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Some Characters of Substorm-Associated Geomagnetic
Phenomena in the Southern Polar Region (1)

Masayuki KUWASHIMA

Abstract

Continuous observations of geomagnetic phenomena have been carried out
during September and December, 1973 at Syowa Station and the inland station
(Mizuho Camp and Yamato Mountain Base Camp) in Antarctica simultaneously.
During substorm time, geomagnetic variations of the inland station show quite
different characters with that from Syowa Station, although their distances are
only a few hundred kilometers or so. Some preliminary results of characters
of those phenomena are presented.

1. Introduction

The magnetospheric substorm which is a dramatic phenomenon in the whole
magnetosphere has various manifestations that are polar magnetic substorm, electron
aurora substorm, proton aurora substorm, magnetic pulsation substorm, ionospheric
substorm, X-ray substorm and VLF emission substorm (Akasofu, 1968). Those phe-
nomena are observed both in space by satellites or rockets and on the ground stations.
The space vehicle observation has an advantage of direct measurements of magnetic
and electric fields, wave emissions and particles in the magnetosphere. But it is
difficult to distinguish between time-dependent and position-dependent components
from the space data. The ground observation has an advantage of monitoring geo-
magnetic phenomena at a fixed point for a long time.

An example of some manifestations of the magnetospheric substorm which are
observed at the auroral station in Antarctica, Syowa Station, is shown in Fig. 1.
The figure contains auroral substorm, magnetic pulsation substorm and VLF emis-
sion substorm. It is recognized that they are closely related phenomena. They are
suddenly activated at the same time of substorm onset, 2209 MLT on September 15
for example except VLF substorm which is rather suddenly diminished from the
pre-raised level coinciding with the onset.

One of the most essential characters of substorm is a drastic movement of the
active region. For example, coinciding with substorm onset a rapid poleward motion
of aurora is observed (Akasofu, 1968). Yanagihara (1963) has compared substorm-
associated Pi pulsations at Churchill, Great Whale and Byrd, the last of which is
located near the conjugate position of the former two. Based on the analysis, he
suggests that the active center of Pi pulsations may move westward. Geomagnetic
phenomena must be studied by data of many ground stations spaced in systematic
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Fig. 1. Records of all sky camera photographs, horizontal component of
magnelic variation, X component of magnelic pulsation and intensity of
VLF hiss emissions, observed at Syowa Station on September 15, 1973.
In this example, the substorm breakups occur at about 2058 MLT and
2210 MLT.

arrays to solve various aspect of substorm such as those mentioned above.
Recently, observations at stations which chain latitudinally have been -made in
the auroral zone (Samson, et al. 1971) and near the plasmapause (Fukunishi, et al.
1974; Fukunishi, 1975). The former has been used to study Pc5 pulsations and
the latter to study Pc3, 4 pulsations, Pi2 pulsations as well as Pc5 pulsations. The
trial ol simultancous observations at several stations has been also carried out around
Syowa Station, in Antarctica. Magnetic field and magnetic pulsation measurements
have been made from August 28 to September 29, 1973 at Mizuho Camp and
from December 1 to 10, 1973 at Yamato Mountain in the Antarctic inland area

with a portable flux-gate magnetometer and an induction magnetometer respectively.
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Similar observations have been made simultaneously at Syowa Station. Mizuho
Camp is located along the almost same geomagnetic meridian of Syowa Station
and about 2 degrees poleward in geomagnetic latitude. L values of two stations
are 8.0 and 6.5 respectively. In magnetically disturbed conditions, substorm-time
for example, geomagnetic phenomena at two stations occasionally show quite dif-
ferent aspects. Investigation of substorm-associated phenomena are in progress by
the author by comparing the data of Mizuho and those of Syowa. In this paper,
concerning with Mizuho and Syowa, some preliminary results are reported.

Geomagnetic coordinates of the stations used in the analysis are listed in Table 1.
The locations of those stations are also shown in Fig. 2.

GEOMAGNETKC LOCATION
90°

Table 1| Geomagnetic Locations

Geomagnetic
Station
Lat. Long.
Mawson —~73.1° | 102.9° |- SYowa smnon\
Mizuho -71.8 76.9 2.MIZUHO CAMP
Yamato Mt. —70.6 68.4 5.\HERMANUS
Syowa —69.6 | 76.2 ©.MAWSON
Sanae —63.6 | 44.2 10.SANAE
Hermanus -33.3 80.5 : . 27§°"

Fig. 2. Geomagnetic location of the stations which
are used in this paper.

2. Magnetic substorms and aurcral substorms

In magnetically quiet condition, the shapes of trace of magnetic variations
observed simultaneously at Mizuho and Syowa are similar. On the other hand in
magnetically disturbed condition, during substorm for example, magnetic variations
at two stations show different characters each other. Fig. 3 shows three typical
examples of magnetic substorm simultaneously observed at Syowa and Mizuho. Con-
cerning Z-component, there are distinct differences between Syowa and Mizuho not
only in shapes of trace but also in directions of variation. In Fig. 3 at about 2209
MLT on September 15, 1973, Z-component of each station show a sudden upward
change. At Syowa the variation is converted to downward change at 2211 MLT
(2 minutes aiter the onset), when upward change is still in progress at Mizuho.
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Fig. 3. H and Z component magnetic variations simultaneously observed
at Mizuho and Syowa on September 15 (left), September 17 (middle)
and September 22 (right).

Upward change at Mizuho is converted to downward one at 2214 MLT (3 minutes
after that at Syowa). Z-component at Syowa shows conspicuous downward change
from 2211 MLT to 2216 MLT and the maximum deviation from the pre-storm
level reaches to 359 gammas. On the other hand there is no distinct downward
change at the same time at Mizuho. The maximum deviation of the upward change
from the pre-storm level at Mizuho is 244 gammas, which is much larger than
that at Syowa (46 gammas).

Another example of different directions of Z-component changes start at about
2214 MLT and 2151 MLT respectively. Their maximum ranges of variation are
66 gammas and 309 gammas. On the other hand, at Mizuho there are also two
Z-component changes corresponding to those at Syowa, but their directions are
upward. The maximum deviations of upward change at Mizuho are 79 gammas
and 232 gammas respectively. In these events, the directions of Z-component vari-
ation are opposed each other for Syowa and Mizuho.

Concerning H-component, roughly speaking, shapes of trace of its variation at
two stations are similar. But the maximum ranges of H-component decrease are
not necessarily the same value for Syowa and Mizuho. For example in the Sep-
tember 15 event in Fig. 3, the maximum deviations of H-component at the two



Substorm-Associated Geomagnetic Phenomena 99

stations are nearly the same; =490 gammas at Syowa and —525 gammas at Mizuho.
But in the September 17 event, the maximum deviation at Syowa is about % of
that at Mizuho, —-209 gammas and —-308 gammas respectively. In the September 22
event, at Syowa two sharp decreases of H-component start at 2144 MLT and 2151
MLT respectively, but at Mizuho only one corresponding change at the latter time
is found.

From the above discussion, it becomes clear that at the substorm time magnetic
variations at Syowa and Mizuho which are located with a distance of only two
hundred and fifty kilometers show different characters in their shapes of trace,
directions and ranges of variation. The most possible source which causes above
differences between two stations may be a sharply concentrated westward auroral
electrojet (abbreviated to AE hereafter) assumed to flow in the ionospheric E layer
associated with the auroral substorm. If AE is the source of magnetic disturbances
observed on the ground, the situation shown in Fig. 4 should be suggested. Con-
cerning H-component, the nearer AE approaches towards an observing station, the
larger the decrease of field intensity of station becomes. Concerning Z-component
following three cases are thought.

_~AURCRAL
- ELECTROJET

OBSERVING
STATION

FIELD LINE

Fig. 4. Schematic illustration for the relation between the
location of AE and the sense of magnetic variation
observed on the ground.

1) AE is located in the equatorside of an observing station. In this case, an
upward Z-component change should be observed.

2) AE is located near the zenith of a station. In this case, any Z-component
change should not be observed.

3) AE is located in the polarside of a station. In this case, a downward Z-
component change should be observed.

It should be noted that both magnitudes of H- and Z-component variations
will depend not only on a location of AE but also on a rise and fall of AE activity.
It should be also noted that if earth induction effects were as large as those by AE,
such a systematic variations as supposed from Fig. 4 would not be expressed.

AE is thought to be westward currents in the ionospheric E layer and be con-
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nected with plasmasheet through three dimensional field aligned current. Auroral
breakup is thought to be also brought about by the precipitation of the energetic
particles from the plasmasheet along the field line into the E layer. Thus AE and
aurora have common source and are thought to be the same phenomena essentially.
Recently by rocket experiments in the southern polar region by Japanese Antarctic
Research Expedition team, the following facts are observed (Miyazaki, et al. 1974,
Nagata, et al. 1974). When auroral activity increases near Syowa, the electron
density and the intensity of electric field in a height of 100 kilometers (E layer) are
largely increased. So it is naturally assumed that when the activity of AE increases
in the ionosphere, auroral substorm usually occurs there and vice versa. So, we may
be able to monitor the dynamic behavior of AE by constructing space-time diagrams
of aurora. Standing on the point of view, the idea of Fig. 4 is examined.

Fig 5 shows a space-time diagram of typical electron aurora (5577A) observed
at Syowa as well as simultaneously observed magnetic H- and Z-components at
Syowa and Mizuho. The space-time diagram is constructed from the records of
the meridian scanning photometers. :

In the space-time diagram of aurora, there are two auroral breakup events,
one starts at about 2143 MLT on September 22 and another starts at about 2152
MLT. In the first event, two auroras at different latitudes suddenly brighten simul-
taneously at about 2143 MLT. Then the poleside one moves poleward rapidly with
a speed of 4 kilometers/sec and arrives at the position which is distant from Syowa
about 50 kilometers poleward at about 2145 MLT, via the zenith of Syowa. The
equatorside one doesn’t show any distinct motion. During that event, a sudden
decrease of H-component is observed at Syowa with the maximum deviation of
370 gammas. At Mizuho there is a little variation in H-component. In the second
events, simultaneous decrease of H-component at two stations are found and those
variations are coincident with the auroral poleward movement and brightening which
start at about 2152 MLT. The maximum ranges of H-component decreases are
-309 gammas at Syowa and -475 gammas at Mizuho respectively.

Concerning Z-component in the first event, there is no distinct change at both
two stations. There are only small changes, 66 gammas downward at Syowa and
79 gammas upward at Mizuho at 2145 MLT, when aurora is located at 50 kilo-
meters distance from Syowa to the poleward (200 kilometers equatorward from
Mizuho). In the second event, poleward motion of aurora starts at about 2152 MLT
and aurora passes over Mizuho at about 2153.5 MLT. Coinciding with the passage
over Mizuho, a sudden reversal of the direction of Z-component variation, from
upward to downward, is observed at Mizuho. During that event, aurora is always
located in the poleside of Syowa, and the direction of variation of Z-component
is always downward at Syowa.

In this section, the comparison between the movement of aurora (AE) and the
magnetic variation has been treated. It is evident that the assumption shown in
Fig. 4 is consistent with the observed phenomena, at least in the first order approxi-
mation. It is also evident that at the onset of the substorm, AE flows westward
with sc narrow width that its motion is able to be monitored by using differences
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Fig. 5. Space-time diagram of electron aurora (5577A) and simul-
tancously observed magnetic variations at Mizuho and Syowa.
Numerals of the isointensity contours of electron aurora are
given in units of 500 rayleighs.

of magnetic variations between at Syowa and at Mizuho, The distance between
two stations is only 250 kilometers.

3. Relations between Pi pulsations and auroral and magnetic substorms

Pi pulsations are thought to begin coinciding with the beginning of a bay.
According to period, they are divided into two groups, Pil (1-40 scc) and Pi2
(40-150 sec). Pi2 is traced back to damped-type magnetic oscillations in the middle
or low latitudes (Pt) and Pil is to short period component of Pt (Saito, 1960) or
spt (Yanagihara, 1959). But Pi pulsations in the auroral zone have more noisy wave-
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forms than that in the middle or low latitudes and have been denoted by noise burst
(Yanagihara, 1963) or micropulsation burst (Heacock and Hessler, 1963). According
to dynamical spectral structures, substorm-associated Pi pulsations in the auroral
zone are divided here into two groups. One is Pi burst, which is impulsive phe-
nomenon with broad band frequency components as its sonagram shows a vertical
line (Heacock, 1967). This may mean that (Pi burst)=Pil+4Pi2. Pi burst occurs
mainly near midnight. One is Pi(C) which is nonimpulsive one lasting for one to
three hours and it occurs mainly in post-midnight with narrower frequency range
(Heacock, 1967). Pi burst which is midnight event is thought to be more directly
associated with the auroral breakup. In this paper, only the analysis of Pi burst
are carried out concerning Pi pulsations.

Considering close connection between magnetic substorms and auroral substorms
through AE, next problem is to investigate a relation between Pi pulsation and
auroral substorm. An auroral substorm has two stages at its beginning part, one
is a sudden brightening of quiet arc and the other is its rapid poleward motion
(Akasofu, 1968). It is still unknown which of two-stage concerns with start or
activation of Pi pulsations. A sudden auroral brightening corresponds to a drastic
energetic particle precipitation from the plasma sheet into the ionosphere and a pole-
ward auroral motion means that an external force acts in the plasmasheet. A com-
parison between a space-time diagram of aurora and observed simultaneous magnetic
pulsation record are carried out to ascertain which of two stages of auroral sub-
storm relates more closely to Pi pulsations. Fig. 6 shows the space-time diagram
of electron aurora which is the same one shown in Fig. 5 and the records of
magnetic pulsations observed simultaneously at Syowa and Mizuho. Concerning the
space-time diagram, as mentioned in Fig. 5 there are two auroral breakups. At
Syowa, coinciding with the onset of the first auroral breakup, Pi pulsations are
suddenly activated. At the same time, at Mizuho, Pi pulsations are not so activated,
but there appears rather regular oscillations. The second auroral breakup starts at
2148 MLT with sudden brightening, but without poleward motion. At the same
time there is no distinct activation of Pi pulsations at Mizuho as well as Syowa.
At Mizuho, an activation of Pi pulsations begins at about 2152 MLT, when pole-
ward auroral motion begins. From the relation shown in Fig. 6 it is suggested that
Pi pulsations are more largely activated at the stage of poleward auroral motion
than at the stage of sudden auroral brightening.

Fig. 7 shows sonagrams of substorm-associated Pi pulsations observed simul-
taneously at Syowa and Mizuho as well as magnetic H-component variations. In
the figure, Pi burst events are found at 2210 MLT on September 15, 0035, 0050,
0110 MLT on September 16, 0008 MLT on September 17 and 2144, 2152 MLT
on September 22, respectively. Three events among the whole of seven are accom-
panied with sudden decrease of H-component at two stations, and four events are
accompanied with H-component decrease observed only at Syowa. Considering a
sudden decrease of H-component corresponds to the onset of a magnetic substorm,
it is evident that a Pi burst event is coincident with the onset of a magnetic sub-
storm. On the other hand the middle and low latitude Pi2 (Pt) is also known to
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Fig. 6. Space-time diagram of electron aurora (3577) and simul-
taneously observed magnetic pulsations at Mizuho and Syowa.
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appear at the beginning part of a bay. Then the question whether Pi burst contains
Pi2 which corresponds to the lower latitude one (Pt) or not is arisen. It is difficult
to distinguish Pi2 from Pi burst using the sonagrams shown in Fig. 7, in which the
dynamic spectra of Pi burst' shows vertical straight line as if it were a white noise.
It is necessary to use some other means instead of the sonagram ‘method to find the
distinction between Pi2 and Pi burst. This problem is treated in the next section.

4. Spectral analysis of Pi pulsations

In this section, a spectral analysis is carried out concerning Pi pulsations.
There are two theories concerning Pi2 generation mechanism, the plasmapause
theory and the plasmasheet theory. The former is that middle and low latitude Pi2
are transient surface waves which are excited on the plasmapause, while auroral
zone Pi2 is irregular and different from that of the lower -atitudes Pi2. The auroral
zone Pi2 are considered to be a result of fluctuations of ionospheric current (Fuku-
nishi, et al. 1970). The latter is that Pi2 is mainly excited in the plasmasheet and
secondary on the plasmapause (Saito, et al. 1970). In the plasmasheet theory auroral
zone Pi2 occurs at the onset of substorm by torsional oscillations of the field line
which connects with plasmasheet, while HM disturbance which intrudes toward the
earth induces the shear Alfve’n wave on the plasmapause (secondary Pi2), Accord-
ing to the plasmapause theory, power spectra of auroral zone Pi2 should be of a
white noise type. If power spectra of auroral zone Pi pulsations have a predominant
period component which corresponds to the lower latitude Pi2, the plasmasheet theory
will be favorable. To examine the theories, power spectral analysis is carried out
for not only auroral zone Pi pulsations but also lower latitudes ones.

Power spectra are computed for two events shown in Fig. 8. Those time inter-
vals are 2203-2216 MLT on September 16 and 0008-0021 MLT of the next day
respectively. In the former case, at Mawson, sharp negative bay occurs at about
2203 MLT accompanying large amplitude Pi pulsations with irregular waveforms.
At the same time, at Mizuho, there is only a trifling variation in H-component
accompanying small Pi pulsations of rather regular waveforms. Mawson station is
located geomagneticaily about 23° east and 4° poleward from Mizuho, The lo-
cations of two stations are shown in Fig. 2. In the latter case, at Mizuho, sudden
decrease of H-componént starts at 0008 MLT accompanying Pi pulsation with large
amplitudes. Simultaneously at Mawson, there is a little variation in H-component
and regular Pi oscillations are observed. It is supposed that a substorm breakup has
occurred near Mawson in the former case, and another one near Mizuho or Syowa
in the latter case. Power spectra of Pi pulsations observed at Mizuho, Syowa and
Hermanus are shown in Fig. 9 for the latter case and Fig. 10 for the former case.
Hermanus is a middle iatitude station located approximately along the same meridian
of Mizuho and Syowa. In Fig. 9 power spectrum at Hermanus shows a distinct
spectral peak both in X- and Y-component. However both spectra at Syowa and
Mizuho of Fig. 9 have no distinct. spectral peak, and their shapes are rather of
a random noise type, although a differential effect of the magnetometer must be
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considered. It is ambiguous whether a spectral peak which corresponds to that at
Hermanus exists in their spectrum or not. In Fig. 10 a common predominant spectral
peak is found about 80 sec both in X- and Y-component at three stations. This
fact is more favorable to the plasmasheet theory. The reason why we cannot find
a predominant spectral peak in power spectra at Syowa or Mizuho in Fig. 9 may
be that regular Pi2 component is masked by Pi burst which are intense near the
region where substorm breakup occurs.

From the results given in Figs. 9 and 10, the following situation is supposed.
Pi pulsations observed near midnight in the auroral zone are (regular Pi2)-(Pi burst).
The latter is local phenomena and it is intense only near the region where the sub-
storm breakup occurs. The former one is not local, and corresponds to the lower
latitude Pi2 (Pt).

Waveforms of Pi pulsations at Mizuho and Syowa are shown in enlarged scale
in Fig. 11 for the event whose substorm breakup has occurred near their zenith.
The substorm breakup occurs at 0008 MLT at the region between Syowa and Mizuho.
Coinciding with the substorm onset, large amplitude oscillations starts at each sta-
tion. During a few minutes from the onset, the waveforms have not any similarity
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Fig. 10. Power spectra of Pi pulsations observed during
2203-2216 MLT on September 16 at Mizuho (top), Syowa
(middle) and Hermanus (bottom). At about 2203 MLT
a substorm breakup has occurred near Mawson, which
is about 2000 kilometers to the east of Syowa of Mizuho.
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Fig. 11. Waveforms of Pi pulsations simultaneously observed at Mizuho
and Syowa. A substorm breakup has occurred at about 0008 MLT
between the two stations.

in the two stations. About 0012 MLT (4 minutes after the onset), sinusoidal wave-
forms appear at two stations with peak to peak correspondences. It seems that
the first part is consisted of (Pi burst which has irregular waveforms with larger
amplitude)+ (regular Pi2) and the latter one is regular Pi2 only.

5. Discussion

Substorm-associated phenomena and their interrelations have been investigated
and preliminary results of the analysis have been reported in section 2-4.

1) It is evident from a comparison between magnetic substorms and auroral
substorms that the magnetic disturbances observed in the auroral zone are induced
by AE which flows in the ionospheric E layer associated with an auroral substorm.
Coinciding with the substorm onset AE is intensified and rapidly moves polewards
following poleward auroral motion. AE is so enough concentrated that its motion
can be monitored from differences of magnetograms between Syowa and Mizuho,
which are apart only 250 kilometers from each other. Recently discrete auroras
which have line structure are observed by DAPP satellite (Akasofu, 1974). There is
a possibility that AE flows associated with those discrete auroras. But the magnetic
variations discussed in the above sections are confined to only spike like impulsive
sharp negative bay. That is observed mainly near midnight. In post-midnight broad
negative bay with long duration (lasts one to three hours) is frequently observed.
A broad negative bay appears in more wide area than that of a sharp negative bay.
Concerning a broad negative bay, there is not so distinct difference between Syowa
and Mizuho as that in a sharp negative bay. A broad negative bay may correspond
to diffused aurora observed in post-midnight. Therefore it should be noted that the
good correlation between aurora (AE) and magnetic variation shown in section 2 is
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only obtained for the phenomena near midnight (a discrete aurora and a sharp nega-
tive bay). Concerning the phenomena in post-midnight (a diffused aurora and a
broad negative bay) no analysis has been given in this paper, because the distance
between Syowa and Mizuho is too short to examine an occurrence area of a broad
negative bay.

2) Pi pulsations seem to be intensified associated with the auroral poleward
motion. Considering Pi pulsations in the auroral zone contain several sub-types,
it is still uncertain which of the types is intensified. After classification of Pi pul-
sations is examined, that investigation should be continued.

3) It is found in the discussion in section 4 that Pi pulsation observed near
midnight in the auroral zone have a predominant spectral peak, which is corresponds
to the one in the lower latitude Pi2. That result is more favorable to the plasma-
sheet theory than to the plasmapause theory in the Pi2 generation mechanism. Pi
pulsation near midnight is seemed to be consisted of the following two parts, (Pi2
which is regular)+(Pi burst which is irregular). Regular Pi2 corresponds to the
middle- and low-latitude Pi2 and essentially HM wave derived by the torsional oscil-
lations of field line in the auroral zone. Pi bursts are local phenomena and are
intensified only near the region, where substorm breakup occurs. In the case that
substorm breakup occurs near an observing station, power spectrum of Pi pulsations
shows a random noise type in appearance. That may be owing to the eﬁect that
Pi2 component is masked by the intensified Pi burst.

In this paper Pi pulsations are investigated confined to the midnight phenomena.
There are also Pi pulsations in pre-midnight (IPDP), in post-midnight (Pi(c)) and
even in the dayside (Pid). The synthetical spectral analysis of Pi pulsations is desired
to understand HM phenomena in the magnetosphere.

Acknowledgments

I would like to express my thank to Dr. K. Yanagihara, Director of Kakioka
Magnetic Observatory, for his kind advice and valuable criticism of my manuscript.
I would also like -to thank Professor T. Saito’ of Tohoku University and Professor
T. Hirasawa of National Institute of Polar Research for their kind advices and
valuable discussions. I am pleased to acknowledge the considerable support of all
members of the 14th wintering party of the Japanese Antarctic Research Expedmon
Antarctica. <

I am especially grateful to the following people for sending the geomagneuc
data at my request.

a) Dr. M. D. Barker, University of Natal of South Africa for the data at
SANAE.

b) The Director of Hermanus Magnetic Observatory, South Africa for the
data at Hermanus.

c¢) The Director of Antarctic Geomagnetic and Aurora ' Programme, South
Africa for the data at SANAE.



Substorm-Associated Geomagnetic Phenomena 109

d) The Director of Bureau of Mineral Resources, Geology and Geophysics,
Australia for the data at Mawson.
~€) The Director of Antarctic Division, Australia for the data at Mawson.

References

Akasofu, S.I.; Polar and magnetospheric substorms. D. Reidel, Dordrecht, 1968.

Akasofu, S.L; A study of auroral displays photographed from the DMSP-2 satellite and
from the alaska meridian chain of stations, Space, Sci. Rev., 16, 617,1974,

Doobov, A.L. and J.S. Mainstone; Investigations of Pi2 micropulsations-2. Relevance
of observations to generation theories, Planet. Space Sci., 21, 731, 1973.

Doobov, A.L. and J.S. Mainstone; Investigation of Pi2 micropulsations-1. Frequency
spectra and polarization, Planet. Space Sci., 21, 721, 1973.

Doobov, A.L.; Spectral content of Pi2 micropulsations and the resu]tmg theoretncal im-
plications, J. Atmos. Terr. Phys., 35, 971, 1973.

Fukunishi, H., and T. Hirasawa; Progressive change in Pi2 power spectra with the
development of magnetospheric substorm, Rep. Ionos. Space Res. Japan, 24, 45,
1970.

Fukunishi, H.; Polarization changes of geomagnetic Pi2 pulsations associated with the
plasmapause, J. Geophys. Res. 80, 98, 1975.

Fukunishi, H. and L. J. Lanzerotti; ULF pulsation evidence of the plasmapause, 2.
Polarization studies of Pc3 and Pc4 pulsation near L=4 and at a latitude network
in the conjugate region, J. Geophys. Res., 79, 4632, 1974,

Heacock, R.R. and Hessler, V.P.; Telluric. current -micropulsation bursts, J. Geophys.
Res., 68, 953, 1963.

Heacock, R.R.; Evening micropulsations. events with a rising mldfrequency character-
istic, J. Geophys. Res., 72, 399, 1966.

Heacock, R.R.; Two subtypes of type Pi micropulsations, J. Geophys. Res., 72, 3905,
1967.

Hirasawa, T. and T. Nagata; Spectral analysis of geomagnetic pulsations storm 0.5 to
100 sec. in period for the quiet sun condition, Pure and Appl. Geophys., 65, 102,
1966.

Hirasawa, T. and T. Nagata; Constitution of polar substorm and associated phenomena
in the southern polar region, Jap. Antarctic Res. Exped. Sci. Rep., Ser. A, 10, 1
1972.

Kato, Y. and T. Saito; On the classification of geomagnetic pulsations, Paper presented
to IUGG  Meeting held at Moscow, USSR, on August, 1971.

Maltsev, Yu. P., S.V. Leontyev and W.B. Lyatsky; Pi2 pulsations as a result of evolu-
tion of an Alfven impulse originating in the ionosphere during a brightening of
aurora; Planet. Space Sci., 22, 1519, 1974.

Miyazaki, S.; Direct observations of the ionosphere at Syowa Station, Antarctica, Review
of the Radio Research Laboratories, Japan, 20, 483, 1974.

Morioka, A., and T. Saito; Daytime irregular pulsation, Pid. and magnetospheric sub-
storm, Rep. Ionos. Space Res. Japan, 25, 343, 1971.

Nagata, T., et al.; Antarctic substorm events observed by sounding reckets (1) Ionization
of the lower ionosphere by Auroral electrons, Paper presented to the 56th Annual
Meeting of Geomagnetism and Geoelectricity held at Gifu, Japan, on November,
1974,

Orr, D.; Magnetic pulsations within the magnetosphere, A review, J. Atmos. Terr. Phys.,



110 M. Kuwashima

35, 1, 1973.

Perkins, D.M., T. Watanabe, and S.H. Ward; Relations between geomagnetic micro-
pulsations and magnetotail field changes, J. Geophys. Res., 77, 159, 1972.

Rostoker, G.; The frequency spectrum of Pi2 micropulsation activity and its relation-
ship to planetary magnetic activity, J. Geophys. Res., 72, 2032, 1967.

Saito, T.; Period analysis of geomagnetic pulsations by a sonagraph method, Sci. Rep.
Tohoku Univ., Ser. 5, Geophys. 12, 105, 1960.

Saito, T.; Geomagnetic pulsations, Space Sci. Rev., 10, 319, 1969.

Saito, T.; Proc. IMS Symp., 30, 1973.

Saito, T.; Study of magnetospheric substorm by means of a magnetic pulsation, Pi2,
Proc. Substorm Workshop in Sendai, 87, 1974.

Saito, T., and S. Matsushita; Solar cycle effects on geomagnetic Pi2 pulsations, J.
Geophys. Res., 73, 267, 1968.

Saito, T. and Sakurai; Mechanism of geomagnetic Pi2 pulsations in magnetically quiet
condition, Sci. Rep. Tohoku Univ., Ser. 5, Geophys., 20, 49, 1970.

Saito, T., and T. Sakurai; Proc. IMS Symp., 44, 1974,

Sakurai, T.; Polarization characteristics of geomagnetic Pi2 micropulsations, Sci. Rep.
Tohoku Univ., Ser. 5, Geophys., 20, 107, 1970.

Samson, J.C,, et al.; Latitude-dependent characteristics of long-period geomagnetic micro-
pulsations, J. Geophys. Rec., 76, 3675, 1971,

Smith, B. P.; On the occurrence of Pi2 micropulsations, planet. Space Sci., 21, 831, 1973,

Start, W.F.; Associations between Pi2 and bays at Lerwick and Halley Bay, J. Atmos.
Terr. Phys., 34, 817, 1972,

Start, W.F.; A special feature of impulsive pulsations (Pi2), J. Atmos. Terr. Phys., 34,
829, 1972.

Stuart, W.F., and D. C. Booth; A study of the power spectra of dPis and Pi2s, J. Atmos.
Terr. Phys., 36, 835, 1974.

Sutcliffe, P.R.; Improved resolution in Pi2 magnetic pulsation power spectra, Planet.
Space Sci., 22, 1461, 1974.

Yanagihara, K.; Some characters of geomagnetic pulsation pt and accompanied oscillation
spt, J. Geomag. Geoelec., 10, 172, 1959.

Yanagihara, K.; Geomagnetic pulsations in middle latitudes-morphology and its inter-
pretation, Mem. Kakioka Mag. Obs., 9, 15, 1960.

Yanagihara, K.; Geomagnetic micropulsations with periods from 0.03 to 10 seconds in
the auroral zones with special reference to conjugate-point studies, J. Geophys. Res.,
68, 3383, 1963.

MEREAFCHITSZ, YTXP—LHOHMBIERONE (1)
& B E #

L E
1973 412 9 ) (o WIMEOD IAFIIAE My & PO A 913 e 23 T RI4E 12 B wifdfndth & N RFULER E. F. G
HErRIB AR C, S Hy Dy, Z 3 1840 6 & OCRESURED X, Y 2 R4y 0 e Rl MNA T fedbdi e 1Y
FEHh & NBEIEHE & 038k 100km Laspi TusfeviZd s B¢, BRGS0 < 7o L Wi
ACHIB B E O HBUZ K & ity AR b,
ZNODOMGRINT 22 ~3 DFGRELMGE L, EREIMX Do



