midnight and in the morning respectively. The change in occurrence
frequency with respect to geomagnetic latitudes are also derived from the same data, as
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(). The typical equivalent current (b). The equivalent current system
system of dipole type, responsible responsible for a broad negative
for a sharp negative bay disturb- bay and positive bay disturb-
ance (2022 GMT ]Jan. 13, 1958). ances. The electrojet in the

auroral zone in early morning is
responsible for a broad negative
bay and that in the evening is
responsible for a positive bay
(1330 GMT June 16, 1958).

illustrated in Fig. 11. There is found an appreciable difference of distribution oc-
currence as seen in the figure, between the negative bay and positive bay, namely, the
later shows a maximum around 65° in geomagnetic latitude a little lower than that
of negative bay, while no significant difference is found between two groups of negative
bay. The spatial distribution of the activated area will be referred to later again in
more detail in connection with the ionospheric and auroral patterns of disturbance.

4. Geomagnetic pulsations

Apart from so-called polar elementary disturbances, geomagnetic pulsation is one
of the most outstanding phenomena at the stations around the auroral zone34.35). The
observational studies on world-wide characteristics of pulsations, however, have long
been not so fruitful, due to the difficulty of collection of world-wide data which make
possible a reliable world-wide analysis for such rapid variations. In recent year, as
a result of the greatly increased number of continuous observation, certain definite types
of pulsations have been recognized, and some systematic classification has been at-
tempted36.37). The great increase, however, in the amount of data has sometimes only
served to show in some cases that, in reality, there exist so many different types or
variations that the confusion of nomenclatures may occur. To obviate such confu-
sion, only the period ol oscillation will be taken into consideration for the classification
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Table 3. List of stations.

Station Abbreviation Geographic Geomagnetic
Lat. Long. Lat. Long.
Resolute Bay RB 74.41N 94.55W 82.9 289.3
Baker Lake BL 64.18N 96.05W 73.7 315.1
Leykjavik LY 64.11N 21.42W 70.2 71.0
Churchill CH 58.45N 94.2 W 68.7 322.7
Point Barrow PB 71.18N 156.46 W 68.6 241.0
Tromso TR 69.40N 18.57 E 67.2 116.8
Kiruna K1 67.50N 20.25 E 65.3 115.9
College (6(0] 64.51N 147.50W 64.7 256.5
Murmansk MU 68.58N 33.05E 64.1 126.5
Sodankyla SO 67.22N 26.39 E 63.7 120.0
Lerwick LR 60.08N 01.11W 62.5 88.6
Dombas DO 62.04N 09.07 E 62.3 100.1
Sitka S1 57.03N 135.20W 60.0 275.4
Eskdalmuir ES 55.19N 03.12wW 58.4 82.8
Lovo LO 59-2IN 17.50 E 58.2 105.8
Dourbes DU 50.06 N 04.26 E 52.0 87.7
Yakutsk YA 62.0IN 129.40 E 51.0 193.8
Moscow MO 55.29N 37.19E 50.8 120.5
Fredericksburg FR 38.12N 77.22W 49.6 349.9
Sverdlovsk SV 56.44N 61.04 E 48.5 140.7
Lvov LV 49.54N 23.45E 48.1 105.9
Irkutsk IR 52.28N 104.02 E 41.1 174.4

ol pulsations in this paper.

Jacoss and SiNN038.39), by their analysis of rapid-run data [(rom 17 observatories,
distributed in northern America and the Pacific, have concluded that, almost all kinds
of pulsations except for short pc, may be represented by overhead equivalent current
a little similar to that of elementary storms. It must be noted in their conclusion,
however, that the small phase differences between H-and D-components have been
neglected, though the polarity ot the horizontal component is not always exactly linear.

Examples of the equivalent current system are shown in Fig. 12. As evident in
the figure, the activated area of the current system is located around the auroral zone,
and the counter current lines over the polar regions and the low latitudes hardly secm
to close in the ionosphere; these open-ended current contours may be extended to the
outer atmosphere. It may be worthwhile to note that the current system shows a
remarkable shear within a narrow belt along the auroral zones. That is, when the
current flows eastward over, Baker Lake or Point Barrow in the morning, for example,
it flows simultaneously westward over Fort Churchill or College, with the same order
ol magnitude, though the two pairs of stations (BL-FC and PB-CO) are situated closely
to each other with a difference of only five degrees in geomagnetic latitude. Thus it is
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found that the equivalent current system for long period pulsations observed around
the auroral zone is characteristically different from that of polar elementary disturbances
in this point. It seems likely, therefore, that the physical origin of such a kind of
pulsations generally is entirely other than that of polar elementary storms.

There still remains also a fundamental problem concerning the frequency spectrum
of pulsations which seems to be important for the classification of pulsation phenomena.
In another words, it is important to know whether or not the period distribution pat-
tern, obtained at certain stations distributed widely in geomagnetic latitudes, shows
the same maxima at certain periods fixed, or, whether or not the period of maximum
occurrence changes continuously with latitude. It may include one of the most funda-
mental problems on characteristics of geomagnetic pulsations, because it may essentially
concern the mechanism of their origination.

In this paper, however, this problem will not be extended further, and the fre-
quency spectrum obtained at Syowa Station in 1959 only is shown in Fig. 13. It is to be
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Fig. 13. Period distribution of geomagnetic pul-
sations observed at Syowa Station (Feb.—July,
1959).

noted here that the occurrence trequency shows three maxima at T =290 sec, T =27
sec and T =9 sec respectively, which will be called in this paper for convenience, Pg,
Pm and Ps meaning respectively giant pulsations, moderate period pulsations and short
period pulsations.

S. Distributions of geomagnetic pulsations

In Fig. 7 are shown the diurnal changes of the occurrence frequency of geomagnetic
pulsations Pg, Pm and Ps, at Syowa Station in 1959 together with those of bay disturb-
ances. The maximum occurrence is seen around a few hours before local noon for
both Pg and Pm in the same manner as the origin of them may be attributable to the
same physical mechanism. On the other hand, Ps occurs most probably at about 6hLT,
significantly different from the time favourable for Pg and Pm. These results are in
good agreement with the results obtained by Jacoss and SinwNo.

In the preceding paragraph, it has been already shown that the equivalent current
system responsible for geomagnetic pulsations is represented by a pattern a little similar
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to that for a polar elementary storm. The current is also concentrated around the
auroral zone so that the activated area may be defined in like manner as in the case of
polar elementary storms. The most prominent pulsations at Syowa Station, as visible
in Fig. 13, is Pg which has a maximum occurrence at the period of about 5 min. The
double amplitude of Pg at Syowa is about 100y in average, but it sometimes amounts
up to several hundred gammas during severe storms.

In order to investigate the world-wide features of pulsations, it is desirable to use
rapid-run magnetogram records. Unfortunately, however, magnetic stations operating
rapid-run recording are not well distributed over the world. A reasonable coverage,
of course, is given by ordinary magnetograph anyvwhere in the world, but the normal
recording speed of 20mim/hour is in sufficient lor reliable analysis of geomagnetic pul-
sations except Pg. The discussion on the activated area and their statistical distribu-
tion in this paper, therefore, will only concern the Pg.

The data used for the investigation ol

100 polar elementary storms are used also for this

purpose. At first the latitude dependence ol
the double amplitude was examined, then the
local time inequality was odtained. The results
are shown in Figs. 14 and 15. The mean curve
shows a maximum double amplitude at 67° in
S0F geomagnetic latitude and falls sharply towards
both middle and high latitudes. The local time
inequality is much more moderate than latitude
dependence as may be expected [rom the local

time distribution of occurrence {requency. The

0 ! . ~ world-wide occurrence pattern is also obtained
40" 50° 60° 70° 80" 90° . . :
Geomag Lat as shown in Fig. 16, which seems to confirm

- . L the statistical results mentioned above. Special
Fig. 14. Latitude distribution of the

double amplitude of giant pulsa- reference should be made here to the whole
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tions. distributions pattern, which seems to be al-
<’
) o ©
2 1+ L] °
= o
s . -
= o °
Sos[
-3
° :. e
[
[
1 | 1 L L B L L 1

)

-150° -120° -90° -60° -30° O 30

Fig. 15. Local time depcndence of the relative amplitude of giant
pulsations along the auroral zone.
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most contrary to those of the polar elementary
storms, being concentrated in the morning-
daytime site in the auroral zone. This fact
may be an evidence which suggest that this
kind of Pg has generally quite a different origin
other than those of the polar elementary storms.

6. Summary of Chapter I
In the preceding paragraphs, the mean
features of bay disturbance and Pg, with special

reference to the distributions pattern and
Fig. 16. The world-wide pattern of equivalent current system, were examined. It

the occurrence frequency of giant is perhaps useful to re-arange here again the

pulsations. principal features of them, for the convenience

of inter-comparison with the other disturbance

phenomena.

a. The local time dependence

The polar elementary disturbances are divided into three groups, i.e., positive,
sharp negative and broad negative bay groups. The positive group occurs in the even-
ing, and the activity is generally less than the sharp negative group. The sharp negative
group is concentrated around midnight, and its activity is highest among the three,
while the broad negative group is distributed widely from midnight to forenoon with
the activity almost the same as those of positive group. Pg is distributed also in wide
range in local time, with a maximum occurrence around a little before noon in the
auroral zone.

b. Latitude dependence

These four kinds of disturbance are all concentrated around the auroral zone, with
a little difference in geomagnetic latitude. The latitude of maximum occurrence of Pg
is highest among the four and is about 67°@, The latitude of maximum occurrence of
sharp and broad negative groups follow it, situated about 66°@, whereas positive bay
group has the lowest latitude of occurrence of about 65°0.

¢. Equivalent current systems

The equivalent current systems responsible for the bay groups are essentially equal
to each other. They can be characterised by an activated area, where the current flows
concentrated in a certain directions along the auroral zone. The average width of the
activated area is about 300-400 km, and the mean linear dimension in the most elongated
direction is about 1000-3000 km. The type of the current system is of dipole-like or of
superposition of doublet current, which may be expressed on a spherical sheet by a
current function as

= o o . N
J= > R cot2sm/1 ........................... (1-1),

where, R and pu, represent respectively, radius of the sphere and dipole moment
of the electric doublet.
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The doublet electrojet along the auroral sone is quite tavourable for considering
that the origin is the induced current in the lower ionosphere. That is to say, the
electric current is induced, for example, by dynamo-action of the earth’s upper atmo-
sphere under the action of magnetic field in the high conductive region of activated area,
and the return current closes in low latitudes and in the polar cap.

On the other hand, the current system responsible for Pg is essentially different,
though apparently it seems similar to that tor bay disturbances so far as the latitude
of their maximum occurrences are concerned. The most outstanding characteristic of
the current system is a strong shear of current within a narrow band along the auroral
zone in the morning. It sometimes is revealed in a complete opposite change of mag-
netic horizontal vectors, observed at the two stations situated closely in both sides of
the auroral zone. Then, if the current system is formulated quite perfunctorily on a
shell in like manner as that for the bay disturbances, it may be given for example by

I =% Cot% sin 4. (1-2).
This particular type electrojet is quite improbably due to simple dynamo-action. This
may be one of the most serious reasons to consider that the origin of this kind of Pg is
esscntially other than that of polar bay disturbances. The problem will be discussed
more fully later again. In this paragraph, Pm and Ps are not referred to, because of
the difficulty in the collection of rapid-run data well distributed tor the world-wide
analysis of these pulsations.

Finally, the prevailing period of pulsations and its latitude dependence is noted. The
period apparently becomes long with latitude increaces, as shown in Fig. 17. This statistical
result is in agreement with that abtained by OBaAvasHit0) from the data of certain
mdividual pulsation at the stations distributed in North America.

min

20 7. Relationship with the other

disturbance phenomena
Almost all of the geomagnetic disturbances

Period

in high latitudes, as stated above, are concen-
/ trated aong the auroral zone. This fact seems
to suggest that the origins of these disturbances
v + are connected directly with the auroral display.

The local time dependence of their occurrence,
however, is so markedly difterent from each
other that they may be considered to have
different origins. It may be significant to study

L , , , the relations of these phenomena with iono-

0 : + - . .

40 50 60 70 88 . 30 spheric disturbances and auroral displays, [o
eomag Lat

the investigation of their physical origin, and
Fig. 17. Latitude dependence of the pre- it is important therefore, to note here the
vailing period of giant pulsations. problems which will be connected with those

in later chapters.
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If the disturbance phenomena, as generally believed, are due to the invasion of
corpuscular stream into the earth’s atmosphere, what is the physical cause of the
difference between sharp and broad negative bay and positive bay? Is it due to the
kinds of impinging particles or due to the energy spectra or is it due to the receiving
conditions of the ionosphere? Perhaps the condition of these three factors causes a
complicated feature in the disturbance phenomena as being practically observed. These
differences among the disturbances, and consequently perhaps among the origins can
hardly be known only from the investigation of geomagnetic disturbances. In the next
chapter, the ionospheric phenomena in the polar region will be dealt with in connec-
tion with geomagnetic disturbances shown in the present chapter.
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II. POLAR IONOSPHERIC DISTURBANCES

1. Introduction

The occurrence ot ionospheric disturbances associated with the polar magnetic
disturbances are noticeable in all the D, E and F regions. Among them, the F region
phenomena have long been studied by many investigatorst0—44). One ol the most out-
standing eftects of an ionospheric storm over the earth so tar reported, is a variation
of the critical frequency foF2 and the height #’F2. Since they are parameters tabulated
by ionospheric observatories, their changes have been widely studied with fruitful
resultst5—49). It has been concluded from their results, that the ionospheric F2 storms
are mostly due to the drift motion of electrons under the action of electric field which
may be a cause of magnetic disturbances also, through the electric current in the lower
ionosphere.

It is obvious because of the reason that the distribution of electrons in F-region
is largely affected by electric field in the lower E-regions, that the disturbances which
take place in the F-region directly, may sometimes be completely masked by the eftect
of E region. Therefore, it may be considered that the F-region phenomena, though
suitable for the detection of electric field there, are unprofitable for the direct detection
of disturbances which take place there.

On the other hand. the occurrence of a ionospheric storm in the lower ionosphere,
which is clearly marked in the auroral zone by a decrease in the intensity of reflected
waves, may be regarded as the direct disturbance itself. The effect is often so serious
that the echo of high frequency signals disappears completely (ionospheric blackout).
The study ol the ionospheric absorption and blackout has also been carried out by
many investigators!9.50-54) as well as of F-region phenomena, and the world-wide pat-
terns of occurrence have been discussed. Recently STOFFREGEN, DERBLOM and OMHOLT55),
by their special observation of D-regions ionization with the aid of a powerful ionosonde
during auroral displays, attained the conclusion that, a heavy simultaneous ionization in
the lowest part of D-region takes place in the auroral displays.

The E-region phenomena, compared with the above two regions, is not so clear,
though they have been known to be closely connected with auroral display!9.56,57),
However, from the standpoint of polar magnetic disturbances, the E-region phenomena
are obviously the most important, since the E-region is likely to be responsible for
magnetic disturbances, as a carrier of the most part of ionospheric electric current,
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In this chapter, therefore, discussions will be mostly concerned with the E-region
phenomena especially in high latitudes.

2. Night increase in foEs
The foEs increases generally in the auroral zone simultaneously associated with bay
disturbances and auroral displays especially in night time. For example, at Syowa
Station, the amount of bay disturbances associated with anomalous increase in foEs is
about 809, as seen in Fig. 18, and the rest of the bays of about 209, are associated
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Fig. 18. The percentage of bay disturbances which
are associated ionospheric balckout and increase
in foEs. A considerable change of the percentages
is found with respect to local time.

with blackout at night. Hence it is evident that the anomalous increase in foEs in the
auroral zone are connected statistically at least with bay disturbances.

In order to study the correlation in more detail, a world-wide pattern such as used
in Chapter I in the case of bay disturbances seems to be useful. The ionospheric data
at Syowa, Campbell, Godley Head and Rarotonga were examined for this purpose.

The local time dependence of foEs, was first examined for the data at the four
stations and the results are shown in Fig. 19. It can be pointed out from the figure

Table 4. List of stations.

) Geographic Geomagnetic
Station
Lat. Long. Lat. Long.
Syowa 69.00S 39.35E —69.7 77.4
Campbell 52.33S 169.09E ~57.4 253.1
Godley Head 43.34S 172.48E —48.1 252.8
Rarotonga 21.128 159.46E —20.9 273.7
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Fig. 19. The local time variation of mean foEs
at four stations.

that, in high latitude, foEs shows a broad and flat maximum at night, whereas in middle
and low latitude, the values of foEs in daytime are higher than those at night. The
flat maximum seems to include three minor peaks around 20h, Oh and 6h LT, which
seem to correspond respectively to the positive bay, sharp negative bay and broad
negative bay groups in polar magnetic disturbances. Es in low latitudes, as already
mentioned, almost contrary to that in high latitudes, takes its maximum value of critical
frequency around noon5859). It is evident from these facts that the origins of Es
in high latitudes and in low latitudes are irrelevant with each other.

In order to see the feature of world-wide pattern of foEs, the results shown in
Fig. 19 were reproduced in a world-wide map viewed from the magnetic pole in Fig. 20.
where the pattern is projected in the north hemisphere for the convenience ot its
comparison with the pattern of geomagnetic disturbances which was obtained for the
northern polar region in Chapter I. The world-wide distribution of foEs, as clearly
seen in the figure, is characterized by a marked maximum area along the auroral zone
at night, quite similar with the distribution of activated area of polar geomagnetic
disturbances.
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Fig. 21. The local time variation of mean /’Es
at four stations.
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Fig. 22. World-wide pattern of mean
WEs (July-Dec., 1958).

3. Altitude distributions of Es

One may notice that there is a systematic altitude variation of Es layer or cloud
with respect to lacal time, il #’Es values are examined through 24 hours in high latitudes.
The features are shown in Fig. 21, where the curves represent the time change in mean
vaue of A’Es at the four stations. Though the curves are not very smooth, being based
on the data of half a year, the results obviously show that the changing mode of the
altitude is roughly semi-diurnal. That is to say, the maximum height of about 140 km
appears in the evening with another minor peak of 120km at about 5h, and the
height gradually and monotonously fall throughout the night and day, attaining
minimum height of about 110 km in the early morning, and in the afternoon respec-
tively. In middle latitudes, the general tendency is conserved though the changing mode
is fairly modified. The result can be reproduced in like manner as that of foEs in a
world-wide pattern as shown in Fig. 22. The remarkable feature evident in the figure
secems to be the dependence of A’Es upon the distance from the auroral zone, as well
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as on the local time. There appears a tendency for /’E to be a decreasing function of
colatitude ¢ outside of the auroral zone.

A question may arise here, whether or not the pattern is seriously affected by the
retardation effect in D-regions. The rcliability of the results, however, may be easily
confirmed since the electron content is only of the order of 104 electrons/cc even in
the extreme case during auroral displays, and in fact, the eftect ol electron content
of 10%/cc in the D-region only produce an error of height of only a few per cent ol
the real height.

The spatial distribution of #’Es of course should be related with the other disturb-
ances phenomena, i.e., geomagnetic disturbances and auroral displays, and the prob-
lem will be referred to again later in more detail.

4. fwin and ionospheric blackout

Recently STOFFREGEN and others have shown by their observation at Uppsala and
at Lycksele, Sweden, that a simultaneous heavy ionization takes place in D-region
during auroral displays. One ol their results of main importance is a concentration ol
blackout region in the morning side of the auroral sone. Their conclusion may be
confirmed in the case ol bay disturbances in the auroral zone. by using the data at
Syowa Station, since, as already seen in Fig. 18, the bay disturbances in morning-daytime
are mostly accompanied with blackout, amounting up to almost 709, of bay disturb-
ances which occur in the morning. The time of switch [rom foEs increase to blackout,
simultaneously associated with bay disturbances, is about 2h LT. It does not
mean, however, that the magnetic disturbances are completely associated with blackout
alter transition time. Sometimes they arc accompanied by increase in foEs as well as
blackout.

Thus, it may be concduded that, the ionospheric phenomena associated with polar
magnetic disturbance take place at the two levels in the ionosphere, namely in the
Lregion and in the D-region, in the early morning in the auroral rone. The same

Height of Disturbance
140~
N’é’ﬁp ‘
120 3
100 |~
80
1 I ' 1
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Fig. 23. A schematic illustrations of the change in
disturbance height throughout the night in the
auroral zone.



Polar ionospheric disturbances o7

conclusion may be applicable to the ionospheric phenomena in the evening. But in
the evening, the occurrence probability of blackout is so scarce that the dual structure
of the disturbance phenomena mentioned above is not so remarkable as seen in the
early morning. It is worthwhile to note that the height of Es layer or cloud, falling
continuously throughout the night, seems to attain at about 80-90 km level, if it con-
tinues to fall in the morning. The level may be identical with that where anomalous
ionization causes blackout.

The feature is schematically illustrated in Fig. 23. These facts are likely to suggest
that, if the anomalous ionization is due to the impinging corpuscular stream, its penetra-
tion depth must be dependent on local time. From this point of view, the dual
structure of disturbance is perhaps due to th penetration of impinging corpuscles
which covers effectively both D and E-regions.

5. Night E layer
There are found sometimes a stable ionization in the E-region on the ionogram,
obtained at the auroral zone in night time, which will be called night E layer. The
morphology of night E, however, is not sufficiently clear yet to warrant discussion on the
wold-wide pattern, but some important characteristics are evident. Namely night E, even
in its most developed stage with high critical frequency, does not correlate appreciably
with geomagnetic and auroral phenomena. This seems one of the most outstanding
nature of night E. The behaviour of night E is quite curious compared with Es which
shows a characteristic increase in the critical frequency associated with bay disturbances,
because the difference of the behaviour between night E and Es is not attributable to
the difference of ionospheric conductivity, since the rate of ionization should not con-
siderably differ with each other. It may be due to the change in electric field, which
may be responsible for an induced current or may be due to the shape of the pattern
of ionized area. There is, however, no evidence which supports the above considera-

tions at present, and further investigation is desirable.

6. Effective height of disturbances

As has been discussed already, the change in height of Es and the occurrence of
blackout may be shown in a schematical variation of disturbance height both in space
and time. It must be examined whether or not the altitude variation is attribut-
able to the change in receiving conditions of ionosphere. But it may be readily ap-
proved that such a large altitude variation amounting up to about 30 km through the
night is unlikely due to the change in the receiving conditions of the ionosphere
only, since the amount of the change is comparable with the scale height there. On
the other hand, if it is due to the change in penetration depth of impinging corpuscles,
there still remain a problem, i.e., why does the penetration depth (or the incident
energy) distributes in such a manner as seen in Fig. 22.
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7. Morphological inter-relation between polar magnetic
disturbances and ionosheric disturbances

It may be convenient here to re-arrange the results obtained in the preceding sec-
tions, for the purpose of connecting them with the problems which will be brought out
in the next chapter. At first, it must be mentioned that the three kinds ol bay dis
turbances, namely positive bay, sharp negative bay and broad negative bay groups are
likely to correspond with thrce maxima in fofs in night time in the auroral sone.
Special reference must be taken on the fact that two kinds of ionospheric phenom-
ena, t.e., increase in foEs and blackout. arc associated with bay disturbances which
take place in the morning. On the other hand, geomagnctic pulsations scem to have
no such appreciable corresponding phenomena as those which bays have, but their
occurrence is concentrated in the morning when blackout is observed most {requently.

In concluding, some problems to be discussed later are set forth here. I'hey may
be summarized as lollows; Is there any evidence ol any altitude distribution ol auroral
phnomena as such that seen in the height of Es* Are there any corresponding phenom-
ena ol aurorae which are connected with the three kinds of magnetic bay disturbances
and three peaks in foEs at night> Is the altitude distribution of Is certainly due to
the kinds of and or the engergy of the impinging corpuscles? What are the spatial
dispersion of incoming flux density of corpuscular stream? What is the truc physical
causc ol the difterence tound in the correlation of ionization with magnetic variation
between Es and night E? These problems will be dealt with in later serial.
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III. AURORAL DISPLAYS

1. Introduction

The study of aurorae is of great importance in the investigation of the upper at-
mosphere, especially of the upper atmosphere disturbance phenomena in high latitudes.
Spectroscopic observations of the auroral height in particular yield valuable information
regarding not only the composition and temperature of the upper atmosphere but also
the physical mechanism of auroral displays and magnetic storms. A study of the form
and the geographical distribution of the aurorae is also very helpful in investigating
the nature and the origin of the charged particles, the entry of which into the high
atmosphere may be the cause of the magnetic storms and also of the auroral displays.
It is satisfying to note that the visual, photographic and spectrographic methods of
studying the aurorae, the new radar method has now been added. It is to be noted
that the recent development of rocket and space probe made it possible to measure
directly the physical nature of the aurorae, and new information is now being ac-
cumlated on the physical state in aurorae.

2. Altitude distributions

From an analysis carried out in 1937, EGEpAL60) concluded that the height of the
lower border of aurorae decreases throughout the night, this decrease occurring in the
interval from three hours after sunset to 8 hours. This depression of height was found
to be about 15 km, using the data by STORMER6D), and to be about 10 km, using the data
of VEGARD and KROGNEss62). STORMER re-investigated the matter in 1948 and also ex-
amined whether there is a dependence on the distance, §, from the magnetic axis.
His results on auroral ray arc are shown in Fig. 24. Except in the case of homogeneous
arc, they may give some support to the conclusion of EGEpAL. There appears to be a
tendency for the height to be a decreasing function of for the RB form. To make
clear the tendency, the result may be conveniently reproduced in a world-wide pattern
of auroral height viewed from the north pole. In Fig. 25 is shown the reproduction of
the results obtained by STORMER and BARICELLI63) in the case of RB form.

One may notice at a glance of the figure that the pattern of the height of the lower
border as the function of § and local time is quite similar to the pattern of W’Es. As
to the absolute height, however, there is a fairly large difference between the height
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After STORMER.

of the auroral lower border and A’Es. It is perhaps partly due to the difference of the
period covered for the two sets of data, and partly may be due to the method of data
reduction. Further study is desirable on the problem, but the resemblance found be-
tween the height pattern of auroral RB lower border and #»’E may not be seriously
aflected by further detailed examinations.

3. Temporal distributions

Many kinds of temporal distributions have already been known especially on the
diurnal, yearly and secular occurrences, etc. Among them, the diurnal occurrence only
will be dealt with here, in connection with the other disturbance phenomena.

The dependence of the occurrence frequency of aurorae on local time has long
been known 2,3.64-68), and it was found that the auroral trequency curve passcs through
the main maximum, usually an hour or so in advance of local midnight. According to
Vrcarp6d), the main maximum take place about 1.3 hours before magnetic midnight at
the place of observation. It seems that the frequency curve obtained at Syowa, which
is illustrated in Fig. 26 gives some support to this conclusion. The {requency curve
at Syowa normalized for the duration of observation, however, seems to have two sub-
sidiary maxima in the evening and in the early morning. It suggests that the three
maxima may correspond to the three kinds of polar magnetic disturbance discussed in
Chapter I and also to the three maxima in foEs in Chapter II. The results may be
confirmed also by radio technique with the aid of auroral reflection of radio waves,
which has such a major advantage that it is applicable throughout the full 24 hours.
CurrikE et al69) and GERrsoN70) reported that the phenomenon is predominantly noc-
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Fig. 26. Normalized probability of auroral ap-
pecarance at Syowa Stations (Feb.-Nov., 1959).

turnal, though sometimes detected in early morning, as it is so in case of geomagnctic
and ionospheric disturbances in the auroral zone.

4. Relative intensities and their variations
in the auroral spectra

It is readily obvious from the different colour of aurorae that the relative intensities
of the various spectral features are not always the same. This section is concerned with
the information available on certain representative values for Ha and 1PG of N2 among
many auroral lines and bands.

According to MEINEL7D), the maximum of the luminosity curve for Ha lies at a
slightly lower level than the maximum of the main luminosity. The intensity of the
Hydrogen emissions relative to the allowed atmospheric emissions increases with de-
creasing latitude. The Balmer lines have a tendency to be most prominent in the
early part of a display, and their intensities may be greatest, several hours in advance
of the full auroral development. GARTLEIN72) has written that the general luminescence
may continue long after the Balmer lines become too feeble to be detected. A series
of spectroscopic observation of importance in connection with theories of the auroral
origin has been carried out by MoNTALBETTI and JoNEs73) at Saskatoon and Churchill.
In examining their results for diurnal variation, MoNTALBETTI and JonEs discovered
that there is a tendency for Ha to appear strongly before midnight at Saskatoon and
after midnight at Churchill. They also studied the relation between the emission of
the Hydrogen lines and magnetic activity, and they found that at Saskatoon the Hg
intensity tends to increase with increase of magnetic activity, whereas at Churchill it
tends to decrease. The general tendency of He lines obtained at Syowa gencrally
supports the results known so far. For example, in Fig. 27, temporal variations of the
relative occurrence of Ha is shown, which reveals itself in agreement with the result
obtained by MEINEL and GARTLEIN.

On the other hand, no remarkable temporal effect of 1PG has yet been reported.
This effect is, however, important in connection with mean altitude distribution of
displays. This is because 1PG is observed frequently at the lowest border of aurorae,
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and the level of intense 1PG emission is consequently lower than the level for 45577
emission, thus the intensity ratio I (1PG)/I(5577) or the relative occurrence of 1PG
may represent a measure of the disturbance altitude. It means that, if the excitation
agency reaches the level well below that in which the O.—O transition takes place,
there are no more observed green (A5577) emission, and 1PG emission only predomi-
nates, since the green line is due to atomic oxygen. In reality, the relative occurrence
of 1PG at Syowa Station, as shown, in Fig. 28, tends to increase considerably throughout
the night. This fact may indicate that the eftective height ol displays decreases through-
out the night, in agreement with the result from the actual observation of the height
of auroral lower border.
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Fig. 28. Relative appearance probability
of auroral 1PG.

5. Relations with magnetic and ionospheric disturbances
Much information now have been collected on geomagnetic, ionospheric and auroral
disturbances phenomena. The relations among them may be discussed on the two
points ol view, namely, the one which concerns the world-wide distribution of intensity
ol disturbances and the other the spatial distribution of altitude where disturbances
take place eftectively. As to the intensity distribution, representative examples for
geomagnetic, ionospheric and auroral phenomena, for instance, the distribution of the
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activated area tor bays and pulsations, foEs and the appearance probability of aurorae,
respectively, are shown in this paper. The close relations among the phenomena in
the auroral zone are already known as shown in Figs. 7, 19 and 26, and it is evident from
these illustrations that the correspondence of three maxima in each phenomena at
night is fairly good. The mean features of latitude dependence have also been shown
in Figs. 11, 14 and 29, for the two kinds of disturbance phcnomena, revealing that both
concentrate around the auroral zone.

Geomagnetic latitude along geographic meridian 290°E
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Fig. 29. Estimated average auroral percentage frequency. After VESTINE.

As to the spatial distribution ot disturbance altitude, two kinds of evidence have
been obtained namely #’Es and the auroral height. The two distribution patterns are
in good agreement with some discrepancies in absolute height. A conclusion may be
deduced from the fact that the disturbing agency, consequently the mean energy of
impinging corpuscles, may have such a tendency that it may result in the distribution
pattern as schematically reproduced in Figs. 30 and 31.
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Fig. 30. Schematic pattern of disturb- Fig. 31. Schematic pattern of disturb-

ance height ance intensity.
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IV. BRIEF SUMMARY OF PART 1

1. Summary of morphological relations
Table 5, which is based on the analysis of observational data at Syowa Station,
indicates that there are undoubtedly some modifications of relations according to the
height of the level where disturbance takes place, or/ and according to the activities
of disturbances, and sometimes according to the local time when it occurs. The fol-
lowing are some among the results seen in Table 5.

Table 5. Occurrence local time of the upper atmosphere disturbance phenomena.

Local time 12 15 18 21 0 3 6 9 12
. Positive bay

Magnetic —— Sharp negative bay ——

variation — Broad negative bay —

—— Giant pulsation

1 heric —— Es increase ——
onosphen (height falls)

disturbance Blackout

Ha

Auroral h .5577f

phenomena (height falls)

1PG

I). Aurora in evening is very often, accompanied by an increase in foEs and geo-
magnetic positive bay of moderate activity. The altitude of the aurorae is generally
much higher than the level of mean maximal intensity, and at the same time, 1PG is
hardly noticeable. It is to be noted that the appearance probability of He line is ap-
preciably high in the eveing. Ah’Es is also rather high being about 130 ~ 140 km.
2). The characteristic feature of the disturbance at midnight is that, intense aurora
with ray structure is accompanied by sharp magnetic disturbances in which the meridian
component of force changes by several hundred gammas in a few minutes. The dis-
turbance is generally accompanied by abrupt increase in foEs also, with a height which
ranges from 110 to 130 km. An appreciable increase of 1PG appearance is found, while
the appearance probability of Hea line gradually falls.

3). Constitution of disturbances in early morning is a little more complicated. Two
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ionospheric phenomena are associated with broad negative bay, namely blackout and
foEs increase. A rise of the auroral height is also found in early morning, and the time
when it takes place agree with the time of the appearance ol higher Es in the morning.
IPG also frequently appears, being consistent with the general tendendy to fall of
the disturbance altitude. The blackout may be considered as the anomalous ionization
in D-region, the height of which may be expectable as the continuation of the descending
height of Es for the preceding period. Thus, in the morning, the disturbances seem
to cover widely in altitude including in it both D and E-regions.

The relationship between auroral and magnetic activity has also been discussed
partially by CHREE2), GARTLEIN7S), BLEss et al.76), MEEK!Y), HEPPNER7Y) and MALVILLE6S).
Their conclusions are also in general accord with those mentioned above.

For example, MEEK states that the Es layer becomes increasingly prominent before
the advent of a positive bay, and at the advent, a bright auroral arc at an elevation
usually not more than 10° and at an azimuth which is often slightly west of the magnetic
north. Coincident with its appearance, he obtained spasmodic echo from the same
point of the sky. There is some evidence that D-region absorption increases throughout
the course of the bay and so does the maximum reflection from the sporadic E layer.
The aurora usually remains approximately constant in position. It decays in intensity
and becomes more diffuse as the field returns to normal.

2. Main problems left untouched in Part I

There are a number of problems still left untouched in Part I, which will be an
object of consideration and discussion in Part II. They may be summarized as [ollows;
What is the cause of different features of sharp and broad bay? How is the eftect
of altitude on disturbance phenomena? What is the intensity ratio among the physical
quantities of the disturbance? How are the effects of impinging electrons and protons
on the relationship among the disturbance phenomena? The answers to these problems
will be given in Part II, successful for some but not completely so, for others.
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PART II.

V. INTRODUCTION TO PART II

1. General remarks

It is of course of great importance to investigate statistically each of the upper
atmosphere disturbance phenomena, namely geomagnetic variation, ionospheric disturb-
ances and auroral displays. In addition, the investigation of quantitative relationship
among the phenomena seems to be also most essential. It is because, as already pointed
out, the origin of disturbance phenomena seems to be common, being concentrated along
the auroral zone in almost all cases of disturbances.

A number of incidental discussions have already been made of several relationships
among the disturbance phenomena by many investigators2—6.19.77.78).  Among them,
MEEK has reached the conclusion that the Es layer becomes prominent during the course
of bay disturbances which is usually associated by auroral displays overhead, and that,
in some cases, blackout takes place of increase in foEs during a large bay when the field
is greatly depressed with aurora overhead. At Syowa Station, in fact, an abrupt increase
in auroral zenith luminosity and in foEs are usually observed coincident with the onsct
of bay disturbances.

Some examples of the set of records reproduced are shown in Fig. 32. The result
shown in this figure is in general accord with the conclusion reached by MEEk and
others, but it is a little but importantly different. The difference mainly concerns the
time of the advent of disturbance phenomena. That is, the disturbance phenomena
start simultaneously within the accuracy of observation in this case, while on appreci-
able time difference has been reported to exist among the onsets of the phenomena.

Generally speaking, many investigations so far carried out are qualitative descrip-
tions of the inter-relations, and it was not until after the work of OMHOLT56) in 1945,
that a quantitative investigation began to be made. He found a correlation between
the emission of the negative nitrogen bands emitted from aurorae in zenith and the
maximum electron density in Es layer, with the aid of his simultaneous observation at
Troms6. He has pointed out also that zenith luminosity of the negative nitrogen bands
may be proportional to the fourth power of the critical frequency of Es layer. He also
referred to the recombination coefficient in the Es layer during aurorae and mentioned
that it is greater than 10-7cm3 sec—l.
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Fig. 32. Typical examples of simultaneous record sets of geomagnetic
variation, auroral luminosity in zenith, total auroral activity and
Es top frequency during upper atmosphere disturbances in the
auroral zone.

Similar study has been further extended by ToHmATsU and NAGATA79) mostly from
the theoretical view-point, and by the present writer80), based on the data at Syowa
Station. On the other hand, recent developments of rocket and space probe made
possible a direct observation of the physical state in aurorae, especially of the corpus-
cular inflow into the upper atmosphere. McILwAIN state that the integral number
energy spectrum of protons incident upon the atmosphere during the auroral displays
of quiescent glow of about intensity I, is approximately 2.5 X 106 exp (-E/30) protons/
sec cm? sterad, over the range 80 to 250 kev, while that of electrons equal to 2.5 X 109
exp (-E/5) electrons/sec cm? sterad over the range 3 to 30 kev. Further, he states
that at least 759 of the light in some aurora is produced by nearly monoenergetic
electrons with about 6 kev energy with the peak values of the electron flux of about
5 x 1010 electrons/sec cm?2 sterad.

One of the most important problems in Part II, is to investigate the quantitative
relations among the phenomena on the bases of observation data, since the disturbance
phenomena are attributable to the impinging corpuscles, as expectable from the
results so far obtained. The study is not only helpful for the understanding of the
physical state of the ionosphere during aurorae but is of importance for the complete
understanding of the whole feature of earth storms.

2. Physical quantities
As visible in a schematic diagram (Fig. 33), the invasion of protons and electrons
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Fig. 33. Schematic illustration of the upper atmosphere dis-
turbance phencmena, and their inter-relations.

may result in ionization and excitation of the upper atmosphere particles. Further-
more, the excess ionization in the lower ionosphere may cause an induced electric cur-
rent there, which may be responsible for magnetic variations. The three kinds of
information are, therefore, available for the investigation of the relationship. They
arc the ionization in the ionosphere which is represented, for example, by foEs and/
or by blackout, auroral luminosity and the deviation of geomagnetic field.

Among the ionospheric phenomena, blackout is not very appropriate for quantita-
tive investigations because of its dependence on the sensitivity of sounding apparatus.
foEs therefore will be mainly dealt with in Part II as an indication of ionization rate.

The forbidden green line of OI (25577) is generally used in this paper as a rep-
resentative of auroral intensity, since it is the most popular and intense among a num-
ber ot the auroral spectra. 1PG and He line are subsidiarily referred to, as occasion
demands. As to the geomagnetic variations, here will be used the deviation of hori-
zontal disturbance vector from the expected value without disturbances. Almost all
kinds of geomagnetic disturbances are included in the data for a year, namely magnetic
storm, bay disturbances, giant pulsations, short period pulsations and SSC’s, which will
be discussed later.

3. Summary of early works
As already mentioned, the different colours of aurorae indicate that the relative
intensities of the various spectral {eatures are not always the same. This paragraph is
concerned with the information available on representative mean values. The dis-
cussion will be concerned also with the information on mean ionization rate. Table 6
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gives summary of results on relative spectral intensity obtained by many investiga-
tors81-86), the scale for each set being chosen so that-I (15577) is unity.

Table 6. Relative intensity of auroral spectra.

Identification Wave length Luminosity
ol 11 1D 5577 1
N,* ING (0,0) 3914 1.1—1.9
N,* ING (0,1) 4278 0.2—0.4
N,* (NG) 1.0—2.0
o, Atmospheric (1,1) 7708 0.08

On the other hand, the ratio of ionization rate with excitation has been investigated
by OMHOLT on his observational results obtained at Troms6. Thus we can now esti-
mate, with the aid of Table 6, the quantitative relations among relative intensity and
furthermore the relations between electron density and auroral luminosity of certain
line or band. The ratio of ionization with excitation, i.e., the ratio of electron density
and luminosity, is obtained also by theoretical process. Based on their calculation, for
example, ToumMATsU and NacaTa?) concluded that the ratio is given by

J (5577)

2
" max

= 1.5 X 107 KR/(electrons/cc).

Recently, RoacH and his colleague8’-90), based on the data at College, reported
that there is a general increase in auroral zenith luminosity with increase of Kp index.
This relation will also be re-examined later in this paper.
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VI. RELATIONS BETWEEN MAXIMUM NUMBER DENSITY
OF ELECTRON IN Es LAYER OR CLOUD AND
AURORAL LUMINOSITY IN ZENITH

1. Electron number density in Es and luminosity
of negative group
The ionization process responsible for the increase in the E-regions ionization
during magnetic disturbances and auroral displays may be identical with the preliminary
excitation process causing the auroral luminosity in negative nitrogen bands in the
aurorae (N,*, B2, — X*27;). The excitation of these bands is perhaps also an ionization
process as pointed out by OMHOLT, namely

NAXD )+ X > NS B +e+ X, . (6-1).

where X is the incoming particle. The tfact that it is the primary electron or
proton that is responsible tor the excitation ot B*}7, state of N,* makes the problem
appreciably simple. Moreover. the life time of this excited state is {ortunately short
cnough (about 10-8 sec), so that the collisional deactivation need not be taken into
considecration. In the case ol negative bands, therefore, a simple relationship is ex-
pected to hold between the intensity and electron density in the same place, as {ollows.
It is supposed now that the ionization rate g(e) is proportional to the production rate
of N2 molecules in the B*>", state (¢’(N.G.)) such as,

L [COR— 6-2)
(/’(WG.) Bovie s i i e (672)

Under the assumption of equilibrium state, we get for the electron density n(e)

n(e) = <M>l/2 e (68),

qeff

aeit being the effective recombination coefficient. Then, the photon number observed
on the ground is given by

J(N.G) = f #(N.G)dh = f O L (6-4).

13

If it is assumed that, as an approximation, £ and aef are independent of height &,
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eq. (6—4) may be modified as

J(N.G) = “;‘* 12 (E)max «.vveeeeeeeeeeeeeennn. (6-5),

where lo represents the effective thickness of auroral emission. Based on the data of
zenith luminosity of N.G. and ionospheric foEs at Tromsd, OMHOLT has obtained a
linear relation between n2max and J(N.G.), which strongly suggests that the process
above approximately holds in aurorae. His

result is reproduced in Fig. 34, in which the 107k
value of lpaefi/k can be numerically estimated
to be about 2.5 X 10—10, the relationship being
expressed empirically as J(N.G.) =25 x 10-10
n%max.

The above relation between J(N.G.) and
nmax can be readily replaced by the same
kind of relation between J(5577) and nmax
with the aid of Table 6, in which is tabulated
the relative intensity of auroral emissions.

(NG} Photons Jemi'sec

2 @
= 76
L]

Then, we can presume a numerical relation as
J(6577) = (2.5 ~ 1.8) X 10" “n’max... (6-6). ‘e

The equation based on the data at Syowa
Station will be discussed more extensively in
next paragraph.

2. Electron number density in Es and
luminosity of green line (J(5577)) e

The numerical relation between the maxi- £

]Osl(/iﬂl’

L

5 10 Meskec

.. .
mum electron density in Es (nmax%s) and the Fig. 4. The relationship between

luminosity of green line (J (5577)) is already auroral NG luminosity and
deduced from the relations among ] (N.G.), electron density in Es layer.
J (6577) and nmaxEs. The relation is exmained After OMHOLT.

now by the direct comparison of nmaxEs
with J (5577) during auroral displays based on the data at Syowa Station. The
period covered is from Feburary to July 1959. The photon emission of 25577 is
measured with a small area in zenith, and the ionospheric observations were carried out
every fifteen minutes. The results of the observations are given in Figs. 35 and 36.
In Fig. 35 is given a typical set of records during the period when critical frequencies
foEs could be deduced from the ionospheric records, and in Fig. 36 are given the relation
between the values of npaxEs deduced from the measured values of foEs and the values
of J(5577) in zenith measured simultaneously.

Although a considerable scatter appears in the points plotted, Fig. 36 gives a strong
indication of the validity of eq. (6-5). No fundamental difference is found between
the result of observations of NG by OwmmnoLT and that of green line here. The
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scatter in the point plotted may be expected as due to the change in &, [, and aes with
respect to time and space, which may be caused by the change in ionization and excita-
tion process. The empirical formula deduced from the result shown in Fig. 37, which

connect J (5577) with nma<Es may be represented by

J(5577) = 5 X 107"n’max

Surprisingly enough, it agrees with the relation in eq. (6-6), which has been deduced
indirectly trom the relation among ] (5577), J(NG) and nmax, with a little difference
by factor 2 or 3.

From the theoretical view point, however, the relation includes some uncertainties
on the excitation process of atomic Oxygen to 1S state and on its deactivation process
also, because ol the uncertainty of the energy distribution of secondary electrons which
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may be responsible for 25577 emission and because of the rather long lifetime of OI in
IS state (r = 0.4 sec). Then the numerical relation (6-7) may hold in the actual
auroral displays in average, including the two effects implicitly in it. Thus we may
conclude here that, in auroral displays, the luminosity J (5577) and n2may is also in
proportional relation, and that, if the excitation and ionization processes are always
equal, the proportional constant [oaeff/x should be universaly constant.

According to McILwaIn!D), the flux density of impinging protons and electrons
during auroral displays are such as shown in Table 2. It is noted that, the flux of
such a majority is electron’s that we may consider as the proportional relation is mostly
due to electron precipitation.

The result obtained here can be examined in theoretical consideration. ToHMATsU
and NAaGATA have examined the relationship between incoming flux and auroral
luminosity of 25577 and have concluded that the relation J (5577) = 1.5 X 10—10n2y,,
holds under the assumption that the most predominant process in excitation is due to
secondary electrons ejected from atmospheric oxygen molecules in such a way as

O@BP) + ¢ =0(1S) + ¢’ E =4.17eV
O(1S) = O(IP) + hw(5577)

Their theoretical result is satisfied by the broken line drawn in Fig.37, and it seems
to agree roughly with the line for observational results in the same figure.

3. Relations of incoming flux with nmax and J(5577)
From the theoretical consideration above, the production of OI excited to 1S state
is known to be proportional to the incoming electron flux. The relation is given by
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J(5577) = 147xF (electrons) . ......... ... (6-9),

where zF represents the particle [lux of incoming clectrons. The relation can be
readily transformed into the relationship between incoming flux and maximum density

ol electon in Es layer or cloud such as
zF (electron) = 3.4 X 10" max ~ «..'n... . (6-10)

Using the relation, we can expect the mean electron flux incoming into the upper
atmosphere in the auroral zone (from Fig. 20 in Chapter III), to about 108 ~ 109
resulting in the order of luminosity which falls into the range of aurora II or III in
average around midnight. The consideration may be reasonably supported by the
direct rocket observations of incoming Hux during auroral displays by McILwaIiN and

others.

4. Altitude dependence and local time effect

If the proportional relationship exists between the second power of electron density
(n2max) and auroral intensity I (5577) anywhere in auroral forms, the height dependence
of the relationship is perhaps due to the altitude dependence of the proportional
constant [oae/k. Then, the information of auroral height must be taken into considera-
tion. It is, however, fairly difficult to obtain the information by the observation at one
station, and instead, we use as a measure of disturbance height, the height of Es layer
or cloud.

Fig. 38 shows the dependence of the ratio of v/J(5577)/ (foEs)2 with W’Es. 1In the
figure, the altitude dependence does not seem remarkable, though there seems to be
some tendency to increase in loaes/ With increasing virtual reflection height. The
eltect is perhaps mostly due to increase in [y, the eftective thickness of aurora, with the
increasing height of maximum disturbances, since aeff is obviously the decreasing func-

tion of height. Uing the value of a@ef so far known,

e we can deduce from the altitude dependence of loaeft/k,
160 b the altitude dependence ol [y itself, since ¥ may be
constant independent of height. The results is seen

ol in Fig. 39.
Theoretically, the dependence of [/, with altitude
y may be obtained from the ionization curve, if a suitable
o energy spectra of incoming corpuscles can be assumed.
As an extreme case, in Fig. 40 are shown the ionization
100 b curve obtained by Toumatsu and Nacara for mono-
‘ chromatic spectra, which may be readily reproduced in
0 05%°ES)2 form of the relationship between [y and the height ol

maximum disturbances, as shown in Fig. 41. It is found

Fig. 38. Altitude dependence
of v/J/nmax- The values of

v J/ (foEs)? are plotted
against the virtual height of
Es. is also found at Syowa Station as shown in Fig. 42,

that the curve in Fig. 41 is in general accord with the
plotted points in Fig. 39.
The local time inequality of the constant loaeft/x
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in which is shown the observed value of the ratio ‘\/Tnma\-, compared with the
values loaefr/x (h) obtained by /’Es, showing that they are in good agrcement with
each other. It may conduded, from the result, that the apparent change in v/ J/nmay
with local time or with latitude of observation are mostly due to the altitude dependence
ol lvaesf/k, and that the altitude dependence of lyaes/r 1is most essentially responsible
for almost all systematic deviation of /]7nm“ values [rom those in the case ol 1solated
bays.

5. Some discussions on the relationship

As stated above, the change in the constant lyaeti/x, of course, considerably scattered
in the actual observation, and the change is perhaps due to 1) the kinds of incident
particle, 2) the energy spectra of each kind of streams, i.e., the difference of ionization
and excitation mechanism, and 3) the mechanism of electron dissipation. The emission
of 45577 may Dbe due to exciation Dby electron. It is, of course, partly due to
incoming protons, but the excitation by secondary electrons caused {rom primary protons
may be estimated far less than the effect of those {rom primary electrons. It may be
concluded, therefore, that the change in ratio of electron flux with proton flux does not
aftect seriously the auroral luminosity both in 15577 and NG, though the ratio changes
a little with local time, as seen in Chapter III

From the auroral luminosity curve obtained by Haranc9D), [p is found to be 25—
30 km for a mean auroral intensity. Adopting 30 km for /y and I for x, we get 2 X 107
(m? sec—1. This is somewhat a higher value than usually accepted for the normal E
layer, which is 3 x 10-8 ¢m¥ sec—! 92).  This value is, however, valid only for daylight
conditions. For example. the recombination coefhicient lor the E-region is generally
given by

aett = adis(A") + arad(AT) + SAB ) {a (B A") + as(B"AY)}. (6-11),

where the first and the second terms are coefficients ol dissociative and radiative re-

combination of electrons with A~ 1wns, while «, and a, in the third term 1epresent

m

the coefficient of mutual neutralization and three body collision between positive A\ ions
and negative B ions. A is a representative ol any atoms and molecules in the upper
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atmosphere, and B represents atoms and molecules of oxygen. As the relative con-
centration of the different positive ions, A* may well be different in the two cases
(photon ionization and corpuscular ionization), we may easily explain the different value
of aes between those usually accepted and obtained in this paper, as was suggested by
OMHOLT.

It should be pointed out also that the values of electron densities given here
arc mean values over a considerable volume of aurora, though aurorae showing complex
structure may include small volumes of considerably higher electron densities. It secms
that the numerical relation (6-7) holds between the mean values of nmax over a con-
siderable volume of aurora and the auroral luminosity of 25577 under the statistical
conditions of aeg in the aurorae, which may be due to the incoming electrons of a
statistical energy spectrum. The relation of 7npyax with luminosity may be extended to
other spectra of aurorae with the aid of Table 6.
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VII. RELATIONS BETWEEN AURORAL ZENITH LUMINOSITY
OF 45577 AND GEOMAGNETIC VARIATIONS..... I

1. General remarks

The echo patterns of ionospheric sounding during magnetic disturbances are often
very complex. Furthermore, the echo often disappears during severe disturbances,
giving information about neither the eftective electron density nor the eftective dis-
turbance height. Therefore, for the investigation of inter-relations, it seems convenient
to replace nmax by A H the horizontal magnetic disturbance vector, which may be useful
information even in the most severe disturbances.

It should be noted in the replacement, however, that proportionality not always
holds between the magnitude ol magnetic variations and increases in ionization.

Generally speaking, the variation of magnetic field observed in certain stations is
a summation of two kinds of variations. The one is due to the electric current in the
lower ionosphere with the direct origin there, and the other is perhaps propagated from
the earth’s exosphere where it originates. The lormer is believed to be generally rep-
resented by bay disturbances, and the later may include geomagnetic pulsations.
The situation may be shown as

ANH=/AH, + /ANH, ............. ... (7-1).

where ¢ and e¢ mean that the part is of ionospheric origin and of exospheric origin
respectively. As seen already in preceding sections, the interest in this paper mostly
concerns A H,, the variation of ionospheric origin, for the investigation of physical
interaction and relation among various kinds of disturbance phenomena in the auroral
zone. It seems therefore that the most important problem now is to expect the rela-
tionship between the number density of changed particles in the ionosphere and mag-
netic variation ol ionospheric origin.

The magnetic variation ot ionospheric origin may be expressed in the general form
as

AH, = 1 [ n{(c")E} Xr

v 7-2).
i . 7’ (
where 7/, 6’ and E represent respectively effective number density of electrons, specifis

conductivity for a ion pair and electric field. In the formula, we can hardly expect
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simple relation between nmax and AH,. When the electric current in the aurora of
simple form is concerned, however, the situation may be considerably simplified. For
example, if the electric current in aurorae may be considered as a line current of infinite
length, then in the first approximation in its simple form of displays, AH; may be
connected with nmax in the following relation as

\AH,| = "2"’7 (@) El dl'y wooovoeeeeennnn. (7-3),

where do and [’g are effective width and thickness of current layer. Postulating
I'o in eq. (6-10) equal with [ in eq. (7-8), we get

IAH,| = / Ze’; 2"70}1“?)1;1 ST . (7-4),
we can expect therefore a simple relation as |AH,| s /], if (6/) - E is independent
ON nmax i.e.,on y/J. It must be noted that the eq. (7-3) is deduced from a line current
approximation. If the area where electric current concentrates is of a certain with,
for example, if it is a long ellipse, the relation is considerably modified, and the relation
(7-3) is found to hold in the extreme case where the ellipticity e tends to unity.

A simple consideration on the shape of the area of heavy concentration has led to

)
77 max
N

7

the conclusion that A H, should be proportional to nmax for the range of /11 .S
—é

!
while it i1s proportional to s < max s satisfied. The validity of eq.
N

’

1 £ 1
J1i—e U Jl—e
1 ;max :
to be satisfied
Un

(7-8) or eq. (7-4), therefore, means that the condition ——=>

J/1—¢
at least in the case of isolated bay disturbances. The discussion above concerns only
a stationary state of auroral displays and electric current. In the investigations of the
correlations, however, the transient phenomena also must be taken into consideration.
For example, the set-up of polarization field E, in the auroral forms is shown by70)

— h —h ’
E, = T Z_m___ax <Ej._ + *;f:?:— Eﬂ) [l—exp<— %“)]

0
Where ts.z = ye,m/me.z (yaz,i + waz,g)

By = Wa oMo, W2+ 020 e (7-5).

. e . & . . .
The characteristic time r<=57> in the lower ionosphere is found to be the order
1

of 1 second or its fraction, revealing itself far less than the other characteristic time,
for example, of electron dissipation and the duration of bays and giant pulsation, verify-
ing the stationary treatment to be appropriate. Here must be also examined the time
change of electron number density in aurora. Since the characteristic time ¢, for
electron dissipation is obtained as

e—1
Ny Xeff

the numerical value of z, is obtained to be order of 10 sec, which is also small enough
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compared with the duration of ordinary upper atmosphere disturbances so that the
change in bay disturbances and giant pulsations can be regarded as stationary phenom-
ena. The stationary relations between |AH,| and ] (5577) will be dealt with in the
next paragraph as an example of the simple but most essential case.

2. Relations between geomagnetic variation and auroral zenith
luminosity (J(5577)) in the case of bay disturbances
From the two scts of record of a photometer for the systematic recording of OI
45577 luminosities and of geomagnetic three components which were put into service at
Svowa Station in February 1959, the isolated bays (sharp usually) out of the data for
1959 and the corresponding sharp increase in 25577 zenith luminosity are examined
first.  The coincidence of the onsets of the two phenomena, as well as of their peaks,

is good, as seen in Figs. 32 and 43.

i 2p 23 [ 2 ¥ 4h GMT
July|18 July 19 1959

"’ YASN "
L\/D\—\- \/\V/\rm/\\ﬁMJ WN
z W anant

Auroral Luminosity| in Zen:th

> F

Fig. 43. Geomagnetic variations and coincident change in auroral 25577
luminosity in zenith.

The original records were read for each peak of variations for J(5577) and A H.
Fig. 44 is a representation of the relationship betwcen the peak value of A H and the
corresponding peak value of J(5577) in the case of bay disturbances. The difterence
between the relationships of J(5577) with negative bay and with positive bay is seme-
what appreciable but not so large as will be shown later, and thereflore both negative
and positive bays are plotted without any discrimination.

Although a little scatter is visible in the points plotted, the figure shows a strong
indication of validity of eq. (7-4). That is, the straight line in Fig. 44, which is
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Fig. 44. The magnitude of the geomagnetic
horizontal disturbance vector against the
auroral 25577 luminosity in zenith, in the
case of bay disturbances.

decided by an ordinary method of least square, is expressed as
JB5TT) =3 X 107 |[AH|P (7-7),

in general accord with eq. (7-4).

Here is thus established the relation of |AH| with J. The conclusion from
Fig. 44 and eq. (7-7) is that the magnitude of magnetic variation increases as the
luminosity J (5577) increases, with such a numerical relation that J(5577) is almost
proportional to the 2nd power of |AH|. Strictly speaking, however, the power factor
is found to be 2.2. The fact indicates that the relation is not a simple one as discussed
in 7-1, and that the factors in eq. (7-4) eg. E and/ or the shape factor which has been
neglected in the consideration above is slightly dependent on [ (5577), in other words
on the activity of disturbances. -

3. Altitude dependence of the relationship

The numerical relation between |AH| and J(5577) has been already established
in section 7-2, but it was noted to be an universal one. As evident from eq. (7-4),
the relation is a weighted mean with respect to altitude. Here, the altitude dependence
of the relation will be referred to and will be given some discussions.

The data available for investigations of altitude dependence are restricted to those
for excellent conditions, because the sounding echo often disappears in severe storms.
Therefore, the amount of data useful for this purpose is so limited that strict discus-
sions on the altitude dependence are fairly difficult to make. Fig. 45 shows the change
in |AH|/(foEs)* which may be proportional to |AH|/4/] with respect to the virtual
height of Es cloud or layer. The values |[AH|/,/] show a maximum at the level of
120 km and falls toward both the levels below and above showing the level of 120 km
to be most efficient for magnetic disturbances.
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The altitude dependence may be tentatively interpreted as follows: Among the
factors in eq. (7-4), £ and E does not depend on height in principle and d¢ may be re-
garded to be independent of £, since the average relations are concerned. Among the rest,
however, [y and a.: are essentially dependent on the disturbance height. One may

1C0)

I I
se, thus. the factor =0
suppo us acto /aeﬁ 7

of |ANH|/y/J There still remains a question about the value of (¢’), the effective

is perhaps responsible for the altitude dependence

conductivity per ion pair. Since the magnitude of Hall, Transverse and Cowling
conductivities at difterent heights show considerably different values as shown in Fig.

S /
46, the altitude dependence of /l" (o)
V aen h

tivity appropriate for the factor. For example, it should be noted that the scale for

is largely affected by the kind of conduc-

0, is smaller than that for ¢,/ and ¢, by a factor of 10. Among them in the present
case, ¢,/ is found to be available {or substituing ¢/, being postulated as a line current
approximation in the auroral forms. In Fig 47, the estimated value of the factor
are plotted as functions of height for a mean auroral
display in which [, is substituted by the numerical

Height 1n km

values obtained in 6-2. Comparing the result with
reor that in Fig. 45, one may reach the conclusion that
the altitude dependence of | A H|/4/J may be almost

180]- N . .
due to the product of ‘/ﬁ (< I,), the increasing

eft

. . oy . .
1201 function of height, and( 3), the decreasing function
of height, resulting in a peak of the product at the

100 |- " .
’ level of about 110km. Complications arise here
[

0 5 because the level height of the maximum value of
Fig. 47. Estimajed |A H|/y/T this estimation is a little less than the observed one.

versus height. To interpret the fact, however, we can readily
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suppose that it is due to the validity of the replacement of ¢, tor ¢’, and that ¢’ in
fact is well reduced from o, at the level concerned since ¢’ in reality falls between
oy and ¢/, with a slight upward shift of the height of the maximum value.

The numerical value of E, substituted in the above consideration is 10-3 volt/m,
which is not far from the values generally accepted for the electromotive force caused by
the dynamo action in the lower ionosphere.

4. Local time inequality of the relationship
On examining the ratio |AH|/4/J by means of the ratio |AH|/(foEs)’, one may
notice a little but systematic local time dependence of the value as well as its
altitude dependence. In Fig. 48, are plotted the value at different local time. The
ratio, as seen in the figure, shows a minimum in the evening and tends to increase
throughout the night. The situation may be formulated, the altitude dependence of

‘“/%Ea’

15 lJ! 21 “) :‘l ‘Sh LT
Fig. 48. Local time variation of |[AH|//T
at Syowa Station.

—l_g_— [(0)]

being taken into consideration, as follows;
Qeff

IANH|/V]J#) = A, and h=h({) ...oveeeeann... .. (7-8),

lo (h) R 0‘3,(}2_)

h =,/ 20—
where Ah) e () h .

The left hand side of eq. (7-8) is illustrated in Fig. 48, obtained from the numerical
values of AH and foEs, while the right hand side can be estimated by the numerical
value of eq. (7-9) by the height change of Es layer, which is shown in Fig. 21. The
later, as shown in Fig. 49, is in good agreement in general tendency with the values in
Fig. 48. This fact may be an obvious proof that the altitude dependence is essentially
the cause of the apparent local time dependence of | AH|/,/J This fact may also indicate
that the local time dependence is mostly due to the disturbance altitude only and it
needs no effect of any other particles than electrons. The effect of incoming protons
participating in the relationship among the disturbances may be thus regarded as far less
than that of electrons.

It seems worthwhile to note here the conclusions reached in this chapter. One of
the most important results is the numerical relation between the magnitude of geo-
magnetic disturbance vector and auroral zenith luminosity of 25577, which is given
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Fig. 49. Local timc variation of |AH//T|
estimated from the local time change
in W’Es.

by the empirical relation (7-7). assuming stationary state. This relation appears to be
reasonable, being postulated a line current approximation in the auroral lorms. A
little altitude dependence of the relation, is also noted, and this has been shown to be
interpreted as the altitude dependence of aef, lo and (¢’). The altitude dependence is
one of the modifications of the relation (7-7), which will be dealt with in the next
chapters more extensively, where the concept ot alternative phenomena will be taken into
consideration, as well as stationary ones.
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VIII. RELATIONS BETWEEN |AH| AND J(5577)..... II

1. Severe storms and auroral luminosity

In the preceding chapter, the relation between ] (5577) and |A H| in isolated bay
disturbances has been examined, and this relation is shown to be the most simple but
essential one in the case of stationary and simple formed disturbances. Here, the same
kinds of relations between peak values of ] (5577) and the corresponding peak values
in|AH|of bay type disturbances during severe storms will be examined. It is noted
here that there is no reason to expect the validity of eq. (7-7) even statistically, because
there is no evidence for the independence of E and do upon J, i.e., upon the activity of
disturbances during severe storms.

The relationship is given in Fig. 50. The line drawn to represent the mean relation

IsHt

13 [} ]
10? 10° KR

Fig. 50. The magnitude of horizontal disturb-
ance vector of gecomagnetic field versus
auroral 25577 luminosity in zenith, in the
case of bay type variations in severe storms.

consists of two parts of difterent feature, which indicate that simple proportionality ot
|AH| with v/J does not hold. Namely |AH| in low-activity is related with J such as
|AH| o o/] as in the case of isolated bays with a little difference in the proportionality
constant, but the relation of high activities is far from eq. (7-7). The proportionality of
IAH| with /] itself seems to tail for the period of high activity. The empirical



53 Inter-relations among the upper atmosphere disturbance phenomena

formula in this case may be represented, as

J=16X10°|AH)P , at |AH| <700y ......... (8-1),
J=08~09|AH| , at |AH|> 700y ... (8-2).

The relation (8-1), compared with the eq. (7-7), may indicate that the assumption
of independence of E and dy upon J, is valid also storms less than 700y of the magni-
tude of disturbance horizontal vector. The difference of the proportional constant
between eq. (7-7) and eq. (8-1) may be therefore due to the mean change in do, the
eftective width of the current band, in other words due to the integration effect in eq.
(7-2) in Chapter VII. On the other hand, the relation (8-2) may be difficult to be
interpreted unless an assumption is taken into consideration that E is also dependent
on J(i.e., nmax), since no significant difference of the other factors cannot be expected
to exist between the two ranges of disturbances. If E, the electric field, is only res-
ponsible for the modification of the relation, one may easily obtain the relationship
between E and J(5577) or nmax, as

E=65X102yJeEy ooooiiiiiiiniiaiii. (8-3).

Summarizing the considerations above we get empirical relations of (AH/,/J) in
storins with that in bay disturbances, such as

H|\? H|\?
(%i)smrm =a (%)bay, IAH| <700y ... (8-4).
E,\2 2 .
(nH| - u<f) = <Lf7—§ﬂ)bay, |AH| > 700y ......... (8-5).
¢ =2

The relations will be discussed in more detail later in connection with the other
evidence of the electric field E

2. SSC* and auroral luminosity

Of all sudden commencements ot magnetic storms, which took place during IGC,
when the simultancous observation ol magnetic field and auroral luminosity at Syowa
Station was carried out. about 809, of them occured in the day time or during
stormy weather without corresponding observation of auroral zenith luminosity. Of
the remainder. some werc missed and some were inappreciable at the station, so only
three sets of data are listed in Table 7. It is found, however, in the records of the
threc cases, that there is a strong cvidence for the geomagnetic SSC* to be related
directly with auroral activity. For example, a record is reproduced in Fig. 51, where
the coincidence of ncgative kick in SSC*, with the peak of luminosity curve in zenital
aurora is found to be almost complete. This fact seems to suggest that SSC* has its
origin, t.c., the equivalent current system responsible [or, in the low ionosphere, in
like manner us in case of day disturbances. The value of (| AH|/4/])* in this case is quite
similar to that ol bhay disturbances or storms though the mcan value of the ratio may
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Fig. 51. Examples of geomagnetic record of SSC* associated with increase
in auroral luminosity 25577 in zenith.
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Table 7. Relation between auroral zenith luminosity and geomagnetic variation.

Disturbances J/IaH[* (KR/y?) J Remarks
_lvsolatcd Bay (average) 5;< 10— ]
Storm (average) 1.6 x 1073 (o H| < 700y
S§SC* 3 x 1073 1828, Apr. 9, 1959
0.4 X 10-3 1626, July 11, 1959
1.4 x 107 1638, July 17, 1959

only be slightly significant owing to thc¢ paucity ol available data. This fact also
scems to be an evidence that the phenomena to be of ionospheric origin, as has been
already pointed out by NacGATA and others94 95 by an equivalent current system

concentrated in the polar region (Fig. 52).

Fig. 52. LEequivalent cuwrent system for preliminary 1everse
kick of SSC* at 0625 GMT on May 29, 1933. After
Nacata and Apt

3. Geomagnetic pulsation and auroral luminosity
Three kinds of geomagnetic plusations were found to be dominant at Syowa Station,
on both rapid-run magnetogram and induction magnetogram. The main periods of
them arc as seen in Fig. 13, 9 sec, 27 sec and 270 sec, which have been called, short
period pulsation, intermediate period pulsation and giant pulsation respectively. In
this paragraph, the relationship between J (5577) and | AH| in short period pulsation as
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well as giant pulsation will be dealt with.

Generally speaking, geomagnetic pulsations are mostly concentrated in the morning-
daytime site in the auroral zone as seen in Fig. 16 in Chapter I, and therefore it is fairly
difficult to find out whether or not they are associated with simultaneous auroral
pulsations.

In some cases, however, when Pg occur in dark time, there are found sometimes
corresponding auroral pulsations in 25577 in zenith, while in some other cases no
appreciable auroral pulsations associated with magnetic pulsations can be found, even
for the most striking pulsations. Examples of the geomagnetic pulsation with or without
the coincident auroral pulsations are shown in Fig. 53. On examining the giant pulsa-

1
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Fig. 53. Geomagnetic giant pulsations and associated au-
roral pulsations in zenith.

tions, one may find that there are two groups of them, according ways of relating them
with the auoral pulsations. The existence of the two groups definitely different from
each other, can be clearly indicated in (J,/| A H,|) diagram, as shown in Fig. 54, where the
suffix means the quantity to be the pulsative fraction of each disturbance.

The points plotted with some scatter are obviously found to be concentrated into
two groups, the one showing a close correlation between |AH,| and J;, the other not
showing this. These will be called hereafter Pgr and Pgu respectively. It must be
noted, here on examining only geomagnetic features, that no remarkable characteristic
difference is found between the two groups. The amount of data, much less than
that of bay disturbances, seems to prevent us from a complete understanding of the
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Fig. 54. Double amplitude of geomagnetic
giant pulsations against that of auroral
75577 pulsation in zenith.

characteristic of the two groups, though there may be some appreciable evidences

which suggest that there is a systematic change in the base line value ol each quantity,

|IAH,| and J,, which the pulsative fraction |AH,| and J; are superposed. In fact,
the mecan value of J1/|AH,| is obtained to be about 1.4KR/y for Pgi, while it is about
0 07KRjy tor Pgu, corresponding to each mean value of about 200y and 50y. It can also

103—! 1ot

Fig. 55. Inter-relation among the |~ H,
—J rclationships for bay, storm,
giant pulsation and short period
pulsation on | AH|—j diagram.

be proved casily that Ji/|AH,| of the pulsa-
tions of Pgr is nearly equal to dj,/d|AH| of
the base line value, a difterential form of the
relation which has been already obtained in
the casc of bay disturbances. The salient points
of discussion above may be seen in Fig. 55.

On the other hand, if the relation 4,/
IAH,| = const. holds universally for all Pg, the
minimum value of (dj,/d| A H,|) for Pg of 100y
of double amplitudes, is about 0.3KR/y which
is proved to be definitely larger than the ob-
servational value of (J,/| AH,|) for Pgu, being
taken into consideration the non-linear charac-
teristics.

From the results mentioned, a conclusion
may be derived, namely the Pgr is mainly
of ionospheric origin, whereas Pgir is unlikly
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due to the electric current in the lower ionosphere. The result may be important,
because it indicates that some part of Pg may be of ionospheric origin in contrast to
the general belief that they are of exospheric origin. Pgr is perhaps due to periodic
ionization with simultaneous excitation in the lower ionosphere as well as the bay dis-
turbances. The physical cause of the periodic ionization is not clear enough at the
present stage of the research, though it may be due to the periodic change in incoming
flux. Hence it is desirable to develop the study further in order to clarify this point.

4. Short period pulsation and auroral luminosity
It is found occasionally, that the short period pulsation is directly associated with
auroral pulsation of the same period at Syowa Station. An example of change in
double amplitudes is given in Fig. 56 in which the parallelism of the changes is found

JULY 29 7?59

KR 3 4h Ze GMT
40}

20f l

L D
it

2.

0

Auroral and Geomagnetic Micropulsation

Fig. 56. The time variation of the double ampli-
tude of geomagnetic and auroral pulsations of
short period (T = 9 sec).

to be remarkably good. The short period pulsation (the periods ranging from 5 to
12 sec) can no more be considered as stationary phenomena, since its period is com-
parable with some characteristic time in the lower ionosphere, e.g. the time of electron
dissipation in this region. In this case, therefore, several “impedance” effects which
augment the value J,/|AH, must be taken into account. Among the effects, the
electron dissipation and setting up of polarization field seem to be most important,
since the excitation life time of 25577 is about 0.4 sec being far less than the other
characteristic time. The later which is a minor effect compared with the former has
been already discussed in 7-1. Hence the former will be examined here in connection
with the observational result.

The ratio of the pulsative fraction of disturbances in|AH|and J (5577) for short
period pulsation are plotted in Fig. 57, where we can see that (J,/| A H,|) is anomalously
larger than the value both for Pg and bay disturbance (Table 8). Moreover, the
value being about 6.7, is proved to be appreciaoly larger than (dJ,/|d| A Hy|)at the cor-
responding value of |AH;| (about 120y). In fact, this actual value of (J,/|AH,|) is
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auroral pualsations of 25577 in zenith.

Table 8. Reclation between auroral zenith lummmosity and geomagnetic variation

Disturbances ! 1o (KR /)y ‘i Remarks
Pl | 4 | }r=270 sec
Pt 0.07 L
Ps : 6.7 l T=9 sec A H) ~ 1207
dj,/|d o H| ;\ 1.2 | —200y
min dj,/|dz.H| for Pg 0.3 ‘ — 50y

high enough for suggesting that the time constant in the ionosphere takes an important
role for the remarkable augmentation of the value. We now proceed to calculate the
impedance eflect by which the ratio (J,/|AH,|) may change considerably. For con-
venicnce sake it is postulated here that the other conditions except time factor are
equal to those of Pg, and that the change in (J,/| AH,|) is only due to the difference
ol the periods between Pg and Ps.

Being thus postulated, the time change in n and J may be given respectively such as

%{~ =Q'n'M)zlt — ) . (8-6)
—%ﬁ = Qn(M) n¥F — aetn? . ... (87
% =K e (88

where »'(M), n(M), =F, and 3 represents respectively, the number density of neutral
atoms of Oxygen, the number density of neutral atoms and molecules responsible for
ionization, incoming flux of electrons and eflective decrecasing factor of excited Oxygen
atoms due to 15577 emission.
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The left-hand side of eq. (8-6) can be eliminated since the decay time of luminosity
is short enough for considering that the luminosity follows coincidently with the change
in incoming flux. We get therefore

If bay and Pg are concerned, the left-hand side of eq. (8-7) is also neglected, resulting
in the relation

Substituting zF in eq. (8-10), eq. (8-9 is then modified to a form such as already
discussed in Chapter VII as

Qeff n’(M) 2
MY e e

which may hold for the equilibrium state. However, if there occurs a quick change in
incoming flux as

aF =nF,(1 + ksinwt) .....ooooiinn... (8-12),

where k£ < 1, a small perturbation term n, defined as

is found to be given by

KQ n(M) nF,

n = e
Vb + 4ater ny

T

tan 8 = m ........................ (8‘15)
Then we get from eqs. (8-9) and (8-14),
_;I_l__ — w® d]o _
n - l + mé?oz dno .................. (8 16)

Therefore, if it is supposed that the simple relation |AH| oc n is satisfied in this
case, the relation of amplitude between zenith auroral luminosity and magnetic change
in short period pulsation can be given as

o Jy w? . d]o .
AH| = /1 + Taend  A[AH) T (8-17)

This equation can be transformed into

Ji -3 ‘/ *
I 6% 10 ., ]
AH] 1+ oo n? IAH, ......... (8-18),

with the aid of eq. (7-7).
On substituting each numerical value for J,/|AH,|, o and AH, we get acfin, =
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Fig. 59. General aspect of |A H|—] relationship.

0.076 and a@ef = 1.5 X 107" (Fig. 58). The effective recombination coefficient thus
estimated, which is little higher value than that generally accepted for this region of iono-
sphere, is in agreement with the value obtained in 6-5. From the results stated above, it is
concluded that the short period pulsation is due to the pulsation of incoming flux, and
that the apparent change in ratio J,/| AH,| is attributable to the fact that the charac-
teristic time of luminosity decay is short enough compared with the change in fux,
while that of electron dissipation is comparable to it. In Fig. 59 are summarized the
relationship between | A H| and j(5577) for various kinds of magnetic disturbances which
have been dealt with in this chapter.

5. Latitude dependence of the relationship
Another kind of information on |AH|/,/J has been obtained by RoacH and
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others87-90) from the data collected from station mainly distributed in North America.
They have estimated, the median value of luminosity for different Kp indices, at four sta-
tions, College, Thule, Rapid City and Fritz Peak, and have found a general increase in J
with increase of Kp. Their results can be summarized and reproduced for convenience
of our purpose. For direct intercomparison of their results with those in the present
paper, we need to replace their relation, J-Kp by J-A, where A represents the equivalent
amplitude. In Fig. 60 the results reproduced in which we can see A/4/] to have a
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Fig. 60. Reproduction from the results by
RoOACH et al. A[y/] versus geomagnetic
latitude.

maximum at the auroral zone for smal activities. During high activities, however,
A/+y/] seems to tend to increase as a whole, and at the same time, the value around
polar cap becomes highest. This is perhaps partly due to the integration effect on| AH |
and partly due to the change in electric field, since there is no reason, apriori, that
it remains constant during severe magnetic storms.

In the next chapter, we will proceed to examine the change in the relationship
between |AH| and J, with a reference to the effect of electric field.



68

IX. VARIATIONS OF THE RELATIONSHIP
BETWEEN |AH| AND /

1. Altitude dependence
In Chapters VII and VIII, the observational results on the relationship between
IAH| and ] are discussed, and it has been pointed out that the relationship is most
simple, being statisfied by a proportionality of |AH| with ,/J, in the case of isolated bay
disturbances. There are found, however, also considerable Huctuation or deviation
from this simple relation for other magnetic variations as discussed in Chapters VII
and VIII. Hence, of the relations that were previously referred to occassionally, that
which was given in eq. (7-2) is the most general. Since the integral ol this equation de-
pends directly on the mode and extension of the equivalent current system, it seems to be
more convenient to write eq. (7-2) in terms of deviation Irom the “standard” relation
by some factors, which include implicity the effect of the integral as well as the eftect
ol the impedance for rapid variation. In terms of these “deviation factors”, the magnitude

of gecomagnetic disturbance in horizontal vector becomes

— B
,,As A,/ ] 19'1 )
2rch eff g d /] ©-D

a
where A, = Integration factor
A, = Inpedance factor.

In the case of isolated bays, |[AH|[,/] seems to remain approximately constant. In
reality, however, the relationship is complicated even [or isolated bays, and the propor-
tionality should be considered to be satisfied in statistical meaning, in such a limiting
case where both 4, and 4, in eq. (9-1) approach to unity. To give an explicit {orm
of altitude dependence factor as well as 4, and A4,, we need here some considerations
on the factors in eq. (9-1). The value ¢ must essentially remain constant since the
ionization and excitation process have been postulated. [E|, the intensity of clectric
field is readily found to be approximately independent of altitude in aurora, because
the parallel conductivity is estimated to be far from the transverse conductivities. Then,
if d, is statistically independent of the mean altitude of disturbance, we get a factor
A,, which is a function of height only, such as
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which has been already discussed in Chapter VII.

It must be noted here that, though each factor in eq. (9-2) is a function of
height, 4, as a whole shows such a little dependence on height, that the altitude de-
pendence may be negligible on the examination of the relationship without special
interest on height dependence.

2. Effect of integration
Apart from altitude dependence of | A H|//]J there are considerable differences of the
value between isolated bays and bay type variations in severe storms, as seen in Table 7.
One of the most outstanding difference between the two disturbance phenomena may
be that of linear scale of disturbed area. We can suppose, therefore, that the integration
factors 4, may be an important factor in this case. From eq. (8-1), we get a numerical
value approximately constant for 4, at the range of |AH| well below 7007, such as,

A, = 1.4, |AH| <700y .ooooiiniiinnnn.. (9-3).

On the other hand, at the range exceeding 7007y, the change in the relationship seems
unlikely to be attributable to only the integration factor 4,. It is perhaps due to the
change in E, as

TEﬂ =6.5X 10%/J, |AH|> 700y ...c........ (9-4).

0
We now proceed here to seek the physical origin from which 4, may be derived.

Since J have been measured in a small area in zenith, the ratio | A H|/,/J may change
with change in effective width of auroral displays, which may be one of the integration
effects on | A H|/,/J. In fact it is readily found that the magnitude of magnetic change
may be modified by such a factor, in the simple case of a uniform current band of 2s in
width, as

Fig. 61 shows the effect of broadening of the display band, where 4, is found to amount
to 2, corresponding to the change in the effective width from 100 km to 300 km. In
this case, if the observation point deviates from the centre of the current band, the
derivation of course results change of |AH|/y/J. The factor 4, which is given by

oG T [ Y o

where x = deviation, is, however, not be much effective in actual cases, being approxi-
mately equal to unity with a deviation less than some fractions of the current width.

Apart from the effects, there still remains a problem on the change in effective
conductivity in the auroral forms. The numerical values of ¢’ have been equalized to
o7 in the discussion above, but there are some reason to consider the approximation to
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ke 7 abatrary scale be sometimes quite incorrect. It is be-

st cause that the activated area, though
obviously long along the direction of
auroral zone, may not always be approxi-
mated to the line current of infinite
length. The problem of examining the
lincar dimension of disturbance area and
its shape seems, therefore, to be one of
the most important problem not only be-

causc it is directly connected with the

00 1(;0 260 3(;0 4(;0 50‘0 km(2s) ) . .
incoming mechanism of the corpuscular

Fig. 61. Change in |AH!/,/J by the stream, but because it may ofter a clue
broadening of auroral band. to the investigation of the electric field
impressed in the lower ionosphere during

auroral displays, through a comparison of the order of magnitude of ¢ observed with

expected value of ¢’ in actual disturbances.

3. Impedance effect
Magnetic pulsations of short period which are sometimes observed at dawn have been
alrcady discussed in some detail in connection with the corresponding auroral pulsation,
in Chapter VIII. From eq. (8-17), we can get the factor 4, for the pulsative {raction

of |AH| namely |AH,|, as
— F)
A4, =1 S—
/s

4aeﬁ2n02

There should be, of course, a characteristic phase difterence expected form eq. (8-15)
betwecn auroral and geomagnetic plusations, as well as the difference in amplitude.
Unfortunately, however, the apparatuses used at Syowa Station have been of insufficient
resolving power for such a short time delay as the phase of the short period pulsations.
It is desirable to confirm the presumption of the phase delay, which may be a strong
indication that the short period pulsation is a modification of bay type variation ol
ionospheric origin, owing to a periodic incoming ol corpuscular stream.

4. Change in electric field

From the result obtained by RoacHn et al., which is reproduced in Chapter VIII, it
has been pointed out that 4/,/] depends on Kp as well as on latitude. In addition, it
has been found in Chapter VIII that, the feature of |A H|/,/J at the range of | A H|above
700y is quite different {rom that in the other cases. The curious feature of |AH|/\/]
which seems to depend on J has been alrcady interpreted tentatively by the change in
clectric field during an auroral disturbance. We can hardly reach other conclusions.
since there is neither physical reason nor observational evidence for proving that other
factors may differ in such a way as seen in Fig. 50, at the two ranges of |A H|below and
above 700y The result seems to be strongly supported by other kinds of facts obtained
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at the auroral zone. That is the change

M| 0%

in drift velocity of electron in the lower fonn
ionosphere  with  increasing  magnetic
activity96—100),  According to CHAPMANIOD), T
the drift speed of electrons in the E region .
remains approximately constant around 50 g S@ )
80 m/sec at the value of Kp below 5 while E < 5
it abruptly tends to increase with increase solk- Y
of Kp, corresponding to Kp above a critical
value (Fig. 62). 2ok -

By the eq. (8-3), we are able to obtain >
the ratio of the additional electric field . - ) , ‘ .
intensity E to that in quiet state Eo, as 0 200 400600 800 10007,
one of the modification factors to the Fig. 62. Drift velocity of electrons versus
“standard” relationship, such as geomagnetic activity.

E . -
=9 X 10| AH|in% «ooeeveeeeinnnnenn (9-8).

0

|AH| isexpressed here in this equation, by degree of variation that establishes K of 9 tor
the station concerned to be 100 per cent, for the convenience of comparison with the
data at various stations.

By CHapMmaN’s data on the drift velocity, the value of E/Ey during severe storms
above Kp = 5 may also be estimated since E seems to be proportional to the drift velocity.
The relation is found to be in general accord with eq. (9-8) with a little difference in
the proportionality constant as given by

Va E

= = 12 X 10°¥[AH|ing «coovveennn. 9-9),
Vo E | A Hinz (9-9)
where Vy = drift velocity during severe storins

V4 = drift velocity during small disturbances

and E¢ may be estimated to be about 5 X 10-3 volt/m.

Generally speaking, the change in electric current in the lower ionosphere which
is responsible for magnetic variation may be attributable partly to the increase in conduc-
tivity and partly to that in electric field.

If the electric field is constant, and if the geomagnetic change is regarded conse-
quently to be only due to the increasing conductivity in the ionosphere, there may be no
reason to expect the increase in drift speed with increasing activity. We may conclude
therefore from the result also that the electric field in the auroral forms may change,
at the activities over Kp =05 at least. The existence of a knee point around
Kp =5, which is seen in Fig. 62, may suggest that, the electric field is approximately
independent on activity for small activities, whereas it is impressed abruptly for severe
activities above Kp = 5. The feature of |A H|/,/] in high activity may be thus attribut-
able to the effect of increasing electric field, together with the increase in conductivity.
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5. Geomagnetic chage of exospheric origin

There have been found a characteristic variation of geomagnetic field named Pgu,
which have no corresponding auroral phenomena (very little if they have). Itis clear in
Fig. 59 or in Tables 7 and 8, that almost all geomagnetic variation, e.g., the isolated
bay, storms, Pgi, short period pulsations and SSC*s belong to one group which satisfies
the relation | A Hloc,/] . with or without some modifications except Pgii.  Then we may
conclude, thercfore, that the relation (7-7) is one of the criteria for examiuning whether
or not a certain kind of geomagnetic variation is of ionospheric origin.

According to this, the group of Pgit which shows a value well deviated from the eq.
(7-7), as shown in Fig. 59. may be regarded as the change of other kind, which may have
its origin well beyond the earth upper atmosphere, for example, in exosphere, judging
from its small value of the luminosity compared with corresponding variation of geo-
magnetic field.



3

X. INTERPRETATIONS AND DISCUSSIONS

1. Disscussions on the morphological characteristics

The main feature of the upper atmosphere disturbance phenomena obtained in
Part I in this paper, seems to be of profound significance from the two physical view-
points, namely 1) the change in intensity and/or occurrence frequency of disturbance
phenomena and 2) the distribution of altitude of the level where they mostly take
place. It is because the former, which may be represented by the distribution pattern
of foEs as well as by that of the occurrence probability of activated area, indicates
directly the intensity of incoming flux, while the later which is represented by A’Es
concerned with the energy spectra of the flux.

The discussion above may be applicable for both protons and electrons in incoming
corpuscular streams. In reality, however, the effect of incoming proton may be negligi-
ble on the auroral luminosity because of its less abundance in the incoming stream,
unless a special reference is taken into account on He, Hp etc, in auroral spectra.
On the other hand, magnetic activity is not a direct indication of incoming flux, be-
cause the activity may be modified by some factors, the height, the changing rate and
the electric field, etc. In Chapters VIII and IX these problems have been discussed in
some detail, and it has been pointed out that the most essential change in the relation-
ship between |A H| and J for isolated bay disturbances, is the change in terms of height.
Out of the inter-relations thus established among |AH|, J, and n through their altitude
dependences, we have arrived at a conclusion that the disturbance phenomena in the
auroral zone may be regarded as the effect of the incoming electrons, which have dif-
ferent energy spectra at different local times and at different latitudes. In the evening,
it penetrates into the level of about 140 km, corresponding to the initial energy of
about 500 ev ~ 1kev, while in the early morning the effective penetration height is
about 90-100 km which corresponds to the initial energy of about 5kev-30kev. The
origin of such a remarkable change in energy of incoming electrons may be one of the
most important problems in connection with the physical mechanism of acceleration of
the electrons in the outer atmosphere. At the present stage of research, however, the
information on the problem is still insufficient for establishing the acceleration mecha-
nism. It may be worthwhile to note here that the appearance of Ha line in auroral
spectra precedes generally the appearance of the other lines or bands. It means that
the electron precipitation is generally preceded by proton invasion, which may result
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in an electric charge separation near the auroral zone and its break-down throughout
the night. Some papers on electrostatic field on the surface of the earth have stated
that the field changes considerably during displays, but the fact is not yet well estab-
lished and further investigation is certainly desirable.

The [all in the mean altitude of auroral displays with decreasing latitude, as seen
in Figs. 22 and 25, is perhaps due to the broadening of the auroral sone during the
severe disturbance accompanied by a characteristic fall ol mean display altitude. It is
because, at the area far outside of the auroral zone, the auroral displays observable are
severe, while in the auroral zone even the weak and high aurorae can be observed.
This consideration leads us to the conclusion that the storminess of disturbances is not
only due to the flux density of impinging corpuscles, but considerably duc to the
broadening of the energy range of the incoming corpuscles. It may be supported by
the fact that severe disturbances frequently are associated with ionospheric black-out.

The general feature, discussed above, may be schematically illustrated in Fig. 63.

IA\H
2
Evening ‘ii 5577
Es 1PG
FMorning
Blackout

Midnight

Fig. 63. Schematic illustration of upper at-
mosphere disturbance phenomena around
the auroral zone.

2. Discussions on the inter-relations

Briefly speaking, the inter-relations among disturbances phenomena may be sum-
marized in simple formulae (6-7) and (7-7), in Chapters VI and VII, which seem to
be supported by theoretical consideration. The relations may be a direct proof of the
magnetic disturbance phenomena to be of ionospheric origin. Even the existence of
many factors which modify the “standard” relations, does not aftect the conclusion for
the magnetic disturbance of ionospheric origin except Pgi. The situation has been
already illustrated in Fig. 33, where the physical causality with each other of the dis-
turbance phenomena are shown in a simple schematic diagram. It may be mentioned
now that the relationship among foEs, |AH|and auroral zenith luminosity of 15577,
their altitude effect being taken into consideration, have been numerically established
with a primary disturbing agency of incoming electron stream. The discussion above
seems to give us some aspect of the disturbances in the carth’s atmosphere though the
amount of data is not yet sufficient for establishing a complete understanding of the
carth storms. The aspect reached is that, if electron precipitates into the upper at-
mosphere in the auroral zone, regardless its origin, it excites the atoms and molecules
of the upper atmosphere with simultaneous ionization in the lower ionosphere. “L'he
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additional ionization results in the increase in electric conductivity and then the addi-
tional electric current flows in the lower ionosphere under the action of electric field.
Therefore, if a disturbance takes place in the ionosphere, a rather simple relationship
may be expected to hold among the magnitudes of the disturbance phenomena, whereas
if a disturbance can not be regarded as of ionospheric origin, it may be associated with
no considerable phenomena in other kinds of disturbances. There still remain, however,
many problems unsolved, e.g. the night E layer, auroral emissions other than 25577,
electric field impressed, etc. all of which are of importance for the complete understand-
ing of the earth storms. We tentatively proceed here to consider that possibility of
clectric field E out of the problems mentioned above. As already noted in Chapter
VIII, the electric field impressed in the lower ionosphere during magnetic disturbances
depends apparently on magnetic activity. The feature of the dependence is found to
be quite different at the different ranges of activity, above or below a critical value of
Kp =5. The critical value of Kp =5 is in good agreement with the critical value of
AH = 700y at Syowa Station, which has been found as shown in the feature of the
relationship between A H and ] in severe magnetic storms in Fig. 50, or 59. The drift
speed of charged particles in the lower ionosphere should be proportional to the elec-
tric field impressed. Substituting E in eq. (7-4) by the numerical values shown in Fig.
62, we may estimate the A H-J relation in the case of severe storms for the range
above AH = 700y. The estimated values of AH/4/J are found to be in good agree-
ment with the observations, as seen in Fig. 64. This fact suggests that additional

lawln Y

&

| H
16° 0 KR

Fig. 64. H — ] relation for severe storms es-
timated from the drift velocity of dectrons
in the lower ionosphere.

electric field may be impressed during severe disturbances of the range over Kp =5,
while below the critical value the electric field remains constant regardless of its origin.
What is the physical cause of the additional e.m.f. other than that of dynamo-action in
the lower ionosphere? It is improbable that it is due to the increase in wind speed in
the lower ionosphere, since the drift speed of charged particles measured by doppler
raderl02,103), js comparable with the sound velocity there, and it is quite unlikely that the
mass motion exists with a velocity well beyond the sound velocity. It may, therefore, be
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quite natural to attribute the e.m.f. to the electric field impressed by net charge separa-
tion far [rom the earth’s surface, for example, around cavity surface, transfered near
to the surface along the magnetic lines of force. If the field exists, it should of course
affect the precipitation ol corpuscles, because its potential is of comparable order with
the energy ol incoming corpuscles. The electric field may be also the cause ol the
difterence of energy of incoming electrons at the different local time in the auroral
zones. This has been discussed in the preced-
ing chapter.

It must be noted here that there is another
evidence tor suggesting the existence of a
critical value of Kpl04). It is deduced from
comparing K values at Syowa Station with Kp.
In reality, one may readily find at a glance
of Fig. 65 that the seasonal changes of K value
are quite different between the two ranges of
K below and above K =4.5. The discussions
above may then be briefly summarized now as
follows: the small disturbances may be mostly

K due to the anomalous ionization and excitation
o 1 2 3 4 5 & 1 8 9P . . .

in the lower ionosphere under the influence

Fig. 65. K at Syowa Station versus Kp. of e.m.f. which is roughly constant, while the

severe disturbances may be due to both the

anomalous ionization and additional electric field which may be impressed in the

lower ionosphere perhaps {rom the cavity boundary.
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XI. CONCLUSION

Throughout the present study, the relationship among the upper atmosphere dis-
turbance phenomena as well as their morphological characteristic was examined in
detail, especially with respect to the numerical inter-relations and their spatial distribu-
tions. The analysis was carried out by means of the world-wide data so far available,
so as to examine the world-wide distribution comprehensively. At the same time, the
simultaneous records of each phenomenon at Syowa Station were examined as numeri-
cally as possible. The systematic nature of ionospheric and geomagnetic disturbances
associated with auroral displays as well as the numerical inter-relations among them is
one of the most interesting results, though its physical explanation is not yet satisfactory.
It has been suggested that the electric field may be introduced as an important factor
to interpret the morphological feature of disturbances and|A H |-J relation during high
activity. The disturbing agencies, the incoming protons and electrons into the auroral
zone, have been also studied to see which is the main agency responsible for the polar
disturbances. It has been proved by the observational result that electrons mainly
participate in causing the disturbances of such systematic features.

Summarizing the present results, the important conclusion obtained in various
problems mentioned above are described as follows;

i) General aspect

The general aspect of the morphology of geomagnetic and ionospheric disturbances
and auroral displays in high latitudes shows very systematic features with respect to
geomagnetic latitude and local time. The altitude of the level where disturbances take
place, as well as the intensity of disturbances, is the most important factor in deter-
mining the feature of disturbances. The average characteristic of the world-wide pat-
tern of the disturbance phenomena, i.e., ionospheric and geomagnetic disturbances and
auroral displays, are so similar to each other, that they can be regarded to be derivatives
of common physical origin even if viewed from only this standpoint of the similitude.

ii) Relationship among the disturbances

There appears to be a strong evidence for the existence of numerical correlation
in the magnitude of horizontal disturbance vector of geomagnetic field |AH]|, the
anomalous ionization in the E-region nmmax and auroral zenith luminosity of 25577. The
close relationship is also a proof for indicating the existence of common physical origin,
and they are all found attributable to the anomalous ionization with simultaneous
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excitation of the upper atmosphere particles by incoming of electrons (500 ev—-30 kev)
into the auroral zone. It appears probable that the incoming protons as well as clec-
trons also contribute to detemining the inter-relations. The effect has becn neglected,
however, in the present paper since there is no observational evidence for the importuance
of its role.

Though there appears to be some characteristic deviations {rom the “standard”
relationship, they are reasonably explained by integration factor A4, in some cases and
by time factor A4, in others. The electric filed E is regarded also as responsible for the
deviation in the case of severe magnetic disturbances. Thus the relationship among
the disturbance phenomena, with some physically reasonable modifications, is understood
to be the numerical relations among the physical quantities expected in the process of
energy partition from incoming stream to the upper atmosphere particles.

An exceptional disturbance is Pgi1, a kind of giant pulsation. It seems essentially
to difter from the other geomagnetic variations, since it has no (or inappreciably small)
related phenomena in both ionospheric and auroral activity. This may be one of the
evidences for proving that Pgi1 is not of ionospheric origin. It must be noted here that
the ‘“standard” relationship which is regarded to hold in the case of isolated bay
disturbances, may be uscful for a criterion to judge whether or not some upper atmo-
sphere variations belong to those ol ionospheric origin.

iii) Energy of incoming corpuscles

The local time dependence of the energy spectra of electron stream impinging into
the auroral zone, is estimated from the height ot the disturbance level in the ionosphere.
The appreciable daily change in the level height from 140 km in evening to 110 km in
early morning correspond to the change in initial energy of electrons from 500ev to
10 kev, if fall of disturbance height throughout the night is only due to the change in
kinetic energy of incoming particles. The ionospheric blackout which are frequently
obscrved in the morning may be then attributable to the high energy corpuscles proba-
bly abundant in the stream precipitating in the morning side of the auroral sone.
The flux density is estimated [rom the observational results to be of the order of
108-109/cm?2 sec sterad for the ordinary disturbances.

In connection with the local time change in the disturbance height the altitude
dependence of the numerical inter-relations among the disturbances is a problem of
great importance. There appear to exist some characteristic heights of the level, where
certain phenomena may especially predominate compared with the other kinds of
phenomena associated. In f{act, for example, the level of height about 120 km is found
to be more eftective for magnetic disturbances than the other levels. Also 1PG emission
in auroral spectra appreciably predominates below the height ot about 100 km, above
which it is almost completely masked by intense green line emission of 25577.

iv) [Electric field in aurorae

There are some evidences for the existence of additional electric field, other than
that by dynamo-action in auroral forms, though the direct observational proof105,106)
is not yet satisfactory. This existence is suggested in the present paper by three obser-
vational results, namely by the anomalous feature of | A H|-] relation in the case of
severe magnetic disturbances, by increase in drift velocity of electrons in the lower
ionosphere with increasing activity, and by the different behaviour of seasonal change
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in K indices at their different magnitudes.

The conclusions reached in the present study, although not all complete way, likely
provide some information on the mechanism of polar earth storms. In concluding, it is
perhaps important to note some problems of great importance which still remain un-
solved in the present study. Among them, the physical origin of the world-wide
distribution pattern of the corpuscular energy, the origin of the electric field which is
found to be impressed in the ionosphere during severe disturbances and the origin of
Pgui with its mechanism of propagation towards the earth’s surface, may be the most
fundamental problems, which are directly connected with the origin and the mechanism
of the earth storms.

It is desirable to extend the study further on these problems in order to give us
a new knowledge towards a complete understanding of the earth storms.
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