Abstract

The characteristics of quasi-periodic (QP) ELF-VLF emissions with periods
of 3-150 s and their relationships to magnetic pulsations are studied by using data
obtained from Syowa and Mizuho Stations in Antarctica and Husafell in Iceland
which is located near the geomagnetic conjugate point of Syowa Station. From the
relations of QP emissions to magnetic pulsations, QP emissions are classified into
two types, Type 1 and 2 QP emissions, according to whether the emissions are
clearly associated with magnetic pulsations or not.

The typical characteristics of Type 1 QP emissions are as follows. The in-
tensity and period of QP emissions change concurrently with variations in the
intensity and period of magnetic pulsations. From the coherency analysis between
QP emissions and Pc 3—4 magnetic pulsations it is found that the coherency be-
tween the D component of magnetic pulsations and the intensity fluctuations of
QP emissions is much higher than that between the H component of magnetic
pulsations and QPs. It is also found that the propagation time of magnetic pul-
sations (HM waves) from the interaction region between magnetic pulsations and
QPs in the magnetosphere to the ground is 20-30 s. These properties are observed
at conjugate-pair stations with good conjugacy. The results strongly suggest that
Type 1 QP emissions are modulated by compressional mode Pc 3—4 magnetic
pulsations near the equatorial plane in the outer magnetosphere.

On the other hand, QP emissions are categorized as the Type 2 QP emissions
when the period of concurrent pulsations is entirely different from that of QP
emissions or the amplitude of pulsations is too small to determine the periodicity.
The most striking feature of Type 2 QP emissions are their very regular periodicity
as compared with that of Type 1 QP emissions, and the Q value of the spectral
peak usually attains to more than 10. In most cases magnetic variations during
Type 2 QP events, which occur under magnetically quiet condition, have no spectral
peak corresponding to the peak in QP’s spectrum. However, a small but significant
peak in pulsation spectrum is occasionally noted, when the Type 2 QP event
occurs in modelate disturbed condition. The peak value of magnetic spectrum, in
such a case, is generally two order of magnitude less than the maximum power of
background magnetic fluctuations. The amplitude of magnetic pulsations is in the
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order of 0.001 nT/s. The H component of magnetic pulsations tends to be more
correlated with the VLF intensity variations than that the D component. These
properties are observed at conjugate-pair stations with good conjugacy. It is sug-
gested that weak magnetic pulsations, correlated with the Type 2 QP, are produced
by wave induced particle precipitations. As to the periodicity of Type 2 QP
emissions, either the period is controlled by compressional magnetic waves which
are usually not detected on the ground, or the period of QPs is controlled by some
other modulation mechanism which is unknown at present.

The frequency-time (f-z) spectra of QP emissions are classified into five
types. A phenomenological model to explain the f-¢# spectra is proposed, that is,
the rising-tone type of QP emission is generated by compressional mode Pc 3
magnetic pulsations which propagate in radial direction toward the earth, while
the non-dispersive type is generated by standing oscillations of the magnetic field
which have effective compressional components.



1. Introduction

1.1. General introduction

The magnetosphere is a complex system of energetic particles, thermal plasma,
electromagnetic waves, magnetic and electric field. The main geomagnetic field,
roughly a dipole, is influenced by the flow of charged particles known as the solar
wind (PARKER, 1967), which causes the geomagnetic field to be confined within
a boundary called the magnetopause. Outside the magnetopause on the sunward
side exists a bow shock, where the supersonic flow of charged particles is interrupted
and slowed down. Between the magnetopause and the bow shock, there exists a
magnetosheath where the compressed and disordered interplanetary magnetic fields
are contained.

On the dayside, the magnetopause lies at about 10 Rz. On the nightside, the
magnetic field is drawn into a long tail which extends definitely to the moon’s
orbit at ~60 R;. The pattern of field lines within the tail is still largely unknown.
A region of somewhat enhanced plasma density exists in the tail, and contains a
thin neutral sheet in which the magnetic field is very weak and across which the
field reverses in direction.

Within the magnetosphere, there exists an approximately donut-shaped region
with relatively high plasma density, called the plasmasphere. The boundary be-
tween the outer magnetosphere and plasmasphere is called the plasmapause. The
position of the plasmapause depends on local time and geomagnetic conditions.

The magnetosphere is permeated by hydromagnetic waves and electromagnetic
ELF-VLF radiation, which have provided a great deal of information about its
physical condition. For example, whistlers, produced by lightning discharges,
propagate from hemisphere to hemisphere along the geomagnetic line of force and
provide a powerful tool for studies of the structure and dynamics of the inner
magnetosphere. The nose whistler, discovered by HELLIWELL ef al. (1956), led
to the discovery of the plasmapause (CARPENTER, 1962, 1963, 1966). Whistlers
have recently been used to measure the magnetospheric convection electric field
and coupling fluxes of the ionization between the ionosphere and the plasmasphere.

ELF-VLF emissions also carry information about solar-terrestrial relation-
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ships. BRICE (1964a) divided VLF emissions into two broad categories, discrete
emissions and hiss. Detailed descriptions of ELF-VLF emissions can be found in
HELLIWELL’S monograph (1965). VLF emissions with fairly regular periods,
longer than the two-hop whistler delay, are known as quasi-periodic (QP) emissions
(HELLIWELL, 1965) or long period VLF emissions (CARSON et al., 1965). Among
many the natural emissions, QP emissions are perhaps still not understood. They
are the main subject matter of this study.

1.2. Historical background on ELF-VLF emission study

L.R.O. StorEY presented his pioneering work on the whistler atmospherics
in 1953 (STOREY, 1953). In his experimental study, he found a systematic relation
between the whistler train and the preceding atmospheric click and he contributed
also to the theoretical study of whistler by showing the existence of a low-frequency
electromagnetic mode traveling very nearly along the direction of earth’s magnetic
field in the exosphere. With these observations and theoretical results, he concluded
that electromagnetic energy originating in a lightning discharge echoes back and
forth approximately along the line of force of the earth’s magnetic field.

STOREY also mentioned other types of audio frequency atmospherics. These
include ‘dawn chorus’, steady hiss and others which are now categorized into VLF
emissions. Emissions of all these types were found to be associated with magnetic
activity. The earlier work for such phenomena was done by BurtoN (1930) and
BurTON and BoArRDMAN (1933). The description in their work that quasi-musical
sounds were observed between 500 to 1500 cps, is now thought to correspond to
the ‘polar chorus’ (HELLIWELL, 1965).

During the IGY many systematic observations for ELF-VLF natural waves
were carried out all over the world. Data recorded on magnetic tape were analyzed
by a high speed spectrum analyzer. A variety of shapes of frequency-time spectra
were obtained, and were classified (GALLET, 1959). These works were extended
by HELLIWELL (1965). The frequency-time spectral features of the emissions
have been stimulating theoretical work.

Since 1962, most of the important informations on ELF-VLF emission
phenomena from the outer space have been provided by satellite-borne instruments.
Direct observations have given a variety of features of wave phenomena in the
space plasma.

ELF-VLF chorus is one of the most common intense naturally occurring
electromagnetic emissions found in the terrestrial magnetosphere. These emissions
have been detected from the ground (BurTON, 1930; STOREY, 1953; ALLCOCK,
1957; GALLET, 1959; Popg, 1963; UNGSTRUP and JACKEROTT, 1963; EGELAND
et al., 1965), at ionospheric altitudes (TAYLOR and GURNETT, 1968; BARRINGTON
et al., 1971; THORNE et al., 1977), and in the outer magnetosphere, the region
where chorus is believed to be generated (RUSSELL et al., 1969; DUNCKEL and
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HEeELLIWELL, 1969; TsSURUTANI and SMITH, 1974, 1977, BURTON and HOLZER,
1974; BurTis and HELLIWELL, 1976). The above studies have shown that chorus
is present at L values between the plasmapause and the magnetopause at all local
times but predominantly in the dayside magnetosphere. Emission frequencies are
found to be related to the local electron gyrofrequency. For a review of magneto-
spheric ELF-VLF wave observations, see RUSSELL et al. (1972) and GENDRIN
(1975).

The study of ELF-VLF chorus is important from a magnetospheric physics
point of view. The pitch angle scattering as a result of a cyclotron resonance
between chorus and trapped electrons leads to the loss of the electrons by precipi-
tation (BRICE, 1964b; KENNEL and PETSCHEK, 1966; KiMURA, 1967; HOLZER
et al., 1974). The precipitation causes ionospheric phenomena such as brems-
strahlung X-rays, diffuse aurora, riometer absorption, magnetic pulsation, 5-10 s
quasi-periodic aurora and X-ray pulsations (MCPHERRON e? al., 1968; ROSENBERG
etal, 1971).

1.3. Historical background on quasi-periodic ELF-VLF emission study

A type of ELF-VLF radio noise generated in the earth’s magnetosphere is
observed as a series of bursts with some regularity and relatively long time
separation. The bursts are known as quasi-periodic (QP) ELF-VLF emissions.
QP emissions were first reported by WATTS et al. (1963), and a summary of early
work on this phenomenon can be found in HELLIWELL (1965).

The period of QP emission ranges from 10 s to 2 min or more, and typically
from 20 to 40 s at high latitudes (EGELAND et al., 1965; KITAMURA et al., 1969;
SATO et al., 1974). EGELAND ef al. (1965) found that the signal strength of QP
emissions with a period of 20-30s often changes in association with magnetic
pulsations with approximately the same period. CARSON et al. (1965) also
observed that the QP period falls into the general range of magnetic pulsation
periods. They suggested on this basis that hydromagnetic waves could be the
source of oscillations for QP emissions. KOKUBUN (1971) also suggested that
QP emissions associated with magnetic pulsations mostly occurred in the outer
magnetosphere beyond the plasmapause.

QP emissions have been recorded at stations ranging in geomagnetic latitude
from ~50° to —~80°. On occasion they have been observed simultaneously over
a wide range of latitudes (say, from L=3.2 to L=6.8) and longitudes (CARSON
et al., 1965). BRICE and SMITH (1965) reported QP activity on board the
Alouette satellite extending over ~1700 km at an altitude of 1000 km. Recently,
CORNILLEAU-WEHRLIN et al. (1978) reported that QP emissions are observed
simultaneously at the GEOS-1 satellite and at approximately geomagnetic conjugate
stations on the ground.

The geomagnetic conjugacy of QP emissions was examined by CARSON et al.
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(1965), KitAMURA et al. (1969) and KoroTovA et al. (1975). CARSON et al.
(1965) reported that the periodic components recorded in the north alternate in
time with those observed in the south. In this study we also observed QP conjugacy.

Recent studies have revealed that QP emissions are not always associated
with concurrent corresponding magnetic pulsations and that there are significant
differences in the emission properties of QP emissions associated with magnetic
pulsations, compared with those having no corresponding pulsation (KITAMURA
et al., 1969; SATO et al., 1974; see review KiMURA, 1974). It is also found
that QP emissions not associated with magnetic pulsations are more often observed
at Eights (L~4) than at Byrd (L—6.8). Ho (1973) has reported that QP
emissions observed at Eights is strongly modified by whistlers and other whistler
mode signals, and it was also reported that the emission frequency tends to decrease
with increasing observing latitude. These results indicate that the characteristics
of QP emissions change with latitude and that the generation of QP emissions may
be controlled by different physical processes in different magnetospheric regions.

Theoretical discussions to explain the characteristics of QP emissions have
been presented (CorONITI and KENNEL, 1970; KiMura, 1974; CHEN, 1974;
HaucsTtaDp, 1975, 1976; BEspaLOov and TRAKHTENGERTS, 1976; SazHIN, 1977,
Besparov, 1977). However, it is hard to solve the complex features of QP’s
spectra.



2. Instrumentation and Observations

The data of ELF-VLF emissions, magnetic pulsations and related phenomena,
used in this study, were obtained during five observation periods, i) February
1970-January 1972 at Syowa Station, ii) February 1972-January 1973 at Syowa
Station, iii) February 1974—January 1975 at Syowa Station, iv) September 1976—
September 1977 at Syowa and Mizuho Stations, Antarctica, and v) July 29, 1977-
September 18, 1977 at Husafell, Iceland.

Coordinated observations of polar disturbance phenomena, ELF-VLF emis-
sions, geomagnetic variations, auroral activities and others, have been carried out
at Syowa Station. ELF-VLF signals below 4 kHz have been recorded almost
continuously at Syowa Station since 1969, using a magnetic tape recorder with
an automatic reverse device. It enabled us to examine frequency-time spectra as
required for most of the emission events by reproduction from magnetic tapes.
Emission signal strengths of five selected bands below 2 kHz together with
magnetic pulsation signals have also been recorded on a strip chart. These records
were mainly used in calculating the statistics of QP emission occurrences. Six-
channel chart records of narrow band ELF-VLF intensities in the frequency range
of 0.5-2 kHz together with magnetic pulsations were examined for the 2 year
period from February 1970 to February 1972. Statistical results for this period
will be shown in Section 3. Wide-band signals from 0.2 kHz to 10 kHz and the
three components of magnetic pulsations were simultaneously recorded on magnetic
tapes using a 4-tracks data recorder, during January 1973. This record is most
useful for examining the relative phase relation, power spectra, and correlation
between QP emissions and magnetic pulsations. The relationship between QP
emissions and magnetic pulsations based on this data will be discussed in Section 8.

2.1. OQutlines of observation system
The outlines of QP emission and related phenomena observed in the periods
iii), iv) and v) are as follows;

2.1.1. Observation period from February 1974 to January 1975
The data obtained are;
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1) Variations of geomagnetic field in north-south (H), east-west (D) and
vertical (Z) components measured by a fluxgate magnetometer (chart speed,
5 cm/h and sensitivity 10 y/mm).

2) Three components of magnetic pulsations (H, D and Z) measured by
an induction magnetometer. Both a magnetic tape and a 35 mm scratch film record
(film speed, 10 mm/min) are used here. The frequency range is below 3 Hz with
a sensitivity of 0.01 7/s/mm on the scratch film record.

3) ELF-VLF natural radio waves

1) Continuous recordings of ELF-VLF signals in the frequency range 0.2—
20 kHz using a magnetic tape recorder.

ii) Intensities of ELF-VLF emissions in narrow frequency bands recorded
on strip chart (speed, 30 cm/h) at 0.4, 0.7, 1.0, 1.5, 2.0 kHz, with a band
width of 40 Hz.

iii) Continuous records of arrival direction (N,, N,) polarization and
emission intensity at three frequency bands, 0.75, 2.5 and 8 kHz. Details will
be discussed in a later section.

4) Correlation records

i) Simultaneous records of intensities in ELF-VLF wave at the frequency
bands of 0.75 kHz, 2.5 kHz and magnetic pulsations in the D component on strip
chart (speed, 3 cm/min).

ii) Simultaneous record of luminosity of the auroral green line, the H com-
ponent of magnetic field variations, the H component of magnetic pulsations, cosmic
noise absorption and intensities of ELF-VLF emissions in frequency bands at
0.75, 1.5, 8, 32 kHz on an 8-channel strip chart (speed, 15 cm/h).

2.1.2. Observation period from September 1976 to September 1977

Observations of ELF-VLF emissions, magnetic variations and auroras have
been carried out at Syowa Station (geographic lat. —69.03, long. 39.69, geomagnetic
lat. —70.03, long. 79.39) and Mizuho Station (geographic lat. —70.70, long. 44.33,
geomagnetic lat. —72.32, long. 80.62). Mizuho Station is located about 270 km
poleward from Syowa Station on the same magnetic meridian. Details of ob-
servation systems in this period were described by MAKITA et al. (1978). Char-
acteristics of ELF-VLF emissions and QP emissions observed simultaneously at
Syowa and Mizuho Stations will be shown in Section 7.

2.1.3. Observation period from July 29, 1977 to September 18, 1977 at geo-
magnetic conjugate-pair stations

The coordinated observations of ELF-VLF emissions, magnetic pulsations

and auroras have been carried out at Syowa and Mizuho Stations in Antarctica

and Husafell, Iceland from July 29, 1977 to September 18, 1977. Locations of

Husafell, Reykjavik and the calculated conjugate point of Syowa and Mizuho

Stations are shown in Fig. 1. As seen in the figure Husafell is located about 60 km
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Fig. 1. Locations of Husafell, Reykjavik and
the geomagnetic conjugate points of
Syowa and Mizuho Stations.

25W 20 16
Table 1. Geographic and geomagnetic coordinate.
Geographic Geomagnetic
Stations . .
Latitude Longitude Latitude Longitude
Syowa Station —69.03 39.69 —70.03 79.39
Mizuho Station —70.70 44,33 —72.32 80. 62
Reykjavik, Iceland 64.14 —21.88 69. 87 72.41
Husafell, Iceland 64.70 —20.90 70.19 74.24
l Auto Reverse
VLF Loop Antenna o Data Recorder
(0.2-20 kHz)
Eand-pass Filter [ Detection geggrg::a

Induction Magnetometer

(0.75, 1, 2, 4, 8 kHz)

(8, D)

Auroral Photometer

Low Speed Data
Recorder

(42788 )

1

Strip Chart
Recorder

Auroral TV Camera

VTR

Fig. 2. Block diagram of the observation system at Husafell.

north of the geomagnetic conjugate point of Syowa Station.

Geographic and

geomagnetic coordinates of these stations are listed in Table 1. The block diagram
of observation system at Husafell is shown in Fig. 2. The observation system at

Husafell is as follows;

1) Two horizontal components (H and D) of magnetic pulsations in the
frequency range below 3 Hz were measured with an induction magnetometer of
which the frequency response is the same as that at Syowa Station and were recorded
on magnetic tape and on a strip chart (speed, 30 cm/h).
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2) ELF-VLF natural emissions

i) Continuous record of wide band signals in the frequency range of 0.2—
20 kHz using a magnetic tape recorder.

ii) Intensity of emission at selected frequency bands, 0.75, 1.0, 2.0, 4.0,
8.0 kHz, with a Q value of 40, recorded on a strip chart (speed, 30 cm/h).

3) Correlation records

1) Simultaneous records of wide band (0.3-10kHz) ELF-VLF emissions,
the H and D components of magnetic pulsations and auroral luminosity (4278 A)
on the same magnetic tape. These records were obtained only during the occur-
rence of QP emissions.

1) Simultaneous records of ELF-VLF emissions in narrow bands (0.75,
1.0, 2.0 kHz), and the H and D components of magnetic pulsations. These records

were obtained for this observation period, continuously from July 29 to September
18, 1977.

2.2, The device for finding the arrival directions of waves

The observations of arrival direction for elliptically polarized ELF and VLF
electromagnetic waves, based on the method developed by TsuruDA and HAYASHI
(1975), was carried out at Syowa Station from April 1974 to January 1975.

A diagram of the observation system is shown in Fig. 3 and the coordinate
system used hereafter is shown in Fig. 4, where N is a unit vector in the direction
of wave the normal. N, and N, can be written as N,=sin6 sin¢ and N,=sin6 sin¢
if @ is the incident angle measured from the zenith and ¢ is the azimuthal angle
measured from the east, respectively. The vertical component of electric field (E,)
and the horizontal component of magnetic field (B,, B,) are detected by a vertical
antenna and orthogonal loop antennas, respectively. The signals are fed to pre-
amplifiers through the equalizer network. The signals after the pre-amplification
of about 40 dB are transmitted through low impedance cables of 550 m in length
to main amplifiers which were installed in an observation house. The signals then
were amplified by 60 dB, and are fed to the band-pass filters with Q values of

Vertical

‘. A[
550m BPF
Ed F————=HMain Amp|

075,20

Pen

—

LB Amp 8 0kHz
— Nx
By ZE £a ”"—T Analog — Ny

¥ M AL FBPE larization — Recorder
P — polarization
W Loop A Calculator (sino)
—BY+ By —
By Z : EQ  fiooeeoo
P [EEEEE M A. BPF

Fig. 3. Block diagram of the receiving system.
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Geomagnetic
South N

Fig. 4. Coordinate system for assigning the arrival direction of incident waves, wave normal
vector (N), incident angle (0), azimuth angle (¢), north-south and east-west horizontal
components of wave normal vector (N and Ny).

44, whose center frequencies are 0.75, 2.5 and 8.0 kHz. Then, the signals in the
selected bands were fed to an analog calculator that calculates the horizontal
components of wave normal vector (N,, N,) and the polarization angle (sina).
The calculated output signals were recorded on a strip chart. Furthermore, three
components of the wide-band signals were recorded on magnetic tape using an
FM data recorder.

2.2.1. Detection of the wide-band VLF signal

The antennas for detecting the arrival direction of the waves were set on a
flat place 550 m away from the observatory house. The vertical antenna for re-
ceiving vertical electric field is a metal pipe 3 m long. In order to compensate
for the effect of poor conductivity of the ground, a counterpoise was set out radially
at the foot of the vertical antenna using 36 copper wires each 4 m long. The
calculated value of capacitance of this vertical antenna was 39.9 pF. The crossed
loops for receiving the magnetic field of the wave were oriented in the geomagnetic
east-west (B,) and north-south (B,) directions. Each of the loop antennas was
triangular in shape of two turns, 10 m in height and 20 m in length at the base.
The effective area, inductance and DC resistance for these two loop elements
were 200 m2, 230 xH, and 0.3 2, respectively.

Usually, the E, component is received by a vertical antenna which is equiva-
lent to a series circuit of capacitance C, fed from a voltage source [-E, where [
is the effective height of antenna and E is the intensity of electric field. The loop
antenna is equivalent to the series circuit of inductance L,, resistance r, fed from
a voltage source V,. V, can be estimated in terms of wave electric field E as;

Vi=—j

C

where S, is the effective area of the loop and C is the speed of light. Generally,
antennas of these two types, vertical and loop antennas, respond differently to the
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Fig. 5. Frequency-amplitude response (upper)
and frequency-phase response (lower)
of the equalization system (E,, By and T Lpolxa,',zamn Angte
By) in the receiving circuit.

Fig. 6. Correction for the incident angle (0)
and azimuth angle ($) due to the
errors of the phase angle in the re-
ceiving system. In this calculation,
the rate of TE to TM mode intensity
and the phase difference between E,
and Bz, By are assumed to be unity
and 3°, respectively.

incident wave fields, so that an additional CR network is required to equalize the
response of the two antenna systems. Fig.5 shows the changes for B,, B, and
E, in phase and amplitude with frequency of the original incident wave in the
equalizing network. The phase differences are mostly caused by the phase shift
of the signals in the input transformer of the loop system preamplifiers.

At 0.75 kHz, the phase of E, was 3° in advance in comparison with B, and
B, as shown in Fig. 5. Errors of the azimuth and incident angles were estimated
for the case when the E, phase precedes by 3° those of B, and B, (SATO and
HavasHi, 1976). The relationships between ¢, 6, ¢, ¢’, and sin « is shown in
Fig. 6, where ¢ and ¢ are the calculated azimuth and incident angles when there
is no phase difference between E, and the magnetic components. ¢ and 6§ are
calculated values of azimuth and incident angles with 3° of phase difference, and
4¢ is the error between ¢ and ¢’. In this estimation, the ratio of TE mode in-
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tensity to TM mode intensity was assumed to be unity. From the curve in Fig. 6,
we can conclude that the error in § and ¢ are less than 10° and 20°, respectively,
when the polarization angle « is greater than 15° and @ is smaller than 60°.

2.2.2. Direction analyzer

The block diagram of the direction analyzer is shown in Fig. 7. The center
frequency of the narrow band-pass filter was chosen to be 750 Hz in this analysis.
In the phase shifter netwark, E,, B, was lagged by 45° and B}, B, was lagged
by 135°, with the phase difference of 90° between E,, B, and B, B,. In
order to calculate the horizontal component of wave normal vector N,, N, and
polarization angle, E,, B;, B and Bj signals were multiplied by and divided by
each other (details in TsurupA and HayvasHi, 1975).

The integration time for output signal was selectable; 0.1, 1.0, 2.0 and 10s.
In this preliminary observation, 10 s was adopted for the integration time, because
we were interested in the average arrival direction. As the dynamic range of
the analog multiplier used in this calculator was about 30 dB, the division of
(E,-B)) by (B,-B}) tended to enhance the error of the analog calculation,
especially when the latter was small. Hence, the output of N, and N, were
controlled to be zero when the calculated emission intensity Bj 4 B} was small.
From the examination of the statistical relation between calculated N,, N, and
emission intensity Bj -+ B} of natural emissions, we can conclude that i) errors
due to the low dynamic range of the analog calculator increased more than
20% at the intensity level lower than 1.5X10-% V/m.+/Hz, ii) the calculated
incident angle is slightly smaller than the real incident angle but the calculated
azimuth has reasonable accuracy when the intensity of the wave is in a range
1.5-3%X10% V/m-+/Hz, and iii) when emission intensity is greater than 3x10-5
V/m-+/Hz the errors caused by the analog calculator are almost eliminated,
within 10% for incident angle and 5% for azimuth. Thus, on the basis of this
examination we analyzed the data only when the emission intensity was greater
than 1.5%105V/m-+/Hz. These results will be shown in Section 6.

The observation system for the direction of arrival operated from September
1976 to January 1977 was described by MakiTa (1978).

Ez p—
Ez—{—45——9 E; Bx A __daidfl——omx
> EzB Y
_ L—
B —
a5 ¢ BxBy L M1

—° Polarization

By—3s}2Y BirBl | —
Phase Multipliers Low pass ividers
shifters filters

Fig. 7. Schematic illustration of the analog analyzer for the direction finder.
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3. General Properties of QP Emissions

In this section we describe the statistical characteristics of QP emissions.
ELF-VLF data used here are those obtained at Syowa Station in Antarctica. The
intensity records of ELF-VLF emissions in narrow frequency bands recorded
continuously for 2 year period from February 1970 to 1972 are examined.

QP emissions are classified into two types by a procedure similar to that of
KitaAMURA et al. (1969), according to whether or not the QP emissions are
associated with magnetic pulsations. Fig. 8 shows amplitude records of VLF
signal strength, magnetic pulsations and frequency-time spectra of emissions indi-
cating typical examples of the QP emissions associated with magnetic pulsation.
This type will be called Type 1 QP emissions in the following. It is noted that
quasi-periodic modulations of VLF waves began almost simultaneously with the
occurrences of magnetic pulsations at 1228 UT (Fig. 8a) and at 1256 UT (Fig. 8b).
It is also seen in Fig. 8b that the cessation of QP modulation occurred in asso-
ciation with the disappearance of magnetic pulsations, indicating a close relation
between the two phenomena. On the other hand, Fig. 9 shows typical examples
of the frequency-time spectra of QPs and amplitude records of VLF signal strength
and magnetic pulsations where QPs do not relate to magnetic pulsations. This
will be called hereafter Type 2 QP emissions. As seen in Fig. 9a, well-defined
QP emissions often occurred without any corresponding magnetic pulsation. In
the example shown in Fig. 9b, QP emissions almost simultaneously appeared after
magnetic pulsation activity decreased. Also, there are often QP emissions with
the periods entirely different from that of the concurrent magnetic pulsations.
QP emissions in these categories are classified as the same type (Type 2). It is
noticeable from these figures that the recurrent periodicity of Type 2 QPs is much
more regular than that of Type 1 QPs and the amplitude of magnetic pulsation
corresponding to Type 2 QPs is much weaker than that of Type 1 QPs, so that
we can easily distinguish the two types of QPs.

The two types of QPs have the following characteristics.

1) Type 1 QPs (QPs associated with concurrent magnetic pulsations):

i) Intensities of magnetic pulsations are stronger than 0.05 7/s.
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Fig. 8a. Examples of simultaneous onset and cessation of QP emissions and geomagnetic pulsa-
tions on December 30, 1970. It is seen that the modulation of preceding quasi-steady

emissions occurred simultaneously with the onset of geomagnetic pulsations with peri-
ods of modulation of about 24 s.
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Fig. 8b. Same as for Fig. 8a, except for the data on November 26, 1970.

31,

MAY

1971
T fodenp e

Mag- Pulsation

3

TN

o il
1000Hz Emission Wg@ﬁ%m:

it
TR

4 [ e : Wr , ) s
1900UT 10 20min

Fig. 9a. Example of a QP emission with a regular period of 40 s, and with no corresponding
pulsation on May 31, 1971.
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Fig. 10.

ii)

| 1
1344UT 50 54 58
Example of a QP event in which the periods of QP emissions and pulsations are entirely
different. In this case fairly regular QP emissions with a period of 16 s occurred fol-
lowing a decrease in pulsation activity.
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Examples of QP emissions associated with geomagnetic pulsations with approximately
the same period (Type 1), and without any corresponding pulsations (Type 2). It is
noted that Type 2 emission is more regular than Type 1.

Ten minute-average periods of QPs and magnetic pulsations are nearly

the same (within the error of 10%).
2) Type 2 QPs (QPs not associated with magnetic pulsations) :

1)

Intensities of magnetic pulsations are weaker than 0.01 y/s. The period

of magnetic pulsations is difficult to determine from the chart record with the
amplitude less than 0.01 y/s.
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ii) Ten minute-average periods of QPs and concurrent magnetic pulsations
are entirely different.

iii) Recurrent periodicity is regular and their duration is longer than 10 min.

Fig. 10 shows typical Type 1 QP and Type 2 QP emissions. As will be
described later, distinct differences of local time of occurrence, QP periods,
emission frequency, Kp dependence and frequency-time spectra were observed
between two types of QP emissions.

3.1. Diurnal variation of QP occurrences

Fig. 11 illustrates the diurnal variation of hourly occurrence of QP emissions
at Syowa Station for a one year period from February 17, 1970 to February 16,
1971. Most of QP emissions were observed on the dayside with a maximum
occurrence around noon, as was found by KiTaMURA et al. (1969). This tendency
is also corresponds to the diurnal variation of polar chorus occurrence (KOKUBUN
et al., 1969; HayasHi and KokuBuN, 1971). However, occurrences of two QP

8ol _ [ tvee
| B vvee2

OCCURRENCES

60|

Fig. 11. Diurnal variations of QP emis-
sion occurrence. Hourly occur-
rences during one year period
from 17 February 1970 are plotted
for each of the two types.

B 20 22GLT

types are significantly different. The occurrence of Type 1 had a maximum around
noon while that of Type 2 had a maximum around noon and also a secondary
maximum in the afternoon-evening period. It is worth noting that Type 2 was
also observed between 19h and 02h MLT. The high occurrence of Type 2 in the
afternoon-evening was very similar to QP emissions observed at Eights (L~4)
(Ho, 1972).

3.2. Diurnal variation of QP periods

The diurnal variation of QP periods for each type is given in Fig. 12. In
these statistics Type 1 QP emissions comprised one year’s data from February
1970 to January 1971, and Type 2 QPs with duration longer than 10 min com-
prised two year’s data from February 1970 to January 1972. The hourly
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Fig. 12. Distributions of the QP period versus geomagnetic local time. (a)
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Fig. 13. Diurnal variations of hourly average periods.
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occurrence distribution of QPs periods for Type 1 and Type 2 QP emissions,
respectively, are plotted in Fig. 12a and Fig. 12b. In these statistics we neglected
shorter period QPs (<10s), since we could not determine such QP periods on
a slow speed chart record (0.5 cm/min). QP periods longer than 90s were also
excluded from this figure. The period of Type 1 QP ranges from 15 to 60s,
mostly around 30 s, and that of Type 2 QP from 10 to 60 s, mostly around 20 s.
Fig. 13 shows diurnal variation of the hourly average period for each type. It is
evident that the period tends to increase gradually from morning to evening for
each type, and that Type 1 QP period is longer than Type 2 QP, especially in
the morning sector.

3.3. Diurnal variation of emission occurrences

The diurnal variations of emission occurrence for all QP events, both of
Type 1 and Type 2 QP emissions, are given in Fig. 14. It is clear that 0.5, 0.7
and 1.0kHz band QPs were more often observed than 1.5 and 2.0kHz band
QPs. Furthermore, all frequency bands have maximum occurrence around noon.
These tendencies are in agreement with the average frequency spectra of polar
chorus emissions observed at Syowa Station (HAvAsHI et al., 1968). Fig. 15
shows diurnal variations of the occurrence probability for a QP emission at each
frequency band, 0.5, 0.7, 1.0 and 1.5 kHz for both Type 1 QPs (cross hatch)
and Type 2 QPs (dots).

Concerning the emission frequency of the Type 1 QP, the 0.7 kHz band QP
occurred most frequently at all local time. Type 1 QPs at the frequency band
of 0.5 kHz had a maximum occurrence in the early morning and gradually de-
creased from morning to afternoon. On the other hand, the occurrence of higher
emission frequencies of Type 1 QPs at the frequency bands of 1.0 and 1.5 kHz

OCCURRENCE S
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o o

~
o
T

w
o
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Fig. 14. Diurnal variation of QP occurrences for selected frequencies 0.5, 0.7, 1.0, 1.5 and
2.0 kH:z.
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Fig. 15. Diurnal variation of the QPs occurrence probability for each frequency band, 0.5,
0.7, 1.0 and 1.5 kHz Type 1 QPs (cross hatch) and for Type 2 QPs (dots).

increased from morning to evening. That is, the emission frequency of Type 1
QP increased from morning to afternoon.

Concerning to Type 2 QP, 0.7 kHz band QP had high occurrence at almost
all local times. Type 2 QPs did not show a clear diurnal variation at the all
frequency band, in contrast to Type 1 QPs. It is worth mentioning that Type 1
QP were more often observed at the lower frequency band of 0.5 kHz than were
the Type 2 QPs, however at the higher frequency band of 1.5 kHz Type 2 QPs
were more often observed than were those of Type 1. That is, the emission
frequency of Type 2 is slightly higher than that of Type 1. However, these
tendencies are not so clear as those which KITAMURA et al. (1969) observed at
Eights (L~4) and Byrd (L—6.8).

3.4. Kp dependence of QP occurrences

We examine here the relation between geomagnetic activity and QP occur-
rences. Fig. 16 shows Kp dependence of QP occurrence probability. It is seen
that Type 1 QPs were observed during the period of moderate magnetic activity
of Kp~2-3 and Type 2 QPs tend to appear under the more quiet magnetic
condition of Kp~1.

KOKUBUN ef al. (1969) reported that polar chorus activity correlates with
worldwide magnetic activity with a time lag of about seven hours. TSURUTANI
and SMITH (1977) also reported that the delay time between substorms and the
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Fig. 16. Dependence of Q P emission occurrences
0 0 of geomagnetic activity.

: ||
01 2 3 4 5 6Kp
onset of chorus observed near the equator in the outer magnetosphere by the
Ogo 5 is consistent with a gradient drift of ~25 keV electrons. It is important
to examine the relation between the onset of QP emission and the phase of the
magnetic storm.

As mentioned above, we could find general properties for both the Type 1
QPs and Type 2 QPs. In the later section, we will examine the detailed charac-
teristics.
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4. Classification of QP Emissions Based on
Frequency-Time (f¢) Spectra

A classification of VLF emissions, based on frequency-time spectra observed
on the ground, have been made by GALLET (1959) and HELLIWELL (1965).
According to HELLIWELL (1965), VLF emissions can be classified into six types,
hiss, discrete emission, periodic emission, chorus, quasi-periodic (QP) emission
and triggered emission. In the present section, an attempt is made to classify QP
spectra further into subtypes, as an extention to that proposed by HELLIWELL
(1965). The examination of f-t spectra of QPs in detail is one of the most im-
portant approaches to study the generation mechanism of QP emissions, because
f-t spectra give us much information on the generation conditions of QPs.

The f-t spectra were prepared with the aid of a real time FFT spectrum
analyzer by reproducing magnetic tapes. By using a few hundred QP events ob-
served at Syowa and Mizuho Stations in Antarctica and Husafell in Iceland, QP
spectra were classified into five types. Spectral characteristics and model spectral
forms of five types of QPs are examined. Furthermore, statistical characteristics
of each type of QPs are also examined by using f-¢ spectra of ELF-VLF emissions
recorded continuously for 50 days in Iceland.

4.1. Classification of QP emissions

QP emissions are classified into five types as is shown in Fig. 17.
I. Non-dispersive type

i) The upper frequency of QP emissions changes synchronously with the
emission intensity (Examples are shown in Fig. 18).

ii) The upper and lower frequencies of emissions change synchronously with
emission intensity (Examples are given in Fig. 19).
II. Rising-tone type

i) Each QP emission element shows a rising-tone with hiss structure
(Examples are given in Fig. 20).

ii) QP emission consists of dispersive or non-dispersive periodic emissions
which form a rising-tone structure (cf. HELLIWELL, 1965) (Examples are given
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Type and Name

Model Spectral Form

I. Non-dispersive

i) changed upper boundary

ii) changed upper and lower
boundaries

II. Risingetone

i) diffuse emission

ii) dispersive or non-dispersive
periodic emission

iii) combination of diffuse and
discrete or periodic emission

iv) changing the dispersion

III. Falling=tone

IV. Mixed type

i) mixed with risinge and

fallingatones

ii) separation of rising and

constant frequency

iii) inverted V type

V. Burst type

: o o fd
2

dfle

R £

d ks o

Fig. 17. Model spectral forms and classification of QP emissions into five types based on

J-t spectra.
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in Fig. 21).

ili) A rising-tone structure consists of a combination of diffuse emissions
and discrete or periodic emissions (Examples are given in Fig. 22).

iv) The slope of rising-tone decreases with time (Examples are given in
Fig. 23).
III. Falling-tone type

Each QP emission element shows a falling-tone structure (Examples are given
in Fig. 24).
IV. Mixed type

i) QP elements with rising-tone and falling-tone structures are mixed (Ex-
amples are given in Fig. 25).

ii) Non-dispersive type and rising-tone type are excited synchronously
(Examples are given in Fig. 26).

iii) Combination of rising- and falling-tone elements forms an inverted V
structure (Examples are given in Fig. 27).
V. Burst type

QP elements consist of strong burst-like discrete emissions and weak diffuse
emissions (Examples are given in Fig. 28).

4.2. Characteristics of each type of QP emissions

From f£-t spectra of ELF-VLF emissions recorded continuously on magnetic
tapes at Husafell in Iceland for 50 days from July 30 to September 17, 1977,
103 QP events were observed. These QP events were classified according to the
model spectral forms shown in Fig. 17. Then, statistical characteristics as to
duration, magnetic local time of occurrences and the relationship to magnetic
pulsations were studied for each type of QP. Table 2 gives the statistical summary.
Occurrence local time and period of QPs which were observed rarely at Husafell
on this period are given by using the data observed at Syowa and Mizuho Stations,
symbolized by star in Table 2. As shown by SATO et al. (1974) QP emissions
are also classified into Type 1 and Type 2 depending upon whether the QP
emissions are closely associated with magnetic pulsations or not. By the duration
and the occurrence, QPs can be grouped into two classes. The first group, which
is frequently observed, includes 1-i), ii), II-i), ii), iii), IV-i) and V, and the other
group, which is rarely observed, includes II-iv), III, IV-ii) and 1V-iii).

4.2.1. Characteristics of ‘non-dispersive’ type

The non-dispersive type of QPs was observed mostly in the day time. As
shown in the f-¢f spectra in Figs. 18 and 19, those QP emissions are polar chorus
emissions whose intensities and frequencies are modulated quasi-periodically. It
is found that most of these QP emissions are Type 1 QP emissions, and are usually
associated with long period (7~40-150 s) magnetic pulsations.
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Examples of QP events in which the upper boundary of emission frequency changes
synchronously with the signal strength. The period of QPs is ~60 s in the January

21, 1971 event and in the November 26, 1970 event, and ~50 s in the September 2,
1977 event.
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Examples of QP events in which the upper and lower boundaries of emission fre-
quency change synchronously with the signal strength. The period of QPs is ~60 s
in the August 20, 1977 event, ~30 s in the April 10, 1970 event, and ~30 s in the De-
cember 23, 1974 event.
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Fig. 20. Examples of QP emissions with a diffuse-type rising tone structure. The period of
QPs is ~255s in the August 18, 1977 event, ~30 s in the December 19, 1976 event
and ~23 s in the January 6, 1973 event.
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Fig. 21. Examples of periodic emissions which form QP emissions with a rising-tone structure.
The spectral form of periodic emissions shows rising tone during the increasing stage of
the Q Ps intensity and falling tone during the decreasing stage of the QPs intensity. The
period of QPs is ~40 s in the January 26, 1973 event, ~30 s in the May 31, 1971 and
April 1, 1970 events.
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Fig. 22.  Examples of QP emissions with a rising-tone structure which consist of a combination
of diffuse and discrete or periodic emissions. The period of QPs is ~35 s in the May
31, 1971 event, ~40 s in the May 2, 1970 event and ~25 s in the April 1, 1970 event.
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Fig. 23.  An example of QP emissions in which the slope of rising tone changes with time. The
period of QPs at 1 kHz changed from 30 s to 60 s.
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Fig. 24. Examples of QP emissions with a falling-tone structure. The period of QPs is ~180 s
in the January 4, 1975 event and ~160 s in the August 31, 1971 event. It is found that
the upper boundary of the emission frequency drifted to higher frequencies with time.
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Fig. 25. Examples of QP emissions in which rising-tone and falling-tone elements and constant
frequency bands are mixed. Fine structure in the f-t spectra of QPs shows the charac-
teristics of auroral chorus. The period of QPs are ~5-10 s in the August 6, 1977 event,
~10-15 s in the August 10, 1977 event.
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Fig. 26. Examples of QP emissions in which a rising-tone element separates from a constant fre-

quency band during one quasi-period. The f-t spectra are displayed at three different
intensity levels.
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Table 2. Statistical characteristics of QP emissions.

Type and name Number of events DEI[;&}}]I)OH IEionclzl Period(s)
Type 1 Type 2
I. Non-dispersion
i) Changed upper boundary 9 1 560 10-13 40-150
ii) Changed upper and lower bound-
aries 15 1 1045 09-15 40-150
II. Rising-tone
i) Diffuse emission 8 3 515 11-15 20-40
ii) Periodic emission 3 7 735 07-18 20-50
iii) Combination of diffuse and
discrete or periodic emission 10 8 1240 09-15 10-40
iv) Changing the dispersion 0 1 10 *13-14 20-50
III. Falling-tone 0 0 0 *04-09 | 100-200
IV. Mixed type
i) Mixed with rising- and falling-
tone 17 0 1095 00-05 5-15
ii) Separation of rising and
constant frequency 0 0 0 *09-12 20-40
iii) Inverted V shape 1 1 35 *08-11 20-30
V. Burst type 12 7 1405 05-10 5-20

4.2.2. Characteristics of ‘rising-tone’ types

1) The rising-tone type QPs with diffuse structure are most frequently
observed between 20 and 40s. In the 50 days period, 75 percent of the events
of this type were associated with magnetic pulsations (Type 1), while 25 percent
of the events were not associated with magnetic pulsations (Type 2). The perio-
dicity of the Type 1 QP emission is generally not very regular, while that of
Type 2 QP is quite regular.

2) The rising-tone type in which each QP element consists of periodic
emissions occurring at a wide range local times from morning to evening, and
sometimes even at midnight as is shown in the April 1, 1970 event in Fig. 21.
The local time of maximum occurrence is 15-17 MLT. This type of QP emission
was observed during low magnetic activity, and 70 percent of the events were
classified into Type 2 QPs. This type of QP is also often observed in sub-auroral
zone (CARSON et al., 1965; Ho, 1973). The period of the QP ranges between
20-40 s, while the period of periodic emissions that form each QP element is
3—45s. The periodic emissions in QP emissions are sometimes associated with
Pc 1 magnetic pulsations (see, after Section 8). From f-t spectra in the time
interval of 1532:20-1534:20 UT on January 26, 1973 and in the time interval
of 2011:45-2012:50 UT on May 31, 1971 in Fig. 21, it is seen that the spectral
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form of periodic emissions is a rising-tone during the first half of the QP emission,
then a falling-tone in the latter half stage of the QP emission.

3) QP emissions which consist of a combination of diffuse and periodic
emissions were usually seen between morning and late afternoon. About half
the QPs of this type were not associated with magnetic pulsations (Type 2).
The repetition of f-t spectral pattern in Type 2 QPs is quite regular in contrast
with that of Type 1. The period of QP emissions is 10-40s. There is a tendency
for QPs with shorter periods (7~30-40s) to be observed in the afternoon.
It seems that this type is the same as typical examples of QP emissions in the
sub-auroral zone observed by HELLIWELL (1965), CARSON et al. (1965) and
KitaMURA et al. (1969).

4) QP emissions with a rising-tone structure whose slope decreases or
increased with time were rarely observed during the 50 days observation period
at Husafell (c¢f. Table 2). Six events of this type were found in f-# spectra of
QP events observed at Syowa Station in the period of February 1970-February
1972. Half of these QPs were associated with worldwide geomagnetic changes
as shown by SAtOo ef al. (1974). The slope of rising-tone steepens during the
period of positive geomagnetic changes, whereas the effect is reversed during
negative geomagnetic changes.

4.2.3. Characteristics of the ‘falling-tone’ type of QP emissions

QP emissions with falling-tone structure are rare events. This type of QP
event was not observed during the observation period of 50 days at Husafell
(cf. Table 2). Three events were found in Syowa Station data for the period
of February 1970-February 1972. It is found that they occurred only in the
early morning, and were associated with long period magnetic pulsations
(T~150-200s).

4.2.4. Characteristics of the ‘mixed type’ of QP emissions

1) The spectral form of the mixed type, with rising- and falling-tone struc-
tures, was quite similar to the spectral form of the auroral chorus (HAYASHI
and KoxuguUN, 1971). The occurrence of this type is limited to the dawn sector.
This type of QP emissions is also associated with pulsating auroras and Pi C
magnetic pulsations (OcuUTI and WATANABE, 1976), and the period of QPs are
scattered around 10s. All QPs of this type seem to be Type 1 QP emissions,
because of their close association with Pi C magnetic pulsations.

2) This type is characterized by a separation of rising-tone elements from
QP emissions occurring at the same time with a constant frequency. This type
of QP emission was a rare phenomenon, and was not observed in the 50 days
data at Husafell (cf. Table 2). Only 4 events were found in Syowa and Mizuho
Stations VLF data in 1970-1972 and 1976. The occurrence was limited to the
morning sector. From the f-t spectra displayed at three different intensity levels
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Fig. 27. Examples of ‘inverted V’ shape QPs in the f-t spectra displayed at two intensity levels.
From the lower intensity level display, it is found that the emission intensity of the
rising tone is stronger than that of the falling tone.
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Fig. 28.  Examples of QP emissions which consist of strong burst-like discrete emissions and weak
diffuse emissions. The period of QPs and the spectral form both change with time.
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Fig. 29. Intensity records of the D component of magnetic pulsations (top), ELF emissions at
1-2 kHz band (middle), and f-t spectra of ELF emissiors observed at Syowa Station on
April 17, 1972. It is found that discrete elements in ELF bursts are sometimes associ-
ated with Pi magnetic pulsations.
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Fig. 30. The Hromponent of magnetic pulsations andthe V LF intensity at the selected 0.8-1.8 kHz
band and f-t spectra of QP emissions observed at Husafell on August 5, 1977.

in Fig. 26, it is apparent that QP elements with a rising-tone structure separate
from the constant frequency band as the intensity of the constant band increases.

3) An example of QPs with ‘inverted V’ shape is presented in the f-t
spectra displayed at two different intensity levels in Fig. 27. It is apparent in
the f-t+ spectra with the lower intensity level in Fig. 27 that the frequency of
QP emissions first increases and then decreases. The emission intensity of the
rising-tone is usually stronger than that of the falling-tone. This type was ob-
served in the morning sector associated with magnetic pulsations. However, this
type is a rare phenomenon, only one event being observed at Husafell (cf. Table 2)
and two events at Syowa and Mizuho Stations in 1976.
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4.2.5. Characteristics of the ‘burst type’ of QP emissions

Burst type QP emissions were mostly observed in the early morning. The
periods were 10-20 s, which are shorter than the periods of other types of QP
emissions. Burst type QPs associated with magnetic pulsations (Type 1) occurred
during moderate and high magnetic activity and their spectral forms were quite
variable as shown in Fig. 28, whereas burst type QPs which were not associated
with magnetic pulsations occurred during magnetic quiet times. Sometimes each

discrete element in burst-type QPs was associated with a Pi magnetic pulsation.
An example is shown in Fig. 29.

4.3. Spectral structure at the onset time of a QP

It is useful for the study of generation mechanisms of QPs to examine the
change in the spectral structure before and after the onset of QPs. Fig. 30 shows
the H component of magnetic pulsations, the VLF emission intensity at a selected
0.8-1.8 kHz band and f-¢ spectra observed at Husafell on August 5, 1977. It
is clearly shown that the amplitude of VLF emissions was modulated quasi-
periodically and was associated with an enhancement of Pc 3—4 magnetic pulsations
(T~25-50s) during the time interval of ~1256—1306 UT. The frequency-time
spectra of the QP emissions are classified as the ‘rising-tone’ type, and the upper
and lower cut-off frequencies remained the same before and after the onset of
QPs. It is worth noting that the maximum intensity of the QP, when it occurred,
became stronger than the intensity level of pre-existing emissions while the
minimum intensity level of the QP became lower than the pre-existing emission
level. An other example showing such a relation was given in Fig. 23 of SAto
et al. (1974). These results strongly suggest that QP emissions are not special
types of emissions, and that they are reasonably understood as a modulation of
ELF-VLF emissions (polar chorus, auroral chorus and periodic emissions) which
occur before the onset of the QPs.

Fig. 31 shows the f-t spectra of QP emissions and pulsation wave forms
observed at Husafell in Iceland at 1027-1115 UT on August 18, 1977. The
frequency-time spectra of the QP emissions are the ‘rising-tone’ type. It is seen
that the sudden enhancement of VLF emissions occurring in the time interval
1103-1106 UT was accompanied by a positive impulse of the magnetic field.
The frequency band of this event is same as that of the rising-tone QP emissions
which were observed just before the sudden impulse. Therefore, Type 1 QP
emissions are probably explained by the modulation of pre-existing ELF-VLF
emissions by compressional mode magnetic field variations in the magnetosphere
as reported by HAYASHI et al. (1968).

Fig. 32 shows the record of magnetic pulsations in the H component, the
emission intensity in the 0.75 kHz frequency band and f-¢# spectra for the No-
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Fig. 31. The H component record of magnetic pulsations and concurrent f-t spectra of QP emis-

sions observed at Husafell on August 18, 1977, and enlarged display of f-t spectra in the
time intervals of ~1052-1054 and ~1103-1106 UT.
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vember 23, 1974 event. It is obvious that the ELF emissions in Fig. 32 are
modulated quasi-periodically by associated magnetic pulsations during the intervals
of 1112-1116 UT and 1154-1157 UT. The f-t spectra of QP emissions during
these time intervals are the non-dispersive type. However, when the amplitude
of magnetic pulsations was damped, at 1115 and 1157 UT, the f-t structure
changed into a rising-tone type. That is, Type 1 QP emissions changed con-
tinuously into Type 2 QP emissions when magnetic pulsation activity decreased.
It is also found that not only the emission frequency range but also the fine
structure in QP emission elements of Type 1 and Type 2 QPs in this event are
quite similar. These facts suggest that the background condition which is re-
sponsible for the generation of QP emissions in the magnetosphere is the same
for both of Type 1 and Type 2 QPs, but the modulation mechanism is different.

As described above we were able to find interesting and important charac-
teristics of QPs based on the f-t spectram, e.g., the differences between Type 1
and Type 2 QPs, the most frequently observed types of QPs, their local time of
occurrence, periodicity, and spectral fine structure forms. These characteristics
are very important when discussing the generation mechanism of QP emissions.
Details will be discussed in later section.
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5. Occurrence of QP Emissions Associated with
Worldwide Geomagnetic Variations

Daytime ELF-VLF emissions at auroral zone stations are strongly affected
by magnetospheric conditions associated with changes in solar wind momentum
(MorozuMI, 1965; HAYASHI et al., 1968). HAYASHI et al. (1968) have shown
that a positive sudden impulse in geomagnetic field is accompanied by a sudden
enhancement of polar chorus, whereas a negative impulse is associated with a
sudden decrease in intensity of emission and even fading of the pre-existing
emission for some time. These facts indicate that the acceleration of electrons
during the period of magnetospheric compression plays an essential role in the
wave-particle interactions which cause ELF-VLF emissions, as suggested by
HAvyaAsHI et al. (1968). In this section an attempt is made to examine the effects
of worldwide magnetic changes on QP emissions.

5.1. Relationship between Type 1 QPs and worldwide geomagnetic variations

When the amplitude of magnetic pulsations accompanying a QP emission
is larger than a few gammas at Syowa Station, corresponding pulsations are often
observed at middle and low latitudes. Fig. 33a shows frequency-time spectra of
QP emissions at Syowa Station compared with the H component of geomagnetic
variations at San Juan (29.9°, 3.2° in geomagnetic coordinates). This is a typical
example showing a good correlation between QP emissions at Syowa Station
and magnetic pulsations at San Juan, which is separated from Syowa Station
by 75° in longitude. As seen in the figure, the association of QP emissions with
magnetic pulsations is evident during the time intervals 1134-1143, 1210-1227
and 1243-1253 UT, while during other periods the concurrence is not seen.
Fig. 33b shows another example of the relation between Type 1 QP emissions
at Syowa Station, and the H component of magnetic pulsations at Great Whale
River (65.6°, 358.5°) in the northern auroral zone, and at San Juan. It is evident
that QP emissions at Syowa Station are closely related to magnetic pulsations
that occurred between the 1255 and 1300 UT at all the three stations.

In addition to the modulation of emissions related to magnetic pulsations
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with periods of 20—60 s mentioned above, the slower fluctuations in signal strength
of the emissions in Fig. 33a are seen to be almostly synchronously- associated
with the slowly varing geomagnetic H component. When the H component of
geomagnetic field increases the emission intensity increases and a negative change
in H is related to decreases in intensity during the time intervals 1135-1145
and 1220-1255 UT. A typical example indicating the concurrent slow variations
in emissions and geomagnetic fields is given in Fig. 34. Fig. 34 illustrates frequency-
time spectra of ELF-VLF emissions at Syowa Station (lower panel) and the
H component of geomagnetic field at Hermanus (—33.5°, 81.2°) and Logrono
(45.9°, 77.9°) on December 30, 1970 (see Fig. 8a). The occurrences of ELF-
VLF emission in the frequency band below 1.0 kHz were likely controlled by
geomagnetic variations at middle and low latitudes. The QP emissions in this
figure were known to be almost synchronously related with magnetic pulsations
at Syowa Station when the wideband intensity of emissions attained a certain
level, but no rapid variations of geomagnetic field corresponding to the QPs
were found at Hermanus and Logrono. It is interesting to note that during this
event magnetic pulsations with periods similar to the QP emissions were observed
by using high sensitivity magnetometers at Siple in Antarctica and at its conjugate
point Girardville in Canada (L~4), both being separated from Syowa Station
by about 6° in latitude and 85° in longitude (LANZEROTTI, private communi-
cation, 1973).

It was found from the examination of magnetic records from several stations
in low latitudes that the slow magnetic changes at this time occurred on a
worldwide scale. When the horizontal component of geomagnetic field increases,
the emission intensity increases. A negative variation is related to decrease in
intensity or a fade-out of emissions as reported by HAYASHI ef al. (1968) and
KokUBUN (1971). These tendencies suggest that the compression and expansion
of the magnetosphere cause the increase and decrease in intensity of ELF-VLF
emission in the magnetosphere.

5.2. Relationship between Type 2 QPs and worldwide geomagnetic variations
When worldwide geomagnetic changes take place during the occurrence of
Type 2 QP emissions, the effect of geomagnetic changes also appears in the
emissions as with the case of Type 1 QPs. Examples are shown in Figs. 35 and
36. Fig. 35 shows amplitude records of the H,component of magnetic pulsations,
VLF signal strength at 1kHz band (upper panel) and the frequency-time
spectrum of QP emissions (lower panel) at Syowa Station, and the H component
of geomagnetic field variation at Syowa Station, Kiruna (65.3, 115.6) and San
Juan (middle panel) on January 29, 1971. From amplitude records of magnetic
pulsation and VLF emission at Syowa Station, it is evident that the average
periods of QPs and concurrent magnetic pulsations were entirely different. The
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period of magnetic pulsations was much longer than that of QPs, so that we have
identified the QP emissions as Type 2 QPs. The effect of geomagnetic variation
on emission intensity is the same as in the case of Type 1 QPs. This figure
shows that the enhancement of QP intensity occurred at ~1506 UT associated
with a positive magnetic variation, whereas the emission faded at 1442 and
1542 UT in association with negative magnetic changes.

In Fig. 35 it may be interesting to note that the rate of middle frequency
rise in the quasi-periodic component decreases as emission intensity decreases at
times of negative geomagnetic changes, and it increases when positive magnetic
changes occur. Fig. 36a shows the other example which indicates the interesting
relation between Type 2 QP emission and worldwide geomagnetic variations.
The upper panel of this figure shows the H component of geomagnetic field
variation at Bangui (4.8, 88.5), Tbilisi (36.7, 122.1), Odessa (43.7, 111.1)
and Guam (4.0, 212.9) and frequency-time spectra of QP emission at Syowa
Station on April 1, 1970. It is evident from the geomagnetic field data that a
weak positive sudden impulse (several gammas) occurred at 0853 UT and a
weak negative impulse (~few gammas) occurred at near 0915 UT. As is evident
in the figure, a positive sudden impulse occurring at 0853 gave rise to an increase
in emission intensity and a small negative change at 0915 caused a decrease in
intensity, and QP component disappeared until about 0920 UT. Furthermore,
it is interesting from the lower panel of Fig 36a that the period of the Type 2
QP changed from 25 s to 11 s. It was also observed that the slope of the middle
frequency rise in the QP elements become steeper as the intensity increased.
Fig. 36b shows the temporal variation in the 10 min averages of QP periods on
April 1, 1970. There is a general increase of the QP period from 07h to 11h UT.
This increase is vary similar to the diurnal variation of QP period mentioned
in Section 3 (Fig. 13). Overlapping to this tendency, a sudden decrease and a
sudden increase in QP period are seen associated with positive and negative
sudden impulses, i.e., the QP period became shorter when associated with a
positive impulse and longer with a negative impulse. Fig. 37 also illustrates an
example of Type 2 QP periods related to low-latitude geomagnetic field variations.
The upper two panels show amplitude records of VLF emissions at 1.0 kHz and
1.5 kHz bands at Syowa Station, and the middle panel indicates the H component
of geomagnetic field variations at Guam. It is evident that the QP period become
shorter and the emission intensity increased, associated with positive magnetic
changes, and the opposite effect was noted at times of negative changes.

5.3. SSC eor SI triggered ELF-VLEF emissions

HAvyasHI et al. (1968) have shown that a SSC or positive SI in geomagnetic
field is accompanied by a sudden enhancement of the polar chorus and that a
modulation effect on polar chorus precedes the commencement of magnetic
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variation on the ground by tens seconds or more. We also examine here the
difference of commencement time between SSC or SI magnetic field variations
and triggered ELF-VLF emissions. Fig. 38a shows an amplitude record of the
H component of the magnetic pulsation and of the ELF emission intensity at
0.7kHz band (top panel), a frequency-time spectrum of ELF-VLF emission
(middle panel) and an expanded f-7 spectrum (bottom panel), at Syowa Station
on April 20, 1970. It is evident that ELF-VLF emissions were triggered by
the SSC and the mean frequency of emission shifted upward in the time interval
~1120-1121 UT. It is clearly seen on simultaneous records of magnetic pul-
sation and ELF-VLF emission that commencement times differ between a sudden
enhancement of ELF-VLF emission and SSC i.e., the enhancement of ELF-VLF
emission was recorded at about 30s prior to the commencement of magnetic
field variation. Fig. 38b illustrates an example of Sl-triggered polar chorus
observed in Iceland on August 9, 1977. This figure was obtained by a real time
spectral analyzer reproducting the FM data tapes which recorded simultaneously
the magnetic pulsations and wide-band VLF emissions. It is evident that the
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polar chorus suddenly enhanced at ~1503:05 UT and that the associated variation
in the H component of geomagnetic field began at ~1503:25 UT. The fact that
the start of SSC eftect on the polar chorus precedes the SSC or SI by 20-30s
strongly suggests that the polar chorus is generated near the equatorial plane in
the outer magnetosphere, because the observed difference in travel time from
the interaction region, between the emission and the SSC or SI is found to
be reasonable taking into account the difference between velocities of the whistler
mode waves (ELF-VLF emissions) and the Alfvén waves (magnetic pulsations).

It is also suggested that the interaction region of QP emission is near the
equatorial plan in the outer magnetosphere, because fluctuations in background
emission signal strength of both Type 1 and Type 2 QP emissions are almost
always associated with SSC, SI or slowly varing changes in the worldwide
geomagnetic H component, as mentioned in previous section. A detailed dis-
cussion will be given in Section 8.



6. Arrival Direction of ELF-VLF Chorus and QP Emissions

Recently, TsuruDA and HAyasHI (1975) have developed a new method for
finding the arrival direction. The transverse-electric-field (TE) mode is eliminated
by taking the simple algebraic combinations among three components of wave
field, the vertical electric field and two horizontal magnetic fields, where the whole
information in the amplitude ratio and the phase differences of these components
is effectively used. This method has the following advantages: (i) both azimuth
and elevation angles can be determined with an accuracy of within a few percents
even for nonmonochromatic waves, (ii) it is easy to design a device for a real
time measurement, (iii) if the ground is flat with the electric conductivity dependent
only on the depth, it can be shown that this method is not affected by the
magnitude of the ground conductivity, (iv) and that the error in azimuth and
elevation angles caused by multiple reflection is less than 10° (TsurRUDA and
HavasHi, 1975). Details of this method and the design of a real-time system
have been described by TsurupA and HAvAsHI (1975).

The arrival directions of ELF and VLF emission were measured at Syowa
Station from March 1974 to January 1975, based on the above method, and
an improved system was operated from March 1976 to January 1977. This
section presents the statistical characteristics of the arrival directions along with
some individual examples of daytime ELF emissions and QP emissions in the
frequency band 0.75 kHz during summer season from December 24, 1974 to
January 31, 1975. Details of the real time direction finding system used at Syowa
Station were described in Section 2 and SATo and HavasH1 (1976).

6.1. Arrival direction of ELF-VILF waves in individual examples

In our observation system, analog output of calculated intensity, north-south
and east-west components of the wave normal vectors (N, and N,), and the
polarization angle « of the 0.75 kHz band were continuously recorded on a strip
chart with a speed of 0.25cm/min. In this section temporal changes of the
arrival direction in individual cases are described. ELF emissions were frequently
found to be incedent from nearly the same direction during several hours, for
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example on December 31, 1974 seen in Fig. 39, but we also found the other
examples, that show a gradual change in the arrival direction within an hour,
such as those on December 29, 1974, January 23, 1975 and January 28, 1975
seen in Figs. 40-42.

6.1.1. An example on December 31, 1974

Fig. 39 shows an example of the measurement of arrival directions obtained
on December 31, 1974. The top panel represents the temporal variation of
ten-minute averages of the arrival direction vector of the wave for the 0.75 kHz
band. The middle and bottom panels show the variations in emission intensity
and in polarization, respectively. A broken line in the middle panel indicates
the intensity value of 3X10-3V/m.+/Hz. The errors caused by analog calcu-
lators are negligibly small for signals larger than this value. In the bottom panel
of Fig. 39, R and L mean right-handed and left-handed polarizations, respectively,
and sin =1 and sin «=0 correspond to circular and linear polarizations, respec-
tively. In this example, ELF emissions, called daytime chorus or polar chorus,
were received during the 8.5 hours from O5hS50m UT and 14h20m UT. The
emissions were incident from the north near the zenith for 06h—07h UT and
the arrival direction changed to the south-east after passing through the zenith
at about 07h10m UT. The angle of incidence of the emissions increased between
07h10m-08h00m UT, but the azimuth angle remained almost unchanged. The
arrival direction was almost constant for about 5 hours from 08h UT. During
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Fig. 39. The top panel shows 10 min average values of arrival direction of 0.75 kHz ELF emis-
sions. The middle panel shows the emission intensity and the bottom panel shows the
polarization angle. R and L mean right-handed and left-handed polarizations where
sina=1 and sin a=0 correspond to circular polarization, and linear polarization, re-
spectively. Arrival directions between 08 h UT-11h UT on December 31, 1974 remain-
ed almost unchanged.
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the interval 13h—14h UT, the arrival direction gradually changed from the south-
east to the south-west as the emission intensity decreased. Similar examples
where the arrival direction remained almost constant for several hours were
frequently found. This suggests that the emission source often corotates with the
earth for a long time. The polarization of the emission was generally right-
handed and was highly elliptical as is seen in the lower panel of Fig. 39.

6.1.2. An example on December 29, 1974

The four-minute average values of the arrival direction are plotted in Fig. 40.
Note the variation in arrival direction during the two hours, 08h—10h UT. Be-
tween O8h and 09h UT, the emission source moved from the south to the west,
and during the next one hour, 09h—10h UT, the arrival direction moved from
the south-east to the south-west. These systematic westward changes of arrival
direction seem to indicate the motion of the source region with respect to the
observation site, however the motion is likely due to the rotation of the earth

with respect to the magnetospheric coordinates, and not due to the motion of
the sources.
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Fig. 40. Same as for Fig. 39, except that it is for the data on December 29, 1974.

6.1.3. An example on January 23, 1975

Fig. 41 show the plots of ten-minute average values in arrival direction,
emission intensity and polarization. The arrival direction between 10h30m and
14h UT is worth noting. The arrival direction gradually changes from the south-
east, passing through the zenith to the north-east and finally to the south-west.
The change in the arrival direction in this example suggests that the source region
shifted gradually in the magnetosphere, in contrast to the previous example. On
the other hand, the arrival direction between 05h30m and O7h UT shifts irregu-
larly in comparison with the interval 10h30m-14h UT. The polarization of the
emission was right-handed and was highly elliptical.
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Fig. 41. Same as for Fig. 39, except that it is for the data on January 23, 1975. In this event,
it is clear that the arrival direction rotates slowly during 09h UT-14h UT.

6.1.4. An example on January 28, 1975
Fig. 42 show the locus of ten-minute average values of arrival direction
and emission intensity during the period 10h—15h UT on January 28, 1975. This
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Fig. 42. The locus of 4 min average values of arrival direction, and 0.75 kHz ELF intensity,
between 10h00m UT-15h00m UT on January 28, 1975.
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event is a typical example in which the emission source shifts gradually.

As mentioned above, two types of ELF chorus are often found, one shows
almost a constant direction of arrival during several hours, and the other shows
a gradual shift in direction of arrival within one hour. The latter would represent
the movement of the generation region and the wave duct from magnetosphere
to the ionosphere. These properties of temporal variation for ELF chorus give
important information for the study of the physical condition in the magnetosphere
and in the ionosphere. This is a future research problem.

6.2. Statistical distribution of arrival direction

In this section we examine statistically the diurnal variation of arrival direction
of ELF chorus, in order to study the general pattern of movement of the gen-
eration region. The statistical distribution of ELF emissions in the 0.75 kHz
band was examined by using the data observed at Syowa Station for 40 days
from December 23, 1974 to January 31, 1975. In this analysis, the data for
which the emission intensity was weaker than 1.5x 10 V/m-+/Hz were excluded,
as the calculated arrival direction is not accurate for such emissions, as mentioned
in Section 2.

Fig. 43 shows the diurnal variation of the probability of occurrence of emis-
sions in the 0.75 kHz band for 40 days. Most of the ELF emissions in this
frequency band were observed on the dayside and in the summer period. This
tendency is the same as previous results for the polar chorus (HAyAasH1 and
KokuBun, 1971). Fig. 44 shows the diurnal variation of the duration of events
for 40 days when the east-west component of the arrival direction is from the
east (upper panel), or from the west (lower panel). In the morning sector,
emissions come from both the east and west with nearly the same probability,
while in the afternoon sector the tendency changes drastically, i.e., emissions are
dominantly incident from west. Fig.45 shows the diurnal variation of the per-
centage of occurrence of the north-south component, where §; or N; incident
emissions coming from the south (poleward) or the north (equatorward), re-
spectively, with the incident angles greater than 20 degrees and S, or N. incident
emissions coming from the south or the north with incident angles smaller than
20 degrees. In the early morning (04-07 UT), emissions come mostly from the
north, the arrival direction shifting gradually from the north to the south toward
noon. Then it gradually backs up from the south to the north during the afternoon
(13-=20 UT). The local time dependence is important in order to examine the
physical behavior of the magnetosphere in which ELF and VLF emissions are
expected to be generated.

The occurrence frequency of ELF and VLF emissions versus local time and
latitude has been studied by using ground data (UNGSTRUP, 1967), by using
ionospheric altitude satellite data (TAyLorR and GURNETT, 1968; BARRINGTON
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Local time distribution of the arrival direction of ELF emissions in the north-south com-
ponent for 40 days. S1 or N1 shows that waves are received from the south or the north
with the incident angle greater than 20 degrees and Sz or N 3 shows that waves are received
with the incident angle smaller than 20 degrees.

1971; KELLEY et al., 1975), and by using the data obtained in the

magnetospheric region where chorus is believed to be generated (RUSSELL et al.,

1969; D

UNKEL and HELLIWELL, 1969; TSURUTANI and SMITH, 1977). TSURUTANI

and SMITH (1977) have shown that ELF hiss and chorus are present throughout
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whole day but predominantly in the dayside magnetosphere. They are seen at
lower L values in the post midnight and the early morning, gradually shifting
to higher L values from morning to noon, and then in the late afternoon the region
moving lower L values. These results are roughly consistent with our results of
diurnal variation of north-south component observed at 66.7° invariant latitude,
shown in Fig. 45. That is, emissions are incident from the equatorward side in
the early morning, from the poleward side between the late morning and the
early afternoon, and from the equatorward side in the late afternoon. Furthermore,
the local time variation of the occurrence region of ELF and VLF emissions
corresponds to the diurnal variation of the trapping boundary and of precipitating
electrons (E~40 keV) detected by a low altitude satellite (FrRANK et al., 1964;
FriTZ, 1968; McCDIARMID, 1968).

As discussed above the arrival directions of ELF-VLF waves observed at
Syowa Station, especially the diurnal variation, are consistent with the results of
previous workers.

6.3. Arrival direction of QP emissions

General characteristics of the arrival direction of emissions in 0.75 kHz band
observed at Syowa Station were discussed in the previous section. In this section
we will examine the arrival direction of QP emissions. If we can locate the
generation region of QP emissions by examining the arrival directions, we can
study the generation mechanism of QP emissions. Furthermore, if we can detect
the change of direction of each recurrent QP element with fine time resolution,
whether latitudinal direction or longitudinal, it would suggest some interaction
processes between ELF emissions and ULF waves. We will show first statistical
results of arrival direction for Type 1 QPs and also show the arrival direction
for the QP elements.

6.3.1. The statistical arrival direction of Type 1 QP emissions

Occurrences of QP emissions observed for 40 days from December 23, 1974
to January 31, 1975 are nearly the same as those shown in Fig. 11 (Section 3).
Type 1 QP emissions were more often observed than Type 2 QP. We have
analyzed only Type 1 QPs. Fig. 46 shows the diurnal variation of Type 1 QP
occurrence in this 40 days observation period. Most of QPs were observed be-
tween 08 and 13 UT. Fig. 47 (lower) illustrates the total duration of ELF
emissions in the 0.75 kHz band versus incident angles defined as in Fig. 45. Most
of ELF emissions came from the S» and N. regions and predominantly from the
S» region. Fig. 47 (upper) shows the percentage occurrence ratio of Type 1 QPs
to total events of ELF emissions for each region. This figure indicates that Type 1
QPs dominantly came from the region poleward of the station, indicating that
Type 1 QPs are more apt to occur in high latitudes. Table 3 summarizes the
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Fig. 46. Diurnal distribution of occurrences of Fig. 47. Upper panel indicates occurrence
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Table 3. Local time distribution of percentage occurrence of Type 1 QPs to total
emissions (%).

Time (UT) 6-8 8-10 10-12 12-14 14-16
o S, 20.6 57.7 43.8 23.3 0
£ S5 7.2 37.6 37.5 28.7 7.4
5@ N, 4.3 8.2 16.7 30.5 10.5
© N, 7.0 — — 15.6 —

diurnal variation of the arrival direction of ELF emissions in the 0.75 kHz band
and percentage occurrence of QPs from the morning sector to the afternoon sector.
In the morning sector, most of QPs come from poleward region, while the arrival
direction of QPs is widely scattered, coming from both north and south directions
in the afternoon sector between 12-14 UT. This local time dependence of arrival
direction is also related to the generation mechanism of QP emissions as will be
discussed in detail later.

Fig. 48 shows a typical example of the change in emission type from Type 1
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Fig. 48. The left side shows 4 min average values of arrival direction of 0.75 kHz emissions (upper
panel) and 0.75 kHz emission intensity (lower panel) on January 16, 1975. The right
side shows the east-west (Y) component of geomagnetic pulsations and 075 kHz emis-
sion intensity for the intervals A, B, C, D and E, of the lower left panal.

QP to unmodulated ELF emissions during a period of active magnetic pulsations
that occur on January 16, 1975. The left panel of Fig. 48 indicates four-minute
average values of the arrival direction of the emission at 0.75 kHz (upper panel),
and its intensity (lower panel). The exist points from the ionosphere, estimated
from the arrival directions, are shown, assuming that the exist altitude is 100 km.
The right panel indicates the east-west component of magnetic pulsations and the
intensity of the ELF emission in the 0.75 kHz band during the intervals A, B, C, D
and E shown in the left panel. Judging from the correlation between magnetic
pulsation and ELF emission intensity, the emissions are classified as Type 1 QPs
during the periods A, B and C, and then, the modulation by magnetic pulsations
disappeared during the periods D and E. It is evident that Type 1 QPs were
incident from the SES (pole side) at large incident angles during the intervals A, B
and C. On the other hand, the emission during the interval D has a small incident
angle from the north-east and the north-west. This is a typical example which
indicates qualitatively that the Type 1 QP is incident from high latitudes and
emissions unmodulated by active magnetic pulsations are incident from lower
latitudes.

6.3.2. Direction of arrival of QP elements
A new system for finding the arrival direction with higher accuracy and
resolution has been operated at Syowa Station since March 1976 and simultaneous
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observations of ELF-VLF emissions, and magnetic variations have been carried
out at Syowa and Mizuho Stations since June 1976. Details of the observation
system were described by MakIiTA (1978). In this section we will discuss the
changes in arrival direction of QP elements using the data from this new obser-
vation system.

Fig. 49 shows simultaneous records of magnetic pulsations and intensity of
ELF emissions at two selected narrow bands, 0.75 kHz and 1.0 kHz, obtained
at Mizuho and Syowa Stations, along with the north-south (N;) and the east-west
(N,) of arrival direction of the wave in the 0.75 kHz band at Syowa Station on
January 16, 1977. Time variations of the intensity at both the stations were
vary similar, while the intensity of the 0.75 kHz band at Mizuho Station was
larger than that at Syowa Station throughout the period shown in this figure. The
arrival direction of the 0.75 kHz band emission showed that the emissions came
from the south (pole side). This tendency is consistent with the fact that the
intensity of the emission at Mizuho Station was stronger than that at Syowa Station.
The exist point of the emission would be nearer to Mizuho Station. The upper
panel of Fig. 50 indicates the intensity of E, component of the wave, and the
north-south (N,) and east-west (N,) components of arrival direction for the
1.3 kHz frequency band, on December 18, 1976. The frequency-time spectra of
this event are also shown in the lower panel in an expanded time scale. It is
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Fig. 50. Emission intensity of the E, component, and the north-south (N;) and east-west (Ny)
components of arrival direction at the center frequency of 1.3 kHz, on December 18,
1976. Only the north-south component of arrival direction fluctuated was associated
with the QP fluctuations. The frequency-time spectra of this event is shown in the
lower panel.

worth noting that the north-south component of the arrival direction fluctuated
concurrently with each QP element. The east-west component, on the other hand,
did not fluctuate remaining nearly constant from the east. This fact suggests
that the generation region oscillates radially with the fluctuations in intensity of
the QPs as if emissions were generated in the equatorial region and ducted to the
observation site along field lines. The frequency-time spectrum indicates that this
QP emission belong to the rising tone type. Fig. 51 shows some other examples
indicating similar fluctuations in the arrival direction associated with the ap-
pearance of QP elements. Significant fluctuations are seen in the north-south
component only for events on November 19, 1976, January 12, 1977 and January
21, 1977 as in the previous example of December 18, 1976 (Fig. 50). On the
other hand, fluctuations in both of the north-south and east-west components are
seen in the example of January 16, 1977. No example was found with fluctuations
of only the east-west components associated with QP elements.

Frequency-time spectrum of QP elements is related to fluctuations of the
arrival direction. The rising tone spectrum mostly occurs associated with fluctu-
ations in north-south component only, and ‘non-dispersive’ type of QP is associated
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Shows some examples where arrival direction fluctuated were associated with QP fluc-
tuations.

with the fluctuations of both north-south and east-west component or with no
fluctuations at all. From these results it is very likely that the source region of a
QP emissions sometimes moves quasi-periodically in a radial direction concurrent
with the appearance of the QP elements of the emissions.
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7. Coordinated Observations of ELF-VLF Emissions at
Two Separated Stations and at the Geomagnetic
Conjugate-Pair Stations

7.1. Distribution in intensity of ELF-VLF emissions simultaneously observed at
Syowa and Mizuho Stations

Simultaneous observations of ELF-VLF emissions, magnetic variations,
cosmic noise absorptions and auroras have been carried out at Syowa and Mizuho
Stations since June 1976. Mizuho Station is about 270 km distance poleward
from Syowa Station on the same geomagnetic meridian. Fig. 52 shows the location
of both stations. In this section, we will examine the characteristics of the polar
chorus (daytime ELF-VLF chorus) emissions and QP emissions observed simul-
taneously at both stations. The observation systems at Mizuho and Syowa Stations
were described in Section 2 and in detail by Makita (1978).

The spatial distribution of individual chorus emission observed at the ground
was reviewed by HELLIWELL (1965). Discrete emissions are often observed

73S

52° ag° a4 a0 38E
0 100 200km

Fig. 52. Location of Syowa and Mizuho Stations.
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simultaneously at stations a few hundred kilometers apart or less. Occasionally
the same emissions can be observed at widely separated stations. Spatial distri-
butions of ELF-VLF chorus emissions observed at a large distance from the earth
were examined by TSURUTANI and SMITH (1974, 1977). The satellite data of
ELF chorus in the outer magnetosphere indicated that the spatial distribution of
frequency of the peak in power spectrum is proportional to 0.25-0.30 £~ where
Q- is the local electron gyrofrequency. These results suggest that ELF-VLF
chorus is a localized phenomenon in the outer magnetosphere. If ELF chorus
is generated locally in the outer magnetosphere and propagates along the magnetic
field line of force, it is important to examine the spatial distribution of individual
ELF-VLF chorus and QP emissions observed on the ground in order to study
the propagation characteristics of them.

7.1.1. October 21, 1977 event

The October 21, 1977 event is one of the typical examples of ELF-VLF
chorus with a long duration of more than eight hours, including fluctuations of
intensity with periods longer than a few minutes, QP emissions, periodic emissions
and discrete emissions. Fig. 53 shows the intensity record of ELF chorus emissions

OCT. 21.1976
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Fig. 53. Intensity records of ELF chorus emissions and the H components of magnetic pulsations
observed at Mizuho and Syowa Stations.
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in the frequency bands 0.75 kHz and 1.0 kHz, and the H component of the in-
duction magnetogram obtained at Mizuho and Syowa Stations. Slow fluctuations
in intensity of ELF chorus were simultaneously observed during the time intervals
of 1030-1105, 1115-1145 and 1345-1420 UT. Fig. 54 shows the frequency-
time (f-t) spectra of ELF chorus emissions, presented in Fig. 53. It is found
that fluctuations in emission intensity and band width were nearly the same at
both the stations. The narrow intense frequency band 1.0 kHz at Syowa Station
is the contamination from instrumental noise.

Fig. 55a shows the time expanded f-f spectra of discrete and diffuse emissions
for the time intervals of 1201:25-1202:15 UT and of 1202:54-1203:50 UT on
October 21, 1976 (cf. Fig. 54). It is found that the intensity of discrete emissions
was greater at Syowa Station than at Mizuho Station, while the intensity of diffuse
emissions was smaller at Syowa Station. Fig. 55b shows the f-¢ spectra of periodic
emissions for the interval 1551-1558 UT. The periodic emissions were modulated
quasi-periodically with a period of about 30 s. The periods of the periodic emissions
and of the QP modulations were almost the same at both the stations.

As mentioned above, the frequency-time spectrum and the fluctuations in
intensity of the ELF chorus were very similar at both stations, whereas the
emission intensities were different. Details are described in a later section.

7.1.2. Relationship between relative intensity at the two stations and arrival di-
rections

Fig. 49 shows the intensity records of ELF chorus emissions in 0.75 and
1.0 kHz bands and the H component (Mizuho Station) and the Z component
(Syowa Station) for magnetic pulsations observed at both stations (two upper
panels). Type 1 QP emissions with periods of 30-40s were observed at both
stations in the time intervals 1120-1132 and 1202-1225 UT. The bottom panel
of Fig. 49 shows the arrival direction of the wave at 0.75 kHz observed at Syowa
Station. N, and N, denote the north-south and the east-west components of the
angles of incidence, respectively. It is found from the intensity record and arrival
direction that the intensity of the 0.75 kHz band at Mizuho Station was about
twice of that at Syowa Station, and the 0.75 kHz and band emissions were incident
from the south (poleward side) of Syowa Station. The fact that the emission
intensity is greater at Mizuho Station than at Syowa Station is consistent with
the finding that the arrival direction is the south of Syowa Station.

Furthermore, the emission intensity in the 1.0 kHz band at Mizuho Station
is about 1.5 times that at Syowa Station. It is evident that the intensities in the
low frequency range were greater at higher latitudes. These results observed at
two separated stations are consistent with the spatial distribution, with respect to
L in the outer magnetosphere, of the chorus emissions examined by TSURUTANI
and SMitH (1974, 1977).
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Fig. 54. Frequency-time spectra of the ELF chorus emissions which are presented in Fig. 53.
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Fig. 55a. Frequency-time spectra of discrete emissions for the time intervals 1201 :25-1202 :15 UT
and 1202 :54-1203:50 UT on October 21, 1976 (cf. Fig. 54).
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Fig. 55b. Frequency-time spectra of periodic emissions for the time interval 1350-1358 UT on
October 21, 1976 (cf. Fig. 54).
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Fig. 56. Frequency-time spectra of QP emissions. The periods and the start time of QP

emissions were same at both the stations.
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Fig. 57. Frequency-time spectra of QP emissions and magnetic pulsations observed at Mizuho

and Syowa Stations. It is found that QP emissions were associated with magnetic pul-
sations at both stations.
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7.1.3. QP emissions

Fig. 56 shows frequency-time spectra of QP emisions at Syowa and Mizuho
Stations on November 19, 1976. The period of QP emissions was 30s, and the
QP spectra showed a ‘rising-tone’ during one quasi-period. It is clear in Fig. 56
that the periods and fine structures of the QP spectra were almost the same at
both stations. Fig. 57 shows the f-z spectra of QPs and the pulsations in the
H component of magnetic field observed at Mizuho and Syowa Stations on No-
vember 19, 1976. This is a typical example of emissions with a period of about
30 s, which were associated with magnetic pulsations at both stations. Fig. 58
shows the average power spectra of QPs in the time interval 1115-1125 UT on
November 19, 1976 for Syowa and Mizuho Station (cf. Fig. 56). It is found
that the power in the lower frequency range (0.5-0.8 kHz) was 10dB higher
than the power in higher frequency range (1.0-1.4 kHz) at Mizuho, while the
difference in intensities between the lower and higher frequency ranges at Syowa
Station is much smaller. These results suggest that the QP emissions in lower
frequency range are generated at a higher latitude.

The results mentioned in this section are consistent with the statistical results
of arrival direction described in Section 6. Firstly, the low-frequency ELF chorus
and Type 1 QP emissions in the 0.75 kHz band come mostly from the south
(poleward side) in the daytime. Secondly, the generation regions of daytime
ELF chorus emissions and Type 1 QP emissions appear to be in the outer
magnetosphere.

Nov.19,1976

Fig. 58. Power spectra of QP emissions for the time
interval 1115-1125 UT on November 19, 1976
(cf. Fig. 56). It is found that the intensity
in the lower frequency range is greater at
Mizuho Station than at Syowa Station.

0 1 2 kHz

7.2. Geomagnetic conjugacy of ELF-VLF emissions observed at Syowa Station,
Antarctica and Husafell, Iceland
Conjugate observations of ELF-VLF emissions, magnetic pulsations, and
auroras have been carried out at Syowa Station in Antarctica and at Husafell in
Iceland from July 29 to September 18, 1977. Husafell is located about 60 km
north of the conjugate point of Syowa Station. In this section we will examine
the conjugate relationship of QP emissions using the data of intensity records
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of ELF-VLF emissions, magnetic pulsations, and of the frequency-time spectrum.

The studies of conjugacy of QP emissions on the basis of data obtained at
a pair of conjugate stations up to now are very limited. According to KIiTAMURA
et al. (1969), who examined the data of VLF emissions obtained at Great Whale
River and Byrd Station (L~7), the Type 1 QP seldom shows a emission conjugacy,
whereas the Type 2 QPs are frequently observed at the conjugate-pair stations
with a good conjugate relationship. Korotova et al. (1975) reported that many
QP emissions, associated with magnetic pulsations, were often observed at a fixed
frequency around 2 kHz at two conjugate-pairs, Sogra-Kerguelen (L=3.5) and
Dolgoschelie-Herd (L=4.2). CARSON et al. (1965) noted that each periodic
element, which forms quasi-periodic structures, is observed alternatively with a
time delay of one-hop whistler mode propagation at conjugate stations.

In this section, we will first reexamine the results by KiTAMURA et al. (1969)
that Type 1 QPs rarely show a good conjugacy and that Type 2 QPs usually
show a good conjugacy. Conjugate relations of QP emissions will be examined
in more detail by using the frequency-time spectrum.

7.2.1. Conjugacy of QP emissions seen on the band-limited intensity records

Fig. 59 shows a typical example of Type 1 QP emissions observed at Husafell
and Syowa Station in the 0.75 and 1 kHz bands along with records of magnetic
pulsations. QP emissions were seen to be associated with Pc 3 magnetic pulsations
in the interval of 1340-1448 UT and with slowly varing magnetic variations in
the intervals, 1350-1435 and 1445-1520 UT. 1t is clear that QP activity and
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HUSAFELL
075
KHZ ““a"™\_ -t
1'0 M“\JM MWMNN}"’V‘M- P}i\,'v\i‘ W A -/a . - i
kHz ; m\\)‘ (Al ) \ ‘\x/ \ W \ff\ﬁ_‘d o,
50 1400UT 20 30 40 50 1500

Fig. 59. |Intensity records of QP emissions and magnetic pulsations observed at Husafell and
Syowa Station on August 6, 1977. QP emissions were associated with Pc 3 magnetic
pulsations during the time interval 1340-1448 UT and with long period magnetic
pulsations (t=120~250 s) during the time intervals 1350-1435 and 1445-1520 UT.
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Fig. 60. An example of Type 2 QP emissions observed at Husafell and Syowa Stations on
August 31, 1977. Emission activity of QPs was very strong at both stations. On the
other hand, activity of magnetic pulsations corresponding to the active periods of QPs
(T~305) were very weak at both stations.

magnetic pulsations occurred simultaneously at Husafell and Syowa Station, i.e.,
Type 1 QPs and magnetic pulsations show a good conjugacy. Fig. 60 shows an
example of Type 2 QPs that occurred on August 31, 1977. The activity of
magnetic pulsations was very low both at Husafell and Syowa Station in this
example. However, the activity of QP emissions was very high at both the stations.
This example shows that Type 2 QP emissions have a peak to peak correlation
between the two conjugate stations during a period of quiet magnetic activity.

QP events found on the intensity records at the conjugate-pair of stations
in the period from July 31 to September 17, 1977 are listed in Table 4. In this
period, 28 QP events were found in the intensity records. Most QPs occurred in
the first half of August, related to high magnetic activity during this period. It is
evident that most of QPs (including both Type 1 QPs and Type 2 QPs and
magnetic pulsations show a good conjugacy except for the August 4 event. These
results are inconsistent with those of KitaAMURA e? al. (1969) who reported that
Type 1 QPs have a poor conjugacy. They accordingly suggested that the sources
of the VLF emission may be local. However, the present results indicate that
both types have a good conjugacy.

Our results that most QPs, including both Type 1 QPs and Type 2 QPs,
show a good conjugacy, indicate that QP emissions are generated near the equatorial
region in the outer magnetosphere and propagate to both the hemispheres along
the field line of force which act as a wave duct, as suggested in Sections 5, 6, 7
and 8. So that, most of QP emissions show a good conjugacy when there is not
a fade-out of emissions, caused by a strong absorption in the ionosphere of one
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Table 4. Conjugacy of QP emissions.

Dat  Start time' : Stop time QP perlod‘ GP activity | GP act1v1ty 1Type of QPl Conjugacy

UT) ; (um) (s) :at Husafell | aét?t/gvga t emission | aoc ftn?xfy

July 31 0855 1046 10-15 M M 2 Yes
31 1820 1840 150 A A 1 7
Aug. | 1150 1255 25-35 M M 1 7
4 0450 1540 80 A M 1 1
4 1155 1220 15-20 M M 1 "
4 1300 1350 50-70 W w W) ?
4 1605 1735 25-35 w w (@) ?

5 1000 1430 20-60 A A 1 Yes
6 0920 0925 30 A A | "
6 1340 1520 25-35 A A 1 "
8 0920 1000 12-18 w N ? 7
8 1105 1300 25-40 A A 1 7
9 0900 0930 10-15 w \%% 2 1"
9 0950 1030 15-20 w w 2 "
10 1330 1340 35-45 w A%% 2 /"
16 0850 1140 15-25 w A%% 1 and 2 1"
18 0840 1510 20-40 A A l "
19 0750 0920 25-35 A A 1 1"
19 1220 1510 30-40 A A 1 7
20 0905 0920 35-40 M M I 1"
20 1200 1520 50-70 M M 1 "
2 1040 1120 30-40 w \%Y 2 ’”
26 0710 0750 10-15 M M 1 and 2 7
31 0940 1520 15-25 w w 2 /"
Sep. 3 0800 1120 15-20 A A 1 "
3 1605 1740 50-70 M M 2(9) "
14 0940 1530 20-40 M M 1 7
1701910 | 2020 | 25-30 ; N N 2 "

N

N

A: Active, M: Modelate W: Wecak, N: Nothmg

hemisphere or caused by « extinction of the magnetosphere-ionospherc wave duct
in one hemisphere.

7.2.2. Comparison of frequency-time spectra

In this section we will examine the conjugate relationship of QP emissions
that occurred on August 18, 1977, as a typical example of a disturbed period.
August 18 was one of the most active days for magnetic pulsations and VLF
emissions in the 52 days period of conjugate-pair observations. Fig. 61 shows
examples of intensity records of QP emissions associated with Pc 3 magnetic
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Fig. 61. Examples of intensity records of QP emissions associated with Pc 3 magnetic pulsations
observed at Husafell, Syowa and Mizuho Stations on August 18, 1977.

pulsations observed at Husafell, Syowa and Mizuho Stations during the interval
of 1007-1109 UT on August 18, 1977. It is clear that QP emissions in the
frequency bands 0.75 kHz and 1.0 kHz and Pc 3 magnetic pulsations were simul-
taneously observed at Husafell in the northern hemisphere and at Syowa and
Mizuho Stations in the southern hemisphere. Figs. 62a and b show frequency-
time spectra of QP emissions in the two periods of 1013:20-1017:00 and
1051:50-1055:15 UT which are included in Fig. 61. The QP emissions with
periods of 20—-40 s were simultaneously observed with roughly the same f-f spectra
at both hemispheres. However, a considerable difference in the frequency de-
pendence of intensity is noted between the conjugate stations. The intensity of
the lower frequency range (0.7-0.9 kHz) was higher at Syowa Station than at
Husafell while the reverse was observed in the higher frequency range (1.2-
1.4kHz). It is also seen that the periodic emissions are quasi-periodically
modulated during the time interval of 1015:56-1016:05 UT as seen in Fig. 62a.
Fig. 63 shows time expanded f-t spectra for the periodic emissions. It is found
that each element of periodic emissions appeared alternately at conjugate stations
with the time delay of a one-hop whistler mode propagation. This result is the
same as for the conjugate observation at sub-auroral latitudes (L=4.1) of CARSON
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et al. (1965). In contrast to the element of periodic emissions, the element of
the QP emission appears almost simultaneously at the conjugate stations. Fig. 64
shows a time expanded f-# spectrum of a QP emission which consists of a rising
tone as well as a diffuse band with a constant frequency. It is seen that the
rising-tone element of the QP emission occurs simultaneously at the conjugate
points. These facts suggest that the generation region of QPs is around the
magnetic equator and that the emissions propagate simultaneously toward both
the hemisphere along magnetic field lines.

Fig. 65 shows a sudden enhancement of ELF emissions accompanied by a
positive sudden impulse in the magnetic field (described in Section 5). The onset
of sudden enhancement of ELF emissions in both the hemispheres coincides,
however, the intensified frequencies are not necessarily the same. A higher
frequency component (1.2—-1.4kHz) was more intense at Husafell than at Syowa
Station for 1103:20-1105:40 UT and a lower frequency emission (0.5-0.8 kHz)
was more intense at Syowa Station than at Husafell after 1104:00 UT. The
difference in frequency dependence of the enhanced band between Syowa Station
and Husafell is very similar to that of the QP emissions, shown in Fig. 62b,
which were observed just before the sudden enhancement of ELF emissions at
1103:20 UT. This fact suggests that generation and propagation conditions for
the sudden enhancement of the emissions is nearly the same as those of previous
QP emissions. Furthermore, it suggests that the quasi-periodic modulation associ-
ated with Pc 3 magnetic pulsations and the sudden enhancement of ELF emissions
accompanied by a sudden impulse in geomagnetic field are essentially due to the
same mechanism, i.e., both Type 1 QPs and sudden enhancement of ELF emissions
would result from modulation of the emission source by magnetic field variations
in the magnetosphere.

7.2.3. Conjugacy of the auroral chorus

Next, we examine the geomagnetic conjugacy of auroral chorus emissions
seen in frequency-time spectra on August 18, 1977. The auroral chorus is
frequently observed during the recovery phase of a magnetic substorm from post-
midnight to early morning and is very often associated with pulsating auroras and
Pi C magnetic pulsations (HayvasHl and KOKUBUN, 1971; OcuTl and WATANABE,
1976).

Fig. 66 shows examples of the f-t spectra of auroral chorus observed at the
conjugate-pair stations for 0656:10-0700:00 UT on August 18, 1977. The
frequency-time spectra at Syowa Station indicate emission of diffuse noise with
a constant frequency of 0.4-0.8 kHz. No diffuse emission was seen in this
frequency band at Husafell, Iceland on the other hand, a group of strong discrete
risers was dominant in the frequency band of 0.5-2.5 kHz. Discrete elements
at Syowa Station were so weak that we could not distinguish any. This example
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Fig. 62. Frequency-time spectra of QP emissions for the two time intervals, 1013 :20-1017 :00 UT
(a) and 1051 :50-1055 :15 UT (b) in Fig. 61. It is found that the emission intensity in

the frequency range below 1 kHz is larger at Syowa Station than at Husafell, and in the
higher frequency range, the reverse occurs.
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Fig. 63. Expanded frequency-time spectra of periodic emissions in the time interval 1015 :55-
1016:07 UT. It is found that periodic emissions are alternately observed in the two
hemispheres.
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Fig. 64. Expanded frequency-time spectra of QP emissions during the time interval 1008 :48—
1009 :30 UT. It is found that QP emissions are simultaneously observed in both the
hemispheres.
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the intensities in the higher frequency range were higher at Husafell than at Syowa

Station (1103 :20-1105:30 UT) and the intensities in the lower freguency range were
higher at Syowa Station than at Husafell (1104.00-1106.00 UT).
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Fig. 66. Examples of frequency-time spectra of ELF chorus emissions in the early morning. It
is found that the emission intensity is higher at Husafell than at Syowa Station.
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clearly indicates that the conjugate relationship of auroral chorus observed in the
early morning is more complicated than that of daytime chorus.

7.2.4. Conjugacy of the auroral hiss

Next, we discuss briefly the conjugacy of auroral hiss emissions. Auroral
hiss is well known to be associated with the appearance of an auroral arc (MAKITA
and FukunisHi, 1973; OcgurTi, 1975). Using the data obtained at Syowa Station,
KOKUBUN et al. (1972) and MAKITA and FUKUNISHI (1973) reported that the
occurrence of auroral hiss has a clear seasonal variation. Auroral hiss is mostly
observed with an occurrence probability of more than 70%, in the winter season
from April to September and is rarely observed (with the occurrence less than
10%) in the summer season from November to February. It is interesting to
examine the conjugacy of auroral hiss in connection with the seasonal variation
of hiss emissions.

Fig. 67 shows the amplitude records of magnetic pulsations, and emission
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Fig. 67. Intensity records of auroral hiss emissions and magnetic pulsations observed at Husafell,
Syowa and Mizuho Stations. It is found that the intensity is much higher at Syowa and
Mizuho Stations in the southern hemisphere than at Husafell in the northern hemisphere.
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intensity in the frequency bands 0.75, 1.0, 2.0 kHz at Husafell in Iceland, and
at Syowa and Mizuho Stations in Antarctica for the period 2222-2328 UT on
August 5, 1977. 1t is clear that auroral hiss emissions in all frequency bands are
enhanced at Syowa and Mizuho Stations, associated with the enhancements of
magnetic disturbance in the time intervals 2230-2306 and 2318-2322 UT. How-
ever, no emissions appeared at Husafell in the northern hemisphere.

Non-conjugacy of auroral hiss, such as shown in Fig. 67 is consistent with
the seasonal variation of the occurrence of auroral hiss, because the occurrence
probability is larger in winter.

In this section, we described the geomagnetic conjugacy of QP emissions,
auroral chorus, and auroral hiss observed at a good conjugate-pair of stations,
Husafell, Iceland and Syowa Station, Antarctica. As mentioned above, there are
considerable difference in ELF-VLF emissions at conjugate stations. In order to
explain the physical process involved in conjugate relationships we must examine
the differences between geophysical conditions in the northern and the southern
hemispheres. For example, the total intensity of magnetic field is about 45000 y
at Syowa Station and 52000 y at Husafell, and the dip angle of the magnetic
lines of force is 65° at Syowa Station and 75° at Husafell. Furthermore, the
sunlit time in the ionosphere is very different at the two stations.
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8. Relationships Between QP Emissions and Magnetic Pulsations

It was shown in a previous section that the QP emissions can be classified
into two types, Type 1 and Type 2 QP emissions. Type 1 QPs are associated
with magnetic pulsations whose intensities are larger than ~0.05 y/s, and the
10 min average periods of QPs and magnetic pulsations are nearly the same,
within 10%. In the case of Type 2 QPs the periodicity is more regular than in
the case of Type 1 QPs, and intensities of concurrent magnetic pulsations are
usually weaker than ~0.01 y/s. We also classified QPs into Type 2, when 10 min
average periods of QPs and concurrent magnetic pulsations were entirely different.

We found essential differences in the properties of the two types as mentioned
in the previous sections. In this section, we will examine in more detail the
quantitative relationship between QP emissions and magnetic pulsations by using
dynamic power spectral analysis and correlation analysis. This will give the
quantitative relationships of spectral structures for both the types of QP emissions.

8.1. Comparison of dynamic spectra for intensities of QP emissions and magnetic
pulsations
In this section, we will make comparisons between dynamic spectra of the
intensities of QP emissions and magnetic pulsations using a real-time FFT spectral
analyzer.

8.1.1. Dynamic spectra for intensities of QP emissions and magnetic pulsations
Intensity records of selected frequency bands of QP emissions and magnetic
pulsations are first analyzed by a real-time FFT spectral analyzer to show the
general features of the relationship between QP fluctuations and magnetic pul-
sations. Fig. 68 shows examples of f-t spectra for the D component of magnetic
pulsations and quasi-periodic variations of ELF emission intensity at the center
frequency bands of 0.56 and 0.9 kHz on January 9, 1975. Magnetic pulsations
with a broad frequency band from 0.02 Hz to 0.06 Hz were observed for a long
time from 06 UT to 14 UT. QP emissions were active in the time interval of
1030-1330 UT. ELF emission activity was weak before 1030 UT. The periodicity
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of both magnetic pulsations and QPs show a broad frequency structure with a
frequency band from 0.02 Hz to 0.06 Hz in the time interval of 1030-1200 UT.
After 1200 UT, the band width of both magnetic pulsations and QPs reduced to
a narrow band and the center frequency shifted from 0.04 Hz to 0.02 Hz. This
figure demonstrates that Type 1 QP emissions are closely associated with magnetic
pulsations with the same period and activity.

The left panel of Fig. 69 represents the relation between the amplitude of
magnetic pulsation and the peak-to-peak amplitude of QPs in the 0.75 kHz
frequency band. This plot is made for five minute average values in the time
interval of 1030-1330 UT on January 9, 1975. It is seen in this illustration that
QP modulations tend to become larger with increase in pulsation amplitude,
suggesting that the QP emission results from an adiabatic modulation of preexisting
emission by magnetic pulsations. The right panel of Fig. 69 gives the relation
between the peak-to-peak amplitude of QPs and the average (band-integrated)
intensity of ELF emissions. There is a distinct relationship that the amplitudes
of the QPs become larger with increase in background emission intensity.

Fig. 70 shows the other example that QP emissions are closely correlated
with magnetic pulsations. The left panel shows intensity records of magnetic
pulsations (D) and ELF emissions at the center frequency of 0.75 kHz obtained
at Syowa Station on January 15, 1975. The right panel shows frequency-time
spectra of magnetic pulsations and intensity modulations at 0.75 kHz. It is
evident from the figure that the QP periods changed in accordance with those of
magnetic pulsations. Both the frequencies of the intensity modulation of QPs
and magnetic pulsations were from 0.01 Hz to 0.03 Hz before 0915 UT, and
subsequently shifted to higher frequencies up to 0.06 Hz in a similar fashion.
The variation in modulation frequency of the QPs was the same as that in the
frequency of magnetic pulsations. Thus, QP events given in Figs. 68 and 70
yield evidence that QPs are really associated with magnetic pulsations.

8.1.2. Dynamic spectra of Type 2 QP emissions

The time variation of the modulation frequency of Type 2 QP emissions is
first examined to illustrate the regularity in the repetition period. Fig. 71 shows
frequency-time spectra of emissions observed at Mizuho Station on Decemebr 19,
1976. The geomagnetic condition during this event was quiet, (Kp=1+), and
the pulsation activity was also low. It was confirmed from the dynamic spectrum
analysis using a real-time spectrum analyzer that no clear peak in pulsation
spectrum was noticed in the frequency range corresponding to the modulation
frequency of QPs. It is clearly seen in the expanded f-f spectra during the time
interval A (1150-1154 UT) that the recurrent periodicity is very regular and the
emission frequency increases with time during one quasi-period. Fig. 72 indicates
the frequency-time spectrum for the envelope of a filtered band, centered on
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Fig. 69. Relation between the amplitude of magnetic pulsations and the peak-to-peak amplitude
of QP modulations in the 0.75 kHz band (left), and the relation between the peak-to-peak
amplitude of QP modulations and the average (band-integrated) intensity of ELF emis-
sions (right).  These plots are made for five-minute average values on arbitrary unit in
the time interval of 1030-1330 UT on January 9, 1975.
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15, 1975.
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Fig. 71. Frequency-time spectra of Type 2 QP emissions observed at Mizuho Station in the time
interval of 07401410 UT on December 19, 1976. The bottom panel shows the expanded
f+t spectra during the time interval A(1150-1154 UT).
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1.2 kHz, for 09-13 UT and a display of power spectrum in linear scale at 11h UT.
As seen in Fig. 72, the band width of modulation frequency was very narrow
(the Q value was larger than 12) in contrast to the broad band nature of Type 1
QPs. It is worth noting that the modulation frequency of QPs in Fig. 72 slowly
decreased from 0.07 Hz to 0.025 Hz, i.e., the period became longer from morning
to noon. This characteristic of Type 2 QPs is frequently observed, as mentioned
in Section 3.

8.2. Correlation between Type 1 QP emissions and Pc 3—4 magnetic pulsations

As shown previously, comparisons of dynamic spectra indicate that the in-
tensity and period of QP emissions change with the amplitude and period of
corresponding magnetic pulsations. However, a clear one-to-one correspondence,
such as shown in Fig. 8, is not always seen between peaks of pulsation wave
forms and emission intensities through the whole course of a Type 1 QP event.
Geomagnetic pulsation events generally consist of series of trains with several
wave cycles and are frequently overlapped by different frequency components.
Furthermore, the difference in propagation speed between ULF and VLF waves
should also affect the phase relation between the phenomena. Therefore, com-
parisons of dynamic spectra are not sufficient to know detailed relationships between
QP emissions and magnetic pulsations.

In the following two sections, the cross correlation between QP emissions
and magnetic pulsations is examined. Analog data of VLF emissions, the H and
the D components of magnetic pulsations, simultaneously recorded on the same
magnetic tapes, were converted to digital data. The spectral analysis was done
by the use of the Conversational Analysis Program (CSAP) system developed
by IwABUCHI et al. (1978). Power spectrum, relative phase, cross spectrum and
coherency are calculated for both magnetic pulsations and QP emissions. Polari-
zation parameters are also calculated for the magnetic pulsations by using this
spectral analysis system. Three kinds of spectral analysis methods, Blackman-
Turkey (BT), Fast-Fourier-Transform (FFT), and Auto-Regressive-Method
(MEM-AR) with Akaike FPE criterion (AKAIKE, 1971) are available in this
system.

QP emissions associated with magnetic pulsations (Type 1 QPs) with periods
of 15-60 s, mostly around 30 s, are frequently observed at high latitudes. From
many emission events, several cases were examined in detail to determine the
correlation between QP emissions and Pc 3—4 magnetic pulsations.

8.2.1. Power spectrum and coherency

We first present an example of QP emissions observed concurrently with
well-defined Pc 3 pulsations in Fig. 73 to illustrate the close relationships between
QP emissions and magnetic pulsations. As seen from the top panel, modulations
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Fig. 73. QP emissions associated with Pc 3 pulsations, observed at Syowa Station on January
29, 1973. The top panel shows time-amplitude records of the H and the D components
of pulsations and intensity variations of QP emissions in the frequency range of 0.5-
14 kHz. Relative spectral densities and coherencies are illustrated in the bottom.

in the signal strength of emissions appeared almost simultaneously in association
with the activation of Pc 3 pulsations. The period of QP emissions is 31 s, exactly
the same as that of the main peak in pulsation spectra, indicating a close relation
between the phenomena. The coherency analysis indicated that the polarization
of Pc 3 waves is almost linear and right handed and the coherency between QPs
and Pc 3 pulsations is as large as 0.8-0.9. It is interesting to note here that the
coherency of QPs with the D component is slightly larger than that with the
H component. A similar feature is found for more complicated examples, shown
in the following.

Fig. 74a shows the intensity records for the H and the D components of
magnetic pulsations and intensity variations of emissions between 0.3 and 1.4 kHz
observed at Syowa Station from 0830 to 1030 UT on January 27, 1973.
Frequency-time spectra for QP emissions are given with time-amplitude records
of the D component in Fig. 74b. The figures indicate that intensities of emissions
were closely correlated with the concurrent magnetic pulsations with periods of
40-50s in the time intervals of 0835-0855 UT and 1015-1030 UT, and with
shorter periods of 25-30 s in the time interval of 0905-1010 UT. Fig. 75a shows
relative power spectra for intensity modulation of QP, and the H and the D com-
ponents of magnetic pulsations calculated by the MEM-AR method in the time
interval of 0830-1030 UT. Each spectrum was analyzed for every 20 min of
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Fig. 74a. Intensity records for the H and D components of magnetic pulsations and 03-1.4 kHz
band ELF emissions high-pass filtered (f >0.014 Hz) for 0830-1030 UT on January
27, 1973, observed at Syowa Station.
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Fig. 74b. Frequency-time spectra of QP emissions and pulsation wave forms in a fine time resolu-
tion during 0900-1000 UT on January 27, 1973.
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Fig. 75a. Relative power spectrum for QP emissions, the H and the D components of magnetic
pulsations analyzed by Maximum Entropy Method in the time interval of 0830-1030 UT
on January 27, 1973. Each spectrum was analyzed for every 20 min interval. , The
samples overlap by half theiv length.

JAN. 27,1973
1.0 . i ..
sl VLF D L WF o lAaHD 4
. . IR IV
0 ‘[“/‘ Nl {Lﬁ/\[,\f‘\f/:/, \‘i\ v —A
| '\ ~ -
i’f‘\ AN - IV B
/‘\~ Yo, \ :"\\ ?/.\L’\\ S /r\\/‘ V4 \u J“ fons B C
A o - D
B N
\'
e 1S ZH T =
” 1
CA ‘ Ay o
| _ ‘\///\\‘/ L\\ S F
? | | G
;\\" l\/v h ' 174 A‘\»/\J VANWAN J V\\ / T
| - ! - l i
PR RA ~ H
A, [N N N L\/‘\J, \/7 N
. [ Jr‘\/
i X . i A ‘ |
S ey AR
1 | |
‘ ‘ " AL, A )
A R VA AT AV Ve
Mo AVAR AR
R
N - -~ K
S WAL A VY _1{1
! \ L L
t M e me
! ] ) I
! } oAy
t__ /\\ . {\\_/\\ . Vkl//\/’ A \/‘\/ M

- LTI s - = | |
025 100 200025 100 2000 25 100 200
(mHz) (mHz) { mHz)

Fig. 75b. Coherency between QP emissions and magnetic pulsations.
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data and the separation between successive spectra is 10 min. It is seen in the
power spectra of QP modulations that there are two well defined spectral peaks
around 20 mHz in B-H and around 40 mHz in G-M, respectively. On the contrary,
the H component of magnetic pulsation only shows small spectral peaks at 20 mHz
and 40 mHz. In the power spectra of the D component more distinct peaks around
20 mHz and 40 mHz are found, corresponding to peaks in the QPs spectra.

The coherency between QPs and magnetic pulsations is shown in Fig. 75b.
As expected from the comparison of spectral peaks, the coherency between QPs
and the D component is better than that between QPs and the H component.
For the coherency of QPs and D, it is seen that the coherency is larger than
0.5 around 20 mHz band for B-H, and is larger than 0.4 around 40 mHz and
5-10 mHz bands for I-M and G, H. The coherency between QPs and H larger
than 0.5 was noticed only in spectra, A, C, L and M in the lower frequency
range (f~10mHz). The coherency between H and D is larger than 0.7 in the
frequency range less than 10 mHz, but it was not so large around 20 mHz and
40 mHz.

Fig. 76a shows another example of QPs associated with Pc 3—4 magnetic
pulsations observed on January 29, 1973. Frequency-time spectra of the QP
emissions in the time interval of ~1034-1244 UT are shown in Fig. 76b. Power
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ency were divided into four periods
from A to D.
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Fig. 76b. Frequency-time spectra of QP emissions in the time interval of ~1034-1249 UT on
January 29, 1973.

spectra and coherency were calculated for four time intervals, A, B, C and D
from 1036 to 1333 UT (Fig. 77). In Fig. 77a, a sharp spectral peak is seen at
20 mHz in the QPs spectra A and B, and small spectral peaks are also noticed
in the frequency range from 20 mHz to 40 mHz in A, B, C and D. For the
H component of magnetic pulsations, there are sharp peaks at the frequency
around 6 mHz, and other peaks from 20 mHz to 40 mHz in the spectra A-D.
It is evident that spectral peaks in H do not necessarily correspond to peaks in
QPs, especially in the frequency range around 20 mHz. However, spectral struc-
tures of the D component in the frequency range from 20 mHz to 40 mHz are
very similar to those of QPs, suggesting that the coherency between QPs and
D is larger in comparison with that between QPs and H. In fact, Fig. 77b
illustrates the good coherency between QPs and the D component. In this figure,
it is evident that QPs and D are much more coherent than QPs and H. These
two events mentioned above showed the same characteristics, that is, QP emissions
are more correlated with the D component of magnetic pulsation than with the
H component.

8.2.2. Phase differences between QP emissions and magnetic pulsations
The phase difference between the intensity variations of QPs and magnetic
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Fig. 77a. Relative power spectra for Fig. 77b. Coherency between QP emissions and
QP emission, the H and the magnetic pulsations.

D components of magnetic
pulsations obtained by the
Maximum Entropy Method,
on January 29, 1973.

pulsations is important information for understanding the generation or modulation
mechanism of QP emissions, since the interaction region may be located near
the equatorial plane in the magnetosphere. A difference in arrival time should
exist between QP emissions and magnetic pulsations on the ground if the interaction
between ULF and whistler waves occurs considerably far from the ground.
Whistler mode waves (ELF-VLF emissions) and hydromagnetic waves (magnetic
pulsations) have different propagation speeds, i.e., the propagation speed of the
whistler wave is much faster than that of the HM wave. The difference in
propagation speed between the two modes must affect the phase relation. That
is to say, the phase difference must be larger as the pulsation period is shorter.

For example, if the pulsation period is the same as the time lag of hydro-
magnetic wave propagation behind that of ELF-VLF emissions, the phase difference
between QP fluctuations and magnetic pulsations on the ground must be the same
as the phase difference in the interaction region, but actually it must have 2z
added. If the pulsation period is a half of the difference in propagation time,
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the phase difference on the ground must be identical to the original phase, but
4z must be added here. Therefore, a linear relationship is expected between the
actual phase difference and the pulsation period, i.e., the phase becomes larger
as the pulsation period becomes shorter. It is worth noting that the rate of increase
in phase difference with increase in period is proportional to the difference in
propagation time between ELF-VLF emissions and hydromagnetic waves from
the interaction region to the receiving region. Furthermore, the phase difference
between QP modulations and magnetic pulsations, extrapolated to the point, where
the modulation frequency is equal to zero, shows the phase relation between QP
fluctuations and magnetic pulsations in the interaction region in the magnetosphere
if QPs are modulated by magnetic pulsations with the same phase lag in the
whole period range of pulsations in the interaction region between ULF and
ELF-VLF waves. We must also take into account the phase difference of 90°
corresponding to the induction effects by an induction magnetometer.

The difference in propagation time of the two records from the interaction
region to the ground, 4T(s), is given by

gr—_ L 4
2z df

where df/df is the rate of increase of phase difference (# in radian) between

QP fluctuations and magnetic pulsations with a modulation frequency (f in Hz)

of QPs. 4T is approximately equal to the propagation time of magnetic pulsations

from the interaction region to the ground because the propagation speed of HM

waves is much slower than that of whistler mode waves.

Fig. 78a shows the relative phase between QPs and magnetic pulsations in
the eleven spectra shown in Fig. 75 when the coherency is larger than 0.3. The
phase delay of D behind H of magnetic pulsations is seen around —90° in the
frequency around 5 mHz. The phase delay of D by —90° indicates that these
magnetic pulsations had left handed polarization viewed along the line of force.
On the other hand, it is evident that Pc 3-4 magnetic pulsations were linearly
polarized, i.e., the relative phase is approximately 180° around 25 mHz and
50 mHz.

Although the relative phase between QPs and magnetic pulsations appears
to be widely scattered, especially between QPs and H, a systematic relation can
be obtained for the relative phase of QPs and D when the uncertainty of phase
measurement by 2zn is taken into account. Fig. 78b indicates the phase relation
between QP fluctuations and the D component of magnetic pulsations rearranged
from Fig. 78a which is made up for the uncertainties of 2 zn (n is an integer)
in phase difference, considering the discussion mentioned previously. A striking
linear relation versus frequency is seen in the phase difference between fluctuations
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Fig. 78a. Relative phase between QPs and Fig. 78b. Phase relation between QP emis-

magnetic pulsations plotted for
frequencies where the values of
coherency are larger than 0.3 in
the time interval from A to M on
January 27, 1973 shown in Fig.
75.

sions and the D component of
magnetic  pulsations rearranged
from Fig. 78a with the assumption
that phasedifference becomes larger
associated with modulation fre-
quency increase.

and magnetic pulsations as we expected. For this particular example, AT is
given by,

7=—L .99 2 ().
2n  df
Hence the traveling time of magnetic pulsations from the interaction region to
the ground is expected to be approximately 22 s.

Fig. 79 shows another example of the relation between the phase difference
and the modulation frequency rearranged the same as Fig. 78b except for the
event on January 29, 1973. In this figure the relative phases in spectra with the
coherency of larger than 0.4 for QPs and D are plotted. The time difference
AT is obtained as before,

7—— 1 .99 151 ().
2z df
The estimated time difference in this example is nearly the same as the time

difference in the previous example on January 27, 1973.
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The time lag of hydromagnetic waves behind ELF-VLF waves thus obtained
is consistent with those deduced by other modulation phenomena, such as SSC-
or SI-triggered ELF-VLF emissions and simultaneous magnetic variations (KOKU-
BUN et al., 1969; HavasHI et al., 1978). The time lag of magnetic pulsation
was interpreted as the difference in propagation speed between ELF-VLF emissions
and hydromagnetic waves which trigger the increase in ELF-VLF waves in the
equatorial region of the magnetosphere (HAyvAsHI e al., 1968). In Fig. 38b was
given an example, showing a time lag of magnetic variations behind ELF-VLF
waves during a Sl event. In this event, abrupt changes of ELF-VLF intensity
were also observed onboard GEOS-1 (CORNILLEAU-WHERLIN et al., 1978).
Therefore, our results of time lag, 20-25 s, strongly suggest that QP emissions
are generated by the modulation due to magnetic pulsations in the equatorial
region of the magnetosphere.

It is also worth noting that the relative phase between QP fluctuations and
the D component of magnetic pulsations are roughly the same in the interaction
region in the broad frequency ranges of 20—-50 mHz for Fig. 78b, and 10-60 mHz
for Fig. 79 because there is the linear relation between phase lag and modulation
frequency. Therefore, we can conclude that the relative phase difference between
QP fluctuations and the D component of magnetic pulsations is roughly the same
at the interaction region in the outer magnetosphere in the period ranges Pc 3—4.

The phase relation between QP fluctuations and the H component of magnetic
pulsations was found to be widely scattered. It also had weak coherency as shown
in Figs. 75b and 77b, so that we could not find any systematic phase relation.
The coherency analysis was also made for several QP events other than those
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shown in Figs. 73, 75 and 77. It was found that a better coherency between
QPs and D is observed for roughly two thirds of cases examined. In cases that
the coherency between QPs and H is better than that between QPs and D values
of coherency function between QPs and D were not so small as those between
QPs and H.

8.3. QP emissions associated with short period (7~ 3-10 s) magnetic pulsations

Short period QP emissions with the period of 3—10 s have never been studied
up to now. We examine in this section the correlation between such QP emissions
associated with magnetic pulsations.

Fig. 80 shows f-z spectra of QP emissions and the intensity records of magnetic
pulsations in the H and D components observed at Husafell in Iceland on August
15, 1977. In this figure, QPs with a rising tone and with a period of about 8 s are
observed. We can see a peak-to-peak correspondence between the enhancement
of emission intensity and the increase in the H component of magnetic pulsations
with the phase lag of about 180° (note that the H component increases downward).
Fig. 81a shows the intensity record of QP emissions at the center frequency of
1 kHz along with magnetic pulsations (upper panel), and relative power spectra
of VLF and ULF data obtained by FFT method (lower panel). The spectral
peaks of QPs and pulsations are identified at the same frequency, around 130 mHz.
The relative power peaks at 130 mHz for the H, D and QPs are about 40 dB
and 35 dB higher than the noise level, respectively. At this frequancy an extremely
good coherency, approximately equal to 1.0, is seen between QPs-H, QPs-D
and H-D as shown in Fig. 81b. Such an excellent coherency indicates that there
exists a one-to-one correlation between QP and magnetic pulsations in this example.
Thus, it is worth noting that the QPs had good coherency with short period
H component of magnetic pulsations instead of the poor coherency for Pc 3—4
periodic range of H as mentioned in previous section.

Fig. 82a shows another interesting fact. That is, that periodic emissions
with a period of ~3 s had good coherency with magnetic pulsations that occurred
on January 26, 1973. The figure shows the intensity records of the D component
of magnetic pulsations, frequency-time spectra of QP emissions and intensity
records of QPs at the center frequency of 2.5 kHz. As seen in f-t spectra, the
periodic emissions with the period of about 3 s appear to be grouped into 15-20 s
quasi-periodic emissions. In the ULF data, the short period pulsations with the
3 s period were very weak in contrast to that of the quasi-periodic emissions.
For example, Fig. 82b illustrates relative power spectra and coherency between
QPs and magnetic pulsations for the same example. The power spectrum of
intensity in ELF shows clear peaks at 62 mHz and at 300 mHz. The latter peak
indicates the recurrence of periodic emissions, and the former peak shows the
successive occurrence of quasi-periodic emissions consisting of the periodic
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Frequency-time spectra of QP emissions and the intensity records of the H and D

components of magnetic pulsations with fine time resolution, for August 15, 1977.
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emissions. In comparison, the magnetic pulsations also had a spectral peak at
~300 mHz corresponding to the spectral peak of the periodic emissions. Further-
more, a good coherency (more than 0.5) is found at ~300 mHz. Although the
relative power at ~300 mHz was two or three orders of magnitude less than the
power at ~60 mHz in ULF data, the relative power of the intensity fluctuation

JAN. 26, 1973
15h 45m10s UT

ULF (D)

[/ F .

0 50 100 150 2005

Fig. 82a. Intensity record of the D component of magnetic pulsations, frequency-time spectra of
QPs, and intensity record of QPs at a center frequency of 2.5 kHz.
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Fig. 82b. Relative power spectra (upper) and coherency between QPs and magnetic pulsations

(lower). Magnetic pulsations showed a power peak at about 300 mHz corresponding
to the spectral peak of periodic emissions.
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in the periodic emission (~300 mHz) is only one order of magnitude less than
that of QP emission (~60 mHz).

Fig. 83 shows another example of a good correlation between short period
QPs and magnetic pulsations, occurring on August 18, 1977 at Husafell. The
top panel shows intensity records of VLF and the H component of magnetic
pulsations for the time interval 0850:50-0859:20 UT. Middle panel shows
evidence that there are power peaks in the short period range at frequencies around
250-400 mHz both in VLF and ULF. The coherency between QPs and ULF
in this example is more than 0.7 in the frequency range around 250-400 mHz.
Good coherency in the frequency range of 40-150 mHz was also noticed.

Although events mentioned above occur infrequently, we could find some
correlation between short period QP emissions and magnetic pulsations (7~3—
10s), which have never been reported before.
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8.4. Spectral characteristics of magnetic variations during Type 2 QP events
As mentioned previously, it is important to examine spectral characteristics
of magnetic variations during Type 2 QP events to give a basis on the classification
of QP emissions. Spectrum and coherency analyses were made for several QP
emission events, which were classified as Type 2 from comparisons of chart
records and spectral forms of QP emissions. It was found that pulsation spectra
have no corresponding peak to the spectral peak of intensity modulations of QPs
in most of the cases examined, especially in cases observed under magnetically
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quiet conditions. However, a small but significant frequency component, which
corresponded to the spectral peak of QP emissions, was sometimes observed in
pulsation spectra.

Fig. 84 shows an example of f-t spectra of Type 2 QPs observed at Husafell
on August 31, 1977. On August 31, QP emissions occurred for more than five
hours from 0940 UT at the conjugate pair of stations, Husafell and Syowa Station
(see Table 4). Kp indices during this period were 1+ and O+. The figure
shows a typical feature of fine structures in Type 2 QP spectra that each QP
element consists of diffuse and discrete emissions and that the mean frequency
increases during one period (KITAMURA et al., 1969; SAtO et al., 1974). The
top panel of Fig. 85 represents the intensity record of VLF emissions around
1.0 kHz and the H and D components of magnetic field. As seen in this figure,

kHz AUG. 31,1977

!
40

1 I | I |
1332 UT 34 36 38
Fig. 84. An example of f-t spectra of Type 2 QP emissions observed at Husafell on August 31,
1977.
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ponents of magnetic variations (top
panel), and relative power spectra
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intensity variations of VLF emissions are very regular with the period of ~20 s,
while regular Pc 1 pulsations are only seen in ULF data. Power spectra given
in the bottom panel of Fig. 85 evidently indicate this feature. The QPs spectrum
has a very sharp peak at ~50 mHz. No corresponding peak is found around
50 mHz in ULF spectra. Peaks in ULF spectra only show the existence of Pc 1
pulsations with a period of ~3s. Thus, this example yields evidence of the
existence of QP emissions without associated pulsations. It was also confirmed
from the spectral analysis that most of Type 2 QP emissions, observed especially
during quiet conditions, are not really associated with magnetic pulsations.
Next, we will discuss interesting examples which indicate that a small but
significant frequency component common to the spectral peak in QPs spectra is
observed in pulsation spectra. Fig. 86 displays f-t spectra of QP emissions, ob-
served at Syowa Station, in the time interval of 1445-1500 UT on January 6,

KHz JAN.6 .1973
1.0-

1456 58 1500

Fig. 86. Frequency-time spectra of QP emissions obseived at Syowa Station in the time interval
of 1445-1500 UT on January 6, 1973.

1973. This event occurred during a period of moderate magnetic activity with
Kp=3. The QP elements show a very regular periodicity and the form of each
element shows a typical feature of Type 2 QP emissions. In the upper panel of
Fig. 87 is shown the envelope of VLF emissions of a filtered band, center at
0.7 kHz, and the H component of magnetic pulsations. VLF intensity variations
are very regular as expected, while ULF variations are not so regular with a
dominant period longer than that of VLF. Power spectra in the middle panel
of Fig. 87 show these features more evidently. A sharp peak of VLF spectrum
at —45 mHz indicates a regularity of VLF periodicity, while a dominant peak of
ULF spectrum is at ~25 mHz. It is interesting to note that a small but significant
peak in ULF spectrum appears at the same frequency as the VLF spectral peak.
The coherency also peaks at ~45 mHz, although it is not so large. These features
indicate that the spectral component around —45 mHz is related to VLF emissions,
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Fig. 87. Intensity records of VLF emissions Fig. 88. Intensity records of VLF emissions at
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and coherency between QPs and ULF
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while there is no spectral peak at ~25 mHz in VLF data where ULF waves
have maximum power.

Another example, observed at Husafell on July 31, 1977, is shown in Fig. 88.
QP emissions with a regular periodicity occurred from 0856 to 1046 UT on this
day. Kp index during this period was 2. Each QP element consists of diffuse
risers and discrete emissions (see Fig. 92). The period was fairly regular and
changed slowly from 11 to 15 s during this event. We could not find the corre-
sponding component to QP emissions in ULF records from visual inspection.
However, spectral analyses reveal that the ULF spectrum has a peak at the same
frequency as the peak in QP spectrum, although a close correlation, such as shown
in Fig. 88, was not observed through the whole course of event, but at certain
intervals of QP event. A sharp peak at 91 mHz in VLF spectrum shows regularity
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of emission periodicity. In pulsation spectrum the broad and dominant peak is
around 15 mHz, which reflects less regular variations seen in the upper panel of
Fig. 88. A peak of coherency around 15 mHz seems to indicate that spike-like
variations of the magnetic field is related to variations of background VLF
emissions. Similar to the previous example shown in Fig. 87, a small peak is
also noted on a decreasing slope of ULF spectrum. The frequency of this peak
is exactly the same as that of VLF peak and the coherency between VLF and
ULF is large as 0.85. Although the spectral density of this ULF peak is two
order to magnitude less than the maximum around —15 mHz, a high coherency
value indicates that there exist spectral components in ULF, closely correlated
with a periodic variation of VLF emissions.

8.5. Geomagnetic conjugacy of QP emissions and magnetic pulsations

The characteristics of geomagnetic conjugacy of QP emissions by analysis
of f-t spectra and amplitude records have already been examined in Section 7.
We examine here the correlation between QP emissions and magnetic pulsations
observed at conjugate-pair stations using the same analysis method as in previous
section.

8.5.1. Geomagnetic conjugacy of Type 1 QP emissions

As for the conjugacy of the Type 1 QP emissions, a very limited number of
data have been examined so far. KiTAMURA et al. (1969), who examined the
data from a conjugate pair of stations, Great Whale River and Byrd, reported
that Type 1 QPs have seldom shown conjugacy. They found the lack of conjugacy
in four out of five cases, and suggested that the source of the VLF emissions
may be local. However, it is necessary to examine further whether or not the
lack of conjugacy is a general feature of Type 1 QP emissions. In this section
we will discuss the conjugate relationship of Type 1 QP emissions and associated
magnetic pulsations, based on the data obtained by observation at Syowa Station-
Husafell conjugate stations which was carried out as the IMS project in conju-
gation with the GEOS observation.

In contrast to the result by KiTaAMURA et al. (1969), the examination of
the data obtained during 52 consecutive days from July 29, 1977, revealed that
the daytime ELF-VLF emissions, including the Type 1 QP emissions, show good
conjugacy, although the lack of conjugacy is often noted in cases of discrete-burst
type emissions observed especially in the early morning. In this period 27 QP
events were identified from the chart record (see Table 4). Most of events, except
for one, were found to show a good conjugacy in contrast to the result reported
by KITAMURA et al. (1969).

In order to demonstrate the conjugacy of these phenomena in great detail,
the result of the coherency analysis for a particular example observed on August
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19, 1977, is shown in the following. As the data are registered on analog
magnetic tapes, we should carefully check timing errors which are mostly due to
slowly varying fluctuations in tape speed. To adjust these timing errors, an inter-
polation is made for digitalized data by using hour marks overlapping original
records. A time accuracy of less than one second among different sets of data
at the two stations is obtained as a result. Fig. 89a shows intensity records of
the H and the D components of magnetic pulsations and ELF-VLF emissions
at 0.6-0.8 kHz band observed at Syowa Station and Husafell in the time interval
of 1230-1301 UT on August 19, 1977. The similarity in amplitude fluctuations
of VLF emissions with the period of 20-50s was coincidently seen between the
stations. Magnetic pulsations with a period of Pc 3—4 ranges were also observed
simultaneously at the conjugate-pair stations. Fig. 89b shows the relative power
spectra obtained by the MEM-AR method for the interval shown in Fig. 89a.
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Fig. 89a. Intensity records of the H and the D Fig. 89b. Relative power spectra for VLF
components of magnetic pulsations and emissions and magnetic pulsa-
VLF emissions at 0.6-0.8 kHz band tions analyzed by the Maximun
observed at Syowa Station, Antarctica Entropy Method.

and Husafell, Iceland in the time
interval of 1230-1300 UT on August
19, 1977.

Fluctuations of VLF emissions have a distinct power peak around 25 mHz, and
also a weak one around 40 mHz. Power spectra of the H and the D components
of magnetic pulsations show broad peaks in the frequency range 10-50 mHz at
both stations.

Fig. 90a represents the coherency between VLF emissions and magnetic
pulsations. The coherency between QPs and the H component of magnetic pul-
sation at Syowa Station is maximum around ~25 mHz and has the value of ~0.5.
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Fig. 90a. Coherency between QP emissions and magnetic pulsations observed at conjugate-pair
stations on August 19, 1977.
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Fig. 90b. Coherency and phase relation between Syowa Station and Husafell for the data of
VLF emissions, the H and the D components of magnetic pulsations.

On the other hand, the coherency between QPs and D at Syowa Station has
peaks of ~0.8 and ~0.65 at frequencies of ~25 mHz and ~40 mHz. These two
coherency maxima can be noticed from the power spectra of VLF and D in
Fig. 89b. The coherency between QPs and D is larger than that between QPs
and H which is the same characteristic as mentioned in the previous section.
The same characteristics as those observed at Syowa Station are seen in coherency
at Husafell.

Fig. 90b shows the coherency and phase relations between the same com-
ponents of magnetic pulsations and emissions. VLF emissions show good co-
herency in the frequency range less than ~70 mHz including the peak frequency
of Type 1 QPs at 25 mHz, indicating that a good geomagnetic conjugacy holds
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not only for the quasi-periodic component, but also for slowly varying components
as seen in the intensity record (Fig. 89a). The phase lag is approximately zero
in the frequency range less than ~70 mHz. These results indicate that Type 1
QP emissions are generated near the equatorial plane in the outer magnetosphere,
and then propagate simultaneously to both hemispheres along the field line of
force. As for the coherency of magnetic pulsations, the D component of magnetic
pulsations has a larger coherency than the H component. The phase relation of
magnetic pulsations between two stations is almost in-phase in the H component
and out of phase in the D component, respectively. The result suggests that
magnetic pulsations in the Pc 3—-4 ranges have odd-mode wave characteristics
(SuGiurA and WILSON, 1964; LANZEROTTI and FUKUNISHI, 1974; FUKUNISHI,
1979). It is worth noting that the D component of magnetic pulsations has good
coherency not only with QP emissions but also with conjugate-pair data in the
Pc 3—4 period ranges in comparison to the H component of magnetic pulsations,
suggesting that properties of the D component of magnetic pulsations are conserved
in the propagating process from the outer magnetosphere to the conjugate-pair
stations on the ground. It is also found that the geomagnetic conjugacy of D was
good at the frequency range of 25 mHz where coherency of QPs-D was good
at both the conjugate-pair stations. On the other hand, the conjugacy was not
so good at the frequency range of ~40 mHz where coherency of QPs-D at Syowa
Station was good and at Husafell was poor.

Fig. 91 shows the phase relation between VLF and the D component of
magnetic pulsations in the frequency range where the coherency is larger than
0.5. These phase relations indicate that the phase is approximately 180 degrees
different from Syowa Station to Husafell in almost all frequency ranges. This
is due to the phase lag in D at conjugate stations as shown in Fig. 90b. The
propagation time lag between QP and magnetic pulsations from the interaction
region to the ground is estimated using the same method as mentioned in the
previous section,
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This result shows that propagation time lag between QP and magnetic pulsations
is approximately the same (—~26s) at the conjugate-pair stations. It is thus con-
cluded that the interaction between the whistler turbulence and magnetic pulsations
takes place near the equatorial plane in the outer magnetosphere.

8.5.2. Geomagnetic conjugacy of Type 2 QP emissions

In this section we will examine the conjugacy of Type 2 QP emissions to
confirm the previous results and also discuss characteristics of magnetic pulsations
during Type 2 QP events.

From the examination of conjugate date obtained for 52 days, nine events
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Fig. 92. Frequency-time spectra of Type 2 QP emissions observed at conjugate-pair stations, Syowa
Station and Husafell in the time interval of 0940:18-1941:43 UT on July 31, 1977.
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Fig. 93a. Intensity records of VLF emissions, the H and D component magnetic variations in the
time interval of 1000:47-1017:10 UT on August 9, 1977, observed at Husafell-Syowa
Station conjugate pair, and also Mizuho Station, Antarctica.
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were identified as Type 2 QP events (Table 4). It was found that QP structures
with rising elements almost simultaneously occur at the two stations for all of
nine cases. Example of spectrograms are shown in Fig. 92. Fig. 92 represents
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spectrograms of QPs observed for a part of the interval shown in Fig. 88. The
regularity in repetition period and spectral form is evidently seen in these figures.

Spectral characteristics of magnetic pulsations during seven QP events shown
in Table 4 were examined. Peaks in magnetic spectra corresponding to the
modulation frequency of QP emissions were found for three cases out of the
seven events. As for the July 31 event, it was already discussed in the last
section. We will discuss QP emissions observed on August 9, in the following.
Fig. 93a shows the intensity records of VLF emissions, the H and D components
of magnetic variations in the period of 1000:47-1017:10 UT on August 9, 1977,
observed at Husafell-Syowa Station conjugate pair, and also Mizuho Station,
Antarctica. Kp index during this period was 2. The intensity records of VLF
emissions show a very regular periodicity, while magnetic pulsations are not so
regular with longer period components, as compared with VLF emissions. Al-
though it is hard to identify the periodicity of magnetic pulsations in the time-
amplitude records, the spectral analyses revealed that there exists a small but
significant peak in pulsation spectrum, related to the peak in VLF spectrum
(Fig. 93b).

The power spectrum of QPs has a sharp peak around 80 mHz, indicating
the regularity of periodicity similar to other examples. On the other hand maximum
spectral densities are observed around 12 mHz in pulsation spectra and spectra
rapidly decrease with frequency increase in proportion to approximately 5. The
interesting feature to be noted is that there are peaks common to all of spectra
around 80 mHz, especially in the H component. These peaks are significant,
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considering that similar features are noted at the three stations.

The coherency analysis of data obtained at Husafell shows that spectral
components of pulsation around 80 mHz are closely correlated with QP modu-
lations (Fig. 93c). It is worth noting that the H component is more coherent
with QPs than the D component. In order to examine relationships of pulsations
and VLF intensity variations during this event in greater detail, data from 0958
to 1028 UT were divided into five segments and spectral calculations were made
for each segment. In the top panel of Fig. 94 are shown peak powers of VLF
intensities along with corresponding peak values in the H and D components.
Both H and D peak values change in accordance with VLF peaks. Coherencies
indicate that the H component is again more correlated with VLF than the D
component. A significant coherency between D and QPs is only noted around
the intensity maximum of VLF. Thus, these features show that spectral com-
ponents of pulsations around 80 mHz are related to periodic modulations of VLF
emissions.
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9. Discussion

We have examined various aspects of QP emissions in order to study their
interaction region and generation mechanism. QP emissions are classified into
two types, Type 1 QP emissions and Type 2 QP emissions. There are essentially
different characteristics between Type 1 and Type 2 QPs in occurrences, spectral
features, periodicity and the quantitative relation to magnetic pulsations, suggesting
that these two types of QP emissions are controlled by different physical processes
in the magnetosphere.

We shall discuss here the generation regions and modulation mechanisms
of QP emissions, and the spectral forms of QP emissions.

9.1. Generation region and modulation mechanism of Type 1 QP emissions

The statistical features of Type 1 QP emissions have been reported in
Section 3, and by SATO et al. (1974). Since the classification of types of QP
emissions has, however, been made from the comparisons of chart records in
their study, more sophisticated analysis is necessary to establish the relevance of
their classification and the detailed relationships between QP emissions and
magnetic pulsations. In Section 8 we examined several examples of the Type 1
QP events by spectrum and coherency analyses to demonstrate close relationships
between the phenomena. As shown in Section 8.1, comparisons of dynamic
spectra indicate that the intensity and period of QP emissions concurrently change
with the amplitude and period of magnetic pulsations during the course of a
long duration event. It is often found that the modulation amplitude of QPs
tends to be larger as the increase in amplitude of magnetic pulsations.

The conjugacy of Type 1 QP events has been also discussed, because data
examined so far are very limited (KiTAMURA ef al., 1969). KITAMURA et al.
(1969) examined data from a pair of stations, Great Whale River (66.5°, 349.5°
in geomagnetic coordinates, L~6.3) and Byrd Station (—70.5°, 336.8°, L~=9.1).
The difference in L value is as large as 4L~3 for this pair, while it is very small
(4L ~0.2) for Syowa Station—Husafell pair. In contrast to the results reported
by KiTAMURA et al. (1969), the conjugate observations at Syowa Station and
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Husafell reveal that the Type 1 QP emissions show good conjugacy. This dis-
crepancy of observations suggests that the radial scale of the interaction region
between whistler mode waves and hydromagnetic waves is less than 3 earth’s radii.

The present observation showed that each QP element is simultaneously
observed at the conjugate stations within an accuracy of one second. This
symmetry indicates that the interaction between whistler mode waves and hydro-
magnetic waves occurs near the equator in the outer magnetosphere, where various
types of whistler mode waves are generated as observed by satellites (RUSSELL
et al., 1969; DUNKELL and HELLIWELL, 1969; TsURUTANI and SMITH, 1977).
The H component of associated magnetic pulsations is in phase at the conjugate
station, while the D component is out of phase. This is a feature expected of
the odd mode waves in terms of the field line resonance concept.

The coherency analysis shows that the intensity variations of QP emissions
are generally more correlated with the D component of associated magnetic
pulsations in the Pc 3-4 range than with the H component. This gives us an
inference on the mode of ULF waves which play a major role in the interaction
with whistler mode waves in the magnetosphere, by referring to the theoretical
consideration by HUGHES (1974) and satellite observations of Pc 3 waves by
ARTHUR et al. (1977). HUGHES (1974) has shown that the azimuth of a magnetic
pulsation is rotated through a right angle in propagating through the ionosphere
to the ground. A better coherency between QP emissions and the D component
would indicate that the radial class of Pc 3 waves (ARTHUR et al., 1977) plays
a dominant role in the interaction with whistler mode turbulence. ARTHUR et al.
(1977) reported that a radial class of Pc 3 waves at synchronous altitude has
more compressional components as compared with an azimuthal class of Pc3
waves. Thus, it is strongly suggested that the Type 1 QP emissions are caused
by the interaction between whistler turbulence and compressional hydromagnetic
waves in the outer magnetosphere.

Similar arguments have already been presented in Sections 5 and 8 by HAYAsHI
et al. (1968) and SATO et al. (1974), in connection with the effect of the storm
sudden commencement and world wide magnetic variations of the SI type. They
have shown that the triggering or enhancement of VLF emissions is observed in
association with the SSC or world-wide increase in the H component in low
latitudes and that a negative variation causes an intensity decreases or fade out
of emissions.

Another significant result obtained from the coherency analysis is that the
propagation time of ULF waves from the interaction region is inferred from the
phase difference between the intensity variation of QPs and the D component
of associated pulsations. Estimated times are 20-30s, almost the same at the
conjugate stations. It is worth noting here that the time delay of magnetic
pulsations behind QP emissions is almost the same as that in case of SSC or
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SI-triggered emission events. These results support that the interaction region
between QP fluctuations and magnetic pulsations is near the equatorial plane in
the outer magnetosphere. If we adopt mean whistler velocity and Alfvén velocity
to be 6X10*km/s and 2X 102 km/s, respectively, 25 s in the difference of the
arrival times can be expected to be 5X10* km for the path length from the inter-
action region to the ground.

On the other hand, the phase relation of magnetic pulsations at the conjugate
stations shows a feature expected of odd mode waves, as mentioned previously.
If magnetic pulsations, which correlate QP emissions, are originated from the
standing oscillation of field lines, the period of the fundamental oscillation
would be 80-120s, taking into account the traveling time inferred from the
coherency analysis, and is much larger than observed periods. This suggests that
magnetic pulsations are a higher harmonic oscillation, possibly the third harmonics,
or they originates from the other mechanism, such as suggested by Tamao (1978).
He has shown that trapping oscillations of the fast mode in the trough between
the two peaks in the Alfvén wave profile, one at the plasmapause and the other
at the peak of the ring-current proton distribution, would be a candidate for Pc 3
range pulsations observed in high latitudes.

The interaction between the whistler mode waves and ULF waves has recently
attracted the attention of theorists (CorRoNITI and KENNEL, 1970; KiMURA, 1974;
CHEN, 1974; HauGsTAD, 1975, 1976; SHUKULA and SPATSCHEK, 1976; BEsPALOV
and TRAKHTENGERTS, 1976; BEspaLov, 1977). CoroNITI and KENNEL (1970)
first presented a theoretical discussion of the modulations of whistler turbulences,
which demonstrates that geomagnetic pulsations can modify the distribution of
energetic electrons in the magnetosphere so as to trigger whistler mode wave
variations and produce electron precipitation into the atmosphere. HAUGSTAD
(1975, 1976) has made some modification of this theory and claimed that this
theory accounts for periodic changes in the upper cut-off frequency of QP emissions,
as reported by SATO et al. (1974).

In the theory by CoroNiTI and KENNEL (1970) the nature of the interactions
has been based on the concept of the modulations of VLF growth rate by ULF
waves. Another approach to the problem has been given by CHEN (1974), taking
into account the convection loss rate and wave-wave interaction. He predicts
that the modulation of VLF waves is either in phase or out of phase depending
on the spectrum of the back ground VLF waves. BespaLov (1977) has further
discussed the interaction between VLF and ULF waves, combining both the effects
discussed by CoroNITI and KENNEL (1970) and CHEN (1974). In the theories
mentioned above whistler turbulences are assumed to be modulated by externally
excited ULF compressional waves. On the other hand, HAGEGE et al. (1973)
considered the interaction of whistler turbulence with low-frequency drift waves
to explain the storm time Pc 5 in the magnetosphere. Although these theoretical
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considerations have emphasized a wide variety of possible explanations for the
interaction between whistler mode turbulence and ULF waves, the feature common
to these theories is that the whistler turbulence strongly interacts with compressional
ULF waves. This is consistent with the inference from the previous discussion.

Fig. 95 shows an example of quasi-periodic variations in cosmic noise ab-
sorption along with the intensity record of QP emissions to the H component of
the magnetic field, observed at Syowa Station. It is evident in this figure that
periodic fluctuations in riometer records are closely correlated with variations of
periods of —40s in both the 700 Hz band intensity and the H component,
indicating that high energy electrons, associated with QP emissions, precipitate
quasi-periodically. Although cosmic noise absorption events such as shown above
are not so often observed at Syowa Station, probably because of limited sensitivity
and response of the riometer, this example gives us some evidence of interaction
mechanisms, such as first discussed by CoroNITI and KENNEL (1970). It is very
desirable to make observations in the future by using a higher sensitivity riometer,
such as done by LANZEROTTI et al. (1978) to clarify the interaction mechanism
between ULF and VLF waves.

9.2. Generation region and modulation mechanism of Type 2 QP emissions

Characteristics of intensity modulations of Type QP emission and of con-
current magnetic variations were examined in detail. The results are summarized
as follows:

1) The frequency of intensity modulations of Type 2 QPs is stable as com-
pared with that of Type 1 QPs, although it slowly changes in the course of an
event. The Q value of a spectral peak usually attains to more than 10. Thus,
it may be more appropriate to call this phenomenon “Regular period ELF-VLF
pulsations”.

2) In most cases magnetic variations during Type 2 QP events, which occur
under magnetically quiet condition, have no spectral peak corresponding to the
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peak in QPs spectrum as expected from the original definition of Type 2 QP
emissions.

3) However, a small but significant peak in pulsation spectrum is occasion-
ally noted, when the Type 2 QP event occurs in moderately disturbed condition.
A high correlation between magnetic pulsations and QPs is not observed in the
whole course but at certain intervals of an QP event. The peak value of the
pulsation spectrum, in such a case, is generally two order of magnitude less than
the maximum power of background magnetic fluctuations. The amplitude of
pulsations is order of 0.01 nT/s. The H component tends to be more correlated
with the VLF intensity than the D component, as far as cases examined here
are concerned, while the D component tends to be more coherent to the VLF
intensity in case of Type 1 QP emissions as shown in Section 82. It is worth
noting that the period of Type 2 QPs associated with weak pulsations ranges
in 10-20s.

These results appear to give a basis on the relevance of classification of QP
emissions by SATO ef al. (1974), although weak pulsations are sometimes detected
at a certain interval of Type 2 QP event.

One of the puzzling features of Type 2 QP emissions is their regularity in
repetition of rising frequency structures. The problem is what determines this
regular recurrence. There is a possibility that the periodic modulation originates
from a certain ULF wave, which may be electrostatic and accelerates electrons
to produce whistler mode waves. It is also possible that the modulation agent
is a localized hydromagnetic wave which is not observable on the ground. HUGHES
and SoutHwooD (1976) have theoretically shown that a localized hydromagnetic
wave of scale size —50 km at the ionospheric level is almost screened by the
ionosphere and then is not observed on the ground. Since ground-based obser-
vations can not give direct evidence for the existence of an electrostatic wave
or a localized hydromagnetic wave, coordinated observations from the ground
and from satellite are needed to clarify these possibilities.

An occasional association of a weak pulsation could be interpreted, taking
into account electron precipitation induced by whistle mode waves. Before dis-
cussing this point, an interesting example of a correlation between periodic
emissions and weak magnetic pulsations was given in Fig. 82a. QP elements
were composed of periodic emissions with the frequency of —0.3 Hz. The repetition
period of QP groups of risers was not so regular and a high correlation between
QP intensity modulations and magnetic pulsations was noted at certain intervals
during the event. A weak coherency around 50 mHz seen in Fig. 82b indicates
this feature. An interesting feature to be noted in Fig. 82b is that there is a small
peak on the decreasing slope of magnetic variation spectrum, which corresponds
to the peak of periodic emission spectrum. The coherency also shows a significant
peak at 0.32 Hz. Although a high coherency between emission intensity and
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magnetic variations, such as shown in this figure, was not observed in the whole
interval of the event, the feature shown in the figure indicates that there exist
magnetic pulsations closely correlated with periodic emissions.

HeLLIweLL and BricE (1964) and HEeLLIWELL (1965) have reported
evidence to show that periodic emissions are caused by the echoing of whistler
mode wave packets alternately between the hemispheres along the line of force.
Thus, this example strongly suggests that the periodic variation of VLF emissions
of which the period is not determined by a modulation agent, such as hydro-
magnetic waves, but by the propagating characteristic of whistler mode waves,
can produce associated magnetic variations observed on the ground.

Considerable evidence for energetic electron precipitation induced by whistler
mode waves have recently been reported by ROSENBERG et al. (1971) and
HELLIWELL et al. (1979). ROSENBERG et al. (1971) found a one-to-one corre-
lation between bursts of whistler-triggered discrete VLF emissions propagating at
L=4.2 and bursts of >30keV X-rays observed at balloon altitudes. One-to-one
correlations have also been observed between bursts of VLF noise in the ~2-4 kHz
range and optical emissions at 4278 A (HELLIWELL et al.,, 1979). They have
reported that the correlated VLF emissions usually consist of clusters of discrete
risers or chorus ranging in duration from —1-10s and that the precipitated energy
fluxes are estimated to be in the range 0.04-0.1 erg cm™2-s7'. On one case they
reported, the VLF activity consisted of group of discrete risers with a period of
~10s.

These observations strongly suggest that weak magnetic pulsations, occasion-
ally associated with Type 2 QP emissions and periodic emissions shown in Fig. 82
are caused by ionospheric conductivity variations due to electron precipitation
induced by whistler mode waves. If this is the case the magnitude of magnetic
pulsations should depend on both conductivity enhancement and the ambient
electric field. In case that ambient electric field is small, magnetic variations
would be below the detection level of magnetometers, even though a strong
emission activity is observed. As shown previously, the Type 2 QP correlated
pulsations tend to be detected when the Type 2 QP occurs during moderately
active condition. This fact is likely to support the hypothesis that conductivity
variations are the origin of magnetic pulsation.

It has been proposed by several workers, including CAMPBELL (1967),
MCcPHERRON et al. (1968), Morioka and Saito (1971) and ReID (1976) that
ionospheric conductivity fluctuations caused by particle precipitations are the origin
of Pi type magnetic pulsations observed on the ground. BELL (1976) has theo-
retically discussed the ULF wave generation through particle precipitations induced
by a periodic injection of artificial VLF waves and has shown that detectable
magnetic pulsations can be produced by the injection of VLF periodic pulses.
Pi 1 pulsations of amplitude 0.1-1 nT/s are usually observed associated with
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optical emission fluctuations of —0.5 kR at 4278 A. According to the observa-
tions by HELLIWELL et al. (1979), intensity variations of 4278 A in wave induced
events are 10-50 R in amplitude. Therefore, weak magnetic pulsations of ~—0.01
nT/s, observed during Type 2 QP event, could be produced by wave induced
particle precipitations, although the scale size of QP emission is not yet known.

9.3. Models of spectral form for QP emissions

QP emissions have been classified into five types based on frequency-time
spectra; ‘non-dispersive’, ‘rising-tone’, ‘falling-tone’, ‘mixed’ and ‘burst’ types.
Interaction regions and interaction mechanisms between QP fluctuations and
magnetic pulsations were discussed in this paper. QPs are observed simultaneously
at conjugate-pair stations with good conjugacy and the coherency between the
D component of magnetic pulsations and the intensity fluctuations of QPs is higher
than that between the H component and QPs. It is also found that the propagation
time of magnetic pulsations (HM waves) from the interaction region between
magnetic pulsations and QPs to the ground is —20-30s. From these results we
suggested that QP emissions are modulated by compressional mode Pc 3-4
magnetic pulsations near the equatorial plane in the outer magnetosphere.

In this section we will interprete the frequency-time spectra of QP emissions,
mostly for Type 1 QP emissions by using a phenomenological model. The start
points of our model are as follows;

1) The intensity and frequency of ELF-VLF emissions are modulated by
compressional mode magnetic pulsations.

2) Interaction region between ELF-VLF emissions and magnetic pulsations
is near the equatorial region in the outer magnetosphere.

3) The frequency of the intensity peak of ELF-VLF emissions in the
magnetosphere is proportional to ~(1/4)2-, where 2~ is the local electron gyro-
frequency (TSURUTANI and SMITH, 1977).

4) Emissions are observed simultaneously at stations apart from each other
about a few hundred kilometers (HELLIWELL, 1965). Therefore, it is suggested
that emissions generated in different regions in the magnetosphere can be observed
at the same station on the ground.

9.3.1. Model of ‘rising-tone’ and falling-tone’ emissions

In order to interprete the spectral forms of ‘rising-tone’ and ‘falling-tone’ QP
emissions, we assume that compressional mode magnetic pulsations propagate in
the radial direction from the magnetopause toward the earth when ‘rising-tone’
QPs are observed on the ground.

Schematic picture for the generation of ‘rising-tone’ type QPs is shown in
Fig. 96.

1) Stage 1; ULF wave with compressional component does not exist in
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Fig. 96. Schematic picture for a model of generation mechanism of ‘rising-tone’ type QPs.

the magnetosphere.

ELF-VLF emissions are generated near the equatorial region in the outer
magnetosphere (L~6-8). Assuming that the emission frequency is proportional
to a quarter of local electron gyrofrequency, the emission frequency is ~0.3 kHz
at L=8 and ~1.0 kHz at L=6. These emissions propagate through wave ducts
along geomagnetic field lines to the ground. So that, continuous ELF-VLF
emissions are observed on the ground.

2) Stage 2-3; ULF wave with compressional component propagates in
radial direction from the magnetopause toward the earth.

When ULF wave propagates in radial direction, ELF-VLF emissions can be
modulated by the compressional component of ULF waves through the electron-
cyclotron instability mechanism suggested by KENNEL and PETCHEK (1966).
That is, the intensity of ELF-VLF emissions increases in the region where the
ambient magnetic field intensity increases, while the intensity of ELF-VLF
emissions decreases or fades out in the region where the magnetic field intensity
decreases. Therefore, at the time T; when a positive phase of compressional
ULF wave is located in the region with larger L values, emissions are excited
there, while the emissions are suppressed in the region with smaller L values
where the negative phase of compressional ULF wave is located. As a result,
emissions with lower frequency are excited in the larger L value region in the
magnetosphere. At the time T when magnetic pulsations propagate in radial
direction to the region with smaller L values, positive phase of compressional
magnetic pulsations exists at smaller L values. Therefore, emissions are excited
in higher frequency range, while emissions in the lower frequency range are
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suppressed. These emissions are observed on the ground. As a result, frequency-
time spectra of ELF-VLF emissions show ‘rising-tone’ type of QP emissions.

Many other observational results support this modulation model due to
propagating ULF waves. Type 1 QP emissions observed at Syowa Station often
correlate closely to magnetic pulsations observed at middle and low latitude stations
(Section 5). This result suggests that Pc 3—4 magnetic pulsations propagate from
the outer magnetosphere to the inner magnetosphere. Furthermore, Type 1 QP
emissions were sometimes observed simultaneously at widely separated two stations,
Sogra (geomag. lat. 56.4, long. 131.7) in USSR and Syowa Station (—70.7, 79.4)
in Antarctica. A typical event was observed on December 2, 1977 (KLEIMENOVA,
private communication, 1978). This result also indicates that compressional
magnetic pulsation exists simultaneously in wide region and propagates to lower
L value, and this magnetic pulsation modulates ULF intensities generated at both
high and middle latitudes.

On the direction finder analysis of Type 1 QP emissions, it is observed that
only north-south component of arrival direction fluctuates associated with ‘rising-
tone’ Type 1 QP emissions (Section 6). This result strongly indicates that ‘rising-
tone’ QP emissions are generated by the compressional mode magnetic pulsations
which propagate to radial direction.

Recently, many authors have been studying the relation between solar wind
parameters and magnetic pulsations on the ground or in the magnetosphere, and
found some remarkable correlations between Pc 3—4 magnetic pulsations (7~10-
150s) and solar wind parameters (TROITSKAYA et al., 1971; GREENSTAD and
OLsON, 1976; ARTHUR and MCcCPHERRON, 1977). These results suggest that
daytime Pc 3-4 magnetic pulsations originate from the propagation of MHD waves
excited near the bow shock through the magnetosheath to the magnetopause and
into the magnetosphere. Their suggestion is consistent with our simple model
assuming that Pc 3-4 magnetic pulsation propagates in radial direction toward
the lower L value region.

In our model, ‘faliing-tone’ types of QPs is interpreted that the QP emissions
are modulated by compressional mode magnetic pulsations propagating toward
the higher L value region. In the auroral zone, some types of poleward propa-
gating auroras are observed in the morning sector (OGUTI and WATANABE, 1976).
Furthermore, radar aurora behaves quasi-periodically poleward propagation in
the morning sector (KANEDA et al., 1964; McDIARMID and McNAMARA, 1972).
Tamao (1977) suggested theoretically that enhanced compressional mode Pc 3
magnetic pulsations which propagate outward from the coupling resonance region
would account for propagating auroral pulsation in the morning sector.

9.3.2. Model of ‘non-dispersive’ type QP emissions
‘Non-dispersive’ type QP emissions are observed in the daytime and associated
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Fig. 97. Schematic picture for a model of generation mechanism of ‘non-dispersive’ type QPs.

with long period magnetic pulsation (7—~40-150s). This type of QPs will be
also interpreted by using the same analogy as discussed above. The generation
and propagation conditions for background ELF-VLF emissions are the same
as the previous mode. Only properties of magnetic pulsations are different, i.e.,
we assume that standing hydromagnetic waves along the magnetic field lines
which have an effective compressional component interact with ELF-VLF
emissions. Schematic illustration of this model is shown in Fig. 97. Intensity
fluctuation of compressional component associated with standing mode waves is
assumed to occur simultaneously in the wide L-value (L~6-8) region near the
equatorial plane where ELF-VLF emissions are generated. In this case, the in-
tensity of ELF-VLF emissions whose frequencies are in proportion to local electron
gyrofrequency is modulated simultaneously in the wide L-value region. Therefore,
‘non-dispersive’ type QP emissions are observed on the ground.

Our assumption for standing mode wave will not be unnatural, because
many authors reported that long period magnetic pulsations (Pc 4-5) are standing
waves rather than propagating waves in radial direction (e.g., SUGIURA and
WILSON, 1964; LaNzeroTTI and FuUkuUNisHI, 1974; KOKUBUN et al., 1976;
CUMMINGS et al., 1978).

As discussed above, we have interpreted frequency-time spectra of Type 1
QP emissions by using a simple model. This model will also apply to not only
‘rising-tone’ and ‘falling-tone’ but also to ‘hybrid’ types. Furthermore, it is possible
that Type 2 QP emissions are modulated by compressional mode magnetic pul-
sations which are not easily detectable on the ground because most of Type 2
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QPs belong to the ‘rising-tone’ type, as is shown in Table 2 and magnetic pulsations
which are detectable on the ground are generally standing oscillations of local
resonant field lines (shear Alfvén mode) excited by compressional (fast) mode
MHD waves (SouTHwWOOD, 1974; CHEN and HASEGAWA, 1974; LANZEROTTI and
FukunisHi, 1974). 1f the coupling condition between shear Alfvén waves and
fast mode waves is not satisfied in the outer magnetosphere, standing oscillations
can not be excited. Therefore, in this case, it is possible that magnetic pulsations
are not observed on the ground, even if compressional waves exist in the mag-
netosphere. Another possibility is that the wave length of MHD waves associated
with Type 2 QPs is much shorter than that of Type 1 QPs. In this case, MHD
waves in the magnetosphere are shielded by the ionosphere and are not observed
on the ground (HUGHEs and SouTHWOOD, 1976).

Perhaps, there will be other possibility to interprete f-t spectra of QP
emissions. However, our model will be most simple and reasonable in our under-
standing of present magnetospheric physics.
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10. Conclusions and Future Research

10.1. Summary and conclusions

We have examined the characteristics of QP emissions and their relationships
to magnetic pulsations. The ELF-VLF and ULF data used here are those obtained
at Syowa Station in Antarctica, Mizuho Station ~270 km south of Syowa Station
and at Husafell in Iceland, the geomagnetic conjugate point of Syowa Station.
From a few hundred QPs data, QP emissions are classified into two types, Type 1
and Type 2, on the basis of the amplitude of magnetic pulsations and on the
periodicity. Type 1 QP emissions are associated with magnetic pulsations, and
Type 2 QP emissions are not associated with magnetic pulsations or, if they exist,
their intensities are usually very weak. However, the periodicity of Type 2 QPs
is more regular than that of Type 1 QPs.

We were able to find essential differences in the properties of the two types,
and have discussed in detail the interaction region and interaction mechanisms
and also have proposed a simple model to explain the frequency-time spectra of
QP emissions. We come to the following conclusion.

10.1.1. Type 1 QP emissions

1) Most of the QPs are observed on the dayside with a maximum oc-
currence around noon during the moderate geomagnetic activity (Kp~2). QPs
periods range from 15s to few minutes, but are mostly around 30 s, and diurnal
variation of QP period tends to increase gradually from morning to evening.
Emission frequencies range from 0.3 to 1.5 kHz, and the emission spectra are
mostly of the polar chorus type.

2) Background intensities of QPs are modulated associated with SSC or
SI type worldwide geomagnetic field variations. This property strongly suggests
that the emissions (ELF-VLF emissions) are generated near the equatorial plane
in the outer magnetosphere by electron-cyclotron resonance.

3) Intensities and periods in QP fluctuations change concurrently with the
intensity and period of magnetic pulsations, and modulation amplitude of the
QPs is larger when the intensity of ELF-VLF emissions is higher.
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4) Type 1 QP emissions observed at Syowa Station are seen to be almost
synchronously associated with magnetic pulsations in the 20-60s in period range
observed at middle and low latitude stations, strongly suggesting that Type 1 QP
emissions are modulated by compressional mode Pc 3-4 magnetic pulsations in
the magnetosphere.

5) Magnetic pulsations likely propagate from the interaction region be-
tween ULF and ELF-VLF waves to the ground along the line of force with a
time lag behind the QPs arrival of approximately by 20-30 s because of difference
in propagation speed between ELF-VLF waves (whistle mode) and ULF waves
(Alfvén mode). This property also observed at conjugate-pair stations. It indicates
that QP fluctuations interact with magnetic pulsations near the equatorial plane
in the outer magnetosphere.

6) The relative phases between QP fluctuations and D are roughly constant
in the Pc 3-4 period range, 10-100s, at the interaction region between ULF
and ELF-VLF waves.

7) The coherency between QP fluctuations and the D component of mag-
netic pulsations is greater than that between QPs and the H component. This
property is observed at conjugate-pair stations. The simple interpretation of
these properties is that radial (N-S) oscillations of Pc 3 magnetic pulsations
which have a significant compressional component near the equatorial plane in
the outer magnetosphere (ARTHUR et al., 1977) appear in the D (E-W) com-
ponent of magnetic pulsations on the ground, because the azimuth of magnetic
pulsations rotats through a right angle in propagating through the ionosphere-
atmosphere, as theoretically predicted by HUGHES (1974).

8) The phase relation of Pc 3-4 magnetic pulsations which interact with
QP fluctuations is approximately in-phase in H and out of phase in D at conjugate-
pair stations, suggesting that the Pc 3—4 magnetic pulsations are odd-mode waves.

9) A simple model to explain the frequency-time spectra of QP emissions
is proposed. ‘Rising-tone’ and ‘falling-tone’ types of QPs interact with compres-
sional mode magnetic pulsations which propagate in the radial direction to the
equatorward and the poleward, respectively. The ‘non-dispersive’ type of QPs
interacts with long period (7—40-150s) standing mode magnetic pulsations
which have eftective compressional components. Our model is simple, but reason-
able in view of our present understanding of magnetospheric physics.

10) Short period QP fluctuations or periodic emissions (7~3-4s) are
sometimes associated with magnetic pulsations with the same period.

10.1.2. Type 2 QP emissions

1) The Type 2 QP emissions are observed between 09 and 20 LMT, with
a maximum around noon and a secondary one in the afternoon-evening period,
and occur during quiet geomagnetic times (Kp—1) after geomagnetic storms.
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The QPs period ranges from 10 to 60 s, mostly around 20 s, and tends to increase
gradually from morning to evening. The Type 2 QPs period is shorter than
Type 1 QPs, but the emission frequencies are slightly higher than that of Type 1
QPs.

2) The background intensities of QP emissions are modulated by SSC or
SI type worldwide geomagnetic field variations, suggesting that background
emissions of the QPs are generated near the equatorial plane in the magnetosphere
by electron-cyclotron resonance, the same mechanism as for Type 1 QPs. The
QPs period modulates becoming shorter or longer associated with positive or
negative worldwide geomagnetic changes, respectively.

3) Most of the f-t spectra of Type 2 QPs are the ‘rising-tone’ type, and
when the QPs type changes from Type 1 to Type 2, f-t spectra change form
‘non-dispersive’ to ‘rising-tone’ type.

4) The QPs show good geomagnetic conjugacy and are observed simul-
taneously at conjugate-pair stations as are Type 1 QPs.

5) The power spectra of the Type 2 QP fluctuations show a pronounced
spectral peak in contrast to that of Type 1 QPs.

6) Most of the Type 2 QPs occurs during very quiet magnetic pulsation
periods, so that we can not find a correlation between Type 2 QPs and magnetic
pulsations even if high accuracy spectral analysis is carried out. However, some
special Type 2 QPs events which occur on ULF waves during moderately active
intervals have some associations with magnetic pulsations and show a small spectral
peak at the frequency corresponding to the frequency of the sharp spectral peak
in Type 2 QP fluctuations. However, the relative power of the ULF waves at
this frequency is more than one order to magnitude less than the maximum power
of the ULF waves.

7) The periods of Type 2 QPs are mostly shorter than those of magnetic
pulsations which have a maximum power in the Pc 3—-4 range, and there is no
spectral peak in the VLF data during the Type 2 QPs occurrence at the frequency
where ULF waves have maximum power.

8) Correspondence of magnetic pulsations with Type 2 QPs is observed
at conjugate-pair stations, Husafell and Syowa Station, and also observed at Mizuho
Station, 270 km south of Syowa Station.

9) Coherency between Type 2 QP fluctuations and H is much larger than
that between QPs and D with the same properties, at all the three stations, Husafell,
Syowa and Mizuho Stations. This is in contrast to the coherency between Type 1
QPs and magnetic pulsations.

10) To explain the periodicity of Type 2 QPs, two mechanisms will be
presented. First, QPs are modulated by compressional mode magnetic pulsations
in the magnetosphere with very regular periodicity which are not easily detectable
at the ground, where they are mostly evanescent mode magnetic pulsations on
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the ground. Therefore, the magnetic pulsations which have a small spectral peak
corresponding to the sharp spectral peak of Type 2 QPs at the ground indicate
the leakage of the pure compressional magnetic pulsations from the magnetosphere.
Second, the periodicity of QPs is controlled by some other type of waves, not
hydromagnetic waves. Therefore, the weak spectral peaks in ULF waves at the
frequency corresponding to the period of Type 2 QPs is caused by the effects
of small local fluctuations in the auroral electrojet due to the change in the iono-
spheric conductivity associated with periodic electron precipitations.
Investigation of QP emissions and related magnetic pulsations have included
statistical analysis, special events, and qualitative correlation analysis based on
the ground data including station nets, and geomagnetic conjugate-pair stations.
These have presented much useful information on the interaction mechanism of
ELF-VLF and ULF waves in the magnetosphere and especially, the wave-wave
interaction in the magnetosphere. Furthermore, the investigations of the relation-
ships between ELF-VLF emissions and magnetic pulsations contribute to the
physical behavior of magnetic pulsations which are still largely unknown.

10.2. Suggestions for future research

1) There is a need for study of satellite data on the modulation of energetic
fluxes, ELF-VLF emissions, and electric and magnetic field fluctuations.

2) There is a need for coordinated measurements by satellites of energetic
flux ELF-VLF emissions, and electric and magnetic fluctuations at different
longitudes, latitudes, and altitudes, to determine the propagation characteristics
of these waves and particles.

3) There is a need for coordinated simultaneous measurements by station
nets on the ground and by the synchronous orbit satellite to examine the propagat-
ing properties of waves from the magnetosphere to the ground through the
ionosphere.

4) There is a need for simultaneous measurements of ELF-VLF emissions,
magnetic pulsations and by a high resolution riometer, by operating station nets
on the ground at different longitudes and latitudes in order to examine the
propagation characteristics of waves and particles which propagate in radial and
in azimuthal directions.

5) Experimental and analytical studies on particle precipitations and their
effects on electrojet in the ionosphere, induced by QP emissions are needed.

6) Direct observations of Type 2 QP emissions and their related phenomena,
i.e., ULF waves, electric field fluctuations, cold plasma density, and energetic
particles, are needed in the magnetosphere in order to determine the modulation
mechanisms of Type 2 QP emissions.
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