JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 103, NO. A8, PAGES 17,605-17,615, AUGUST 1, 1998

Pi2 pulsations observed from the Akebono satellite

in the plasmasphere
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Abstract. Magnetic field, electric field, and electron density measurements from the Akebono
satellite are used to study the properties of two Pi2 pulsations that occurred in succession on
February 13, 1990, when the satellite was in the plasmasphere at L = 2.4-3.8, 24°-40° magnetic
latitude, and 22.5 hours magnetic local time. Magnetic pulsations with a nearly identical
waveform were observed in the same time interval at three ground stations (Aedey, L = 6.84;
York, L = 2.55; and Hermanus, L = 1.83), which were located near midnight, confirming that the
pulsations propagated to the ground. At the satellite the pulsations had comparable radial and
azimuthal components in both the magnetic and electric fields. In contrast to the observations
near the magnetic equator by the Active Magnetospheric Particle Tracer Explorers Charge
Composition Explorer spacecraft [Takahashi et al., 1995], no compressional component was
detected in the magnetic field. The orthogonal components of the electric and magnetic fields
oscillated either in phase or 180° out of phase, a property of a propagating (rather than standing)
wave. The Poynting flux of the Pi2 pulsations was parallel to the ambient magnetic field and
directed toward the nearer ionosphere, with little indication of ionospheric reflection. This
unidirectional flow of electromagnetic energy is consistent with the strong ionospheric damping
of Alfvén waves estimated from a numerical calculation. It is significant that the measured
Poynting flux could damp a cavity mode oscillation in ~10 s, assuming that the previously
reported equatorial compressional Pi2 pulsations represent the cavity mode. Since the transverse
Pi2 pulsations at Akebono lasted ~400 s, they cannot be due to a gradual energy leakage from a
simple cavity mode oscillation. Consequently, if the observed energy flow is a general property
of plasmaspheric Pi2 pulsations, a simple cavity mode oscillation excited by an impulsive source

is not an appropriate model for Pi2 pulsations.

1. Introduction

Pi2 pulsations are damped oscillations of the geomagnetic
field in the period range of 40 to 150 s [Saito, 1969]. A Pi2
pulsation usually occurs at the onset of a magnetospheric
substorm, which makes it a useful indicator of the onset of
substorms [e.g., Saito et al., 1976; Yeoman et al., 1994]. Pi2
pulsations are considered to be excited by hydromagnetic
momentum released when the near-Earth (R = 10 Ry, where R is
geocentric distance and Ry, is Earth radius) magnetotail goes
through a rapid configurational change at the expansion phase
onset of a substorm [Southwood and Stuart, 1980]. However, it
is not fully understood how the impulsive change in the near-
Earth tail produces Pi2 pulsations, especially those in the inner
(L < 5) magnetosphere, which exhibit a well-defined period and
ahigh degree of coherence over many hours of local time and
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many degrees of latitude. In this paper we use a unique data set
from the Akebono satellite to investigate the oscillation mode
and exciting mechanism of Pi2 pulsations in the inner
magnetosphere.

The paper is organized as follows. Section 2 summarizes
previous observations and models of Pi2 pulsations. Section 3
describes the Akebono satellite and ground stations used in this
study, and section 4 examines two Pi2 events observed by the
satellite. Section 5 discusses the Pi2 events in relation to the
previous Active Magnetospheric Particle Tracer Explorers
Charge Composition Explorer (hereafter referred to as CCE)
results by Takahashi et al. [1995] and also in relation to the
Pi2 models. Section 6 gives the conclusions. :

2. Review of Previous Studies

In this section we review previous ground and satellite
observations as well as Pi2 models proposed from the studies.
In section 5 the models are subjected to a critical examination
in light of Akebono observations.

2.1. Ground-Based Observations and Pi2 Models

Various models have been proposed for Pi2 at L < 5,
primarily based on ground-based observations, as briefly
reviewed here.

2.1.1. Surface waves on the plasmapause. Chen
and Hasegawa [1974b] presented a theory of surface waves on a
boundary across which the Alfvén speed changes rapidly. The
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frequency of the surface waves is determined by the Alfvén
velocities on the two sides of the boundary, and the frequency
can be in the Pi2 band if the surface waves are excited on the
plasmapause.  Sutcliffe [1975] found harmonically related
peaks in Pi2 spectra and suggested that they originate from
surface waves on the plasmapause. Lester and Orr [1983], using
magnetometer data from two magnetometer arrays (one located
from L = 2.5 to 6.7, and the other located from L = 3.3 to 6.2)
and plasma density data from the GEOS 1 and ISEE 1 satellites,
argued that surface waves on the plasmapause play a dominant
role in determining the Pi2 properties at midlatitudes.
Southwood and Stuart [1980] reviewed theory and observation
of Pi2 and suggested that midlatitude Pi2 is due to a surface
wave traveling along the plasmapause.

2.1.2. Shear Alfvén mode resonances. Distant
source waves can couple to local shear Alfvén waves through
the field line resonance mechanism [Chen and Hasegawa,
1974a; Southwood, 1974]. One manifestation of the resonance
is the latitudinal reversal in the polarization of field
perturbations, which can be observed by magnetometer arrays.
Fukunishi [1975] analyzed magnetic field data covering L= 3.2
to 4.4 and demonstrated that the H components of Pi2
pulsations are in phase between northern and southern
conjugate stations, while the D components are out of phase.
In addition, Fukunishi observed a latitudinal ~180° phase shift
in Hnear L = 4. Consequently, he argued that Pi2 pulsations
near L = 4 are an odd mode standing Alfvén wave that is in
resonance with a high-latitude source wave. Stuart et al. [1979]
analyzed the polarization of Pi2 recorded at a latitudinal
magnetometer array from L = 2.4 to L = 3.8 and concluded that
the spatial variation of the polarization was consistent with
the field line resonance mechanism as illustrated by Hughes and
Southwood [1976].

2.1.3. Cavity mode resonance. Compressional
(fast mode) magnetohydrodynamic waves may establish a
cavity mode oscillation in the magnetosphere if appropriate
boundary conditions exist. The cavity resonance model for the
midlatitude and low-latitude Pi2 was first suggested by Saito
and Matsushita [1968] on the basis of the analysis of more
than 6000 Pi2 events identified .in rapid-run magnetograms
from Onagawa (L =~ 1.32) and Fredericksburg (L = 2.37). The
key signature of the cavity mode is the large spatial extent of
the oscillating magnetic field. Stuart [1974] suggested that the
secondary amplitude maximum of Pi2 occurring between L =
2.5 and L = 4 is due to a plasmaspheric cavity resonance.
Using the British Geological Survey magnetometer array (L =
2.38-6.23 [Stuart, 1982]), Yeoman and Orr [1989] concluded
that plasmaspheric cavity resonance is the most likely
mechanism for the secondary amplitude maximum of
midlatitude Pi2. In a related study, Yeoman et al. [1990a,
1991] concluded that Pi2 pulsations consist of an auroral zone
Alfvén wave and a lower-latitude compressional wave which
might be a cavity mode wave. From observations of dayside
low-latitude Pi2 pulsations, Sutcliffe and Yumoto [1989, 1991]
also concluded that low-latitude Pi2 pulsations are a
consequence of the cavity mode. Mathematically rigorous
analyses of the cavity mode have been presented by a number
of authors [Kivelson and Southwood, 1986; Southwood and
Kivelson, 1986; Zhu and Kivelson, 1989; Allan et al., 1986a,
1986b; Lin et al., 1991; Lee, 1996].

2.1.4. Oscillating current wedge. The baseline
variation of the magnetic field in the near-Earth magnetotail
during a substorm can be explained by the formation of a
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current wedge; a secondary oscillating current flowing on the
same current circuit has been suggested as the source of Pi2
pulsations. Lester et al. [1983, 1984, 1989] examined the
relationship between Pi2 polarization and the location of the
substorm current wedge. They showed that the orientation of
the major axis of polarization is directed toward the center of
the current wedge. Satellite observations in support of the
current wedge source have been reported.  Sakurai and
McPherron [1983], who examined magnetic field data from the
synchronous ATS 6 satellite, found that Pi2 pulsations can be
classified into three types: 100-s irregular oscillations
accompanied by high-frequency oscillations; 100-s irregular
oscillations without high-frequency oscillations; and east-west
transverse oscillations. The first two types have a significant
compressional component, whereas the third type is purely
transverse. Sakurai and McPherron found that the initial Pi2
perturbation in the azimuthal component has the same sign as
the initial perturbation arising from the main field-aligned
current of the substorm current wedge. The authors concluded
that Pi2 pulsations are caused by an oscillating current flowing
on the current wedge.

2.2. Status of Satellite Observations

Only satellites can directly measure the state of the ambient
plasma and the perturbations in the electric and magnetic field
associated with Pi2 pulsations. Satellite observations can
distinguish between compressional and transverse waves and
between propagating and standing waves.. Furthermore,
multisatellite case studies or single-spacecraft statistical
analyses of the amplitude and phase allow the mode structures
of Pi2 pulsations to be determined. Once these wave properties
are known, some Pi2 models can be eliminated. For example,
field line resonance and surface waves are radially localized
transverse oscillations, whereas cavity mode waves are
compressional waves extended radially.

Until now, satellite observations have provided limited
information on the Pi2 mode. Early geosynchronous
observations [e.g., Sakurai and McPherron, 1983] could not
directly address the questions regarding Pi2 pulsations in the
inner (L < 5) magnetosphere. Using GEOS 2 electric and
magnetic field data, Yeoman et al. [1990b] reported that the
energy flow at the substorm onset at geosynchronous orbit
showed a remarkable lack of the field aligned component. They

also showed for an event that the characteristic perturbation at -

the satellite was quite different from that observed at the
midlatitude ground stations (L = 2.59-3.65). In a recepnt study
using magnetometer data from the CCE spacecraft that covered
L =2-7 and magnetometer data from a ground station located at
L=~ 1.2, Takahashi et al. [1995] showed that at CCE, pulsations
exhibiting high coherence with ground Pi2 were detected only
on the nightside and primarily at L < 5. Within the CCE
magnetic latitude (A,) range of +16°, Pi2 pulsations were
characterized as compressional poloidal-type oscillations,
with radial amplitude and phase structures suggesting a cavity
mode resonance. Having no electric field or plasma density
measurements from CCE, Takahashi et al. could not
unambiguously determine the oscillation mode of Pi2. No
observation of Pi2 pulsation in the higher latitude (A, > 16° )
portion of the inner magnetosphere has been reported to the
authors' knowledge.

In this study we analyze Pi2 pulsations observed from the
Akebono satellite on a pass within the plasmasphere.

s
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Table 1. Station Locations
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Geographic Geomagnetic Magnetic
Coordinates, Coordinates, Local
deg deg Time,
Station Name Abbreviation Latitude Longitude Latitude Longitude L hours
Aedey AED 66.09° 335.35° 67.53° 68.77° 6.84 22.25
York YOR 53.95° 358.95° 51.20° 79.10° 2.55 22.94
Hermanus HER -34.42° 19.23° -42.42° 81.93° 1.83 23.13

Geomagnetic coordinates, L values, and magnetic local time (at 2250 UT) are calculated on the basis of the International

Geomagnetic Reference Field 1990 model at a 100-km altitude.

Measurements of the magnetic field, electric field, and plasma
density available from the satellite make it possible to discuss
the local propagation mode of the pulsations as well as the
electromagnetic energy flow associated with the pulsations.
We also use ground magnetometer data to discuss the global
propagation properties of the pulsations.

3. Experiments

The satellite and ground experiments used for this study are
briefly described in this section.

3.1. Akebono Experiments

The Akebono satellite was launched on February 22, 1989,
into a semipolar orbit with an apogee of 10,500 km (altitude),
a perigée of 274 km, an inclination of 75°, an orbital period of
212 min, and a spin period of ~8 s [Oya and Tsuruda, 1990].
The spin axis of the satellite points to the Sun. In this study
we use data from three experiments conducted on board the
satellite: the double-probe electric field detector (EFD-p)
[Hayakawa et al., 1990], the fluxgate magnetic field detector
(MGF) [Fukunishi et al., 1990], and the plasma wave detectors
in high-frequency range and sounder (PWS) [Oya et al., 1990].
The EFD-p experiment measures electric fields only in the
satellite spin plane, so the assumption of zero electric field
along the magnetic field is used to derive three-component
electric field vectors. We use spin-averaged (~8-s) data from
EFD-p and MGF, and 32-s averaged data from the plasma wave
experiment.

3.2. Ground Magnetometers

We compared the Akebono data with data from three ground
magnetometer stations. The stations are Aedey (AED),
operated by the National Institute of Polar Research, Japan;
York (YOR), which is part of the U.K. Subauroral
Magnetometer Network (SAMNET) magnetometer stations
[Yeoman et al., 1990a]; and the Hermanus (HER), operated by
Hermanus Magnetic Observatory [Sutcliffe and Yumoto, 1989].
The coordinates of these stations are listed in Table 1. AED and
SAMNET provide fluxgate magnetometer data, while HER
provides induction magnetometer data. Hence the original time
derivative time series from HER, dH/dt and dD/dt, were
converted to H and D using an experimentally determined
frequency response function of the magnetometer.

4. Data

The Pi2 events studied in this paper occurred at 2242 and
2251 UT on February 13, 1990. Figure 1 shows the magnetic
field records from the three ground stations for a 2-hour interval
spanning the Pi2 pulsations which we call A and B, as indicated

above the York D trace. As Table 1 shows, the stations were
located near 22 hours magnetic local time (MLT) but were
widely separated in latitude. All the ground data indicate a
substorm onset at ~2240 UT, coincident with the onset of Pi2
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Figure 1. Magnetic field records from Aedey (geographic

coordinates 66.09°N, 22.65°W, L = 6.84), York (53.95°N,
358.95°E, L = 2.55), and Hermanus (34.42°S, 19.23°E, L =
1.83) recorded on February 13 (Day 44), 1990. The Hermanus
data were constructed from induction magnetometer data using
an empirically derived magnetometer frequency response
function. The vertical line indicates the onset time of a
substorm as identified from Pi2 onset at Hermanus. Pi2
pulsations started at 2242 and 2251 UT.
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Figure 2. The orbit of the Akebono satellite on February 13,
1990, for a 30-min interval spanning Pi2 pulsation events: (a)
equatorial projection of the satellite orbit and the local time of
the low-latitude stations York and Hermanus and (b) meridional
projection of the satellite orbit and the magnetic field line of
the two stations. The plasmapause (L =~ 4.9) on this particular
orbit is also shown. '

event A. In the Aedey data the onset is identified from the
negative excursion in the H component, which started at 2241
UT. Inthe York data the onset can be identified from the rise in
the D component at 2241 UT. The positive D perturbation and
the absence of a large and sudden change in Himplies that York
was located westward of the western edge of the substorm
current wedge [Clauer and McPherron, 1974]. Event B was
observed while the 2240 UT substorm was developing,
according to the H component variation of Aedey.

Figure 2 shows the orbit of Akebono for a 30-min interval
spanning the two Pi2 pulsation events. Figure 2a shows the
equatorial projection of the positions of the satellite and the
HER and YOR ground stations for the time interval of Figure 1.
Figure 2b shows the meridional projection of the satellite orbit
along with the dipole field lines indicating the L shells of HER
and YOR. The plasmapause position on this orbit (L =~ 4.9) is
also indicated. At the beginning of event A the satellite was at
L=~3.8,\,~40° and at the end of event B it was at L~2.4, A |
=~ 24°. The satellite local time was ~2240 for both events.

The location of the plasmapause was determined by
examining the plasma wave data acquired by Akebono. Figure
3 shows the electron density n, for the orbit illustrated in
Figure 2. The density was estimated from the plasma frequency
£, cutoff of the continuum radiation observed by PWS using the
relation f, =~ 9000n ,!2, where the frequency is in hertz and the
density is in cm™3. Between 2232 and 2234 UT (L = 4.9) the
density exhibited a sharp increase, from 20 to 100 cm?. This
increase in density is attributed to a satellite crossing of the
plasmapause.
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Figure 3. The electron density profile at Akebono on

February 13, 1990, for the orbit illustrated in Figure 2. A sharp
increase of electron density is observed between 2232 and
2234 UT. This density increase occurred at L = 4.9 and is
identified as the plasmapause.

Figure 4 shows the electric and magnetic field data from the
Akebono satellite for the two Pi2 events. The fields are
presented using a right-handed orthogonal coordinate system:
v (radial), ¢ (azimuthal), and p (field aligned). The axes for this
system are defined using the International Geomagnetic
Reference Field (IGRF) 1985 model magnetic field at the
location of the satellite: e, is along the model field, €y is
parallel tor x e , where r is the position vector of the satellite
with respect to the center of the Earth, and e, = e, x e
completes the triad. The angular difference between the
measured and IGRF fields is less than 3° during the interval of
the Pi2 activity, which assures that the coordinate system can
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Figure 4. The electric and magnetic fields of the Pi2

pulsations at the Akebono satellite on February 13, 1990.
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“effectively separate perturbations transverse and parallel to the

ambient magnetic field. Only the radial and azimuthal
components are shown for the electric field because the parallel
component is assumed to be zero in deriving the field
components from the two-dimensional measurements. This
assumption should be valid because the satellite was not in the
auroral acceleration region where high-frequency parallel
electric field fluctuations may prevail and because the pulsation
under study had a spatial scale much larger than that of low-
frequency waves (e.g., kinetic Alfvén waves) that have a
significant parallel electric field. For both fields the trend was
removed by fitting a slowly varying cubic spline to the raw
data using a computer code developed by Itonaga [1993].

Pi2 pulsations are evident in both fields. They are
recognized as two wave packets, each consisting of
approximately four oscillations. As noted above, the first
wave packet (event A) started at 2242 UT, at the beginning of a
negative bay in the H component at Aedey. The second wave
packet (event B) started ~10 min later, while the bay was still
developing at a constant rate. Despite this difference in timing
relative to the bay the two events exhibit essentially the same
physical properties: both wave packets had an oscillation
period of ~90 s; the electric field part of the pulsation had a
peak-to-peak amplitude of ~3 mV/m in both the radial and
azimuthal components; the magnetic field part of the pulsation
was almost purely transverse (0B, =8B, >> 8B,)), with a peak-
to-peak amplitude of ~2 nT, or 0.06% of the ambient
geomagnetic field; and like the electric field, the radial and
azimuthal components of the magnetic field exhibited
comparable amplitudes. The transverse nature of the magnetic
field pulsation is in contrast to the cases observed within 16°
of the magnetic equator by the CCE spacecraft [Takahashi et
al., 1995]. In the CCE study, the radial and compressional
components were comparable to each other and larger than the
azimuthal component.

Figure 5 illustrates the phase relation between observed
electric 8E and magnetic OB fields for event A. The orthogonal
components OE,, and 3B, oscillate in phase, while 6E¢ and 8B,
oscillate ~180° out of phase. Event B shows essentially the
same feature. These phase relations are consistent with a
propagating wave and are in clear contrast to transverse Pc3,
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Figure 5. Comparison of the phase between the orthogonal
components of the electric and magnetic fields on February 13,
1990, for event A.
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Table 2. Observed Electric and Magnetic Field Perturbations
and Estimated Phase Velocity

Event  8E, 8B, BEJSB,  3E, 8B,  8E /OB,
mV/m  nT km/s mV/m nT km/s

A 2.8 2.7 1.0x10° 2.7 22 1.2x10°

B 2.1 14 1.1x10° 1.9 7.3x10%

2.6

Pc4, and Pc5 pulsations on the dayside as reported by Singer
and Kivelson [1979] and Cahill et al. [1986]. The orthogonal
components dE and 3B of the dayside Pc pulsations had a 90°
phase delay, indicating that they were standing Alfvén waves.

The OE and 8B data can be used to infer the propagation
mode of the pulsations. Let us assume that the pulsations can
be approximated by a plane wave with frequency w and wave
vector k. Then OE and B are related through Faraday's law as
wdB = kx3E. The absence of the compressional magnetic
field perturbation and the elliptical polarization suggests that
we can take k // e, which leads to

Vph~— ~ v —2 2t (1)

where Vph is the phase velocity. From (1) the phase velocity
of the pulsations can be estimated and then compared with the
Alfvén velocity, given by

VA=L : (2)

Jl‘«o nem; |
where B, is the strength of the ambient magnetic field, p, is
the magnetic permeability, n, is the plasma number density,
and m; is the effective ion mass.

Table 2 summarizes the observed 8E and 3B and the phase
velocity V_,, estimated using (1). Table 3 summarizes the
observed B, and n, and the Alfvén velocity V,, estimated using
(2), assuming that the ions are all protons; that is, m; =m,,
where m, is the proton mass. For both events the Alfvén
velocity is greater than dE/OB by a factor of 2 or 3. On an
order-of-magnitude basis, however, the .observed value of
OE/dB (impedance) matches the Alfvén velocity, giving us
assurance in treatment of the pulsation as a
magnetohydrodynamic wave. The discrepancy in velocity
could be reconciled if we allow for the presence of heavy ions
and take the effective ion mass to be 4m_ (up to 20% O*) or
9mp (up to 50% O%) instead of lmp, although these values
appear to be too high compared to satellite observations
[Horwitz et al., 1986]. Also, it is quite possible that the plane
wave approximation is the source of the discrepancy.

In addition to the wave phase velocity, electromagnetic
energy flux associated with the pulsations can be estimated by
calculating the Poynting flux from: the measured electric and
magnetic fields. Figure 6 shows the three components of the
Poynting flux S calculated using the definition

S=6EX6B’ 3
Ko

Table 3. Observed Magnetic Field and Plasma Density, and
Estimated Alfvén Velocity

Event B, n, Vy
nT cm’ km/s
A 3064 226 4.4x10°
3294 2082 1.6x10°
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Figure 6. Poynting flux associated with the Pi2 pulsations
observed at Akebono on February 13, 1990. During pulsation
events A and B, only the parallel component of the Poynting
flux was enhanced, and it remained positive.

The two transverse components S, and S, are very small
because of the assumption that BEM =0 and the observation that
<‘SBM =0.

In contrast, the parallel component S, (= (6Ev68¢ -
5E¢5Bv)/p0) exhibits a nonzero value during both Pi2
intervals, and the sign of Su is positive throughout the events.
This means that the electromagnetic energy flux was directed
away from the magnetic equator or toward the field line foot
point closer to the satellite, if we assume that the energy flows
along the ambient magnetic field. The unidirectional energy
flow arises from the fact that 3E, and 8B, oscillated in phase,
while 8E; and 8B, oscillated 180° out of phase. Our
observations differ significantly from those reported by
Yeoman et al. [1990b] for substorm-associated waves observed
at geostationary orbit. For their events the field-aligned
component of the Poynting flux was very small, which implies
that the wave mode at geostationary orbit is different from that
in the L < 5 region. The implication of the Poynting flux at
Akebono is discussed below. .

Finally, we demonstrate that the same Pi2 pulsations were
observed on the ground. Figure 7 compares E, at the satellite
and the H and D components at York. The York data have been
detrended by using the method of Itonaga [1993]. If we ignore
a phase delay, the perturbations in E¢ and Dare nearly identical
for both events. The strong similarity between the satellite
and the ground station is unambiguous evidence that the same
oscillation was observed from Akebono and on the ground. As
far as the Pi2 pulsations on the ground are concerned, we find
nothing unusual. Therefore we argue that the Pi2 pulsations
observed by Akebono also represent Pi2 pulsations typical of
that particular region in the plasmasphere.

5. Discussion

The Akebono observations presented above reveal some
properties of Pi2 pulsations that have not been reported. In
this section we contrast the present observations with previous
CCE observations [Takahashi et al., 1995] as well as with the
properties of pulsations expected from the Pi2 models outlined
in section 2. ’
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S.1. Comparison of CCE and Akebono Results

In both the CCE and Akebono studies, Pi2 pulsations in the
inner magnetosphere were highly coherent with Pi2
observations on the ground, suggesting that the two spacecraft
observed the same physical phenomenon.  CCE-ground
coherence was particularly high when the satellite was at L < 4.
This is consistent with the present Akebono events, which
were observed in the plasmasphere from L = 2.4-3.8. In
addition, in both studies the satellite-ground L shell separation
varied considerably, up to ~3 Ry for CCE and up to ~2 R for
Akebono. This implies that the Pi2 pulsations were not
latitudinally (or radially) localized but rather were extended in
the whole nightside plasmasphere. From examination of
ground magnetic field data in addition to those shown in Figure
1 we have confirmed that the same Pi2 pulsations were
observed from L = 1.8-6.8.

A major difference between the ‘two studies lies in the
magnetic field polarization. The Pi2 oscillations at CCE
exhibited radial 8B, and compressional E‘)Bu components,
whereas the Pi2 pulsations at Akebono were purely transverse
magnetic pulsations with comparable radial 8B,, and azimuthal
0B, components. Could this be an indication of two
physically different Pi2 oscillations? The answer is probably
no. The difference likely comes from the difference in satellite
latitude: the CCE observations were made at -16° <A, < 16°,
whereas the Akebono observations were made at 24° < A~ <
40°.  According to the CCE observations, 3B, is very small
near the equator and increases monotonically with I\, |, whereas
8B, is much larger than 8B, at the equator and varies little with
IA,l. Because of the monotonic increase of 8B,, the 3B, /3B
ratio becomes greater than 1 at A, > 10° in the CCE
observations. This amplitude structure has been modeled by a

UT 2240 2245 2250 2255 2300
L 4.16 3.63 3.20 2.85 2.56
MLT 21.68 21.72 21.76 21.79 21.83
An 4204 37.78 33.28 28.51 23.37

Electric Field
(1 mV/m/div)

York, L = 2.55
(5 nT/div)

| S S T S N S T

PR T S

2255

2245 2250 2300

Universal Time

Figure 7. Comparison of Pi2 waveforms in space and on the
ground observed at Akebono on February 13, 1990. The
azimuthal electric field E¢ is used to represent the satellite Pi2.
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field line displacement that is symmetric about the magnetic
equator [Takahashi et al., 1995]. In this model, 8B, has a node
at the equator and increases with latitude, whereas 8B, has an
antinode at the equator and decreases with latitude. If the trend
in 8B /8B, at CCE continues to I\ | > 16° as the model
implies, the ratio 8B, /8B, will become much greater than 1 at
A, =~24° and A, ~40°, explaining the transverse Pi2 pulsation
observed at Akebono. It should be noted that a symmetric
pattern can be established not only by waves standing along
the magnetic field line but also by waves propagating away
from the equator toward north and south in a symmetric manner.
We will show below by examining the relationship between
the electric and magnetic fields that our Pi2 waves are
consistent with the latter wave type.

In addition to the above qualitative argument based on the
wave symmetry, there are quantitative studies favoring the
equatorial localization of compressional waves. Using a box
magnetosphere model that included the effect of an
inhomogeneity parallel to the ambient magnetic field,
Southwood and Kivelson [1986] showed that if a dense plasma
is concentrated around z = 0 (i.e., near the magnetic equator),
the amplitude of compressional magnetic perturbation is large
near the magnetic equator, while the transverse components
become prominent at higher latitude. A qualitatively similar
result has been obtained from a numerical simulation of wave
propagation in the dipole magnetosphere [Lee, 1996]. These
results are consistent with the compressional Pi2 pulsations
observed by CCE at low A, and transverse Pi2 pulsations
observed by Akebono at high A, .

5.2.
With Pi2 Models

This section assesses various Pi2 models in light of the
Akebono observations.

5.2.1. Plasmapause surface wave. By definition,
the amplitude of a surface wave decreases with distance from the
surface on which the wave is excited. For a simple planar
geometry the amplitude A as a function of position x can be
given in the form

A(x) = Asexp[-2x|x-xd/\], @

where A is the amplitude at the surface, x; is the position of
the surface, and A is the wavelength along the surface
[Lanzerotti et al., 1981]. For a rough estimate of the amplitude
variation of plasmapause surface waves we adopt a box
magnetosphere model in which x corresponds to geocentric
distance and x =x represents the plasmapause. We assume two
representative wavelengths A = 2mx ; and nx , corresponding to
angular azimuthal wavenumbers m of 1 and 2, respectively.
These m values are within the range reported from multipoint
ground observations [Yumoto, 1986]. We set the location of
the plasmapause at x; = 4.9 Ry to be consistent with our
Akebono observation. Figure 8a shows the model amplitude.
Figure 8b shows the Pi2 amplitude at Akebono, (f)Bv2 +
8B, )12 normalized by the ground amplitude at Hermanus,
(8H2 + 8D?)Y2. 1t is evident that the observed amplitude was
larger when the satellite was closer to the Earth, which is
opposite to the property of a surface wave. From this
comparison we conclude that the observed Pi2 pulsations
cannot be explained by a surface wave on the plasmapause.
5.2.2. Shear Alfvén mode resonances. Shear
Alfvén resonances or standing Alfvén waves can be excluded

Comparison of the Akebono Observations

17,611

for the observed Pi2 pulsations for several reasons. First, the
wave period did not change with the satellite's radial distance,
and second, the phase delay between the magnetic and electric
perturbations indicated a propagating wave rather than a
standing wave. A quantitative discussion of these issues is
presented below.

Ionospheric reflection is an essential ingredient for the
excitation of standing Alfvén waves. We examined whether the
nightside ionospheric condition is appropriate for standing
Alfvén waves by solving the Alfvén wave equation with
realistic ionospheric boundary conditions. We used the
numerical method described by Newton et al. [1978] for the
axisymmetric toroidal mode [Cummings et al., 1969; Orr and
Matthew, 1971] to obtain the ionospheric damping rate and the
associated parameters. This technique is the same as that used
by Takahashi et al. [1996] in an analysis of nightside transient
toroidal waves. Although our Pi2 events were not pure toroidal
modes, use of the toroidal equation should give a reasonable
estimate of the general damping rate of Alfvén waves with
different polarizations, as Newton et al. suggested by
comparing poloidal and toroidal calculations. In the Newton et
al. formulation the ionospheric boundary condition is given by

1

dEy== 3By, ®)

Uo2p
where X is the height-integrated Pedersen conductivity
[Hughes, 1974; Hughes and Southwood, 1976]. For Zp we

adopted an empirical ionospheric conductivity model given by
Wallis and Budzinski [1981], which covers a latitude ® range

5
a T T T \
4 Model Surface Wave —
S
2 1
= = Plasmapause—
E o : l m
<
1 t .
m =1
0 | | 1
3 T T T
b
°© Observation
h=1 o
¥ 2 _
3 —
2 Event B
St -
§ Event A
0 | 1 |
1 2 3 4 5
L
Figure 8. (a) Amplitude profile of a plasmapause surface

wave for two values of the wavelength parallel to the surface.
The amplitude is normalized by the value at x = 1,
corresponding to the ground. (b) Amplitude of observed
magnetic field perturbation at Akebono, (8B,2+8B,%)!2,
normalized by Hermanus magnetic field perturbation
(8H2+8D?)1/2 for the two Pi2 events.
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of 60°-84°. For ® = 60° we used a constant value Ep (@ = 60°).
The Alfvén velocity, which also needs to be specified, was
modeled by assuming ann =n, q(re q/r)3 density variation along
the dipole field line and using the observed electron density to
specify n, q for each value of L. Two effective ion mass values
were assumed: m; =m,, (all protons) and m;= 2.35m, the latter
value taken from Moore et al. [1987] and Horwitz et al. [1986].

- We assumed that there was no temporal variation in the model
parameters during the two Pi2 events.

Figure 9 shows the model and calculated parameters as a
function of L. Figures 9a-9d are the equatorial electron density,
the equatorial Alfvén velocity, the real part f, of the
eigenfrequency of the fundamental toroidal mode standing
Alfvén wave, and the normalized damping rate f/f,, where f; is
the imaginary part of the eigenfrequency, respectively. In
Figure 9c a solid curve is used for the m; = m_ case, a dotted
curve is used for the m; = 2.35mp case, and a dotted line is used
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Figure 9. (a) L dependence of the estimated equatorial

electron density on February 13, 1990. The density is
estimated from the observation presented in Figure 3, assuming
that the magnetic field is a dipole field and the electron density
varies along the field line as n = neq(req/r)3. (b) The Alfvén
velocity V, (km/s) at the equator is calculated using the
equatorial plasma density shown in Figure 9a and assuming an
all-proton (m; =m ) plasma. (c) The fundamental toroidal mode
frequency for the a%ove plasmasphere model. The dotted curve
is the frequency for m; = 2.35m . The horizontal dashed line at
13 mHz indicates the observedp Pi2 frequency. (d) Calculated
damping rate. This rate is estimated on the basis of an
empirical ionospheric conductivity model given by Wallis and
Budzinski [1981].
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for the observed Pi2 frequency. The L ranges of the observed
Pi2 pulsations are indicated by the two horizontal bars in the
density plot (Figure 9a).

Figure 9 shows two important results. First, the real part of
the frequency varies with L and thus does not match the
observed Pi2 frequency. For the m; = m  case the calculated
toroidal frequency decreases from 26 mHz at L =3 to 17 mHz at
L = 49. The frequency is consistently higher than the
observed Pi2 frequency of ~13 mHz. For the m; = 2.35m  case
the model frequency is 17-11 mHz for L = 3-4.9, which is closer
to the observed Pi2 frequency. However, the model frequency
still strongly depends on L, which is inconsistent with the
observations. Unless we assume a highly artificial variation in
ion mass with L, we cannot match the model and observed
frequencies. We conclude that the Pi2 frequency is not
determined by the local toroidal mode frequency in the
plasmasphere. This conclusion is consistent with the
common frequency observed on the ground from L = 1-5 for
individual Pi2 events [e.g., Bjornsson et al., 1971; Yeoman
and Orr, 1989; Yumoto et al., 1994].

Second, it is evident that the ionosphere heavily damps
standing Alfvén waves, so that observable Alfvénic resonances
in the inner magnetosphere are unlikely on the nightside. The
damping rate is nearly constant for 2.5 < L < 4.2; it decreases
with L for L > 4.2 because of the increase of the ionospheric
Pedersen conductivity toward the subauroral region. In Figures
9c and 9d we find a frequency of ~20 mHz (period ~50 s) and a
damping rate of ~0.2 to be typical for the toroidal oscillation
in the region 2.5 < L < 4.2. Using these values, we estimate
the typical duration of toroidal oscillation to be ~30 s, which
means that a standing Alfvén wave is damped before
completing one oscillation unless energy is continuously
supplied. Because the observed Pi2 pulsation lasted for ~4
cycles or ~400 s, this model result means that the observed Pi2
pulsations are not impulsively excited standing Alfvén waves.
To maintain the Pi2 at the Akebono satellite, energy must have
been continuously fed from an external oscillating source or a
driver wave. »

5.2.3. Cavity mode resonance. The model results
just given imply that treating the ionosphere as a perfectly
reflecting boundary for confining cavity mode oscillations
[Kivelson and Southwood, 1986; Southwood and Kivelson,

1986; Zhu and Kivelson, 1989; Allan et al., 1986a, 1986b; Lin

etal., 1991; Lee, 1996] is inappropriate when considering Pi2
pulsations. Cavity models for nightside events definitely need
to incorporate loss through the ionosphere as well as loss from
the radial boundaries [Fujita and Glassmeier, 1995]. —

One could still argue that a cavity mode is responsible for
the Pi2 pulsations observed by Akebono by referring to the
equatorial localization of compressional energy described
above [Southwood and Kivelson, 1986; Lee, 1996]. Whether
the compressional waves drive the transverse Pi2 pulsations
can be tested by the following simple calculation. The concept
of the calculation is illustrated in Figure 10. We assume that
near the magnetic equator Pi2 pulsations have the properties of
a plasmaspheric cavity oscillation. The total energy stored in
the cavity in the form of compressional magnetic field
oscillation is given by [e.g., Crowley et al., 1989]

£ =V —" 6
Ko

where V is the effective volume of the cavity and F)BIL is the



OSAKI ET AL.: P12 PULSATIONS OBSERVED FROM THE AKEBONO SATELLITE

Latitude
+20°

1
'
'
i N ~-
'
'

(a) Meridional: Projection

'
'
1
1
'
)
s
'
'
1
'
P

Longitude
+30°

L=2~4

(b) Equatorial Projection

'
'
l
1
1
i
'
'
1
'
)
h
'

(c) Escaping Poynting Flux

Figure 10. A plasmaspheric cavity mode model used for
discussing the energy budget of Pi2 pulsations. (a) The
meridional projection of the cavity. The plasmaspheric cavity
oscillation is assumed to be confined within L = 2-4, and -20° <
A, < 20°. (b) The equatorial projection of the model. The
longitudinal extent of the plasmaspheric cavity oscillation is
assumed to be +30°. (c) Poynting flux escaping from the
northern and southern boundaries of the plasmaspheric cavity
mode. The flux is absorbed completely at the ionosphere.

amplitude of the compressional component. For a rough
estimate we assume that the cavity has a volume given by L =
(2, 4], A, = [-20°, 20°], and ¢ = [-30°, 30°], which gives
V=[(fdrrdd rsifdp~4.26xR%. The total compressional
mode energy € can be estimated as follows. From Takahashi et
al. [1995] we find that the average satellite-to-ground
amplitude ratio éBuléH is ~0.3, where 8H is the Pi2 amplitude
in the H component at low latitude (L < 2). For the Akebono
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events the amplitude in.the H component at Hermanus was ~3
nT, so we estimate the corresponding 8B, in the equatorial
magnetosphere to be ~1 nT. By substituting this value in (6)
we get £~ 1.4x10° J.

Next, we assume that the stored compressional energy
escapes from the northern and southern boundaries of volume
V. If we consider only the electromagnetic energy, the total
escaping energy flux is given by the Poynting flux Su’ times
the total area of the northern and southern boundaries. The
total area is ~3.8mR E2 (see Figure 10c), and the measured
Poynting flux is ~3.4x107 W/m? for event A and ~1.5x10"7
W/m? for event B. Therefore the total energy flux integrated
over the northern and the southern boundaries is 1.7x108 W for
event A and 7.3x107 W for event B. Dividing the cavity mode
energy ¢ by the magnitude of the escaping flux, we find that the
energy of the equatorial cavity oscillation can maintain the
escaping Poynting flux for only ~10-20 s. This result means
that the equatorial compressional oscillation will be damped in
the same timescale unless it is externally driven. We conclude
that an equatorially confined cavity mode oscillation is also an
unlikely source for the Pi2 pulsations observed at Akebono.

5.2.4. External driver. The energy budget
consideration suggests that we look for an oscillation source,
or a driver wave, external to the plasmasphere. A driver wave
was considered as an alternative to the cavity mode by
Takahashi et al. [1992]. With the Akebono observations
indicating some difficulty with a simple cavity mode, we need
to give serious consideration to the external driver model.
Takahashi et al. [1992] suggested auroral zone transient Alfvén
waves (oscillating current wedge) and compressional
oscillations associated with near-Earth current sheet disruption
as possible drivers. However, spectral analysis of CCE
magnetometer data taken at L = 7 did not confirm such sources
[Takahashi et al., 1995].

Recently, near-Earth compressional disturbances have
received new attention in relation to Pi2 pulsations. Kepko
and Kivelson [1996] reported that a Pi2 oscillation started
immediately following a bursty bulk flow (BBF) event. They
suggested that the BBF compressed the flux tubes in the inner
magnetosphere and that the compressional disturbance
converted into a shear Alfvén wave which propagated down to
the ionosphere as a Pi2 pulsation. In a related theoretical
study, Itonaga et al. [1997] showed that the relative phase
between the compressional components at CCE and the H
components at Kakioka reported by Takahashi et al. [1992,
1995] cannot be explained by a simple cavity mode
oscillation. Itonaga et al. argued that Pi2 pulsations in the
magnetosphere are forced oscillations driven by a damped wave
incident on the outer boundary. BBFs might play the role of
the external damped wave. We note, however, that this
scenario requires BBFs to turn on and off with a Pi2 period. It
is not known whether BBFs have such an inherent periodicity.

6. Conclusions

We have studied two Pi2 pulsations observed from the
Akebono satellite on a single pass through the plasmasphere.
Data from Akebono included measurements of the magnetic
field, electric field, and plasma density. The following
observations were made of the Pi2 events: (1) At Akebono,
located at L = 2.5-3.8 and A, = 24°-40°, the magnetic
perturbations of the Pi2 pulsations were strongly transverse,
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and the Poynting flux of the pulsations was directed from the
equator to the ionosphere. (2) The same Pi2 pulsations were
observed at ground stations located at L = 1.8 and L = 6.8 and at
local times close to that of Akebono. We compared these
observations with previous CCE observations made in a
similar L range and proposed that in the magnetosphere, Pi2
pulsations within A =~ +20° are in a compressional mode,
whereas outside this region they are in a transverse mode.

In an attempt to understand the origin of the Pi2 pulsations
observed at Akebono, we compared the characteristics of the
observed Pi2 pulsations with those of standing Alfvén waves
modeled using the observed plasmaspheric electron density
data. The estimated Alfvén resonance frequency varied with L,
unlike the frequency of the observed Pi2. Moreover, the
estimated damping rate of the Alfvén resonance was so large

that the Pi2 pulsation could not be described by a standing -

Alfvén wave. Although the strong damping was consistent
with the Poynting flux directed to the ionosphere, we faced a
difficulty in explaining the long duration of the Pi2 pulsations.
That is, an energy source other than standing Alfvén waves was
required for the Pi2 pulsations.

Taking a plasmaspheric cavity mode as a possible source for
the Akebono Pi2 pulsations, we evaluated the duration of the
transverse magnetic pulsations. It was found that the cavity
mode energy can maintain the transverse oscillation for only
~10-20 s, which implies that the compressional Pi2 pulsations
found at the equator in previous CCE studies also may be driven
by a source external to the plasmasphere. What constitutes the
external source remains to be identified.

It must be cautioned that the present study is based on only
two events observed on a single Akebono pass. Obviously, we
cannot generalize the semiquantitative arguments presented
above. However, we do emphasize the need to observe Pi2
events in the plasmasphere at various latitudes in both
magnetic and electric fields. The importance of using both
magnetic and electric fields has been clearly demonstrated.
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