Abstract

Concurrent observations of geomagnetic variations by means of a fluxgate
magnetometer and an induction magnetometer were carried out at Syowa
(L=6.3) and Mizuho Stations(L=7.7) in Antarctica from August 29 to Sep-
tember 29, 1973. Spectral and polarization characteristics of the substorm-
associated Pi2 pulsations are investigated in detail using the data obtained at
Syowa and Mizuho as well as those at Mawson(L=9.1), Sanae(L=4), Hermanus
(L=1.8) in the southern hemisphere and Reykjavik(L=6.3) in the northern
hemisphere. The Pi2 pulsations are observed simultaneously with the onset
of a substorm expansion phase over the wide area from the auroral region
to the low latitudes with a similar predominant period showing a primary
amplitude maximum at the auroral oval and a secondary one near the plas-
mapause. Pi2 period is closely related to the location of the auroral breakup
region in the following way that it becomes shorter(longer) when the auroral
breakup occurs at lower(higher) latitude. The Pi2 data from the conjugate
pair of stations, Syowa and Reykjavik, show that the H-components oscillate
in phase, whereas the D-components oscillate out of phase suggesting that
Pi2 waves observed in the auroral region are characterized as odd mode stand-
ing oscillations. The characteristics of Pi2 polarization change drastically
across the center of the auroral electrojet. The sense of polarization reverses
from a left-hand polarization on the lower latitude side of the auroral elec-
trojet to a right-hand one on the higher latitude side before ~21h MLT at
which Pi2 maximum occurrence is observed and vice versa after ~21h MLT.
Such polarization reversals result from large phase shifts(~180°) of the
horizontal(north-south) components across the center of the auroral electrojet.
If Pi2 waves propagate westward before the time of Pi2 maximum occurrence
and eastward thereafter, the observed polarization reversals can be interpreted
by the resonance theory of the coupled hydromagnetic waves. Considering
these observational results, the torsional hydromagnetic oscillation of the
field lines localized at the auroral oval is the most plausible model for a main
cause of Pi2 pulsations.



1. Introduction

It is well known that during magnetospheric substorms, various types
of ultra-low frequency electromagnetic waves or so-called geomagnetic Pi
pulsations are observed. Most of these waves are thought to be generated
in the magnetosphere and propagate in the magnetospheric medium as hydro-
magnetic waves. This phenomenon is called as a magnetic pulsation substorm,
and is one of the important manifestations of the magnetospheric substorm
(AKASOFU, 1968, 1977). In association with the onset of a magnetospheric
substorm expansion phase, Pi2 pulsations are observed over the wide area
from the auroral region to low latitudes on the ground, as well as in the magne-
tosphere (SaIro, 1969; SAITO and SAKURAI, 1970; FukuNisHl and HIRASAWA,
1970; PERKINS et al., 1972; OLSON and ROSTOKER, 1975; LANZEROTTI et al.,
1976; Saito et al., 1976a; PYTTE et al., 1976). The purpose of this paper is
to clarify wave characteristics of Pi2 pulsations based on the data simulta-
neously observed in the auroral region, plasmapause and low latitudes and to
examine their generation mechanism.

Since the first report by ANGENHEISTER(1912), Pi2 pulsations have been
investigated by many research workers. It was once called under a name
of night- or Pt-type pulsations, and then classified as Pi2 pulsations at the
Berkeley Meeting of IAGA(1963). Pi2 pulsations are essentially nightside
phenomena showing its maximum occurrence around local midnight(KATO
etal., 1956; YANAGIHARA, 1960; HIRASAWA and INAGATA, 1966).

Careful inspections of Pi2 pulsations show that their occurrence maxi-
mum is found slightly before the local midnight(e.g., 22h—23h LT in Fig. 6
of YANAGIHARA, 1960). SAITO and MATSUSHITA (1968) showed that the local
time of maximum occurrence of Pi2 pulsations varied from year to year be-
tween 22h and Olh LT, and they suggested that it has a systematic recurrence
tendency caused by the solar rotation. According to the results by SMITH
(1973), Pi2 maximum occurrence is observed near 2330 LT during intervals
of low magnetic activity, while it is observed near 2030 LT during intervals
of high magnetic activity. The variation of the maximum occurrence time
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may be related to the solar wind streaming angle as shown in Fig. 3 of SMITH
(1973). The observed variation of the solar wind direction with magnetic
activity may cause such a change in the magnetotail axis, thereby the shift
of the Pi2 source region.

Pi2 pulsations are observed simultaneously over the wide area from
the auroral region to. the low-latitudes as damped-type magnetic oscillations
with a predominant period in the range of 40~ 150 sec. The Pi2 period
varies greatly with geomagnetic activity. It becomes shorter(longer) when
the geomagnetic activity increases(decreases) (TROITSKAYA,1967; SAITO and
MATSUSHITA, 1968). On the other hand, the latitudes of both the auroral
oval (AKASOFU and CHAPMAN, 1963; STRINGER and BELON, 1967; FELDSTEIN
and STARKOV, 1968) and the plasmapause(CARPENTER and STONE, 1967;
BINsSACK, 1967; RYCROFT and THoMAs, 1970) shift toward lower(higher)
latitude in a higher(lower) magnetic activity. Thus, a close relation between
the Pi2 period and the extent of the magnetospheric cavity will be strongly
suggested from those observational results.

The latitude dependence of the Pi2 amplitude shows a primary maximum
in the auroral region(SaiTo, 1969; OLsON and ROSTOKER, 1975) and a secon-
dary one near the plasmapause(Rasporov et al., 1972; SaITo et al., 1976).
ROSTOKER (1967), SaiTo and SAKURAI(1970), Raspopov et al.(1972) and
SAITO et al.(1976) suggested that Pi2 pulsations are caused by torsional eigen
oscillations of the local field lines anchored on the auroral oval. On the other
hand, FukunisHl and HiIRaASAWA(1970) found that the Pi2 pulsations observed
at low latitudes have more sinusoidal waveforms than those of the Pi2 observed
in the auroral region. FUkuUNISHI and HIRASAWA (1970) and SUTCLIFFE (1975b)
proposed that low-latitude Pi2 pulsations are due to transient surface waves
on the plasmapause excited by high latitude hydromagnetic disturbances
associated with the substorm. Recently, OLSON and ROSTOKER(1977) sug-
gested clear contributions of the ionospheric currents to the Pi2 generation
based on the data showing a close relation between the auroral electrojet
and the Pi2 intensity. They concluded that Pi2 pulsations observed in the
auroral region are not generated by simple magnetohydrodynamic oscilla-
tions of magnetic field lines. OLSON and ROSTOKER(1977) and WILHELM et al.
(1977) proposed that changes in the magnetospheric and ionospheric current
systems are a main cause of Pi2 pulsations in the auroral region.

Wave characteristics of Pi2 pulsation will be best examined by studying
their polarization behavior. However, many contradicting observation have
been reported on polarization characteristics of Pi2 waves. The results ob-
tained at low-latitude stations(KATO et al., 1956; SUTCLIFFE, 1975a) indicate
that Pi2 pulsations are right-hand polarized in the local pre-midnight hours
and left-hand polarized in the post-midnight hours. On the other hand,
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CHRISTOFFEL and LINFORD(1966) and ROSTOKER(1967) showed that Pi2 waves
observed in the sub-auroral region are predominantly left-hand polarized,
regardless of local time. According to the investigations by BIORSSON(1971)
and FukuNisHI(1975), the sense of Pi2 polarization reverses across the plasma-
pause from a left-hand polarization on the lower-latitude side to a right-hand
polarization on the higher-latitude side. SAKURAI(1970) showed statistically
that the sense of Pi2 polarization at College (64.7° in geomagnetic latitude)
changes from a predominantly left-hand polarization in the local pre-midnight
hours to a predominantly right-hand polarization in the post-midnight hours,
whereas Pi2 events at Point Barrow(68.5° in geomagnetic latitude) are
predominantly right-hand polarized, regardless of local time. However,
polarization characteristics of Pi2’s in the auroral region have not yet been
clarified. @ Moreover, a relation between locations of auroras in breakup
events and Pi2 polarization characteristics is still uncertain. Conjugate rela-
tionships of Pi2 pulsations in the auroral region have also not clarified.

In order to study wave characteristics and generation mechanism of
Pi2 pulsations which show drastic variations in the course of the substorm,
it is necessary to make concurrent observations at the ground-based stations
situated along the same geomagnetic meridian. Such observations were carried
out by means of fluxgate magnetometers and induction magnetometers at
Mizuho(L=7.7) and Syowa Stations(L=6.3) by the 14th wintering party of
the Japanese Antarctic Research Expedition during the period from August
29 to September 29, 1973(KuwAsHIMA, 1974a and b). In the present paper,
the general characteristics of Pi2 waves will be discussed on the basis of the
data obtained at Mizuho and Syowa, as well as those from Mawson(L=9.1),
Sanae(L=4) and Hermanus (L=1.8) in the southern hemisphere and Reykjavik
(L=6.3) in the northern hemisphere. The five stations mentioned above are
located in a geomagnetic longitude range from 43.6°(Sanae) to 93.2° (Mawson).
The locations of these stations, the facilities for the observations of geophysi-
cal phenomena at Mizuho and Syowa Stations and the data analysis methods
will be described in Chapter 2. Relations between auroral motions and the
associated magnetic variations are discussed and the method for determin-
ing the location of the center of current will be examined in Chapter 3. In
Chapter 4, spectral features of Pi2 pulsations are studied and then relations
between Pi2 period and the locations at which auroral breakup occurred
will be described. The spatial distributions of Pi2 polarization around the
auroral electrojet are studied in Chapter 5. Chapter 6 describes wave phase
relations of Pi2’s at the conjugate station, (Syowa and Reykjavik). Some
examinations are applied to the observed results and a possible generation
mechanism of the Pi2 pulsations will be discussed in Chapter 7.



2. Experiment and Data Analysis

2.1. Observing instruments at Mizuho and Syowa Stations

During the period from August 29, to September 29, 1973, continuous
observations of geomagnetic variations by means of fluxgate magnetometers
and induction magnetometers were carried out at Syowa and Mizuho Stations
in Antarctica. Syowa Station(69°00’'S, 39°35'E in geographic coordinates)
is located at latitude -66.7° and longitude 72.4° in corrected geomagnetic
coordinates. Mizuho Station (70°42'S, 44°17'E in geographic coordinates)
located at ~ 260 km from Syowa towards the Geomagnetic South Pole is
an inland station which was established in 1970 as an observatory for glaci-
ology and meteorology. Mizuho (- 68.7° and 72.9° in corrected geomagnetic
coordinates) is located on almost the same geomagnetic meridian as that
of Syowa. Geomagnetic local time (MLT) of these two stations is approxi-
mately same as universal time (UT), while geographic local time (LT) is about
3 hours earlier than UT.

Block diagrams of the observing facilities which were installed at both
Mizuho and Syowa are illustrated in Fig. 1. Main part of the induction magne-
tometers of the two stations consists of sensors, d.c. amplifier, a PWM analog
data recorder and a monitoring pen oscillograph. The S/N ratio in the final
stage is generally larger than 40 dB. The frequency response curves of H-
component at the both stations are illustrated in Fig. 2.

The main part of the fluxgate magnetometer installed at Mizuho is
essentially equivalent to that at Syowa. It consists of three orthogonal
sensors, carrier oscillators, phase comparators, d.c. amplifiers and pen re-
corders. Back-ground magnetic field was cancelled by means of NKS magnets
at Mizuho, and by the electrical method using the Helmoltz. coil at Syowa.

In addition to the induction and fluxgate magnetometers, the following
instruments were installed at Syowa for the upper atmosphere research.

(a) Geomagnetism

3-component high-sensitive rapid-run magnetometer (0.5 nT/mm and
300mm/hour).



Fig. 1.
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Block diagrams of the observing systems
which were installed at both Mizuho
and Syowa Stations(upper part) and the
analyzing system(lower part). Spectral
analyzer is a SD 360 Digital Signal
Processor designed by the Spectral
Dynamics Corporation (USA). H 101
is a minicomputer (HITAC 10-1I) de-
signed by the Hitachi Manufactory
(Japan).
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Sensitiwvities of the induction magneto-
meter on chart records at Mizuho and
Syowa Stations.
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(b) Aurora

(i) 35mm all-sky camera with a fish-eye lens (6 frames/min).

(ii) Meridian-scanning photometers for measurement of electron auroras
(4278A, 55774, 6300A) and proton aurora (48614).

(iii) Zenith photometers for measurement of 4278A emissions (5°
and 30° fields of view).

(c) Ionosphere

(i) Ionosonde for bottomside sounding operated every 15 minutes.

(ii)) Riometers (=10, 20, 30, 50 and 70 MHz).

(d) VLF emissions

(i) Narrow-band field intensity recorders (f=0.3, 0.5, 0.7, 1.0, 1.4
and 2.0 kHz for chorus emissions, and 4, 8, 16, 32, 64 and 128 kHz for auroral
hiss).

(ii)) Magnetic tape recorder for continuous recording with a tape speed
of 4.75 cm/sec (frequency range of 0.2 to 4.0 kHz).

2.2. Locations of the stations

The pulsation data from Mawson, Sanae, Hermanus and Memambetsu
are used in the present investigation. Mawson is located about 2° poleward
side of Mizuho. Sanae (South Africa National Antarctic Expedion) is located

Fig. 3. Location of the southern hemisphere magnetometer stations in geomag-
netic coordinates. Reykjavik in the northern hemisphere is the conjugate
station of Syowa. MAW.: Mawson, MIZ.: Mizuho, SYO..: Syowa, MOL.:
Molodezhnaya, NVL.: Novolazarevskaya, SNA.: Sanae, HER.: Hermanus.
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on the lower latitude side of Syowa and in the neighborhood of the plas-
mapause. It is worthy of notice that the low latitude station, Hermanus, is
located along almost the same geomagnetic meridian as those of Syowa and
Mizuho.

The rapid-run magnetograms from Reykjavik which is a geomagnetically
conjugate station of Syowa are used for studying conjugacy of Pi2 pulsa-
tions. In addition to those data, the normal-run magnetograms from Mawson,
Molodezhnaya, Novolazarevskaya and Sanae are also used. The geomagnetic
locations of these stations are shown in Fig. 3 as well as in Table 1, respectively.

Table 1. Geomagnetic locations.

. Corrected Geo- . Induction Normal-run Rapid-run L
Station latitude lrgzgﬁitéz magnetogram | magnetogram | magnetogram | value
Mawson -70.6° 93.2° O O 9.1
Mizuho Station | -68.7° 72.9° @) O O 7.7
Syowa Station | -66.7° 72.4° O @) O 6.3
Novolazasrl(:;;,a 62.7° 51.8° o 43
Sanae -60.0° 43.6° O O 4.0
Hermanus -41.0° 79.7° O O 1.8
Reykjavik 66.6° 71.2° O O 6.3
Memambetsu 34.0° 208.4° O O 1.6

2.3. Data analysis

A block diagram of the analysis system of magnetic pulsations is illus-
trated in Fig. 1. As is shown in the figure, it consists of two parts, one is
an spectral analyzer for data recorded on analog magnetic tape and the other
is a minicomputer(HITAC 10—II) for digital data.

The spectral analyzer is SD 360 Digital Signal Processor designed by
the Spectral Dynamics Corporation in USA and executes spectral analysis
in a Fast Fourier Transform Method(FFT). The minicomputer is HITAC
10—II(HIO-IT) designed by the Hitachi Manufactory in Japan. The digital power
spectra are calculated by means of the minicomputer using an improved new
method which is suitable for the analysis of irregular magnetic pulsations.
This method has great advantages comparing with other conventional methods
(BURG, 1972; SMYLIE et al., 1973; CURRIE, 1974; SUTCLIFFE, 1975a; ULRYCH
and BisHopr, 1975).
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In this section, the reliability of this method is examined in comparison
with conventional methods(the Blackman-Tukey and FFT methods). In
the Blackman-Tukey method, the power spectrum is given by the Fourier
transform of the autocorrelation function(BLACKMAN and TUKEY, 1958).
Assuming the following time sequence which consists of the data sampled
at equispaced intervals 4¢,

X0y i=1----- sy N
the autocorrelation function is given by

o (n) =%):gifX(i)X(i+n) n=0,1,2----- M (1)

where n is the lag number with a maximum lag value M. Then the power
spectral density function (PSD) is derived from the following relation,

P(f) = 2.At<¢(0) +2M§1@(n) cos n.:,,.n +0 (M) COS%/I{(—>
k
f=2M-At k=0, 1a23 ---- ’ M. (2)

On the other hand, in the FFT method the PSD is defined as the absolute
value squared of the Fourier coefficient of the original time sequence.
The Fourier coefficient is given by,

F(n) =NZ—:1X(i) .exp{—j = } n=0,----- , N-1 (3)
=0 N
and PSD is derived from the following equation,
P=220 s n=0,----- N-1. @

N

However, since the length of the time sequence is finite, it is necessary to
make an unrealistic assumption about the data outside its available range.
Thus, in performing the spectral analysis, a probable data window should
be applied to the autocorrelation functions before obtaining the PSD by
the Blackman-Tukey method, whereas a data window should be applied to
the time sequence before obtaining the Fourier coefficients by the FFT
method. The problems which arise in the above analysis techniques are
leakage, frequency shifts, statistical variability and limited resolution. In
those two conventional spectral methods, the bandwidth of the spectrum
must be broad in order to obtain statistically reliable spectral estimates,
and alternatively if the bandwidth is so narrow as to give an sufficient resolu-
tion, the estimated spectrum becomes unreliable(SUTCLIFFE,1975a). Band
widths are Be=1/M-4t for the Blackman-Tukey method, while Be=m/N- 4t
for the FFT method, where m is the number of contiguous estimates averaged.
This problem becomes especially noticeable when time series of short length
are analyzed.

The maximum entropy method(MEM) has been devised at first by BURG
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(1967) for estimating the spectra with increased resolution. This method
1s considered to be the most useful for short length of data such as Pi pulsa-
tions. In the MEM, PSD is calculated from the following relation,

P :fi[u % an=exp{—i27rfndt}]_2 ) (5)
fn n=1
1 .
fn= TR Nyquist frequency
{an} , n=1,----- , M : the prediction-error filter

Py: the mean output power of the filter

It is obvious from eq.(5) that the bandwidth constraint which exists in the
conventional methods are eliminated, because P(f) can be calculated for arbi-
trary values of frequency. Two methods are proposed for the estimation
of {a.} and P,. The method devised by BURG (1967) uses a recursive
algorithm, and the other devised by AKAIKE(ULRYCH and BisHop, 1975) is
known as an auto-regressive spectral estimate. In the Akaike’s method, the
length of the prediction error filter M is adopted when it minimizes the
(FPE)); which is defined as follows,

ARAR YT (6)

Reliabilities of those methods are compared using artificially generated
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Fig. 4. Waveforms of the monochromatic and
compounded waves which are used for
the comparison of the efficiencies of
the four different spectral analysis
methods(Blackman-Tukey, Fast Fourier
Transform, Maximum Entropy Method
{ AKAIKE ) and Maximum Entropy Meth-
od ( BURG) ).
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time sequence, which is similar to those of the irregular magnetic pulsations.
The waveform of this time sequence as well as that of each monochromatic
wave component is illustrated in Fig. 4. The time sequence was generated
from the equation
TS=10.0 sin (2z+4¢/110)+6.0 sin 27+ 4¢/77)+ 5.0 sin 27+ 4¢/50) , At=S5 sec.

The power spectra of this wave were calculated by means of Blackman-Tukey,
FFT, MEM(AKAIKE) and MEM(BURG), and are illustrated in Figs. Sa, b, ¢ and
d, respectively. It is obvious from the figures that MEM is much superior
to the Blackman-Tukey and FFT methods with high resolution of the spectral
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Fig. 5.

Auto-power spectra calculated by means of Blackman-Tukey(a), Fast
Fourier Transform(b), Maximum Entropy Method(AKAIKE)(c) and Maxi-

mum Entropy Method(BURG)(d).
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peak. The spectra in Fig. S were calculated in the long interval (1280 sec).
In a case of short length of time sequence (e.g. 300 sec), MEM can still detect
each wave component contained in the test signals, whereas the conventional
two methods cannot detect sufficiently each wave component. From this
reason, MEM seems to be very useful for transient phenomena such as Pi
pulsations.

As shown in Figs. 5c and d, the spectra calculated by the Burg method
show sharper spectral peaks than those by the Akaike method. However,
spectral powers estimated by the former method are not always equal to
those expected from the original wave amplitudes, which are marked on
the figure by the bar. This tendency was pointed out also by SUTCLIFFE
(1975a). On the other hand, spectral powers estimated by the latter method
seem to be approximately equal to those expected from the original wave
amplitude. In the present work, the Akaike method is applied to the spectral
analysis of Pi pulsations because of the above mentioned reasons.
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3. Estimation of Latitude of Auroral Breakup Event

It is well known that Pi pulsations are closely associated with magne-
tospheric substorm(auroral substorm). Therefore, it is necessary to study
the relationship between occurrence regions of auroral breakup events and
Pi pulsations. In this chapter, a method for an estimation of the auroral
breakup region by means of the ground-based magnetic data in the auroral
region is discussed.

3.1. Relationship between auroral motion and magnetic variation

Dynamical behavior of aurora is examined by means of records of all
sky camera or geomagnetic meridian scanning photometer data. Fig.6 (upper)
shows an example of the space-time diagram of auroral luminosity, which
was made from the scanning photometer record at Syowa. An outline of
the geomagnetic meridian scanning photometer and a practical method for
making the space-time diagrams of auroral luminosity is given in the paper
of HIRASAWA and NAGATA(1972) or FukuNnisHI and TOHMATSU(1973). In the
ordinate of the auroral diagram in Fig. 6, 0 km corresponds to the zenith
of Syowa. Assuming the auroral average height to be 100 km, the poleward
horizon of Syowa is about 600 km south (-72° in corrected geomagnetic
latitude). Mizuho is located at ~ 260 km poleward from Syowa.

AKASOFU(1965, 1968) has pointed out that the first indication of the
auroral substorm is a sudden brightening of the quiet arc lying in the mid-
night sector of the auroral oval. Within a few minutes after the brightening,
the rayed arcs suddenly become active and show rapid poleward motions;
this phenomenon is a so-called ‘‘auroral breakup”. The auroral behavior
in Fig. 6 is generally consistent with a view given by AKASOFU. As is seen in
the auroral diagram, the auroral brightening began at about 2208 UT on
September 15, 1973 at a location of ~ 250 km equatorward from Syowa.
At about 2210 UT, the aurora started to move poleward with a large increase
in luminosity and passed over the zenith of Syowa at about two minutes
after the onset of the poleward expansion (2212 UT) and arrived around
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the zenith of Mizuho at about 2216 UT with the speed of ~ 1.5 km/sec on
the average. Accompanied with this auroral breakup, the negative changes
of the magnetic H-component were seen at both Syowa and Mizuho. The
time, when the H-component reached a minimum, almost coincides with
the time when the aurora arrived at the zenith of each station. When the
aurora was located at the zenith of the observing stations(2212 UT at Syowa
and 2216 UT at Mizuho), the Z-component intensities returned nearly to
the pre-substorm level. When the aurora was located at the equatorward
(poleward) of the station, the Z-component showed an upward(downward)
change.

Two successive poleward travelings of the aurora started at about
2143:30 and 2151:00 UT on September 22, 1973 as shown in Fig. 7. In
association with auroral motions, drastic variations in the Z-component
magnetic fields are also found in this event.

Fig.8 shows that small auroral breakup event occurred successively three
times. A close relationship between auroral motions and magnetic variations
is seen even in these small substorm events.

In the examples in Figs. 6—8, the brightening and the poleward move-
ment of aurora were accompanied by the negative change in the H-component.
On the other hand, the direction of the Z-component is opposite between
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the poleward and equatorward regions of the brightest aurora. The Z-com-
ponent returned to the pre-storm level when the active aurora reaches near
the zenith of the observing station. Those relations between auroral motions
and magnetic variations may be interpreted on the assumption that a westward
auroral electrojet is strongly localized in the latitudinal direction like a line
current with a large length in the longitudinal direction. Under this condition,
the magnitude of the H-component will be much larger than that of the
D-component. The magnitude of the H- and Z-components will reach a
minimum and zero, respectively when the center of westward auroral elec-
trojet is located at the zenith of the observing station. The direction of the
Z-component derivation is opposite in the poleward(upward) and the equator-
ward(downward) of the electrojet in the southern hemisphere and vice versa
in the northern hemisphere.

Fig. 9 shows a series of latitude profiles of the H-, D- and Z-components

} SEPT 11970
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Fig. 9. Series of latitude profiles (~I-min intervals) showing the development and pole-
ward expansion of the current system during the substorm expansive phase.
As shown in the figure, the magnitude of the H-component reaches minimum
when the current system comes to the zenith of the observing station(4Z=0).
Magnitude of the D-component variation is smaller than that of the H-component.
The dashed vertical line represents the latitude at which the current system
began to develop(After KISABETH and ROSTOKER, 1974).
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during the substorm expansion phase in the midnight hours, which is ob-
tained on the basis of the data from the University of Alberta meridian
chain of magnetometers(KISABETH and ROSTOKER, 1974). The behaviors of
magnetic variations in the H- and Z-components in Fig.9 are similar to those in
Figs. 6—8. The magnitude of the H-component reaches minimum at the
region under the auroral electrojet, where the variation of the Z-component
is very small (4Z=0). The sense of the Z-component changes from upward
in the equatorward side of the auroral electrojet to downward in the poleward
side of the auroral electrojet (in the northern hemisphere). The range of
the D-component variation is considerably smaller than that of the H-com-
ponent one in the course of the substorm expansive phase. The result suggests
that the direction of the auroral electrojet is nearly westward.

The magnetic behaviors shown in Figs. 6—9 give an evidence that the
line current model for the auroral electrojet can represent fairly well the
features of the magnetic perterbation associated with the substorm events
in the auroral region.

3.2. Estimation of latitude of auroral breakup region from magnetic data

On the assumption of the line current model for the auroral electrojet,
the latitude at which the auroral breakup event occurred was estimated by
comparing between magnetic variations at Syowa and Mizuho Stations. During
the period from August 29 to September 29, 1973, eleven auroral breakup
events were identified by both the auroral space-time diagrams at Syowa
and the magnetic data at Syowa and Mizuho. Fig.10 shows the relation
between the latitudes of auroral breakup events estimated from the auroral
space-time diagrams(ordinate) and those of the centers of auroral electrojet

- 300 Km

1 o /7 Fig. 10. Relations between the location of

v auroral breakup estimated from the

100 .’ auroral diagram(ordinate) and that from

° the magnetic variations(abcissa). The

. origin corresponds to the zenith of

3 . Syowa.  The positive(negative) values

a on both the ordinate and abcissa mean

. {roo that the auroral breakup occurred on

the polewardside(equatorwardside) of

Syowa. If two values derived from the

. ° two different methods were identical,

o they would be located on the dashed
. 300Km line(y=:c}.
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currents estimated from the Biot-Savart’s law under the line current model
(abcissa). The origin in Fig.10 corresponds to the zenith of Syowa. A
poleward direction is measured upward in the ordinate and to the right in
the abcissa. If the latitudes estimated by the two methods were identical,
they would be located on the dashed line (y=z). In Fig.10, eleven points
analyzed here are located in the neighborhood of the dashed line. This fact
shows that the line current model is useful for estimation of the auroral
breakup region in the first order approximation.

During the period from August 29 to September 29, 1973, ninety
magnetic substorm events were observed at Syowa and at Mizuho. For the
eleven events, the latitudes of auroral breakup regions were estimated by
both the auroral diagrams and magnetic data from Syowa, Mizuho and
Mawson. For the twenty-eight events, the latitudes of auroral breakup regions
were estimated by means of both the all-sky photographs and the magnetic
data. For the thirty-nine events, the latitudes of auroral breakup regions
were estimated by only the magnetic data. For the remaining twelve events,
their auroral breakup positions cannot be estimated.
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4. Spectra of the Pi Pulsations

In this chapter, spectral features of Pi pulsations observed during the
substorm expansion phase are examined on the basis of the data obtained
at Mizuho(L=7.7), Syowa(L=6.3), Sanae(L=4.0), Hermanus(L=1.8) and
Mawson(L=9.1) in the southern hemisphere and at Reykjavik(L=6.3) in the
northern hemisphere.

At middle- and low-latitude stations, damped type pulsations (Pi2) are
observed in coincidence with the onset of the substorm expansion phase.
On the other hand, waveforms of Pi pulsations observed at auroral stations
are generally irregular, probably due to an effect of random fluctuations
of ionospheric currents caused by auroral ionization. As is pointed out by
KuwaAsHIMA (1975), Pi pulsations observed at auroral stations in the beginning
of substorms consist of Pi burst (irregular waveforms and localized) and Pi2
(regular waveforms and observed over wide area). Therefore, it is difficult
to find out from original waveform records in the auroral region the Pi2 com-
ponent corresponding to that at middle- and low-latitudes. In order to
exclude the above-mentioned difficulties, a numerical band-pass filtering
technique is used here. The filter is a Gaussian-type filter, which is designed
to take out the Pi2 component from original records for a period range from
40 to 150 sec with -3 dB high-cut and low-cut characteristics. Pi2 pulsa-
tions analyzed in the present paper is damped type pulsations simultaneously
observed with the onset of substorm expansion phase over a wide area from
the auroral region to the low-latitudes with a predominant period ranging
from 40 to 150 sec. Spectral features of the Pi2 are investigated by means
of digital power spectra. Details of the method of data treatments have been
already given in Chapter 2.

4.1. Examples of the Pi spectra

Fig. 11a shows an example of H and Z variations in a substorm event. The
start of the magnetic substorm expansion phase is identified as a sudden
decrease of the H-component of Syowa at about 2020 UT. Judging from
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Fig. 11c. Power spectra of the Pi pulsations calculated
in the interval of 20202025 UT on September
25, 1973, overlapping the data of Fig. 11b.
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the Z-component variation, this auroral breakup occurred on a little equator-
ward of Syowa. In coincidence with the onset of this substorm, Pi pulsations
appeared over the wide area from the auroral region to the low-latitudes.
The band-pass filtered wave trains of this Pi event in the course of this
substorm expansion are illustrated in Fig.11b. In the figure, a sudden
intensification of the Pi pulsation was observed almost coincident with the
onset of a sharp negative change in the H-component at 2020 UT. The power
spectra of the wave trains in Fig.11b were computed in the interval from
2020 to 2025 UT and are shown in Fig.11c. All spectra have several dominant
peaks suggesting somewhat irregular waveforms. However, a common peak
around 22.5 mHz(44 sec) can be found in these spectra. Such component
will be defined as the Pi2 hereafter.

The characteristics of the Pi spectra above-mentioned are also seen in
the August 31, 1973 event in which auroral breakup occurred between
Mizuho and Syowa at about 0006 UT. The band-pass filtered waveforms
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Fig. 12a. Band-pass filtered wave trains of the Fig. 12b. Power spectra of the Pi pulsations
Pi pulsations observed over the wide calculated in the interval of
area from the auroral region to the 0006—0011 UT on August 31,
low latitude. The substorm expan- 1973, overlapping the data of

sion started at about 0006 UT on Fig. 12a.

August 31, 1973.
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at the early stage of this substorm are illustrated in Fig. 12a. The Pi events
occurred simultaneously at all four stations at about 0006 UT, coincident
with the onset of the sharp negative change of the H-component at Syowa.
The spectra of this event, computed in the interval of 0006—0011 UT, are
shown in Fig. 12b. In the figure, all spectra have a common spectral peak
around 15.8 mHz(63 sec) and this 63 sec component is considered as the
Pi2.

Pi spectra, especially in the auroral region, have several dominant peaks
probably due to irregularities in the ionospheric current. For the purpose
of reducing an effect of the ionospheric current, spectral features of Pi
pulsations associated with small substorms are investigated. Magnetic varia-
tions during small magnetic substorm on September 14, 1973 are illustrated
in Fig. 13a. The decrease in the H-component began at about 2340 UT at
both Mizuho and Syowa and reached a minimum of -96 nT at Mizuho and
-62 nT at Syowa, respectively. A small change of the AE index at about 2340
UT may indicate the onset of the substorm. The band-pass filtered wave
trains are illustrated in Fig. 13b. Power spectra computed in the interval
of 2340—-2345 UT are shown in Fig. 13c. At Mizuho, which is located in the
auroral region, the spectrum has a relatively dominant spectral component
around 16 mHz(62 sec) in the H-component, suggesting that the effect of
the auroral current was weak during this small substorm event. In this event,
Pi intensity at Syowa was very small compared with that at Mizuho. The
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Fig. 13a. Magnetic variations of the H- and Z-components simul-
taneously observed at Mizuho and Syowa Stations on
September 14, 1973, AU and AL indices made at NOAA
The substorm expansion started at about 2340 UT.
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62 sec component which is dominant at Mizuho is also observed in the H-
and D-component at Sanae and Hermanus. The horizontal power spectral
density of the Pi2 is about 8.4 X 10* (nT/sec)? /Hz at Mizuho and 2.3 X 10!
(nT/sec)? /Hz at Hermanus. These values are comparable to those associated
with the large substorm in company with intense auroral electrojet (cf. Figs.
l1c and 12b). Another example of Pi spectra observed during a small sub-
storm are shown in Fig. 13d. Dominant spectral peak around 13 mHz(~75
sec) is seen at all four stations. These two events shows that Pi2 can be
observed over the wide area even when the associated magnetic substorm
is very small.

4.2. Relationship between Pi2 period and latitude of auroral breakup region:
Case study
As to the Pi2 period, many research workers(TROITSKAYA,1967 ; ROSTOKER,
1967; Saito and SAKURAI, 1970) indicated that when Kp increases(decreases)
the dominant period of Pi2 pulsations becomes shorter (longer). SaITO and
SAKURAI(1976) suggested that Pi2 period decreases as the latitude of the
auroral oval shifts towards the equator.
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Fig. 14a. All-sky camera photographs at Syowa in one minute
interval. Aurora became active at about 2250 UT on
September 1, 1973 on the pole-side horizon of Syowa.
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As is shown in Fig. 14a, aurora becomes active on the poleward of Syowa
(- 66.7°) and Mizuho(-68.7°) around 2250 UT on September 1, 1973. The
estimated geomagnetic latitude of the occurrence region of this auroral
breakup event is about - 69.5°. In association with this breakup, Pi pulsations
were observed over the wide area from the auroral region to the low latitude
(Fig. 14b). The power spectra computed in the interval of 2249-2254 UT
are shown in Fig. 14c. As is shown in the figure, spectral features are very
complicated in this event. However, dominant spectral peaks are found
around 100 sec (10 mHz + 2 mHz) at each station.
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Fig. 15. Power spectra of the Pi pulsations cal-
culated in the interval of 0142-0147
UT on September 15, 1973. Substorm
expansion started at about 0142 UT on
the poleward side of Mizuho and Syowa
Stations

In the September 15, 1973 event the auroral breakup occurred on the
poleward side at Mizuho at ~-71° in geomagnetic latitude. The power spectra
of the Pi pulsations observed in this substorm expansion are computed in
the interval of 0142—0147 UT and are shown in Fig. 15. As is shown in the
figure, each spectrum shows a dominant peak around 7.7 mHz (130 sec).
This 130 sec component is considered as the Pi2. The period of the Pi2
associated with the substorm whose auroral breakup occurred at a higher
latitude than Syowa and Mizuho is somewhat longer compared with those
presented in the previous section.
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Fig. 16a. All-sky camera photographs at Syowa in one minute interval. Auroral poleward
expansion started at about 2354 UT on September 10, 1973 on the equatorward

side of Syowa.
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components simultaneously observed Pi pulsations observed over the wide
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expansion started at about 2354 UT. sion started at about 2354 UT on

September 10, 1973(cf. Figs. 15a
and b).
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2359 UT on September 10, 1973, 2119 UT on September 11, 1973.
overlapping the data of Fig. 15c.

Figs. 16a—e give another example of Pi2. Judging from the all-sky photo-
graphs (Fig. 16a) and magnetograms (Fig. 16b), it is found that the auroral
breakup occurred on the equator side of Syowa at about 2354 UT. The esti-
mated geomagnetic latitude of the occurrence region of this auroral breakup
event is about 64.5°. The band-pass filtered wave trains of Pi pulsations are
illustrated in Fig. 16c. Simultaneously with the start of the H-component
sharp decrease and the rapid poleward expansion of the aurora, Pi pulsations
began at all four stations. The power spectra computed in the interval of
2354-2359 UT are shown in Fig. 16d. The spectra at Mizuho and Syowa have
several peaks indicating somewhat irregular waveforms. However, dominant
spectral components around 60 sec (16 mHz + 1.5 mHz) is seen at all stations.
The period of this Pi2 component is much shorter than the period of those pre-
viously presented. Another example of Pi spectra whose associated auroral
breakup event occurred at the lower latitutde(~65.5°) of Syowa are shown
in Fig. 16e. In the figure, predominant spectral component around 22 mHz
(~45 sec) is clearly seen at four stations.
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4.3. Spectral features of the Pi2 associated with the multiple onset substorm

It has been noticed that several Pi2’s are apt to take place successively.
Owing to this nature, the Pi2 was once called “‘pulsation train’ or Pt. Because
of a close association between Pi2 and magnetospheric substorm (SalTo et al.,
1976; SAKURAI and SAITO, 1976), successive Pi2 occurrences probably cor-
respond to multiple onsets of substorms. SAITOet al.(1976) have analyzed
Pi2 events statistically for the year 1958, on the basis of the IGY Report
of the Onagawa Magnetic Observatory(KATo et al., 1961) and concluded
that approximately 27 % of substorms have more than one individual Pi2.
FukunisHl and HIrasAwa (1970) showed on the basis of the data obtained
at Memambetsu from January to December, 1966 that the number of the
Pi2 wave trains ranges from 1 to 6, most frequently at 2. They also showed
that the time interval between two successive Pi2 waves is about 10-20
minutes. Recently, PYTTE et al.(1976) investigated the data from two satellites
(OGO 5 and Vela 4A) and they found the successive formation of an X-type
neutral line(field line reconnection) at an interval of 10—15 minutes. Con-
sidering these observational results, the time interval of 10 minutes or so
seems to be physically meaningful for the multiple onset substorm. The
criterion for the multiple onset substorm used in this paper is successive
auroral breakups or successive H-component decreases within the interval
of 10 minutes or so.

As shown in Fig. 17a, two small auroral breakups occurred successively
within 10 minutes interval. The auroral diagram and the magnetograms in
Fig. 17a show that the location of auroral breakup event shifted from low
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Fig. 17b. Band-pass filtered wave trains of the Pi pulsations
observed over the wide area from the auroral
region to the low latitude. The substorm expan-
sions started at about 0100 and 0107 UT on
September 12, 1973(cf. Fig. 17a).
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(-66.6°) to high(- 68.0°) latitude in these two successive events. The band-
pass filtered wave trains of the Pi pulsations are illustrated in Fig. 17b. The
power spectra of those two successive Pi pulsations are computed in the
intervals of 0059—-0104 and 0108—0113 UT and shown in Fig. 17c. In the
former event(0059-0104 UT), relatively dominant spectral components
around 67 sec (15 mHz + 2 mHz) are observed concurrently at Syowa, Sanae
and Hermanus. In the latter event(0108-0113 UT), the spectral peak is found
around 120 sec(8—9 mHz). These spectral components will correspond to
the Pi2’s. In this multiple onset substorm, the location of auroral breakup
shifted from low to high latitude, and the associated Pi2 periods varied from
short(67 sec) to long(117 sec).

In the substorm event occurred on September 10, 1973, the onsets
of the H-component decrease occurred successively at about 1838 and 1846
UT at both Syowa and Mizuho(Fig. 18a). Judging from the Z-component
variations, the latitude of auroral breakup region are estimated to be approxi-
mately 67.5° and 70.5°, respectively. The wave trains are illustrated in Fig.
18b. The power spectra in the intervals of 1838—1843 and 1846—1851 UT
are shown in Fig. 18c. Common peaks between Mizuho and Syowa are ~77 sec
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Fig. 18a. Magnetic variations of the H- Fig. 18b. Band-pass filtered wave trains of the

and Z-components simultaneously Pi pulsations. The substorm expan-

observed at Mizuho and Syowa sions started at about 1838 and 1846

Stations on September 10, 1973. UT on September 10, 1973(cf. Fig.

Two successive substorm expan- 18a).

sions started at about 1838 and
1846 UT, respectively(vertical
dashed lines).
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Fig. 18c. Power spectra calculated in the intervals of 1838—1843 and 1846—1851 UT on Sep-
tember 10, 1973, overlapping the data of Fig. 18b.

(~13 mHz) in the first event(1838—-1843 UT) and ~110 sec (~9 mHz) in
the second event(1846—1851 UT). Corresponding to a shift of the location
of auroral breakup event from low to high latitude, the variation of the as-
sociated Pi2 period from short to long are found in this event too.

An systematic Pi2 period variation from short to long is also seen in
an example shown in Figs. 19a and b. In this event, two successive Pi2’s
started at about 1822 and 1829 UT. Pi2 periods are ~ 45 sec in the first
event(1822—1827 UT) and ~ 55 sec in the second event(1830—1835 UT),

respectively.
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Fig. 19a. Band-pass filtered wave trains of the Pi pulsa-
tions over the wide area from the auroral
region to the low latitude on September 25,
1973.
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Fig. 19b. Power spectra calculated in the intervals 1822-1827 and 1830—1835 UT on Septem-
ber 25, 1973, overlapping the data of Fig. 19a.

In the multiple onset event, several breakups occurred successively within
the interval of 10 minutes or so, while the instantaneous auroral breakup
position shifted from low to high latitude systematically. In association with
a shift of the auroral breakup position, the Pi2 periods vary from short to
long.

4.4. Relationship between Pi2 period and latitude of auroral breakup region:
Statistical study

In the section 4.2, a relation between Pi2 period and the latitude of
auroral breakup region was studied on a non-statistical basis and it is suggested
that the period of Pi2’s associated with auroral breakup events occurred at
higher latitudes is longer than the period of Pi2’s associated with auroral
breakup event occurred at lower latitude. In the section 4.3, the Pi2 period
behaviors in the multiple onset substorm event were studied. And it is found
that in association with the systematical shift of the location of auroral
breakup region from low to high latitude, the associated Pi2 period also varies
from short to long. In this section, the relationship between Pi2 period and
location of auroral breakup event is studied on a statistical basis.

During the period from August 29 to September 29, 1973, ninety mag-
netic substorm events were observed at Syowa and at Mizuho. For the
thirty-nine events, the geomagnetic latitudes of the occurrence region of
auroral breakup events can be identified by the auroral data from Syowa
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or the magnetic data from Syowa, Mizuho and Mawson. The method for
estimation of the latitude of the auroral breakup region from magnetic data
has been already given in Chapter 3.

The period of Pi2 is determined from the power spectra of Pi pulsations
observed over the wide area in the expansion phase of the substorm. If a
similar spectral component is seen over the wide area from the auroral region
to low-latitudes(f, = 4f, 4f;1-2 mHz) this component is defined as the Pi2.
If a dominant spectral component in the auroral region is somewhat different
from that in lower latitudes stations, the dominant component in the auroral
region is adopted as the Pi2 component in the present analysis. Among thirty-
nine events whose auroral breakup position can be accurately determined,
the Pi2 period for thirty-four events can be identified from the spectra. The
result is shown in Fig. 20. In the figure the following close relation is evident
that when the auroral breakup occurs at a higher(lower) latitude, the periods
of the associated Pi2 becomes longer(shorter).
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Fig. 20. Observed relations between the auro-
ral breakup positions (in geomagnetic
latitude) and the associated Pi2
periods.

4.5. Latitudinal dependence of Pi2 amplitude

Several research workers have shown that the Pi2 amplitude shows a
primary maximum under the auroral electrojet(Saito, 1969; OLSON and
ROSTOKER, 1975) and a secondary one near the plasmapause (RASPOPOV et al.,
1972; Sarto et al., 1976). In this section, latitudinal dependence of Pi2 am-
plitude is examined.

The latitudinal profile of Pi2 power intensities for the August 31, 1973
event(cf. Figs. 12a and b) is given in Fig. 21. In the figure, the powers are



Fig. 21.

calculated for the horizontal component.
breakup occurred is marked by a rectangle.

Pi2 power intensities at Mizuho (L=7.7),
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August 31, 1973 (cf. Figs. 12a and b).
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The location at which the auroral
It is evident that Pi2 power in-

tensity is the largest in the neighborhood of the auroral breakup region. On
the assumption that the Pi2 amplitude has a maximum at the auroral breakup
region, the maximum power is estimated by a procedure which schematically

Fig. 22.
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Estimation method of the Pi2 power
intensity (P,e) under the auroral break-
up position.
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illustrated in Fig. 22. A parabola curve is determined so as to interpolate
the values at Syowa and Mizuho, and to have a maximum(Pae ) at the auroral
breakup region. Pae is an estimated Pi2 power intensity at the auroral
breakup region. Using this value(Pae), the Pi2 power intensities at Syowa,
Mizuho, Sanae and Hermanus are normalized. If an auroral breakup occurred
at an observing station, the normalized value at that station is 1.0.

For the twenty-four substorm events in which auroral breakups occurred
in the neighborhood of Syowa and Mizuho, the parabola curves and Pae’s
(cf. Fig. 22) are determined. The magnetic condition in the period of the
substorm occurrence is classified using Kp index, in quiet (Kp=1), moderately
disturbed(Kp=3) and disturbed(Kp=5) conditions, respectively. Normalized
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Pi2 power intensities at Mizuho(L=7.7), Syowa(L=6.3), Sanae(L=4.0) and
Hermanus(L=1.8) are shown in Fig. 23 in the quiet(upper part), moderately
disturbed(middle part) and disturbed(bottom part) conditions, respectively.

In the queit period(Kp=1), Pi2 amplitudes are larger at Mizuho (L=7.7)
than at lower latitude auroral station Syowa(L=6.3). On the other hand
in the disturbed time(Kp=5), Pi2 amplitudes are larger at Syowa than at
Mizuho. If the Pi2 amplitude has a maximum at the auroral oval, this can
be interpreted as the equatorward shift of the auroral oval with an increase
of the geomagnetic activity and is consistent with the results by AKASOFU
and CHAPMAN (1963), FELDSTEIN and STARKOV (1968).
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Fig. 24. Normalized Pi2 power intensities are plotted with
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The averaged plasmapause position can be estimated by the following

relation (BINSACK, 1967),
L=6.0-0.6 - Kp

and the estimated plasmapause positions are given in Fig. 23. When the plas-
mapause is located in the neighborhood of Sanae(L=4.0), Pi2 amplitudes
at Sanae become larger. This tendency is seen more clearly in Fig. 24. In
the figure, the normalized Pi2 power intensity is plotted against the relative
position to the auroral breakup position for the data at Syowa and Mizuho,
whereas against the relative position to the plasmapause for the data at Sanae
and Hermanus. It is evident from Fig. 24 that the Pi2 amplitude has a pri-
mary maximum at the auroral oval and a secondary one at the plasmapause.
This relation is illustrated schematically in Fig. 25.

4.6. Summary of the spectral features of the Pi2

The spectral features of the Pi2 are summarized as follows.

(1) The Pi2 is observed simultaneously over the whole dark hemisphere
of the earth’s surface in coincidence with the onset of the substorm which
is identified by a sharp H-component decrease and an onset of an auroral
breakup event.

(2) The Pi2 amplitude shows characteristic latitude dependence. Its
latitudinal profile shows a primary maximum near the auroral breakup region
and a secondary one near the plasmapause.

(3) The Pi amplitude is not necessarily proportional to a magnitude
of the auroral electrojet. Pi2 events are distinctly observed over the wide
area even when the associated magnetic substorms are small.

(4) The Pi2 period is closely associated with the latitude of the auroral
breakup region. When the auroral breakup occurs at a higher(lower) latitude,
the Pi2 period becomes longer(shorter).

(5) In the multiple onset substorm events, the auroral breakup occurs
at a lower latitude at first, then the next breakup occurs at a higher latitude.
With the systematical shift of the auroral breakup region from low to high
latitude, the period of associated Pi2 pulsations varies from short to long
one.
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5. Polarization of the Pi2 Pulsations

As is found in the previous chapter, the latitude dependence of the
Pi2 amplitude shows a primary maximum in the auroral region and a secon-
dary one near the plasmapause. This fact indicates that Pi2 pulsations are
primarily generated in the auroral breakup region. The role of the auroral
breakup in the generation and propagation of Pi2’s will be made clear by
studying polarization characteristics of Pi2’s observed in the auroral region.

5.1. Spatial distribution of Pi2 polarization in the auroral region

Successive Pi2 events in a substorm are considered as independent phe-
nomena in this analysis. The local time dependence of Pi2 occurrence is
given in Fig. 26. The figure shows a primary maximum in the Pi2 occurrence
around 2100—-2200 MLT and a secondary one around 0000—0100 MLT. The
occurrence peak around 2100-2200 MLT is consistent with that reported
previously(e.g., KaTo et al., 1956; YANAGIHARA, 1960).

NUMBER OF Pi 2 EVENTS
o
1

8 20 22 0o 2 MLT
AUG29-SEP29 1973

Fig. 26. Magnetic local time dependence of
Pi2 occurrences during the period
from August 29 to September 29,
1973.
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Horizontal disturbance hodograms of those 90 Pi2 events are drawn
by reading the data points, at every 3 second interval, using the H- and
D-components of wave trains. Then, sense of polarization of each event is
determined in the first several cycles of a Pi2 wave train. The local time
dependence of sense of polarization is illustrated in Fig. 27. At Mizuho,
the right-hand polarization(counterclockwise in the southern hemisphere)
is predominant before the time of Pi2 maximum occurrence(~21h—22h MLT),
while the left-hand one(clockwise in the southern hemisphere) is dominant
thereafter. However, at Syowa, both left and right-hand polarizations are
mixed regardless of local time. According to the results by SAKURAI(1970),
the Pi2 polarization at College, which is located on a little lower latitude
side(64.7°) of Mizuho(68.7°) and Syowa(66.7°), is left-handed in the pre-
midnight hours and is right-handed in the post-midnight hours. Though the
adopted data and the analyzing period in the present work are different
from those by SAKURAIL, it will be deduced on a statistical basis that the sense
of the Pi2 polarization is reversed between at a higher latitude station and
at a lower latitude stations in the auroral region. Moreover, the sense of
polarization is also reversed between pre-midnight and post-midnight hours.
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Fig. 27. Magnetic local time dependence of the polarization of the Pi2
disturbance vector at Mizuho and Syowa.

5.2. Polarization characteristics of Pi2 pulsations observed in an equatorward
region of the auroral breakup region
As shown in Fig. 14a, the auroral activity was suddenly intensified on
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the poleward side of Mizuho(68.7°) around 2250 UT(MLT) on September
1, 1973. This event occurred after the time of the Pi2 maximum occurrence.
The estimated geomagnetic latitude of the auroral electrojet is about 69.5°.
Associated with this auroral breakup, Pi2 with a damped type waveform
was observed(Fig. 14b). As shown in Fig. 14b, both H- and D-components
oscillate almost in phase at Mizuho and at Syowa. Hodograms in the H-D
plane plotted in the interval of 2251—-2253 UT are illustrated in Fig. 28. The
hodograms show right-hand polarizations(counterclockwise) at both Syowa
and Mizuho. It is also apparent in the figure that the polarization at Mizuho
is almost linear and its major axis is oriented in the north-east direction, while
the polarization at Syowa is close upon circular. In this event, the location
of the auroral breakup region is nearer to Mizuho than to Syowa.

H |

| as)sec
RH o

MIZUHO

Syowa

SEP 1 2251-2253 MLT 1973

Fig. 28. Wave hodograms of the Pi2 component in the
horizontal plane. Open circles in each hodogram
correspond to every 15 sec intervals. The RH
represents right-hand polarization.

Fig. 29 shows the hodogram of the event which occurred around 2112
UT on September 17, 1973. The estimated geomagnetic latitude of the
auroral breakup region is about 70.5°. The wave hodograms of the horizontal
plane show the left-hand polarizations(clockwise in the southern hemisphere)
at the two stations. The sense of polarization is opposite to that of the
previous event. This event occurred before the time of the Pi2 maximum
occurrence.
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Fig. 29. Wave hodograms of the Pi2 component in the
horizontal plane. Open circles in each hodogram
correspond to every 15 sec intervals. The LH
represents left-hand polarization.

5.3.  Polarization characteristics of Pi2 pulsations observed in a poleward
region of the auroral breakup region

All-sky photographs in Figs. 15a and b and simultaneous magnetic records
show that an auroral breakup occurred on an equatorward side of Syowa
at about 2354 UT on September 10, 1973. This event occurred after the
time of the Pi2 maximum occurrence. Polarization hodograms plotted in
the interval of 2356—2358 UT are illustrated in Fig. 30. At Syowa, the left-
hand polarized waves are predominant. At Mizuho, though the polarization
is somewhat complicated, the left-hand polarization seems to be predominant,
too.

Fig. 31 shows another example of Pi2 event observed poleward of the
auroral breakup region. From the magnetic records illustrated in Fig. 11a,
it is found that the auroral breakup occurred on a little equatorward side
of Syowa at about 2020 UT. This event occurred before the time of the
Pi2 maximum occurrence. The wave hodograms plotted for the H-D plane
in the interval of 2021-2023 UT are illustrated in Fig. 31. At Syowa, right-
hand polarized waves(counterclockwise) are predominant, whereas at Mizuho,
the polarization is very complicated and its sense is uncertain in this case.
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ponent in the horizontal plane. ponent in the horizontal plane.
Open circles in each hodogram Open circles in each hodogram
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5.4. Polarization characteristics of Pi2 pulsations when the associated auroral
breakup event occurred between Syowa and Mizuho

Judging from the magnetic variations of the Z-component at Mizuho
and Syowa, it is suggested that the auroral breakup in the September 5, 1973
event occurred between Mizuho and Syowa. The band-pass filtered wave
trains are illustrated in Fig. 32a for H- and D-components. In the figure,
the waveforms are similar at both stations. However, the wave phase relation
shows a drastic difference between Mizuho and Syowa. The D-components
oscillated almost in phase between the two stations, whereas the H-components
oscillated almost out of phase. This large phase shift of the H-component
gives rise to the polarization reversal across the auroral breakup region as
shown in the hodograms plotted in the interval of 2026—2028 UT in Fig. 32b.
The left-hand polarization(clockwise) is predominant at Syowa which is
located equatorward of the auroral breakup region, while the right-handed
(counterclockwise) one is seen at Mizuho which is located poleward of the
auroral breakup region. This event occurred before the time of the Pi2 maxi-
mum occurrence.
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Fig. 32a. Band-pass filtered wave trains Fig. 32b. Wave hodograms of the Pi2
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phase between the two sta-
tions.

The September 10, 1973 event given in Figs. 18 and 33 occurred also
before the time of Pi2 maximum occurrence. The onsets of substorms
occurred at about 1838 and 1846 UT, successively. The former breakup
event occurred between Mizuho and Syowa, while the latter breakup event
occurred on a poleward side of the two stations(Fig. 18a). In association
with each onset of the auroral breakup, the intensifications of the Pi2 were
observed at about 1838 and 1846 UT, respectively(Fig. 18b). In the first
event whose associated substorm breakup occurred between Mizuho and
Syowa, the Pi2 waves oscillated almost out of phase in the H-component,
whereas almost in phase in the D-component at the two stations. In the
second event whose associated breakup occurred on a poleward side of both
stations, the Pi2 waves oscillated almost in phase in each component at the
two stations. For the first events, the polarization hodogram are plotted
in the interval of 1838—1840 UT in Fig. 33. At Syowa, the left-hand polar-
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Fig. 33. Wave hodograms of the Pi2 component in the
horizontal plane. Open circles in each hodogram
correspond to every 15 sec interval. The RH and
LH represent right-hand and left-hand polarization,
respectively.  The auroral breakup occurred at
the region between Mizuho and Syowa at about
1838 UT on September 10, 1973 (cf. Figs. 18a
and b).

ized wave is found, whereas at Mizuho, the Pi2 wave is clearly right-hand
polarized. The sense of Pi2 polarization reversed across the auroral breakup
region.

The auroral breakup occurred at a midway between Mizuho and Syowa
at about 2152 UT on September 22, 1973. The wave hodograms plotted
in the interval of 2152—-2154 UT show complicated polarization behaviors
at both stations(Fig. 34). However, it is found that the right-hand polarization
(counterclockwise) is predominant at Syowa, while the left-hand polarization
(clockwise) predominates at Mizuho, respectively. Pi2 polarization reversal
across the auroral breakup position is also found in this event, too. However,
the process of Pi2 polarization reversal is opposite to the previous two ex-
amples. This event occurred after the time of the maximum Pi2 occurrence.

In this section, Pi2 polarization characteristics across the auroral oval
are investigated with 3 typical events on a non-statistical basis. So far as
these typical phenomena are concerned, Pi2 polarization reversal occurs across
the auroral oval where Pi2 amplitude shows a major maximum, and also across
around 2100—-2200 MLT where Pi2 occurrence frequency becomes maximum
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Fig. 34. Wave hodograms of the Pi2 component in the
horizontal plane. Open circles in each hodogram
correspond to every 15 sec interval. The RH
and LH represent right-hand and left-hand polari-
zation, respectively. The auroral breakup occurred
at the region between Mizuho and Syowa at
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Fig. 35. Wave hodograms of the Pi2 component
shown in Figs. 32b, 33 and 34 are sum-
marized.

(Fig. 35). The polarization reversal is due to the 180° phase shift of the
H-component across the auroral oval.

5.5. Pi2 polarization characteristics across the auroral breakup region:Statisti-
cal study
The polarization reversal of Pi2 pulsation across the auroral breakup
region as well as across the time of the Pi2 maximum occurrence is found
on a non-statistical analysis in the sections 5.2.—5.4. In this section, this
problem is examined on a statistical basis.
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Among ninety Pi2 events shown in Fig. 26, locations of the observing
stations to the auroral breakup region(equatorward? or poleward?) can be
identified for the seventy-eight events. The sense of polarization of these
seventy-eight Pi2 events is given in Fig. 36. It can be stated from the figure
that the Pi2 polarization observed at a poleward station of the auroral breakup
region is right-handed before the time of the Pi2 maximum occurrence and
left-handed thereafter. At an equatorward station, on the other hand, the
observed Pi2 polarization is left-handed before the time of the Pi2 maximum
occurrence and right-handed thereafter. In order to show clearly these Pi2
polarization characteristics, occurrence frequencies of right-hand and left-hand
polarization are shown by the percentage in Fig. 37. The above mentioned
Pi2 polarization reversals are clearly represented in the figure.
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Fig. 36. Magnetic local time dependences of the polarization of the Pi2 disturbance
vector on the poleward side and on the equatorward side of the auroral
breakup position.
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POLEWARD

EQUATORWARD

Fig. 37.

Magnetic local time dependences
of the polarization of the Pi2
disturbance vector on the pole-
ward side and on the equatorward
side of the auroral breakup
position(Representation in Fig.
36 s arranged in the occurrence
probability).



49

6. Conjugate Relationship of Pi2 Pulsations

The conjugacy of Pi2 pulsations in the auroral region is examined on
the basis of the simultaneous data observed at Syowa Station and Reykjavik.
These two stations are the best conjugates-pair stations among many stations

located in the auroral region. Their corrected geomagnetic coordinates are
-66.7°, 72.4°(L=6.3) at Syowa and 66.6°, 71.2°(L=6.3) at Reykjavik.

6.1. Example of Pi2 pulsations simultaneously observed at Syowa and
Reykjavik

Statistical study of the Pi2 at subauroral-zone stations (New Zealand
stations) in the southern hemisphere indicates that the polarization sense
is opposite to that at the conjugate stations (Canadian stations) in the northern
hemisphere(ROSTOKER, 1967; CHRISTOFFLE and LINFORD, 1966). This fact
means that sense of the polarization along the geomagnetic line of force is the
same in both the hemisphere. On the basis of the data obtained at the conjugate
pair stations near the plasmapause (L~4) FuUKUNISHI(1975) showed that 23
of the 32 Pi2 events have odd mode symmetry characteristics. However,
the conjugacy of Pi2 pulsations in the auroral region has been little reported
up to the present.

In the present investigation, the rapid-run magnetograms of the H- and
D-components obtained at Syowa and Reykjavik are digitized, at every 6
sec interval. Those digital data are high-pass filtered to pick up Pi2 wave-
forms from the original magnetic variations. The high-pass filter used here
is a Gassian type filter. Cut-off frequency with -3 dB is 5 mHz(200 sec).
An example is illustrated in Fig. 38. In the figure, an sharp decrease of the
H-component started almost simultaneously at Syowa and Reykjavik at about
0008 UT on September 17, 1973. Their minimum values of the H-component
decreases are -270 nT at Syowa and -212 nT at Reykjavik, respectively. It
is also detectable in the figure that the magnetic oscillations overlapped on
the negative changes at both stations. These components in this event are
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Fig. 38. Original and high-pass filtered magnetograms of the
H-components simultaneously observed at the conjugate
stations(Syowa and Reykjavik) on September 17, 1973.

picked up by means of the digital high-pass filtering technique and shown
in the lower part of Fig 38.

This Pi2 component is compared with the simultaneous waveform ob-

served by means of the induction magnetometer(Fig. 39). It is obvious from
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the figure that the Pi2 waveform obtained by means of the rapid-run magne-
tometer(bottom part) has a common fundamental period component to
the waveform obtained by means of the induction magnetometer(middle
part), although the systematic 90° phase shifts for each component exist
due to the differential effect of the induction magnetometer. The results
shown in Fig. 39 indicates that the rapid-run magnetometer record is useful
for studying Pi2 pulsations.

HIGH PASS FILTERD H-COMP

[
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g

REYKJAVIK

SEP 12 1973

Fig. 40. High-pass filtered magnetograms of the H-
component simultaneously observed at Syowa
and Reykjavik on September 12, 1973.

A similar example to that shown in Fig. 38 is illustrated in Fig. 40. The
onsets of three substorm occurred successively at about 0006, 0017 and 0031
UT on September 12, 1973(¢cf. Fig. 8). In association with these onsets,
three individual Pi2 events are clearly seen on the high-pass filtered H-com-
ponent magnetograms at the conjugate-pair stations. It is obviou$ from the
figure that in association with the substorm expansion, the similar Pi2 wave
trains are simultaneously observed at the conjugate stations.

6.2. Pi2 polarization characteristics at conjugate-pair stations:Case study
Wave phase relations and polarization characteristics of Pi2 pulsations
at the conjugate-pair station are examined for several typical events.
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Fig. 41a. Enlarged high-pass filtered magnetograms of
the H-component, overlapping the data of

Fig. 40.
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Fig 41b. Auto- and cross-correlation functions of the high-pass filtered H- and D-components
simultaneously observed at Syowa and Reykjavik, overlapping the data of Fig. 41a

Fig. 41a shows the enlarged high-pass filtered magnetograms for the
second event in Fig. 40(Fig. 41). Judging from the Z-component variations,
it is suggested that the auroral breakup occurred on a poleward side of both
stations. In Fig. 41a, the H-components show almost in-phase oscillations,
whereas the D-component show almost out-of-phase oscillations at the con-
jugate-pair stations. In Fig. 41b, auto-correlation functions for the H- and
D-components at Syowa and Reykjavik, as well as cross-correlation functions
between the two stations are illustrated. The auto-correlation functions
show similar shapes at Syowa and Reykjavik for both the H- and D-compo-
nents, indicating that the Pi2 oscillates with almost the same period at the
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conjugate-pair stations. On the other hand, the cross-correlation functions
show a difference between the H- and D-components. The H-component
shows a positive correlation with a maximum of 0.43, whereas the D-compo-
nent shows a negative correlation with a maximum of -0.65.

Another example of Pi2 event associated with a small-scale substorm
is given in Figs. 42a and b. Judging from the Z-component magnetograms
from Syowa, Mizuho and Mawson, it is suggested that the auroral breakup
occurred near Mawson at about 0040 UT. In a case of the small magnetic
substorm, irregular component caused by ionospheric current may be small.
In association with this substorm event, Pi2 pulsations were observed simul-
taneously at the conjugate points and their high-pass filtered waveforms are
traced in Fig. 42a. The H-components oscillated almost in-phase and the
D-components oscillated almost out-of-phase at the conjugate-pair station.
The cross-correlation functions in Fig. 42b show a positive correlation in
the H-component with a maximum of 0.92, and a negative correlation in
the D-component with a maximum of -0.70, respectively. The hodograms
in the H-D plane are illustrated in Fig. 42c. In the figure, the right-hand
polarization(counterclockwise in the southern hemisphere) is seen at Syowa,
and the right-hand polarization(clockwise in the northern hemisphere) is
also seen at Reykjavik. The major axis is oriented in the north-west direction
at Syowa, while it is oriented in the north-east direction at Reykjavik. The
hodogram at Syowa is symmetrical about the meridian plane to that at
Reykjavik.
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Fig. 42a. Enlarged high-pass filtered magnetograms of the
H- and D-components simultaneously observed
at Syowa and Reykjavik on September 28,
1973.
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Fig. 42c. Wave hodograms of the Pi2 component in the horizontal
plane, overlapping the data of Fig. 42a.

6.3. Pi2 polarization characteristics at conjugate-pair stations:Statistical study
During the period of August 29 to September 29, 1973, ten Pi2 events



Conjugate Relationship of Pi2 Pulsations 55

were simultaneously recorded at Syowa and Reykjavik. For these ten events,
the wave phase differences of the H- and D-components between the two
stations were determined from the auto- and the cross-correlation functions.
The result is given in Fig. 43. The figure shows that the H-components oscil-
late almost in-phase, whereas the D-components oscillate almost out-of-phase

in the conjugate regions.

A7
Lig! o
270

Fig. 43. Wave phase differences of the H- and D-components
of the Pi2 between Syowa and Reykjavik.
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7. Discussion

7.1. Interpretation of wave phase relations of Pi2 pulsations at conjugate-pair

stations

The Pi2 wave phase relation between the conjugate-pair stations can
be interpreted by an idealized elastic string model of SUGIURA and WILSON
(1964). Their model has shown the symmetry relations in the magnetic per-
turbation at a pair of conjugate points due to the oscillation of the line of
forces of the geomagnetic field. The model is illustrated in Fig. 44. This
model, although obviously oversimplified for field line configuration in the
magnetosphere, nevertheless gives a geometrical picture of a field line oscilla-

o
8
8
]
—_—
e

W ANTIPARRALLEL 03 RARALLEL

Fig. 44. The symmetry relations at magneti-
cally conjugate points for oscillation
of the lines of magnetic force.
H, horizontal component. D, east
declination. Arrow, magnetic pertur-
bation. (After SUGIURA and WILSON,
1964).
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tion. The model requires the following assumption that the cold plasma
distribution and the magnetic field configuration is symmetric with respect to
the magnetic equator. These assumptions are satisfied in the magnetosphere’
with phenomena having a sufficiently long wavelength like as Pi2 pulsations.

In the model shown in Fig. 44, the magnetic perturbation is proportional
to the derivative of the field line displacement and not to the displacement.
For a two-dimensional model with Z along the string (fixed at the two ends
Z=%q) and the displacement &» (Z, ) measuring the displacement,

0,
bx—Bo—a-Z—,

where B, is the magnitude of the unperturbed field and b, is the X component
of the perturbation. For odd modes, the midpoint (Z=0) is a nodal point
for b,, where the magnitude of the displacement is a maximum there. For
even modes b, is a maximum at the midpoint. At the two ends, Z=+a, the
sign of b, is opposite for odd modes and the same for even modes. Applying
the above relations to the geomagnetic field line, the following conclusions
on the symmetry relations are drawn. For. oscillations of odd modes, the
H-component oscillates in-phase and the D-component oscillates out-of-phase
at the conjugate-pair stations, whereas for even modes the H-component oscil-
lates out-of-phase and the D-component oscillates in-phase at the conjugate
points. Hence in the former case, the polarizations(as viewed downward)
at the conjugate points are mirror images to each other with respect to the
meridian plane, and in the latter case, they are mirror images with respect
to the equator.

Pi2 polarization characteristics given in Fig. 43 suggest that Pi2 pulsa-
tions in the auroral region are odd mode standing oscillations.

7.2. Interpretation of dominant periods in Pi2 pulsations

Relations between periods of Pi2 pulsations and the geomagnetic ac-
tivities have been investigated by many research workers using Kp index,
magnitude of the associated bay, and others. The predominant period of
Pi2 pulsations becomes short when Kp increases(TROITSKAYA,1967; ROSTOKER,
1967; FukunisHl and HIRASAWA, 1970; SAITO and SAKURAIL 1970; CHANNON
and ORR, 1970; DooBov and MAINSTONE, 1973; StuARTand BooTH, 1974;
SUTCLIFFE,1975b). TROITSKAYA(1967) showed the monotonous decrease of
Pi2 period with increase of the solar wind velocity. SAITO and MATSUSHITA
(1968) investigated a relation between the period of Pi2 and the magnitude
of the accompanying bay disturbance on the basis of the rapid-run magne-
tograms obtained at Fredericksburg and showed the following relation,
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T=163( /AH2_+_AD2)—0.219 .

This results show that the Pi2 period decreases with increasing geomagnetic
activity.

On the other hand, the location of the auroral oval also depends greatly
on the geomagnetic activity. The average latitude of the equatorward bound-
ary of the auroral oval in the midnight sector is higher than 70° in geomagnetic
latitude under a very quiet period, while it shifts equatorward with increase
of the magnetic activity and descends to as low as 50° during an intense
magnetic disturbance (AKASOFU and CHAPMAN, 1963; STRINGER et al., 1965;
STRINGER and BELON, 1967 ; FELDSTEIN and STARKOV, 1968). From these results,
the Pi2 period seems to be closely related to the latitude of the auroral oval.

SAITO and SAKURAI (1970) suggested that the Pi2 source region is closely
related to the position of the inner boundary of the plasmasheet from the
close correlation between the equatorial distance of the inner boundary of
the plasmasheet and the Pi2 intensity maximum region(Fig. 9 of Saito and
SAKURAIL 1970). In the present analysis, it is found that when the auroral
breakup occurs at a higher(lower) latitude, the associated Pi2 period becomes
longer (shorter) (cf. Fig. 19). These results indicate that the Pi2 source region
is located in the auroral breakup region.

A main cause of the Pi2 is thought to be the torsional oscillations of
field lines passing through the auroral breakup region, as suggested by several
research workers(SAITO and SAKURAI, 1970; SAKURAIL, 1970; ROSTOKER,1967;
STUART and BOOTH, 1974;SAITO et al., 1976). This is also supported by the
following observational facts.

(1) Pi2’s with similar waveforms are simultaneously observed at the
conjugate stations in the auroral region, e.g. at Syowa and at Reykjavik.

(2) The latitude dependence of the Pi2 amplitude shows a primary maxi-
mum at the auroral oval and a secondary one at the plasmapause.

In order to check upon this model, we will compare periods of the
torsional oscillation of the field line connected to the auroral oval with the
observed Pi2 period. The wave period depends on the extent of the line
of force, plasma density of the medium and its mode of oscillation. From
the conjugate relationship of Pi2 wave phase, it is concluded that the mode
of the Pi2 is an odd mode(cf. Fig. 43). The period of a torsional standing
wave will be approximately the same as the bounce period of the wave packet
(DUNGEY, 1954;0BAYASHI and JacoBs, 1958; WATANABE, 1961 ; Jacoss, 1970).
The fundamental period T of the oscillating magnetic lines of force is given
by the following integration along a geomagnetic line of force.

T:ZS as (7)

sVa
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where Va=B/+4zp is Alfven velocity, B is strength of local magnetic field
and p is local plasma density.

Many research workers calculated the eigen period of the torsional oscil-
lations for the investigation of the various magnetic pulsations(DUNGEY, 1954 ;
OBAYASHI and JACOBS, 1958; WATANABE, 1961; WESTPHAL and JACOBS, 1962;
CUMMINGS et al., 1969; ORR and MATTHEV,1971). Their calculated funda-
mental period of torsional oscillations are considerably long comparing
with the observed Pi2 period. Recently, SAITO and SAKURAI(1976, Fig. 7)
calculated the eigen period of the torsional oscillation in the case of a dipole
field and variable plasma density distribution as given by CHAPPELL (1972)
and showed how those periods to vary with latitude. We also calculated
the eigen period of the field line oscillations under the circumstances of the
dipole field for B, the gyro-frequency model for p and proton-electron plasma.
The fundamental period of the torsional oscillation is given by

r=4Re Smsin‘ﬁ-(l +3 cos? 0)1/4 df (8)
Vag )o,

where Ry is a distance of equatorial crossing of the line of force, Var is
Alfvén velocity at the equatorial plane and 6, is a co-latitude of intersection
of line of force on the Earth’s surface. Those relation is illustrated schemati-

cally in Fig. 45.
The cold plasma density on the equatorial plane in the nightside is given
from a smoothed profile deduced from CHAPPELL’s (1972) measurement as

Fig. 45. Geometry of the geomagnetic
lines of force. O, co-latitude
of intersection of the magnetic
line of force with the Earth'’s
surface. Rg, geocentric dis-
tance of equatorial crossing of
the magnetic line of force.



60 Wave Characteristics of Magnetic Pi2 Pulsations

is shown in Fig. 46. Outside the plasmasphere the density profile is not affect-
ed by magnetic disturbance conditions. In the present plasma model, the
density in the equatorial plane at L=8 is equal to 1.0/cm®. The magnetic
field strength in the dipole field decreases monotonically with increasing
latitude. Thus, a sharp change of the Alfvén velocity is expected around
the plasmapause due to an sudden decrease of the plasma density. On
the basis of the above situations, the fundamental period of the torsional
oscillations were calculated and the results are illustrated in Fig. 47. In the
figure, the periods in the auroral region(65°—70° in geomagnetic latitudes)
range from 30 sec to 130 sec. "The result is in agreement with the observed
Pi2 period. It is also obvious in Fig. 47 that similar resonance periods as
those in the auroral region will be also excited around the plasmapause. The
calculated periods for the auroral latitudes are compared with the observed
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Fig. 46. Estimated plasma density profiles at
the equatorial plane in the nightside.
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Fig. 47. Fundamental periods of the torsional

oscillation of the lines of force in the
nightside.
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Fig. 48. Comparison between the observed Pi2 periods
(solid circles) and the fundamental periods
of the torsional oscillation of the lines of
force in the auroral region(solid line).

ones and the results are illustrated in Fig. 48. The estimated periods agree
with the observed Pi2 periods. The result seems to be related to the dipole-
like magnetic field configuration in the nightside magnetosphere during
the substorm expansion phase, as suggested by MCPHERRON et al.(1973) and
PYTTE et al.(1976). MCPHERRON et al. (1973) found that the magnetic field
observed at OGO 5 began to rotate from a tail-like orientation towards a
dipole-like magnetic field configuration associated with the substorm expan-
sion (Fig. 49). Recently, PYTTE et al.(1976) have investigated the dynamics
of the magnetic tail in the local midnight region during the substorm, by
referring to the data obtained by the multiple-satellites measurements (OGO
5 and Vela 4A). They showed that the magnetic field observed at OGO 5
which was reasonably assumed to be located near the field line reconnection
region made clockwise rotations during the substorm expansions and became
an almost dipolar field configuration near the maximum of the expansion
phase. Similar tendency is also reported by WALKER et al.(1976), who studied
the substorm associated boundary motion in the nightside magnetosphere
on the basis of the data from ATS 6. They showed that in association with
the substorm the boundary motions such as drawn in panel 3 in Fig. 50 are
most frequently observed in the nightside. This fact is consistent with that
the magnetic field configuration in the nightside magnetosphere varies from
tail-like in the growth phase(KOoKUBUN, 1977, 1978) to dipole like in the
expansion phase.
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Fig. 49. Dipole-like magnetic field configuration during the substorm expansion,
0650-0730 UT on August 15, 1968(After MCPHERRON et al., 1973).

BOUNDARY MOTION AT ATS6
3

22-02 LY

Fig. 50. Schematic diagram showing possible interpretation of bound-
ary motion in the course of the magnetospheric substorm
event(After WALKER et al., 1976).

7.3. Latitudinal profile of Pi2 amplitudes

Several research workers have indicated that Pi2 amplitudes show
a primary maximum under the auroral electrojet(Saito, 1969; OLSON and
ROSTOKER,1975) and a secondary one near the plasmapause(RASPOPOV et al.,
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1972; Sarto et-al., 1976). Similar relation is also found in the present work
(Fig. 25).

A large gradient of the plasma density at the plasmapause causes a sharp
change in the Alfvén velocity. Under such circumstances, an externally ap-
plied impulsive disturbance in association with the magnetospheric substorm
can be coupled with an eigen oscillation of local resonant field lines around
the plasmapause and a surface wave will be excited there(HASEGAwA and
CHEN, 1974; SOUTHWOOD, 1974).

Using the data observed at a network of stations from L=3.2 to L=4.4
in the northern hemisphere and at their conjugate station in Antarctica,
FukuNisHI(1975) studied in detail the polarization changes of Pi2 pulsations
associated with the plasmapause. He suggested that the Pi2 oscillations, which
are originally excited at high latitudes in the magnetosphere, couple to the
shear Alfvén waves of the resonant local field lines at the plasmapause. As
is found in the results of Chapter 7.2.(Fig. 47), the fundamental period of
the torsional oscillation of lines of force at the plasmapause are very similar
to those in the auroral region.

The secondary Pi2 amplitude maximum shown in Fig. 25 is an evidence
of the hydromagnetic wave resonance around the plasmapause in associa-
tion with the substorm expansion.

7.4. Interpretation of Pi2 polarization features

In the previous section, it is suggested that Pi2 pulsations are standing
oscillation of the lines of force anchored on the auroral oval. Such a model
will be best examined by studying the Pi2 polarization features.

Many contradicting observational results have been reported on the
polarization characteristics of the Pi2. On the basis of the data obtained
at a low-latitude station, Onagawa in the northern hemisphere, KATO et al.
(1956) indicated that the Pi2’s are right-hand polarized in local pre-midnight
hours and left-hand polarized in post-midnight hours. This relation is also
seen in the results by SUTCLIFFE(1975a), who investigated the Pi2 polarization
on the basis of the data obtained at a low-latitude station(Hermanus) in the
southern hemisphere. On the other hand, CHRISTOFFEL and LINFORD(1966),
ROSTOKER (1967), KOSHELEVSKIY et al. (1969), Doovov and MAINSTONE (1973)
and SUTCLIFFE(1975a) showed that the polarization of the Pi2’s observed
in the region from the middle latitude to the sub-auroralzone(30°—-60° in
geomagnetic latitude) is predominantly left-handed regardless of the occur-
rence local time. More recent important observations of the Pi2 polarization
characteristics were given by BIORNSSON et al.(1971) and FukuNnisHI (1975).
They showed that the sense of the Pi2 polarization reverses across the
plasmapause from a left-hand polarization on the low-latitude side to a
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right-hand polarization on the higher latitude side. SAKURAI(1970) showed
statistically that the sense of polarization of the Pi2 event at College(64.7°
in geomagnetic latitude) changes from a predominant left-hand polarization
in the local pre-midnight hours to a predominant right-hand polarization in
the local post-midnight hours, whereas the Pi2 at Point Barrow(68.5°) is
predominantly right-hand polarized, regardless of the occurrence local time.
According to OLSON and ROSTOKER(1975), the Pi2 observed at Fort Smith
(67.3° in geomagnetic latitude) does not show any clear polarization charac-
teristic.

At the present stage, it is very difficult to clarify the Pi2 polarization
features over the wide area from auroral region to the low latitude. ROSTOKER
(1967) tried to explain the presence of the occasional reversal of the Pi2
polarization by the ionospheric screening effect on the wave propagation.
The Pi2 polarization features are studied in detail in the neighborhood of
the auroral region, in the present work. The polarization reversals of the
Pi2 are often observed across the auroral breakup region and the time of
the Pi2 maximum occurrence as shown in Fig. 5la. The sense of the Pi2
polarization reverses across the auroral breakup region from a left-hand po-
larization on the lower-latitude side to a right-hand polarization on the higher
latitude side before the time of maximum Pi2 occurrence(pre-midnight),
whereas from a right-hand polarization on the lower-latitude side to a left-
hand polarization on the higher-latitude side thereafter(post-midnight). Such
polarization reversals were also found in the PcS events which were observed
at high latitudes on the dayside(SAMSON et al., 1971, 1972).
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Fig. 51. Relationship between the observed(a) and the theoretically evaluated(b)
Pi2 polarization characteristics in the auroral region.
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HASEGAWA and CHEN (1974), and SoutHwooD (1974) tried to interpret
such polarization reversals theoretically. They indicated that the shear Alfvén
(or anisotropic mode; 1-K;V4/0w?=0) and magnetosonic mode(or isotropic
mode; 1-KVa/0?=0) , must couple in the magnetosphere. In the above dis-
persion relation, K is the wave number, ¥V, is the Alfvén velocity and o is
the wave frequency. The characters of the polarization are determined from
the following equation,

by Va

) d
by —iKy: (=K, Va—KzVa) Fx'(lnsx)

where & and b are the fluid displacement vector and the perturbed magnetic
field vector. The ambient magnetic field B=B-Z. The « direction is radially
outward and the y direction is eastward, respectively. As the time dependence
is expressed as exp(-iwt), the polarization with respect to the Z-direction
is right-handed(left-handed) when the imaginary part of (b, /b,) is positive
(negative). Hence, if the sense of the polarization is described for one looking
down in the southern(northern) hemisphere, it is counter clockwise(clockwise)
for the positive K,-d(In éx)/dx, whereas the opposite is the case for the
negative Ky +d(In &x)/dx. In the present case, a positive K, corresponds
to eastward propagation.

On the lower latitude side of the auroral breakup region where the Pi2
amplitude become maximum, the wave amplitude increases with increase
of the radial distance [d(In&x)/de>0]. Therefore, if the Pi2 waves propagate
westward( X, <0) before the time of maximum Pi2 occurrence, the polariza-
tion is estimated to be clockwise(left-handed) in the southern hemisphere.
If the Pi2 waves propagate eastward( K, >0) after the time of maximum Pi2
occurrence, the sense of polarization is counter-clockwise(right-handed).
On the higher latitude side of the auroral breakup region, the wave amplitude
decreases with increase of the radial distance [d(In éz)/dx<0] and the polari-
zation is estimated to be counterclockwise(right-handed) before the time
of maximum Pi2 occurrence and clockwise(left-handed) thereafter. These
features are summarized in Fig. 51(b).

7.5. Generation mechanism of Pi2 pulsations

It is shown in the sections 7.1. and 7.2., that the Pi2 period is closely
related to the location of the auroral breakup and its period behaviors can
be explained by the fundamental torsional oscillations of the lines of force
anchored on the midnight auroral oval. It is also shown in the section 7.3.,
that the Pi2 polarization characteristics in the auroral region can be inter-
preted by the odd mode standing oscillations.

Against the hydromagnetic waves theory, different generation mecha-
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nisms were proposed by several research workers. It is well known that
during magnetospheric substorms, several kinds of the magnetospheric and
ionospheric current systems(e.g., westward auroral electrojet and Birkeland
sheet currents) produce large magnetic effects on the ground. OLSON and
RoSTOKER(1977) suggested that Pi2 pulsations in the auroral region is generated
by sudden changes in the magnetospheric and ionospheric current systems
proposed by ROSTOKER and BosToroM (1976), which take place at the begin-
ning of a substorm. WILHELM et al.(1977) tried to interpret the Pi2 as the
magnetic effect of fluctuations of the auroral electrojet for the H-component,
and the consequence of fluctuations of Birkeland sheet currents for the D-
component.

If the magnetospheric and ionospheric current systems assumed by
OLsON and ROSTOKER(1977) and WILHELM et al.(1977) play a fundamental
role in the generation of Pi2 pulsations, the large(small) amplitude Pi2 would
be observed in a case of the large(small) magnetic substorm which will be
accompanied with intense(weak) ionospheric currents. In order to examine
this prediction, relations between the Pi2 amplitude and the magnitude of
the auroral current intensity are studied. Typical examples of very small
and large substorm events are illustrated in Figs. 52a and b. In the event
on September 1-2, 1973 (Fig. 52a), the onsets of the three small substorm
were slightly identified by the small negative changes in the H-component
concurrently observed at Mizuho and at Syowa at about 2250, 2330 UT

SEP I 1973 SEP 2
22" Ut

VT1ZUHJG
) I
®

Syowa

Fig. 52a. Dynamic spectra of ULF H-compo-
nent, the simultaneous records of the
geomagnetic H-component at Mizuho
and Syowa and AU and AL indices
(made at NOAA) on September 1,
1973.
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Fig. 52b. Dynamic spectra of ULF H-component,
the simultaneous records of the geomag-
netic H-component at Mizuho and
Syowa, and AU and AL indices(made
at NOAA) on September 20, 1973.

on September 1 and 0025 UT on September 2, respectively. AE index in
the course of these three substorms did not have any clear indication of
substorm activities as shown at the bottom in Fig. 52a. These facts suggest
that the intensity of the ionospheric current system was weak or trivial in
these events. In spite of those weak current intensities, the distinct Pi2’s
were observed simultaneously at Syowa and at Mizuho, as shown in the
dynamic spectra. In association with these three small substorms, three
distinct Pi2’s were also observed at Hermanus(cf. Fig. 14b). The example
of the large amplitude Pi2 occurrence over the wide latitude range during a
small substorm has been already shown in Chapter 4 (Figs. 13a and b).

In a case of a large substorm event shown in Fig. 52b, the Pi pulsation
observed at auroral stations in the beginning part of the large magnetic
substorms consists of the Pi burst(irregular waveforms and localized) and
Pi2(relatively regular waveforms and observed over the wide latitude range).
In Fig. 52b, the localized large amplitude Pi bursts were intensified in associa-
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tion with the sharp negative change of the H-component, around 2130 UT
at Syowa and around 2150 UT at Mizuho. However, the Pi2 activities in
this large event are not much larger comparing with those in the small one
on September 1-2.

The relations among intensities of the auroral current system, auroral
luminosity and Pi2’s are examined on a statistical basis using magnitudes
of the magnetic variation at Mizuho and Syowa, AE indices, intensities of
auroral emission at Syowa and the Pi2 power intensities at Hermanus (low
latitude station). The result is given in Fig. 53. It is obvious that there is
little correlation among them. These results do not support the current
system theory as a main cause of the Pi2.
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Fig. 53  Relationships among the Pi2 power intensity at Hermanus,
magnitude of the H-component decrease in the auroral
region, AE index and the intensity of the auroral lumi-
nosity.

Extensive studies have been made on changes of the magnetospheric
field configuration associated with magnetospheric substorm (HONES ef al.,
1970; NisHIDA and HONES, 1974; Akasoru, 1977). It is generally believed
that the substorm expansion is closely associated with the occurrence of
magnetic field line reconnection in the magnetotail and the release of the
stored energy of the magnetic field. Recently, it has been suggested that
reconnection is initiated by the formation of a X type neutral line in the
near-earth plasma sheet at the onset of the substorm(HONES et al., 1970;
NisHIDA and NAGAYAMA, 1973; NisHIDA and HoONES, 1974). In a reconnection
region in the magnetosphere, the magnetic field energy is transfered into
particle energy(Ep=B?/87) causing a plasma instability there. Such plasma
instability as well as a sudden formation of the dipole-like field lines from
the tail-like ones may produce torsional Alfvén waves on the localized lines
of force that cross the region of instabilities in the magnetosphere and the
auroral oval on the ground, where the primary Pi2 amplitude maximum is
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observed. Compressional waves can also exist in company with torsional
ones(TAMAO, 1965; CHEN and HASEGAwA, 1974; SouTHwWOOD, 1974). These
compressional waves will propagate in the magnetosphere inward to the earth
and be transformed into surface waves at the boundary of the plasmapause,
where an additional Pi2 amplitude maximum is observed. Those relations
are schematically illustrated in Fig. 54. PyTTE et al.(1976) showed that the
multiple expansions of the near-earth plasma sheet are intimately related
to multiple onsets of Pi2 on the ground. In the present analyses, it is found
that auroral breakup region of the multiple onset substorm shift systemati-
cally from low to high latitude and the associated Pi2 periods vary from short
to long.
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LINE OF FORCE
OVAL AT THE

""""" LINE OF FORCE ON THE PLASMAPAUSE

Fig. 54. Schematic diagrams showing the genera-
tion mechanism of the Pi2 pulsation.

7.6. Future work

As has been discussed, the Pi2 may be due to the hydromagnetic waves
produced by the plasma instability. However, it is still unknown what kind of
plasma instability is more effective. Recently, MALTSEV et al.(1974) proposed
an Alfvén impulse originated in the ionosphere during a brightening of the
aurora as a cause of the Pi2. According to their theoretical calculation, an
electric impulse produced in the ionosphere by a sudden flare of the aurora
will propagate along magnetic field lines with Alfvén velocity, and reflected
from the ionosphere of the opposite hemisphere, it will form a standing
Alfvén wave. Similar dynamical relation is also proposed by NISHIDA(1978).
In addition to the above-mentioned mechanisms, a sudden formation of the
dipole-like field lines from the tail like ones may produce torsional oscillations
of the line of force as postulated by SAITO and SAKURAI(1970). These interest-
ing problems will be examined as the next researching theme.
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HUGHES and SouTHwooD(1974) showed that the relatively high conduc-
tivity of the ionosphere results in only a negligibly small vertical component
of pulsations at the earth’s surface. In addition, it is known(e.g. PRICE, 1968)
that the induction in the earth’s surface material produce anomalous vertical
fields at pulsation period. Such ionospheric screening effect and earth induc-
tion effect are important problems to be discussed in future.
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8. Concluding Remarks

In the present paper, the general characteristics and their interpretations
of the magnetic Pi2 pulsations simultaneously observed in the auroral region,
near the plasmapause and at the low latitudes were examined, and the follow-
ing conclusions were reached.

(1) The Pi2 is simultaneously observed with the substorm expansion
over the wide area from the auroral region to the low latitudes with approxi-
mately the similar predominant period. The Pi2 period is closely related
to the location of auroral breakup, as it becomes shorter(longer) when the
auroral breakup occurs at lower(higher) latitude.

(2) The Pi2 amplitude shows a primary maximum at the auroral oval
and a secondary one at the plasmapause.

(3) The Pi2’s with similar waveforms are simultaneously observed at
the conjugate points in the auroral region in the wave-phase relations that
the H-components oscillate almost in phase and the D-components oscillate
almost out of phase.

(4) From the results of (1), (2) and (3), it is found that the Pi2 waves
are generated by the odd mode standing oscillations of the resonant field
lines localized at the auroral oval. This may be the fundamental mode, since
the observed Pi2 period is very close to the fundamental period of the tor-
sional oscillations of the lines of force anchored on the auroral oval in the
local midnight.

(5) Concerning the Pi2 in the auroral region, the sense of its polarization
reverses across the auroral oval from a left-hand polarization on the lower
latitude side to a right-hand polarization on the higher latitude side before
the time of the Pi2 maximum occurrence, and from a right-hand polarization
on the lower latitude side to a left-hand polarization on the higher latitude
side thereafter. Such polarization reversals result from the latitude depend-
ence of the wave phase that the D-components oscillate in phase at the
stations, whereas the oscillations in the H-components have large phase shifts
across the auroral oval. If the Pi2 waves propagate westward before the time
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of Pi2 maximum occurrence(pre-midnight) and eastward thereafter(post-
midnight), those observed polarization characteristics can be interpreted
by the coupling resonance oscillations between the hydromagnetic shear
Alfvén and magnetosonic waves as calculated by CHEN and HASEGAWA (1974)
and SOUTHWOOD(1974).

(6) There is little correlation between the Pi2 power intensity and the
intensity of the auroral electrojet or the auroral particle precipitation. It is
difficult to consider the current system in the magnetosphere and ionosphere
(OLsON and ROSTOKER,1977; WILHELM, 1977) as a main cause of the Pi2.

(7) The most plausible generation mechanism of the Pi2 is the torsional
hydromagnetic oscillations of the localized lines of force that cross the region
of the plasma instability in the magnetosphere and the auroral oval on the
ground. Compressional waves which also exist in company with torsional
Alfvén ones will propagate in the magnetosphere inward to the earth and
will be transformed into surface waves at the plasmapause, where an addi-
tional secondary Pi2 amplitude maximum is observed.
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