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ULF pulsations observed by the ETS-VI satellite:
Substorm associated azimuthal Pc 4 pulsations on the nightside
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The magnetic field data from the Engineering Test Satellite -VI (ETS-VI) have been analyzed to investigate the
occurrence distributions of pulsations in Pc 3–5 frequency ranges in the magnetosphere. The observation of ETS-VI
covered the invariant latitude (ILAT) range of 64.5◦–69◦ILAT near the geomagnetic equator (−10◦–20◦ magnetic
latitude) at all magnetic local time (MLT). Magnetic pulsations were selected by the Fast Fourier Transform method
and checked by visual scanning if they have continuous waveforms. From the occurrence distributions of pulsations,
we have found distinctive features in the following pulsations: (1) azimuthal Pc 5 pulsation; (2) azimuthal Pc 3
pulsation; (3) radial Pc 4 pulsation on the dayside; (4) azimuthal Pc 4 pulsations on the nightside. In respect of the
first three types of pulsations (i.e., the azimuthal Pc 5 pulsation, the azimuthal Pc 3 pulsation, and the radial Pc 4
pulsation on the dayside), the results presented in this study confirm the previous results obtained by other satellite
observations. The azimuthal Pc 4 pulsations on the nightside were observed in continuous waveforms lasting for
about 10 minutes. Although the azimuthal Pc 4 pulsations on the nightside start at almost the same time as substorm
onsets, they are different from Pi 2 pulsations in the magnetosphere. They are observed frequently in the MLT range
of 23–04MLT with an occurrence peak at 01–02MLT. We suggest that the azimuthal Pc 4 pulsations on the nightside
are excited through coupling to the fast mode Alfvén waves which were launched at substorm onset.

1. Introduction
Geomagnetic pulsations which have continuous wave-

forms are called Pc-type pulsations. The Pc-type pulsations
are classified into 6 main classes according to their period.
(Jacobs et al., 1964; Saito, 1978). The pulsations with pe-
riod ranges of 10–45 seconds, 45–150 seconds, and 150–600
seconds are denoted as Pc 3, Pc 4, and Pc 5 pulsations, re-
spectively. Pc 3–5 pulsations observed by satellites have
been investigated by many researchers since the 1970s. A
brief review of the previous studies employing satellite data
which were published before 1989 is found in Anderson et
al. (1990a).

Arthur and McPherron (1977) studied statistically 81
events of transverse Pc 3 pulsations observed by ATS-1,
which were simultaneously observed on the ground. The
transverse Pc 3 pulsations had the local time distribution
with a strong midmorning peak and dominant frequencies
between 40 mHz and 50 mHz. From analysis of the mag-
netic field data obtained by ATS-6, Arthur and McPherron
(1981) found that radially polarized waves in the Pc 4 ranges
occur predominantly at dusk.

Using the magnetic field data from the geosynchronous
satellites, Takahashi and McPherron (1984) studied two dif-
ferent types of waves, that is, azimuthally polarized waves
involving the fundamental and several harmonics, and radi-
ally polarized waves excited at the second harmonic. The
former were observed through the dayside, and the occur-
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rence of the fundamental wave was more biased toward the
morning than that of harmonic waves. The latter were ob-
served mainly on the afternoon side. They concluded that the
azimuthal waves with fundamental and harmonics are driven
externally, and the radial waves at second harmonic are likely
to be excited internally through wave-particle interactions.

Kokubun et al. (1989) studied R-class (radial) Pc 4 waves
and A-class (azimuthal) Pc 4–5 waves with the magnetic
field data and particle flux data from ATS-6. Their results
showed that R-class Pc 4 waves predominantly occur in the
afternoon sector from 12 to 18LT, and A-class Pc 4–5 waves
with the period range of 100–200 seconds predominantly
appear in the morning sector. The oscillation of the azimuthal
component for A-class Pc 4–5 waves was out of phase with
proton flux (<120 keV), though the phase relationship for
R-class Pc 4 waves was dependent on both energy and pitch
angle of proton flux.

ULF pulsations ( f = 0–80 mHz) observed by the
AMPTE/CCE satellite from L = 5 to 9 in the equatorial
magnetosphere were statistically investigated by Anderson
et al. (1990a). The occurrence distribution of fundamental
toroidal waves in Pc 5 band had a dawn/dusk asymmetry, that
is, the waves were observed frequently for L = 8–9 at dawn
but were less observed at dusk. They found that harmonic
toroidal waves in Pc 3 band were dominant on the dayside,
particularly in the prenoon hours. The toroidal Pc 3 waves
occurred with frequencies which varied continuously with
radial distance. Radially polarized pulsations in the Pc 4 fre-
quency range were found to occur in width extending from
11 magnetic local time (MLT) through dusk to 04MLT. The
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radial Pc 4 pulsations were frequently observed for L < 7 at
noon and for L > 7 on the nightside.

Takahashi and Anderson (1992) examined spatial distri-
bution of ULF ( f < 80 mHz) energy in the inner magne-
tosphere (L = 2.5–6.5), using the magnetic field data from
the AMPTE/CCE satellite. They found that multiharmonic
toroidal oscillations in the Pc 3 and Pc 4 frequency ranges
appeared predominantly on the dayside. Assuming that the
toroidal oscillations are due to standing Alfvén waves, they
determined the radial profile of the plasma mass density and
Alfvén wave velocity.

Using the data from the AMPTE/CCE satellite and geosyn-
chronous GOES-5 and -6 satellites, Takahashi et al. (1996)
reported toroidal magnetic pulsations in the nightside mag-
netosphere in the form of transient oscillations typically last-
ing 10–20 minutes. These waves were called as transient
toroidal waves (TTW). They showed two examples of TTW
with frequency ranges of 11–17 mHz for L = 5.5 to 7 and
one example of TTW which consisted of a few discrete spec-
tral components (5, 10, 16, and 28 mHz), and concluded that
TTW are standing waves. It was also found that TTW on
the nightside for 4 < L < 7 were observed immediately
following ∼30% of substorm onsets.

Saka et al. (1996a) found that quasi-periodic oscillations
(QPO) with frequency of 9 mHz were observed by GOES 5
and 6 in the night sector in association with the onset of
ground Pi 2 pulsations. They also found that 16% of Pi 2
events (35 of 216 Pi 2 events) were accompanied by QPO.
The QPO were polarized more or less in the azimuthal di-
rection. The QPO in the postmidnight sector had more sinu-
soidal waveforms than those in the premidnight, and had an
occurrence peak at 02MLT.

In this paper we aim to investigate characteristics of pulsa-
tions in Pc 3–5 bands observed by Engineering Test Satellite-
VI (ETS-VI). In respect of the azimuthal Pc 5 pulsations, the
azimuthal Pc 3 pulsations, and the radial Pc 4 pulsations on
the dayside, the results were consistent with those by the
previous studies. We examined statistically the azimuthal
Pc 4 pulsations on the nightside, which are considered as
the same phenomena as TTW and QPO, and concluded that
the azimuthal Pc 4 pulsations on the nightside are excited
through coupling to the fast mode Alfvén waves which are
radiated at substorm onsets. This excitation mechanism is
different from that by the previous studies. The data used
here and a procedure to select pulsations will be introduced
in Section 2. Waveforms and occurrence distributions for the
4 kinds of pulsations are presented in Section 3. In Section 4,
the results will be discussed and compared with the previous
statistical studies.

2. Experiment and Data Analysis
2.1 The satellite and magnetometer

The ETS-VI satellite, which was launched on August 28,
1994, had a perigee of 2.3RE , an apogee of 7.1RE , an in-
clination of 13.4◦, and a 14.4-hour orbital period. The tri-
axial fluxgate magnetometer (MAM) on board ETS-VI has
two observation modes, Range-L mode and Range-H mode.
The dynamic range and resolution in Range-L mode are
±65536 nT and 32 nT, respectively. Range-H mode has the
dynamic range of ±256 nT and the resolution of 0.125 nT.

Range-H is used over approximately 11 hours at radial dis-
tances of 5.0–7.1RE and −15◦ to +25◦ magnetic latitudes
(MLAT), and Range-L is used near perigee. The data were
recorded with a sampling interval of 3 seconds. A more de-
tailed description of the ETS-VI satellite and its observations
are found in Nagai et al. (1996).
2.2 Data coverage

The data period used here is 496 days in total, from Oc-
tober 1994 through April 1996. We excluded the data pe-
riod when the satellite was not three-axis stabilized. Only
the data obtained near the apogee (where the altitude of the
ETS-VI satellite is more than 28000 km) were used in this
study, because the data obtained with Range-L mode are not
useful for pulsation studies in respect of their low resolu-
tion. The ETS-VI satellite has changed the local time of
the apogee from about 05MLT in November 1994, through
midnight, to about 17MLT in June 1995, and again to about
05MLT in December 1995. The local time of the apogee in
April 1996 was about 20MLT. Therefore the data set used
here covers all MLT ranges, although the number of the data
points on the nightside (20–05MLT) is larger than that on the
dayside. Plates 1(a) and 1(b) give the distributions of data
set in MLT-MLAT plane and MLT-invariant latitude (ILAT)
plane, respectively. One mesh in Plate 1(a) corresponds to
1◦ of MLAT by 1 hour of MLT, and in Plate 1(b), 0.5◦ of
ILAT by 1 hour of MLT. The color images show hours
of observation time. From Plate 1(a) we notice that gen-
erally the higher latitudes than 20◦MLAT and −10◦MLAT
are less or not completely covered. The observation time in
MLT-MLAT areas of 04–10MLT, −5◦ to −10◦MLAT and
10–17MLT, 7◦–12◦MLAT are small. The coverage in ILAT
is biased around 67◦–68◦ILAT (Plate 1(b)), because the ETS-
VI satellite with the small inclination stayed for a long time
near the apogee of 7.1RE . Observation time in the ILAT
ranges higher than 69◦ILAT and lower than 64.5◦ILAT are
small at all MLT.
2.3 Preparation of pulsation list

We adopted the following procedures to make the lists of
Pc-type geomagnetic pulsations. In the first step we have
made the magnetic field variation data by subtracting the
IGRF90 model fields from the observed magnetic fields. The
magnetic field variation data were represented in the local
magnetic (LMG) coordinate system, in which the �B‖ com-
ponent is the tangential direction of model magnetic field,
the �B⊥1 component is perpendicular to the model magnetic
field and directed radially outward, and the �B⊥2 component
is azimuthally eastward. The field components �B‖, �B⊥1,
and �B⊥2 are referred to as the compressional, radial, and
azimuthal components, respectively.

In the second step we calculated the power spectral den-
sity for each component by using Fast Fourier Transform
(FFT) analysis. A unit time window for FFT analysis was
25 minutes (500 data points) and this window was shifted in
5-minute interval in each analysis. We could investigate pul-
sations in Pc 3–5 bands (10–600 seconds) because of the time
window of 25 minutes and the time resolution of 3 seconds.
Scanning the power spectral density of the �B‖ component,
we located the peak of the power spectrum. If the power
of the peak was more than ten times as large as that of the
background levels, we decided that a compressional pulsa-
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Plate 1. Distribution of data set in (a) MLT-MLAT plane and (b) MLT-ILAT plane. One mesh corresponds to (a) 1◦ of MLAT by 1 hour of MLT, and
(b) 0.5◦ of ILAT by 1 hour of MLT. The color images show hours of observation time.

Plate 2. Distributions of occurrence probability of azimuthal Pc 5 pulsations in (a) MLT-MLAT plane with one mesh of 1◦ of MLAT by 1 hour of MLT,
and (b) MLT-ILAT plane with one mesh of 0.5◦ of ILAT by 1 hour of MLT. The color images show occurrence probability of azimuthal Pc 5 pulsations
which is defined as the appearance time of azimuthal Pc 5 divided by the observation time in each mesh. A small open circle in mesh represents that in
that mesh no observation were made or observation time was small (less than 1.5 hours for (a), and less than 4.5 hours for (b)).

tion with the frequency at the spectral peak has appeared
during the time interval of the window. To detect radial and
azimuthal pulsations, the power spectrum densities of the
�B⊥1 and �B⊥2 components were treated in the same way

as the �B‖ component. If pulsations were detected in suc-
cessive time windows, we regarded them as one pulsation
event.

In the last step we visually scanned the plot of the mag-



66 M. NOSÉ et al.: ULF PULSATIONS OBSERVED BY THE ETS-VI SATELLITE

netic field data and removed non-continuous events like Pi 2
pulsations from the pulsation lists. If a event had more than
one component which satisfied the above criteria (i.e., the
power of the spectral peak is more than ten times as large
as that of the background), that event was treated to overlap
more than one category according to the components. For
example, a pulsation, in which the azimuthal and radial com-
ponents satisfy the criteria, is counted as one event in both
of the azimuthal and radial categories. The number of pulsa-
tions selected by the above procedure was shown in Table 1.

Table 1. The number of pulsations found in the data set. These pulsations
were identified by the Fast Fourier Transform method and checked by
visual scanning if they have continuous waveforms.

Events

Pc 3 Pc 4 Pc 5

�B‖ (Compressional) 59 148 18

�B⊥1 (Radial) 119 221 37

�B⊥2 (Azimuthal) 196 290 72

3. Statistical Results
Based on the pulsation lists, we investigated occurrence

distributions of pulsations classified by frequency ranges
(Pc 3, Pc 4, and Pc 5) and components (compressional, radial,
and azimuthal). Plate 2 is an example of the distributions of
occurrence probability, which is for azimuthal Pc 5 pulsa-
tion. MLT-MLAT distribution of occurrence probability is
shown in Plate 2(a), in which one mesh represents a region
of 1◦ of MLAT by 1 hour of MLT. Plate 2(b) gives MLT-
ILAT distribution of occurrence probability with one mesh
of 0.5◦ of ILAT by 1 hour of MLT. The occurrence probabil-
ity is defined as the appearance time of the pulsation divided
by the observation time (shown in Fig. 1) in each mesh. A
small open circle in mesh represents that in that mesh no
observations were made or observation time was less than
1.5 hours in the MLT-MLAT plane and less than 4.5 hours
in the MLAT-ILAT plane. The occurrence distributions for
9 kinds of pulsations shown in Table 1 were presented in
the same format as Plate 2, and we have found prominent
characteristics for the following pulsations: (1) azimuthal
Pc 5 pulsation; (2) azimuthal Pc 3 pulsation; (3) radial Pc 4
pulsation on the dayside; (4) azimuthal Pc 4 pulsation on the
nightside.
3.1 Azimuthal Pc 5 pulsation

Figure 1 gives an example of azimuthal Pc 5 pulsation ob-
served by the ETS-VI satellite on 28 November 1995. The
upper three panels are variations of the magnetic field in LMG
coordinate system, and the bottom two panels show the loca-
tion of the satellite in solar magnetic coordinate system. We
notice a pulsation with period of about 3.2 minutes appeared
from 0630UT to 0730UT in the �B⊥2 component, that is,
in the azimuthal component. This azimuthal Pc 5 pulsation
appeared between 06 and 07MLT. As shown in the bottom
right panel, the ETS-VI satellite was off the geomagnetic
equator.

The distributions of occurrence probability of azimuthal
Pc 5 pulsations are shown in Plate 2. The MLT-ILAT distribu-
tion (Plate 2(a)) shows that azimuthal Pc 5 pulsations mostly
appear in the off equatorial region (around 15◦MLAT) except
for an appearance near the geomagnetic equator at local noon.
We could not conclude whether the azimuthal Pc 5 pulsations
appear off the equator in the southern hemisphere, because
ETS-VI did not pass the high latitude area of MLAT in the
southern hemisphere. It is noticed that the Pc 5 pulsations oc-
cur frequently around 68◦–69◦ILAT of both 05–09MLT and
15–18MLT (Plate 2(b)), however the orbit of ETS-VI did
not allow us to investigate whether the frequent occurrence
regions of the azimuthal Pc 5 pulsations spread over higher
latitude of ILAT. In the MLT-MLAT and MLT-ILAT regions
where the azimuthal Pc 5 pulsations observed frequently, the
occurrence probability of compressional and radial Pc 5 pul-
sations (not shown here) were much smaller than that of the
azimuthal Pc 5 pulsations. This fact is consistent with the
observation shown in Fig. 1.

Figure 2 shows K p dependence of Pc 5 occurrence prob-
ability which was defined as the ratio of the number of the
azimuthal Pc 5 pulsations in the MLT range of 04–10MLT
and 15–20MLT to the number of data sets in each class of
K p index. It can be seen that generally the larger the value
of K p index, the more frequent the Pc 5 occurrence.
3.2 Azimuthal Pc 3 pulsation

An example of azimuthal Pc 3 pulsation, which was ob-
served on 18 July 1995, is shown in Fig. 3. We can see fluc-
tuations of the magnetic field with period of 20–30 seconds
and with dominant component in �B⊥2, that is, azimuthal
Pc 3 pulsation. The azimuthal Pc 3 pulsation lasted for about
5 hours from 0600UT to 1100UT (magnetic field data after
0800UT are not shown here). ETS-VI was located near the
geomagnetic equator at local noon.

The dynamic spectrum of the magnetic field data of Fig. 3
is presented in Plate 3. Each panel corresponds to the �B‖,
�B⊥1, and �B⊥2 components. In �B⊥2 there are harmonic
waves which have mainly 2 frequency bands, high and low
frequency. The high frequency wave has a frequency of about
45 mHz around 0620UT, and changes its frequency gradually
to about 37 mHz around 0740UT. The low frequency wave
has also changed its frequency from 20 mHz to 17 mHz. The
wave power of the high frequency wave is greater than that
of the low frequency wave. We can notice other waves with
a frequency of 65 mHz from 0620UT to 0645UT and with a
frequency of 29 mHz from 0730UT to 0800UT. As it was
also seen in Fig. 3, wave power in the �B⊥2 component are
greater than those in the other two components.

The distributions of occurrence probability of the azi-
muthal Pc 3 pulsations are presented in Plate 4. It was found
that the azimuthal Pc 3 pulsations were observed in the wide
range of MLAT (Plate 4(a)). From Plate 4(b) we notice that
Pc 3 appeared frequently in large MLT-ILAT region of 07–
16MLT and 65◦–68.5◦ILAT, though the occurrence region of
the azimuthal Pc 3 pulsations may spread over higher or lower
latitude of ILAT. There is an occurrence peak around 09–
13MLT and the occurrence probability becomes very small
on the nightside (16–05MLT).
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Fig. 1. An example of azimuthal Pc 5 pulsation observed by ETS-VI on 28 November 1995. The upper three panels are magnetic variations in LMG
coordinate system, where the �B‖ component is the tangential direction of model magnetic field, the �B⊥1 component is perpendicular to the model
magnetic field and directed radially outward, and the �B⊥2 component is azimuthally eastward. The bottom two panels show the location of the satellite
in solar magnetic coordinate system.

3.3 Radial Pc 4 pulsation on the dayside
Figure 4 shows an example of radial Pc 4 pulsation ob-

served by ETS-VI on 26 July 1995. Waves having two packet
structures and periods of about 100 seconds can be easily seen
in the �B⊥1 (radial) component. Periods of the waves were
almost constant. Amplitudes of the radial component were
3 times as large as those of the azimuthal component. It

is noticed that the pulsation appeared near the geomagnetic
equator on the dayside (14–15MLT).

The distributions of occurrence probability of the radial
Pc 4 pulsations are given in Plates 5(a) and 5(b), which show
the radial Pc 4 pulsations are frequently observed on the af-
ternoon side (11–20MLT). Plate 5(a) shows that the radial
Pc 4 pulsations appeared in the wide range of MLAT. It
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Plate 3. Dynamic spectrum of the magnetic field data obtained by ETS-VI from 06 to 08UT on 18 July 1995.

Plate 4. Same as in Plate 2 except for azimuthal Pc 3 pulsations.
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Plate 5. Same as in Plate 2 except for radial Pc 4 pulsations on the dayside.

Plate 6. Same as in Plate 2 except for azimuthal Pc 4 pulsations on the nightside.

was found in Plate 5(b) that the occurrence peak lies in the
MLT-ILAT area of 14–16MLT and 66◦–67.5◦ILAT. On the
night and morning side (20–09MLT), the occurrence proba-
bility was very small. Comparing Plate 5 with Plate 6 which
shows the distributions of occurrence probability of the az-
imuthal Pc 4 pulsation, we notice that Pc 4 pulsations on
the afternoon side (11–20MLT) appeared more frequently
in the radial component than in the azimuthal component.

This result is consistent with the larger amplitude of the Pc 4
pulsation in the radial component shown in Fig. 4.
3.4 Azimuthal Pc 4 pulsation on the nightside

As described previously, Pc 4 pulsations on the dayside
(11–20MLT) are polarized radially. However, on the night-
side, we found from Plate 6 that the azimuthal Pc 4 pulsations
have frequent occurrence in the MLT range of 23–04MLT,
where the radial Pc 4 pulsations have a small occurrence
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Fig. 2. K p dependence of Pc 5 occurrence which was defined as the ratio
of the number of the azimuthal Pc 5 pulsations in the MLT range of
04–10MLT and 15–20MLT to the number of data set in each class of K p
index.

probability. There is an occurrence peak of the azimuthal
Pc 4 pulsations in the MLT-ILAT area of 01–02MLT and
66◦–68.5◦ILAT (Plate 6(b)). Plate 6(a) shows that occur-
rence probability on the nightside is larger in the high latitude
of MLAT than in the low latitude of MLAT.

An example of azimuthal Pc 4 pulsation on the nightside,
which was observed on 29 January 1996, is shown in Fig. 5.
Waves with periods of 80–100 seconds and larger amplitude
in the azimuthal component started to oscillate from about
1302UT, 1312UT, and 1332UT, which are indicated by ar-
rows. Each of these waves lasted for about 10 minutes. The
observation was made around 02–03MLT in the off equatorial
region, which supports the result of Plate 6(a). In the first and
second events, we found short-lived disturbances with small
amplitudes in the compressional component, which are indi-
cated by horizontal lines. However, there was no clear dis-
turbances in the compressional component at 1332UT when
the third event started.

Judging from the distribution of occurrence probability
and waveform, we consider that the azimuthal Pc 4 pulsations
on the nightside are the same phenomena as TTW reported
by Takahashi et al. (1996) and QPO reported by Saka et al.
(1996a).

4. Discussion
4.1 Azimuthal Pc 5 pulsation

Plate 2(b) indicates that the frequent occurrence regions
of the azimuthal Pc 5 pulsations are around both 05–09MLT
and 15–18MLT for 68◦–69◦ILAT. Takahashi and McPherron
(1984), Kokubun (1985), and Kokubun et al. (1989) found
that azimuthally polarized Pc 5 pulsations have a large peak
of occurrence probability on the dawn side, using geosyn-
chronous satellite (∼67◦ILAT) data. Anderson et al. (1990a)
found that the occurrence distribution of fundamental
toroidal waves in Pc 5 band observed by the AMPTE/CCE
satellite has a strong bias towards the dawn flank for L = 8–9.

Kokubun (1985) and Kokubun et al. (1989) found that there
is a secondary small peak of occurrence probability in the af-
ternoon (around 15LT). Their results are generally consistent
with the distribution of occurrence probability obtained by
this study. Nosé et al. (1995) and Potemra and Blomberg
(1996) examined the Pc 5 waves in the high-latitude re-
gion of ILAT, taking advantage of polar orbiting satellites.
Nosé et al. (1995) analyzed the magnetic field data from
the DE-1 satellite and found that the transverse Pc 5 pul-
sations occur most frequently around 72◦ILAT between 08
and 10MLT. From morning to noon, Pc 5 pulsations ob-
served by the Viking satellite are polarized primarily in the
east-west direction (Potemra and Blomberg, 1996). The Pc 5
pulsations occurred 2◦–5◦ equatorward of the interface of the
region 1/region 2 Birkeland currents (around 70◦–73◦MLAT)
(see Potemra and Blomberg, 1996, Fig. 8). The average wave
amplitudes were larger near 09–10MLT (about 40 nT) than
those during the afternoon (about 25 nT). This indicates that
Pc 5 pulsations are identified more readily in the prenoon
region. The distribution of occurrence probability of the az-
imuthal Pc 5 pulsations obtained by the ETS-VI and geosyn-
chronous satellites, which showed two occurrence peaks on
the dawn and dusk sides, are consistent with the occurrence
distribution by Nosé et al. (1995) and Potemra and Blomberg
(1996) in the low latitude region. Thus we consider that the
frequent occurrence regions in Plate 2(b) spread to the MLT-
ILAT region higher than 70◦ILAT around 08–10MLT.

Azimuthal Pc 5 pulsations have been considered as the fun-
damental mode of the standing Alfvén waves (e.g., Hughes,
1994). This idea is supported by the statistical results shown
in Plate 2(a), which indicate the frequent occurrence of the
azimuthal Pc 5 pulsations off the geomagnetic equator, be-
cause the fundamental mode of the standing Alfvén wave has
a node in the geomagnetic equator. Assuming the wave equa-
tion (Cummings et al., 1969) and the plasma mass density on
the dayside (Takahashi and Anderson, 1992), we obtained the
eigenperiod of 170–200 seconds for the fundamental mode
at 68◦–69◦ILAT. The calculated period is almost the same
as the period of observed wave (about 3.2 minutes) shown in
Fig. 1.

It was found that the azimuthal Pc 5 pulsations generally
occur more frequently when the value of K p index becomes
larger (Fig. 2). K p index was thought to be correlated with
the solar wind velocity (Snyder et al., 1963; Olbert, 1968).
Thus the frequent occurrence of the azimuthal Pc 5 pulsa-
tions might be associated with the high-speed solar wind.
This result is consistent with those of Kokubun et al. (1989)
and Nosé et al. (1995). Anderson et al. (1990b) found that
toroidal fundamental pulsations are enhanced for high solar
wind velocity. Thus we suggest the Kelvin-Helmholtz in-
stability on the magnetopause for the energy source of Pc 5
pulsations.
4.2 Azimuthal Pc 3 pulsation

The azimuthal Pc 3 pulsations have frequent occurrence
distribution from 07 to 16 MLT for 65◦–68.5◦ILAT, and a
strong occurrence peak in the prenoon sector (09–13MLT)
as shown in Plate 4(b). Arthur and McPherron (1977) found a
strong midmorning peak in the occurrence distribution of
Pc 3 pulsations observed by the ATS-1 geosynchronous satel-
lite. Analyzing data from the geosynchronous satellites,
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Fig. 3. An example of azimuthal Pc 3 pulsation observed on 18 July 1995. Format is the same as for Fig. 1.

Takahashi and McPherron (1984) presented occurrence prob-
ability of the azimuthally polarized harmonic waves, which
shows a high occurrence on the dayside and a peak before
local noon. Anderson et al. (1990a) showed that harmonic
toroidal waves in Pc 3 bands observed by AMPTE/CCE are
dominant on the dayside and occur frequently in the morn-
ing. Our result is consistent with the occurrence distributions
obtained by the previous studies. Anderson et al. (1990a) ex-
hibited besides that intense Pc 3 pulsations have an uniform
distribution in local time from 06 to 16MLT, suggesting that

the morning side bias of occurrence distribution in the over-
all Pc 3 events may result from masking by other pulsations
in the afternoon.

The continuous frequency change of the azimuthal Pc 3
pulsation seen on 18 July 1995 (Plate 3) is thought to be
caused by the change of the satellite location, as reported
by Engebretson et al. (1986). We notice from Fig. 3 that
the ETS-VI satellite was moving away from the earth. The
observed frequency of the harmonic waves is expected to de-
crease, because the length of the local geomagnetic field line
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Fig. 4. An example of radial Pc 4 pulsation on the dayside observed on 26 July 1995. Format is the same as for Fig. 1.

becomes long. We calculated the frequencies of the harmonic
waves for ILAT = 66.8◦ and 67.7◦, which correspond to the
values of ILAT at 0620UT and 0740UT, respectively. The
wave equation by Cummings et al. (1969) with the plasma
mass density model by Takahashi and Anderson (1992) was
solved numerically. The results are shown in Table 2. The
high frequency wave, which changed its frequency from 45
mHz to 37 mHz, is concluded as the fifth harmonic wave. The
low frequency wave with continuous frequency change from
20 mHz to 17 mHz might be the second harmonic waves.

The other two waves, which appeared with a frequency of
65 mHz around 0630UT and with a frequency of 29 mHz
around 0740UT, are thought to be the 7th and 4th harmonic
waves, respectively. The two main frequency bands involved
in the azimuthal Pc 3 pulsation, that is, the high (∼40 mHz)
and low (∼20 mHz) frequency bands, are also found in the
results by Arthur and McPherron (1977).
4.3 Radial Pc 4 pulsation on the dayside

The radially polarized Pc 4 pulsations have been in-
vestigated by many authors using satellites (Arthur and
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Fig. 5. An example of azimuthal Pc 4 pulsation on the nightside observed on 29 January 1996. Azimuthal Pc 4 pulsations started to oscillate from about
1302UT, 1312UT, and 1332UT, which are indicated by arrows. Format is the same as for Fig. 1.

McPherron, 1981; Takahashi and McPherron, 1984;
Anderson et al., 1990a; Takahashi and Anderson, 1992). The
radial Pc 4 pulsations are found to be the phenomena from
the afternoon to dusk sector, primarily in the early afternoon.
The occurrence distribution exhibited a shift from L < 7 on
the dayside to L > 7 at midnight (Anderson et al., 1990a).
Our results, which showed the frequent occurrence from 11
to 20MLT, are in agreement with the results of the previous
studies.

The radial Pc 4 pulsations on the afternoon side were
thought to be generated by bounce resonance (Arthur and
McPherron, 1981; Takahashi and McPherron, 1984;
Anderson et al., 1990a; Takahashi and Anderson, 1992).
Takahashi and McPherron (1984) and Anderson et al.
(1990a) suggested that the spatial gradient in ion density is
responsible for driving the waves through bounce resonance.
We can not conclude the excitation mechanisms for the radial
Pc 4 pulsations, because the particle data were not available
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Table 2. The frequencies of the harmonic waves for 66.8◦ILAT and
67.7◦ILAT. The wave equation by Cummings et al. (1969) was solved
numerically with the plasma mass density model by Takahashi and
Anderson (1992).

Eigenfrequency (mHz)

Harmonic 66.8◦ILAT 67.7◦ILAT

1 7.65 6.39

2 17.4 14.5

3 27.2 22.7

4 36.8 30.9

5 46.3 39.1

6 55.6 47.2

7 65.8 55.6

in this study.
4.4 Azimuthal Pc 4 pulsation on the nightside

We have found the appearance of the azimuthally polar-
ized Pc 4 pulsations on the nightside (23–04MLT). There
were few works which dealt with this kind of pulsation, ex-
cept for Takahashi et al. (1996) and Saka et al. (1996a, b).
We will discuss the following four subjects related to the az-
imuthal Pc 4 pulsations on the nightside (the nightside Pc 4
pulsations). (1) Are the nightside Pc 4 pulsations different
phenomena from Pi 2 pulsations in the magnetosphere? (2)
Are they standing Alfvén waves? (3) Is it possible for the
nightside Pc 4 pulsations to continue oscillating for long time
(∼10 minutes)? (4) What is/are their energy source? In what
mechanism(s) are they excited? Finally, the nightside Pc 4
pulsations will be discussed in relation to results of the pre-
vious studies.

4.41 Nightside Pc 4 pulsations and Pi 2 pulsations
in the magnetosphere In previous studies Pi 2 pulsations
in the magnetosphere are considered to be dominant in the
compressional and radial components (Lin and Cahill, 1975;
Sakurai and McPherron, 1983; Takahashi et al., 1995). Pi 2
pulsations observed by Explorer 45 near L = 5 had a strong
compressional component (Lin and Cahill, 1975). Sakurai
and McPherron (1983) studied Pi 2 pulsations observed by
the geosynchronous satellite and found that they had a sig-
nificant compressional component in most cases. Within
the magnetic latitude ±16◦ of the AMPTE/CCE satellite the
Pi 2 pulsations are dominated by the radial and compressional
components (Takahashi et al., 1995). On the other hand, The
Pc 4 pulsations on the nightside have continuous waveforms
and are dominant in the azimuthal component as can be seen
in Fig. 5. Thus we suggest that the nightside Pc 4 pulsations
differ from the Pi 2 pulsations in the magnetosphere.

The local time dependence of Pi 2 occurrence in the mag-
netosphere was investigated by Sakurai and McPherron
(1983) and Singer et al. (1983). The most probable occur-
rence time of Pi 2 pulsations observed by the ATS-6 satellite
is 21LT, with more events seen premidnight than postmid-
night (Sakurai and McPherron, 1983). The distributions of
Pi 2 occurrence at GOES-2 and -3 orbits have peaks around

Fig. 6. Dependence of the nightside Pc 4 pulsation occurrence on MLT.
Occurrence probability was defined as the number of pulsation divided
by the observation time in each bin of MLT.

1–2 hours prior to local midnight (Singer et al., 1983). Both
of their results showed that occurrence probability of Pi 2
pulsations decreases generally as the satellite moves to the
dusk or the early morning side. We found 80 events of Pc 4
pulsations in the night sector (19 events for 19–23MLT, and
61 events for 23–04MLT), which have much power in the
azimuthal component than in the radial and compressional
components. The dependence of the nightside Pc 4 pulsation
occurrence on MLT was investigated (Fig. 6). We defined oc-
currence probability as the number of pulsations divided by
the observation time in each bin of MLT. As shown in Fig. 6,
the nightside Pc 4 pulsations have frequent occurrence from
23 to 04MLT and an occurrence peak around 01–02MLT.
Occurrence probability before midnight (19–23MLT) is gen-
erally smaller than that after midnight (23–04MLT). The
nightside Pc 4 pulsations are seldom observed at the range of
22–23MLT, where Pi 2 pulsations have an occurrence peak.
It is obvious that there are differences between the local time
occurrence distribution of the nightside Pc 4 pulsations and
that of the Pi 2 pulsations. The result of Fig. 6 also confirms
that the nightside Pc 4 pulsations are different phenomena
from the Pi 2 pulsations in the magnetosphere.

4.42 Standing Alfvén wave We investigated the
ILAT dependence of the periods of the nightside Pc 4 pulsa-
tions for 23–04MLT (Fig. 7). If we ignore a data point with
a parenthesis, there seems to be a tendency that the higher
the value of ILAT, the longer the periods of the nightside
Pc 4 pulsations. The broken lines show the eigenperiods of
the standing Alfvén waves for azimuthal waves calculated
from the wave equation of Cummings et al. (1969). The
plasma density is assumed to be half the values of Takahashi
and Anderson (1992) which gives the mass density model
in the dayside magnetosphere (09–12MLT), because the ob-
servation of the Ogo-5 satellite shows that H+ density in the
prenoon sector is a few to ten times larger than that in the
postmidnight sector (Chappell et al., 1970). The broken line
which indicates the eigenperiod for the fundamental mode
fits mostly the observation of the ETS-VI satellite. We con-
sider that the fundamental mode of the standing Alfvén waves
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Fig. 7. ILAT dependence of the periods of the nightside Pc 4 pulsations
for 23–04MLT. The broken lines show the eigenperiods of the standing
Alfvén waves for azimuthal waves calculated from the wave equation of
Cummings et al. (1969) with plasma density model which has half the
values of Takahashi and Anderson (1992).

Fig. 8. Dependence of occurrence of the nightside Pc 4 pulsations on
|MLAT|. Occurrence probability was defined as the number of nightside
Pc 4 pulsation divided by the observation time in each bin of |MLAT|.

is most plausible for the nightside Pc 4 pulsations.
Figure 8 shows the dependence of occurrence of the night-

side Pc 4 pulsations on the absolute value of MLAT. Occur-
rence probability was defined as the number of nightside
Pc 4 pulsation divided by the observation time in each bin
of |MLAT|. In the low latitude of MLAT (|MLAT| < 8◦)
the nightside Pc 4 pulsations were less observed. Occur-
rence probability in the high latitude of MLAT (|MLAT| >

8◦) is about 4 times as large as that in the low latitude of
MLAT (|MLAT| < 8◦). This fact, which can be also seen in
Plate 6(a), supports that the nightside Pc 4 pulsations are the
fundamental mode of the geomagnetic field line oscillation.

It should be noted that the nightside Pc 4 pulsations are
expected to have periods longer than 150 seconds, which fall
in the period range of Pc 5 pulsations, at larger radial distance

than ETS-VI apogee, because they are considered to be the
fundamental mode of standing Alfvén waves.

4.43 Oscillation lasting for long time (∼10 minutes)
The nightside Pc 4 pulsations were observed in continuous
waveforms lasting for about 10 minutes (Fig. 5). If the night-
side Pc 4 pulsations are excited by impulsive energy source,
which will be discussed later, duration of the pulsations de-
pends on Joule dissipation in the ionosphere. Here we calcu-
lated the damping rate of the nightside Pc 4 pulsation which
were derived by Ellis and Southwood (1983) with an empri-
cal model of the ionospheric Pedersen conductivity (Spiro et
al., 1982).

Figure 9 shows ILAT dependence of the height-integrated
Pedersen conductivity by Spiro et al. (1982) in the post-
midnight sector (01–02MLT) for 300 nT < AE ≤ 600 nT
condition. The height-integrated Pedersen conductivity has
large value (>8 mho) in the ILAT range of 63◦–67◦ILAT and
a peak of 10.4 mho at 65◦ILAT. Ellis and Southwood (1983)
gives the damping rate of standing Alfvén waves γ by the
form:

γ = VA

l
ln

{∣∣∣∣�A − �P

�A + �P

∣∣∣∣
−1

}
,

where VA is the Alfvén speed, l is the length of the geo-
magnetic field line, �A is the Alfvén conductivity, and �P

is the height-integrated Pedersen conductivity. If we take
VA ∼ 3000 km/s, l ∼ 1.2 × 108 m, and �A ∼ 0.5 S, the du-
ration of the pulsation τ (= γ −1) are calculated as a function
of �P (Table 3). Table 3 indicates that pulsations around
63◦–67◦ILAT on the nightside last for 6–7 minutes. Because
the duration of the pulsation τ is defined as the time in which
the wave amplitude decays to 1

e (i.e., about 37%) of its ini-
tial amplitude, we can expect that pulsations appear with
observable amplitude for a little longer than the estimated
duration (6–7 minutes). This result is rather consistent with
the observation.

4.44 Energy source and excitation mechanism We
expect magnetospheric substorms as a likely excitation

Fig. 9. ILAT dependence of the height-integrated Pedersen conductiv-
ity by Spiro et al. (1982) in the postmidnight sector (01–02MLT) for
300 nT < AE ≤ 600 nT condition.
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Table 3. Dependence of the duration of the pulsation τ on the ionospheric Pedersen conductivity �P .

�P (mho) 4 6 8 9 10 11 12

τ (=γ −1) (seconds) 159 239 320 360 400 440 480

Fig. 10. The first panel gives the magnetic field variation in the azimuthal component from ETS-VI, which is the same event as that of Fig. 5. The second
and third panels show the H - and D-components of the geomagnetic field at Kakioka. Three nightside Pc 4 pulsations in the magnetosphere appeared
from 1302:00UT, 1312:30UT, and 1332:30UT, which are indicated by arrows. The vertical broken lines show onset times of Pi 2 pulsation observed on
the ground (1301:00UT, 1312:30UT, and 1332:30UT). The onset of the nightside Pc 4 pulsation is simultaneous to or one minute later than that of Pi 2
pulsation.

source for the nightside Pc 4 pulsations, because substorms
are distinctive phenomena occurring on the nightside. The
above calculation that even pulsations which are excited by
an impulsive source can be sustained for a little longer than 6–
7 minutes also supports our expectation. To test the validity
of our expectation, we utilized the magnetic field data from
the Kakioka (KAK) ground observatory (26.9◦ geomagnetic
latitude, LT = UT + 9).

The first panel of Fig. 10 gives the magnetic field variation
in the azimuthal component observed by ETS-VI, which is
the same event as that of Fig. 5, and the second and third pan-
els show the H - and D-components of the geomagnetic field
at Kakioka. ETS-VI and Kakioka were around 02–03MLT
and 22–23MLT, respectively. In the first panel three night-
side Pc 4 pulsations in the magnetosphere appeared from
1302:00UT, 1312:30UT, and 1332:30UT which are indicated
by arrows. These waves had continuous waveforms with pe-
riods of 80–100 seconds. The vertical broken lines show
onset time of waves observed on the ground (1301:00UT,
1312:30UT, and 1332:30UT). We notice that these waves
had periods of about 60 seconds and were damped within
a few cycles, though the nightside Pc 4 pusations observed
by the ETS-VI satellite lasted for about 10 minutes. Thus
we consider these waves to be low-latitude Pi 2 pulsations,
which are closely related to magnetospheric substorms (e.g.,
Saito et al., 1976; Sakurai and Saito, 1976). Comparing the

arrows in the first panel with the vertical lines, we see that
the onset of the nightside Pc 4 pulsation is simultaneous to or
one minute later than that of the low-latitude Pi 2 pulsation.
This fact shows that the nightside Pc 4 pulsations occur at
almost the same time of magnetospheric substorms.

Figure 11 shows another event of nightside Pc 4 pulsation
and low-latitude Pi 2 pulsation, which appeared on 27 De-
cember 1994, in the same format as Fig. 10. A nightside Pc 4
pulsation started at 1054:00UT and continued to oscillate for
about 15 minutes. At Kakioka a low-latitude Pi 2 pulsa-
tion whose onset time was 1053:00UT was observed around
20.3MLT. Duration of the Pi 2 pulsation is much shorter
than that of the nightside Pc 4 pulsation. There is the time
difference of one minute between the onset of the nightside
Pc 4 pulsation and that of the Pi 2 pulsation. Figures 10 and
11 lead us to conclude that the nightside Pc 4 pulsations are
associated with magnetospheric substorms.

We investigated difference of the onset time statistically,
which is defined as the onset time of the nightside Pc 4 pul-
sation minus that of the low-latitude Pi 2 pulsation. Only
the events in which Kakioka observed low-latitude Pi 2 pul-
sations in the MLT range of 19–01MLT were used. The
difference of the onset time is plotted against MLT in which
ETS-VI observed nightside Pc 4 pulsation (Fig. 12). A bigger
circle in Fig. 12 represents two events. The time difference is
zero or positive for almost all the events. The result indicates
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Fig. 11. A nightside Pc 4 pulsation observed by ETS-VI and a Pi 2 pulsation observed at Kakioka which appeared on 27 December 1994. The nightside
Pc 4 pulsation started at 1054:00UT (an arrow), and the Pi 2 pulsation started at 1053:00UT (a vertical broken line). The difference of onset time between
Pc 4 and Pi 2 is one minute. Format is same as for Fig. 10.

Fig. 12. MLT dependence of the onset time difference which is defined as
the onset time of the nightside Pc 4 pulsation minus that of the low-latitude
Pi 2 pulsation. A bigger circle represents two events. A solid line repre-
sents a regression line.

that the nightside Pc 4 pulsations appear at the same time of
or a few minutes later than the low-latitude Pi 2 pulsations,
which is consistent with Figs. 10 and 11. We notice that
the difference of the onset time tends to become larger for
ETS-VI satellite locations further from the midnight. This
shows that the sources for Pc 4 excitation are released at the
same time of substorm onset and propagate from midnight
to dawn. Drawing a regression line in Fig. 12, we found that
the sources propagated at the velocity of about 45 degrees
per 1.2 minutes (1.1 × 10−2 rad/s).

Two possible scenarios are considered for excitation mech-
anisms of the nightside Pc 4 pulsations. (1) A fast mode wave
radiated at substorm onset will excite azimuthally polarized
waves at a local magnetic field line, whose eigenfrequency

is covered by the spectrum of the fast mode wave. This sce-
nario is similar to the so-called field line resonance model
to explain Pc 5 pulsations on the dayside (Southwood, 1974;
Chen and Hasegawa, 1974). (2) Energetic electrons injected
at substorm onset drift eastward and might excite azimuthally
polarized waves through an unspecified wave-particle inter-
action. We estimated the propagation velocity of sources for
both scenarios and compared them with the observed delay
times. We assume that the sources for Pc 4 excitation, that is,
fast mode Alfvén waves or energetic electrons, are released
at 22MLT, around where the occurrence probability of Pi 2
pulsation shows a peak (Fig. 2 of Singer et al. (1983)). In
the case of the first scenario, we calculated the propagation
time from a region where the substorm occurred (L = 20)
to the location of the ETS-VI satellite (L = 7) as shown in
Fig. 13, and derived the azimuthal propagation velocity to be
2.1×10−2–2.8×10−2 rad/s. Even if we assume that the sub-
storm occurred at a region closer to the earth (L = 15, 10, and
8), the estimated azimuthal propagation velocity (2.3×10−2–
3.0×10−2 rad/s, 2.5×10−2–4.0×10−2 rad/s, and 2.7×10−2–
4.8×10−2 rad/s, respectively) is not so different from that for
L = 20. In the second scenario, the energetic electrons were
assumed to be injected to the region around L = 7 and drift
eastward. In the dipole magnetic field, the particle’s bounce
averaged drift velocity ωd is given as follows (Hamlin et al.,
1961):

ωd ∼ 3v2

�c(RE L)2
(0.35 + 0.15 sin α),

where v is particle velocity, �c is the gyrofrequency, RE is
the Earth’s radius, and α is the equatorial pitch angle. If we
take electrons with energy of 3–30 keV and pitch angle of
90◦ at L = 7, we obtain ωd ∼ 5.1 × 10−5–5.1 × 10−4 rad/s.
The estimation for Alfvén wave velocity are consistent with
the observational result, but the estimated drift velocity of
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Fig. 13. A schematic figure to estimate the azimuthal propagation velocity
of fast mode Alfvén wave. It was assumed that substorm occurred in the
region of 22MLT at L = 20.

energetic electrons is much smaller than the observed. We
therefore adopt the first scenario for excitation mechanism
of the nightside Pc 4 pulsations.

Figure 12 shows that events in which the difference of
the onset time is zero were found in the MLT range from
23.6MLT through midnight to 2.7MLT. This means that the
propagation time of fast mode Alfvén wave from substorm
occurrence region to the location of ETS-VI in the MLT
range of 23.6–2.7MLT is the same as that from substorm oc-
currence region to the ground (Fig. 13). From the calculation
of the propagation time, we found that the fast mode Alfvén
wave can propagate to the region of 1.4MLT at L = 7 while
fast mode Alfvén wave propagate from substorm occurrence
region to the ground. The MLT value of 1.4MLT is contained
in the observed MLT range of 23.6–2.7MLT. This result sup-
ports the first scenario that fast mode Alfvén waves excite the
nightside Pc 4 pulsations. The spread of the observed MLT
range of 23.6–2.7MLT is thought to be caused by change of
the location where substorm occurred.

4.45 Comparison with the previous studies Figure 6
indicates that the nightside Pc 4 pulsations occur more fre-
quently in the postmidnight sector (23–04MLT) than in the
premidnight sector (19–23MLT). The occurrence probabil-
ity of the nightside Pc 4 pulsations has a minimum around
22–23MLT consistent with the result of Saka et al. (1996a).
Thus we can say that the occurrence of the nightside Pc 4
pulsations has an asymmetry to the substorm occurrence re-
gion. Takahashi et al. (1996) found a similar asymmetry in
occurrence of TTW, and considered that masking effects due
to nonsinusoidal magnetic fluctuations following substorms
are more prominent in the premidnight sector. We suggest
that the asymmetry in nightside Pc 4 occurrence might be
explained by an asymmetry in the ionospheric Pedersen con-
ductivity. Figure 14 shows MLT dependence of the aver-
age ionospheric Pedersen conductivity in the region of 64◦–
68◦ILAT for 300 nT < AE ≤ 600 nT condition, which was
derived from Table A2 of Spiro et al. (1982). The Pedersen
conductivity for 23–04MLT (8.5–9.5 mho) is higher than that
for 19–23MLT (4.5–8.0 mho). As we can see in Table 3, the
smaller the ionospheric Pedersen conductivity, the shorter the
duration of pulsations. Therefore pulsations in the premid-

Fig. 14. MLT dependence of the average ionospheric Pedersen conductivity
in the region of 64◦–68◦ILAT for 300 nT < AE ≤ 600 nT condition,
which was derived from Table A2 of Spiro et al. (1982).

night sector (19–23MLT) are damped more quickly and less
readily observed than those in the postmidnight sector (23–
04MLT). We consider that irregular magnetic disturbances
accompanying substorm onsets are localized around the sub-
storm occurrence region, and these disturbances cause the
smallest occurrence probability of Pc 4 around 22–23MLT
by masking or changing continuous waveforms of the night-
side Pc 4 pulsations.

We concluded that the nightside Pc 4 pulsations are the
fundamental mode of standing Alfvén waves. This is con-
sistent with the results by Takahashi et al. (1996) that TTWs
are standing Alfvén waves on individual magnetic field lines,
which are suggested from the TTW frequencies at two satel-
lites (AMPTE/CCE and GOES-5) and the phase relationship
between oscillations in magnetic field and ion flux anisotropy.

Takahashi et al. (1996) solved the axisymmetric toroidal
mode equation with the ionospheric conductivity model and
concluded that a TTW lasts for about 5 cycles for L ∼ 7. If
we assume the period of pulsations of 80–100 seconds, we
found that a TTW lasts for 400–500 seconds. This duration
is consistent with our calculation of 6–7 minutes.

Takahashi et al. (1996) proposed a change in magneto-
spheric convection during substorms for energy sources for
TTW. The change of magnetospheric convection is transmit-
ted to the ionosphere via Alfvén waves, and leads to damped
transient standing Alfvén waves. They insisted that TTW is
excited by even a small substorm or pseudo substorm which
could change the convection pattern. Saka et al. (1996a, b)
presented a model in which plasma pressure generated in the
nightside magnetosphere in association with energetic parti-
cle injections acts as an in situ sources of QPO. They showed
an azimuthal pressure gradient provided by energetic parti-
cle injections increases the field line curvature and leads to
transient field line oscillations. Using the electron flux data
for the energy ranges 30–300 keV from the geosynchronous
satellites, Saka et al. (1996b) demonstrated that QPO ob-
served by GOES-5 diminished when the pressure gradient
was reduced. From a viewpoint of propagation velocity of
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sources, we consider that the nightside Pc 4 pulsations are ex-
cited through coupling to the fast mode Alfvén waves which
are radiated at substorm onsets, rather than excited by ener-
getic electrons injected at substorm onset. Even if we take
high-energy electrons (30–300 keV), the estimated drift ve-
locity of these electrons (5.1×10−4–5.1×10−3 rad/s) is still
smaller than the observation. The fast mode Alfvén waves
are thought to be radiated at even a pseudo substorm onset,
because Fig. 6(b) of Takahashi et al. (1996) showed that a
Pi 2 pulsation appeared in association with a pseudo sub-
storm. Thus the excitation mechanism of the nightside Pc 4
pulsations proposed in this study is available in both cases of
substorms and pseudo substorms.

The excitation mechanism proposed above is supported by
the first and second events in Fig. 5, in which short-lived dis-
turbances in the compressional (�B‖) component appeared
to be coincident with the nightside Pc 4 pulsations. These
compressional disturbances are thought to be the fast mode
Alfvén waves which were launched at substorm onsets and
excited the nightside Pc 4 pulsations. It should be noted
that the amplitudes of these compressional disturbances were
very small (0.4 nT and 0.8 nT for the first and second events,
respectively). In the third event in Fig. 5, however, there
was no clear disturbances in the compressional component
at 1332UT when the nightside Pc 4 pulsation started. We
can expect that the magnitude of substorm in the third event
was smaller than that in the second event, because amplitude
of the ground Pi 2 pulsation in the third event was smaller
than that in the second event (Fig. 10). Thus one of the
possible interpretations of this event is that the amplitude
of compressional disturbances was so small that the magne-
tometer on board ETS-VI could not detect the disturbance
(Note that the resolution in Range-H was 0.125 nT.). In
the another interpretation, this event might be explained by
the model proposed by Takahashi et al. (1996) because their
model needs no consistent compressional disturbances at the
onset of TTW. Although the propagation velocity of magne-
tospheric convection change is not clear, it might be as large
as that of fast mode Alfvén waves. Further studies will be
necessary to conclude which one of the three mechanisms is
the most plausible.

A few previous studies have reported azimuthally polar-
ized Pi 2 pulsations observed by satellites. Pi 2 pulsation
which was dominant in the east-west component was ob-
served by ATS-6 around 02MLT (Kuwashima, 1983).
Sakurai and McPherron (1983) found Pi 2 pulsation with an
obvious sinusoidal oscillation only in the east-west compo-
nent which were observed by ATS-6 around 02LT. Though
these pulsations were called as Pi 2 pulsation, they should
be classified into the nightside Pc 4 pulsations because they
have continuous waveforms which are dominant in the az-
imuthal component and were observed around 02MLT where
we found an occurrence peak of the nightside Pc 4 pulsations.

5. Conclusions
The magnetic field data from the ETS-VI satellite were

analyzed statistically to investigate magnetic pulsations in
Pc 3–5 bands. We found prominent features in the occur-
rence distributions of the four pulsations: (1) azimuthal Pc 5
pulsation; (2) azimuthal Pc 3 pulsation; (3) radial Pc 4 pul-

sation on the dayside; (4) azimuthal Pc 4 pulsation on the
nightside. The main results for these pulsations are as fol-
lows.
1. The azimuthal Pc 5 pulsations occur frequently in the MLT
ranges of both 05–09MLT and 15–18MLT, and are observed
mostly in the off equatorial region. They are considered as
the fundamental mode of the standing Alfvén waves. The en-
ergy of the azimuthal Pc 5 pulsations is thought to be supplied
by the Kelvin-Helmholtz instability on the magnetopause.
2. The azimuthal Pc 3 pulsations appear frequently in the
wide MLT range of 07–16MLT. The azimuthal Pc 3 pul-
sations are thought to be higher harmonics of the standing
Alfvén waves, which can explain the observation that the
frequencies of Pc 3 pulsations become lower as the satellite
moves away from the earth.
3. The radial Pc 4 pulsations have high occurrence on the
afternoon side (11–20MLT) and an occurrence peak in the
MLT-ILAT area of 14–16MLT and 66◦–67.5◦ILAT. They
might be excited by bounce resonance, as suggested by the
previous studies (Arthur and McPherron, 1981; Takahashi
and McPherron, 1984; Anderson et al., 1990a, Takahashi
and Anderson, 1992).
4. We have investigated in detail the azimuthal Pc 4 pul-
sations on the nightside (nightside Pc 4 pulsations), which
were called as TTW by Takahashi et al. (1996) and as QPO
by Saka et al. (1996a, b), and obtained the following results.
(a) The nightside Pc 4 pulsations have high occurrence in
the MLT range of 23–04MLT and an occurrence peak at 01–
02MLT.
(b) They are considered as the fundamental mode of the
standing Alfvén waves. This is supported by correspondence
between the eigenperiod calculated from standing wave
model and the observed period, and the observation that the
nightside Pc 4 pulsations are less observed near the geomag-
netic equator.
(c) The nightside Pc 4 pulsations continue to oscillate for
about 10 minutes, which are expected from calculation of
damping rate of standing waves on the nightside.
(d) The nightside Pc 4 pulsations start at almost the same time
of magnetospheric substorm onsets, but they are different
from Pi 2 pulsations in the magnetosphere. They are thought
to be excited through coupling to the fast mode Alfvén waves
launched at substorm onsets.

The excitation mechanism(s) for the radial Pc 4 pulsations
on the dayside was left for future study. In respect of the
nightside Pc 4 pulsations, we have proposed an excitation
mechanism which is different from the mechanism proposed
by Takahashi et al. (1996) and that by Saka et al. (1996a, b).
It will be necessary to examine by further studies which one
of the three excitation mechanisms is the most plausible. A
simultaneous observation by satellites and ground stations
which are on the same geomagnetic field line will be impor-
tant to investigate the nightside Pc 4 pulsations.
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