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Abstract

Plasma waves observed by the Akebono satellite in the region of ion heating/acceleration
transverse to the geomagnetic �eld line are studied. Especially, electrostatic, broadband
low-frequency noise is closely correlated with transversely accelerated ions. Simultaneous
electron precipitation in the energy ranges from a few tens to hundreds eV is also usually
observed. Our waveform analysis revealed that the electrostatic broadband noise is classi�ed into
two types of noise: one is continuous noise with upper cuto� around a few kilohertz, and the
other is an intermittent impulsive waveform extended more than 10 kHz. A possible explanation
to the dominant part of continuous broadband noise is that they are ion acoustic waves
generated by precipitating electrons (approximately a few hundreds eV) and that the wave is the
possible main energy source of ion heating/acceleration. The other mechanisms may, however, be
sometimes important for generating the broadband noise. Using long-period observation data
sets of Akebono, which is orbiting in the altitude range between 270 and 10,000 km, statistical
studies on the spatial and temporal distribution of the continuous broadband noise are made.
Several kinds of statistical features are clari�ed: (1) The occurrence region is distributed in the
cusp and along the auroral oval, (2) the region is extended toward the lower latitude while the
geomagnetic activity is higher, (3) the intensity is larger in the cusp than it is in the nightside,
and (4) it is largest in winter and weakest in summer.
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1. Introduction

Ion heating/acceleration transverse to the geomag-
netic �eld line (TAI) in the auroral region is an im-
portant phenomenon as it is one of the main causes
of ion out
ow from the ionosphere to the magneto-
sphere. A lot of observations of TAI were made by
rockets and satellites for more than 20 years [e.g.,
Sharp et al., 1977; Whalen et al., 1978; Klumpar,
1979]. In energizing ions perpendicular to the geo-
magnetic �eld line, wave-particle interaction plays an
important role. The plasma environment in the au-
roral region is quite complicated, and the existence of
several kinds of plasma wave were reported [e.g., Gur-
nett and Frank, 1978; Gurnett et al., 1984, and ref-
erences therein]. Many experimental studies on the
correlation between TAI and plasma waves such as
electrostatic ion cyclotron wave [Kintner et al., 1979,
1989], lower hybrid resonance (LHR) wave [Vago et

al., 1992], electrostatic broadband noise [Andr�e et al.,
1988, 1990], and electromagnetic ion cyclotron wave
[Erlandson et al., 1994] were performed. Theoretical
studies and computer simulations were also made to
clarify the relationship between TAI and these plasma
waves, and various heating mechanisms have been
proposed [e.g., Ungstrup et al., 1979; Lysak et al.,
1980; Chang and Coppi, 1981; Okuda and Ashour-

Abdalla, 1981; Dusenbery and Lyons, 1981; Ashour-
Abdalla and Okuda, 1984; Chang et al., 1986].

The spatial structure in the region of TAI and the
correlations between particles and waves were inves-
tigated by the recent rocket experiments in detail.
SCIFER, which intersected in the cleft ion fountain
region at an altitude of � 1400 km, observed TAI and
closely correlating broadband low-frequency electric
�elds extended up to a few kilohertz in the latitudi-
nally narrow regions [Arnoldy et al., 1996; Kintner et
al., 1996]. AMICIST investigated the nightside au-
roral ion out
ow region at an altitude of � 800 km
[Lynch et al., 1996; Bonnell et al., 1996]. Two kinds
of TAI (one was associated with lower hybrid solitary
wave and another was associated with broadband low-
frequency electrostatic wave,) were observed, but the
most intense TAI was observed where the broadband
low-frequency electrostatic wave was enhanced [Lynch
et al., 1996].

Observation made by the Freja satellite revealed
detailed characteristics of the ion heating and cor-
responding wave phenomena at an altitude around
1700 km. Norqvist et al. [1996] examined particle
and wave data and discussed the possible heating

mechanisms. They concluded that broadband waves
around the ion cyclotron frequencies are the main en-
ergy source for the TAI and that the other mecha-
nisms such as lower hybrid wave or slowly varying
electric �eld are less important in the dayside mag-
netosphere at an altitude around 1700 km. Wahlund

et al. [1998] investigated the wave phenomena in the
region where the ion heating was observed. They sug-
gested that the broadband extremely low frequency
wave (BB-ELF) consists of several kinds of wave mode
and that the wave in the frequency range between 30
and 400 Hz is dominated by slow ion acoustic waves.
Knudsen et al. [1998] made correlation analysis of
wave and ion data. They introduced the observa-
tion examples of ion heating within both regions of
VLF hiss and broadband ELF waves. Their analysis
showed that correlations are highest for wave frequen-
cies below several hundred hertz and less at VLF hiss
frequencies. They also examined the correlation be-
tween electron precipitation and ion heating. They
found that ion heating is well correlated with pre-
cipitating electrons in the energy range below several
hundred eV, which are named suprathermal electron
bursts (STEB), while the correlation is not so good
with the electrons associated with auroral inverted-
V's in the energy range above 1 keV. Andr�e et al.

[1998] classi�ed the observation patterns of TAI into
four types. They concluded that the common types
are the two of them which are both associated with
broadband ELF waves. Norqvist et al. [1998] studied
the parameter dependence of the four types of obser-
vation patterns on the magnetic local time, magnetic
latitude, magnetic activity, and season. According
to their analysis, � 90% of oxygen heating events are
caused by ion energization associated with broadband
low-frequency waves, and the prenoon auroral region
is a major source of oxygen ions energized by broad-
band low-frequency waves.

In the present paper, plasma waves correlated with
ion heating and acceleration observed by the Akebono
satellite are studied. Akebono covers the wide alti-
tude range between 270 and 10,000 km over all local
time in the period of more than 11 years. Using long-
period observation data sets obtained by Akebono,
the global distribution of plasma waves in the auroral
region and observational relationship between parti-
cles and waves can be clari�ed quantitatively. Our
aim in the present paper is �rstly to examine the
characteristics of the plasma waves in the regions of
TAI observed by Akebono. We show that broadband
low-frequency waves are closely correlated with TAI
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in the auroral region, as was suggested by many au-
thors. Secondly, we investigate the average intensity
of the broadband low-frequency wave and its tempo-
ral and spatial distributions statistically using long-
period observation data sets of Akebono. The results
are important clues to understanding the TAI and the
ion out
ow from the ionosphere. Finally, we suggest
a possible scenario of the energy transport between
waves and particles.

2. Instruments on board the Akebono

Satellite

The Akebono (Exos D) satellite was launched in
February 1989, with the altitude range from 270 to
10,000 km and an inclination of 75�. The satellite is
equipped with several kinds of scienti�c instruments
to investigate the plasma phenomena in the auroral
region. Akebono was successfully operated for more
than 11 years after launch. The large amount of data
obtained by Akebono is suitable for the statistical
study in a solar cycle. The scienti�c instruments used
for the present study are brie
y described.

The VLF instruments are designed to investigate
plasma waves from a few hertz to 17.8 kHz [Kimura
et al., 1990; Hashimoto et al., 1997]. The electric com-
ponents of the plasma wave are taken from two sets
of crossed dipole antennas with a tip-to-tip length of
60 m. The magnetic wave �elds are sensed by three
orthogonal loop antennas and three orthogonal search
coils for the frequencies above and below 800 Hz, re-
spectively. The signals detected by the electric and
magnetic sensors are processed by the subsystems in
the VLF instruments. In the present paper we uti-
lize the data obtained by the following subsystems:
(1) the multichannel analyzer (MCA), which mea-
sures one component of E and B �eld at 16 frequency
points from 3.18 Hz to 17.8 kHz; (2) the ELF receiver
(ELF), which measures waveforms taken by both E

and B sensors in the frequency range below 80 Hz
in the ELF-narrow mode or 160 Hz in the ELF-wide
mode; and (3) the wideband receiver (WBA), which
is an analogue receiver for one component of E or B
�eld below 15 kHz.

The low-energy particle detector (LEP) measures
energy and pitch angle distributions of electrons from
10 eV to 16 keV and ions from 13 eV to 20 keV [Mukai

et al., 1990]. The suprathermal ion mass spectrometer
(SMS) measures two-dimensional energy distributions
in the satellite spin plane of thermal (0{25 eV) and
suprathermal (25 eV to several keV) ion [Whalen et

al., 1990; Watanabe et al., 1992].

3. Observations

One example of correlation diagram between wave
and particle observed by Akebono on July 11, 1991,
is shown in Plate 1. Plates 1a and 1b show electric
and magnetic wave spectrum observed by MCA, re-
spectively. It should be noted that the stripes which
periodically appear in Plate 1b every � 40 s are the
noise by interference from other scienti�c instrument
on board the satellite. Plates 1c-1e and Plates 1f-1h
show pitch angle sorted energy spectograms of elec-
trons and ions, respectively, observed by LEP. These
panels are sorted by pitch angle ranges of 0�{60�, 60�{
120�, and 120�{180�. Since the data were obtained
by energy per charge analyzers, ion compositions in
the ion energy spectograms are unknown. The follow-
ing parameters stand for universal time (UT), altitude
(ALT), magnetic local time (MLT), magnetic latitude
(MLAT), invariant latitude (ILAT), and L value along
the trajectory of Akebono. As Akebono is orbiting
from 4500 to 7500 km in ALT in the Northern Hemi-
sphere, the pitch angles of 0� and 180� correspond
to the downward and upward directions, respectively,
along the geomagnetic �eld line in this case.

In the spectograms for ions in Plate 1, ion pre-
cipitation in the energy range from 10 keV down to
several hundreds eV are recognized from 0537:00 to
0547:50 UT. It indicates that Akebono is skimming
along the cusp region. The precipitating ion 
ux is
enhanced from 0537:30 to 0541:20 UT, from 0545:20
to 0546:00 UT, and from 0547:20 to 0547:50 UT, and
the wave from 400 Hz to � 3 kHz is simultaneously
observed both in electric and magnetic components.
As a result of the detailed investigation using the ana-
logue data obtained by WBA, we �nd that the wave
exists harmonically just above the local cyclotron fre-
quency of H+ and its harmonics. This wave is there-
fore supposed to be an electromagnetic ion cyclotron
harmonic (ICH) wave generated by the precipitating
ions, but we do not discuss this further, because this
is not the main subject of the present paper.

In the panels of ion spectograms for the pitch angle
ranges of 60�{120� and 120�{180� (Plates 1g and 1h),
TAI and ion conics are observed in the energy range
below a few hundreds eV during the following three
periods: from 0537:30 to 0541:50 UT, from 0542:20
to 0546:10 UT, and from 0547:20 to 0547:50 UT. Al-
though there are several kinds of waves in the region
where the TAI and ion conics are observed, broad-
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band noise in the frequency range from a few kilo-
hertz down to a few hertz looks well correlated with
them; that is, the noise is detected from 0537:10 to
0541:50 UT, from 0542:00 to 0547:00 UT, and from
0547:20 to 0547:50 UT. There is another signi�cant
wave, which is a hiss-like emission in the frequency
range from a few kilohertz up to more than 10 kHz,
but this wave does not always correspond with the
changes of ion 
ux.

The broadband noise has a magnetic component
below 20 Hz although the upper cuto� of the mag-
netic component is not clear because of the interfer-
ence. Thus this frequency part shows an Alfv�enic
feature as was suggested by many authors based on
the observation from Fast Auroral Snapshot Explorer
(FAST) and Freja satellites [e.g., Seyler et al., 1995;
Wahlund et al., 1998; Chaston et al., 1999; Stasiewicz
et al., 2000, and references therein]. In the higher
frequency range the broadband noise becomes elec-
trostatic. The upper cuto� of the electric component
of the broadband noise is � 200 Hz in the periods
of 0537:10{0541:50 and 0547:20{0547:50 UT, but it
increases up to � 1 kHz in the period of 0542:00{
0547:00 UT, when the total 
ux of heated ions be-
comes largest. Additionally, it is noted that electron
precipitation in the energy range below a few hun-
dreds eV down to a several tens eV is simultaneously
observed in the spectograms for electrons in Plate 1,
although the detailed feature of the electron 
ux does
not exactly correspond with those of heated ions and
broadband noise.

The data obtained by SMS are useful for the iden-
ti�cation of the initial stage of TAI and the investiga-
tion of the relationship between TAI and broadband
noise, because SMS covers a lower energy range than
LEP does. Plate 2 shows the summary plot of ther-
mal and suprathermal ions simultaneously observed
by SMS. In Plate 2, two-dimensional energy and spin
angle distributions for four kinds of thermal ions (H+,
He+, O+, and O++) are shown in Plates 2a-2d. V
and r in Plate 2e show the energy steps (solid lines)
and the angle of closest approach of the SMS �eld of
view to the ram direction (a dashed line), respectively.
The scales are displayed on the left (eV) and right
(degree) axes, respectively. In the same way, two-
dimensional energy and spin angle distributions for
two major suprathermal ions (H+ and O+) are shown
in Plates 2f and 2g. E and p in Plate 2h show the
suprathermal energy steps (solid lines) and the mini-
mum pitch angle sampled during one spin (a dashed
line), respectively. The scales are also displayed on

the left (eV) and right (degree) axes, respectively.
Zero degree of the spin angle corresponds to the min-
imum pitch angle in the spin plane of the Akebono
satellite. The dashed lines around 40� in Plates 2a-
2d and Plates 2f-2g show the spin angle closest to
the ram direction in the spin plane. We see that all
kinds of thermal ions are transversely accelerated and
going upward as ion conics in the periods of 0537:40{
0541:20, 0542:40{0547:00, and 0547:30{0547:50 UT.
Although we must notice that the region of ion conics
is possibly a�ected by convection, the observational
result shows that the regions of TAI and ion conics are
generally identical with the regions where the broad-
band noises are observed.

According to the observation by Akebono, this
kind of correlation is commonly observed in the cusp
and along the auroral oval. The energy densities of
the ion heating and ion conics are relatively higher in
the dayside, especially in the cusp, than in the night-
side region. We discuss this point later in relation to
the statistical results described in section 5.

As was mentioned in section 2, our wideband re-
ceiver named WBA covers the frequency range below
15 kHz, and the obtained data are sent by analogue
telemetry. In order to investigate the characteristics
of the broadband noise in detail, we analyzed the
spectrum and its waveform of the broadband noise
with a high time resolution using the data obtained
by WBA. WBA was measuring the electric wave �eld
on July 11, 1991.

The upper panel in Plate 3 shows an enlarged
dynamic spectra of an electric �eld which is made
from the WBA data by fast Fourier transform (FFT)
analysis. The electric wave �eld from 0542:40 to
0543:20 UT on July 11, 1991, is shown. The in situ
plasma frequency and cyclotron frequency of electrons
are 220.3 and 161.1 kHz, respectively. These fre-
quencies are derived from the local UHR frequency
measured by Plasma Wave and Sounder (PWS) on
board Akebono (H. Oya et al., private communica-
tion, 1998) and the International Geomagnetic Refer-
ence Field (IGRF) magnetic �eld model. Hence the
local LHR frequency and proton cyclotron frequency
are 3.0 kHz and 120 Hz, respectively. A sharp cuto�
above 15 kHz in the upper panel is due to the low-pass
characteristics of WBA, and the stripes which peri-
odically appear from 0 to 20 kHz are caused by inter-
ference from other instruments. In the upper panel a
hiss-like emission which has a lower cuto� above the
local LHR frequency is observed.

As for the broadband noise in the lower frequency
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range, we can distinguish two types of noise as de-
scribed in the following. One is a low-frequency noise
continuously observed below 1 kHz. The other is im-
pulsive noise which occurs intermittently with a short
duration, and its spectrum is extended up to 10 kHz.
The lower panel in Plate 3 shows the angles between
the wire antenna and the geomagnetic �eld line. It
is found that the upper cuto� frequency of the con-
tinuous type of broadband noise decreases when the
antenna angle approaches perpendicular to the geo-
magnetic �eld line. This fact suggests that the elec-
tric wave �eld of the noise is oscillating nearly in the
parallel direction of the geomagnetic �eld line. The
intermittent type of broadband noise also tends to
have a similar spin dependence, but it is not so clearly
distinguished, owing to a poor signal-to-noise (S/N)
condition.

The waveforms of both broadband noises are ana-
lyzed. In the analysis the WBA analogue data were
sampled with a sampling frequency of 51.2 kHz. Fig-
ure 1 indicates the waveform from 0542:44.929 UT
with a time interval of 320 ms when the impulsive
type of broadband noise is observed. We �nd that
solitary structures are observed as a series of pulses.
The amplitude of each pulse is about a few mV m�1

peak to peak, and the pulse width is usually less than
1 ms. It should be mentioned that the waveform is
very similar to those observed in the auroral region
by FAST [Ergun et al., 1998] and Polar [Franz et
al., 1998] and in the Earth's magnetotail by Geotail
[Matsumoto et al., 1994; Kojima et al., 1997]. This
impulsive noise may re
ect the small-scale potential
structure, and it is assumed to be an electrostatic
solitary wave (ESW), introduced byMatsumoto et al.

[1994]. So far, as we examined waveforms for other
trajectories, it is found that this type of solitary wave-
form was usually recognized in the duskside auroral
region in the altitude above 2500 km but not so often
recognized in the other region. As we have not yet
examined many trajectories, more detailed character-
istics of the intermittent noise will be reported in a
subsequent paper.

On the other hand, the waveform of the continuous
broadband noise below 1 kHz does not include a soli-
tary structure and is quite randomly oscillating (not
shown here). This kind of continuous random noise is
almost always observed in the cusp and auroral oval
region, and its upper cuto� exists ordinarily around
a few kilohertz.

We summarize our observations as follows. We ob-
serve several kinds of plasma wave in the ion heat-

ing/acceleration region: hiss or LHR noise, ion cy-
clotron harmonic wave, and two types of broadband
noise. We �nd that the continuous type of broad-
band noise in the frequency range below a few kilo-
hertz is ordinarily observed in the auroral region and
is most correlated with ion heating/acceleration and
ion conics, so that this wave is the possible main en-
ergy source of ion heating/acceleration. This noise is
electrostatic in the higher frequency range, but it be-
comes electromagnetic and shows Alfv�en-like charac-
teristics in the lower frequency range generally below
the local oxygen cyclotron frequency. In the region
where this type of broadband noise is observed, pre-
cipitating electrons in the energy range below a few
hundreds eV are usually observed. We should also
note that wave intensities of the broadband emissions
detected by dipole antennas with a tip-to-tip length of
60 m on board Akebono tend to be estimated smaller
than the real ones, since the wavelength of the broad-
band emissions must be quite short especially in the
higher frequency range. In the present paper, how-
ever, we use the detected wave intensity as we mainly
discuss the features of broadband noise below 80 Hz,
where the e�ect of attenuation may not be so large.

4. Correlation Between Plasma Wave

and Particle Data

In this section, we discuss the interrelationship be-
tween continuous broadband noises and particles in
detail. In order to investigate the interaction process
between wave and particle, we examined the correla-
tion between the energy densities of broadband noise
and heated ion. In the analysis we selected typical
cases of 22 trajectories in which TAI and ion conics
were recognized by LEP. In other words, these are
the cases in which ions were su�ciently heated in the
energy range of �100 eV. We should also note that
these typical cases were all observed at the altitude
above 3000 km. We calculate the velocity distribution
function of ions using the data obtained by LEP, and
we estimated the energy density of TAI in the energy
range below 340 eV assuming that ions are all protons.
As for the electric intensity of the broadband noise,
we calculate spectral density in the frequency range
below 10 Hz using the data from the ELF subsystem.
Figure 2 is a scatterplot which indicates the relation-
ship between spectral density of the broadband noise
and energy density of heated ions in every 32 s. The
circles and pluses mean that the data were obtained
in the dayside and in the nightside, respectively.
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We �nd a clear relationship between wave spectral
density and ion energy density in Figure 2. It is also
found that wave spectral density is generally larger in
the dayside than in the nightside, and the correspond-
ing ion energy density has a similar tendency. An im-
portant point to be noted is that there is a threshold
level in the wave spectral density, and ions can be ef-
�ciently energized when the wave spectral density is
larger than the threshold level. In other words, there
are some cases in which ion energy density is small
and wave spectral density is rather large, while the
opposite case is rarely found. This fact shows that an
intense wave is needed for ions to be highly energized.
Therefore it is suggested that the broadband noise
is the energy source of the ion heating/acceleration,
and some other energy source should be taken into ac-
count for the generation of the broadband noise. This
tendency is also reported by Knudsen et al. [1998],
and our result shows a good agreement with them
even though the data used in the present study are
obtained at the altitude above 3000 km.

5. Statistical Study

Akebono was launched in February 1989 and was
successfully operated for more than 11 years. The
large amount of obtained data is quite valuable for the
statistical study on the spatial and temporal distribu-
tion of various kinds of wave and particle phenomena
as a function of multidimensional parameters of local
time, season, solar activity, geomagnetic activity, etc.
In this section, statistical characteristics on the con-
tinuous broadband noise using the data sets obtained
by Akebono are reported.

We made the statistical studies using the data
taken from the ELF subsystem. We �rst calculate
the average intensity of the electric wave �eld below
80 Hz with a frequency resolution of 2.5 Hz every
8 s by FFT. In the present statistical study, the data
processing was carried out for the data obtained from
February 1989 until the end of 1998.

The data coverage of Akebono used for the study is
shown in Figure 3. The total number of the satellite
paths was � 27,000. The left panel shows the total
number of data points projected on the geomagnetic
meridian plane at all magnetic local times. The solid
curves in the panel are the geomagnetic �eld lines of
the dipole model, and RE is the radius of the Earth.
We divide the panel into 200 grids along the vertical
axis and 100 grids along the horizontal axis, and we
indicate the number of data points at each pixel sur-

rounded by the grids using the tone pattern shown in
the right corner. The upper and lower panels on the
right side show the number of data points when Ake-
bono is located in the Northern and Southern Hemi-
spheres, respectively. In these panels, invariant lati-
tude (ILAT) is shown by the radius of the circle, and
magnetic local time is taken along the circumference.
The number of data points with less than 60� ILAT
is not shown in the panels. We divide each panel into
100 by 100 grids vertically and horizontally, and we
show the number of data points accumulated along
the entire altitude range at each pixel by the same
tone pattern used for the left panel.

As shown in Figure 3, the data coverage is coarse
in the equatorial region but quite �ne in the polar
region because the data acquisition of Akebono is
mainly made from ground stations located at high-
latitude areas in Canada, Sweden, and Antarctica. In
the present study, we concentrate on the region larger
than 60� ILAT, where the number of data points at
each pixel is at least 100. In the following we average
the intensity of the electric wave �eld at each pixel
and discuss the spatial and temporal distribution of
the continuous broadband noise.

Plate 4 shows the average intensity of the electric
wave �eld at 5 Hz. In Plate 4, the contour level in-
dicates the average electric intensity as shown by the
color code in the right corner. The region below 60�

ILAT is excluded in the left panel. As the continuous
broadband noise is observed almost every time when
Akebono traverses the polar region and as its inten-
sity is generally the largest among plasma waves in
the polar region at 5 Hz, Plate 4 re
ects the spatial
distribution of the continuous broadband noise.

In the left panel the broadband noise is observed
along the geomagnetic �eld line from 65� to 80� ILAT.
In the right two panels the broadband noise is dis-
tributed at all local times. These facts support the ob-
servation result that the continuous broadband noise
is usually observed in the cusp and auroral oval re-
gion regardless of the local time and the altitude. The
most intense broadband noise with an average inten-
sity of 0.3{0.5 mV m�1=

p
Hz is located between 75�

and 80� ILAT around noon, which corresponds with
the cusp region. The active region shifts toward the
lower invariant latitude region along the auroral oval
as the magnetic local time approaches midnight, and
�nally the region is located between 65� and 72� ILAT
around midnight. The lowest average intensity is �
0.2 mV m�1=

p
Hz in the magnetic local time range

from 17 to 22.
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The other frequency points below 80 Hz are also
examined. It is consequently found that the active
region is almost the same, although the intensity be-
comes smaller for the higher frequency point. As the
frequency range of the ELF subsystem is quite low
compared to the upper cuto� of the continuous broad-
band noise which generally exists around a few kilo-
hertz, we do not discuss the statistical characteristics
of the upper cuto� of the noise in the present paper.
The data obtained by MCA are useful for detecting
the upper cuto� of the noise, but it is di�cult to
distinguish the continuous broadband noise automat-
ically from the other plasma waves in the kilohertz
range. We should also note that the frequency range
below 80 Hz is the rather Alfv�enic part of the emis-
sion, and thus the distribution region of the emissions
at a higher frequency range might be di�erent from
those of the Alfv�enic part. We leave those problems,
however, to future work and focus on the results de-
rived from the intensity map of the electric �eld at
5 Hz in this paper.

Plates 5a-5c indicate the average intensity of the
electric wave �eld at 5 Hz at 0000{0800, 0800{1600,
and 1600{0000 MLT, respectively. The intensity is
shown by the same color code used in Plate 4. The
most active region is distributed around the noon
along the all altitude region from 10,000 km down
to a few hundreds of kilometers in quite a narrow in-
variant latitude range centered at 78� as shown in
Plate 5b. The average intensity in this region is 0.3{
0.5 mV m�1=

p
Hz in general.

In the postmidnight and dawn sectors (Plate 5a),
the active region is mainly distributed in the broad
invariant latitude range between 65� and 80� in the
altitude region higher than 3000 km. The active re-
gions in the dusk and premidnight sectors (Plate 5c)
are similar to those in the postmidnight and dawn
sectors, but the intensity is comparatively weak.

The distribution of the continuous broadband noise
as a function of Kp index is shown in Plate 6. The
intensity is shown by the same color code used in
Plate 4. Plates 6a-6c show the average intensity of
the broadband noise at 5 Hz atKp � 2+, 3� � Kp �
4+, and 5� � Kp, respectively. The broadband noise
is observed to be stationary even though the geomag-
netic activity is quiet and the region is distributed in
the higher latitude side. As the geomagnetic activ-
ity becomes higher, the occurrence region is extended
toward the lower latitude side and scattered in the
broad latitude range. The average intensity at higher
Kp index becomes apparently small, but this may be

explained by the following reason. The spatial struc-
ture is quite stable when the geomagnetic activity is
quiet. On the contrary, the structure dynamically
changes by the geomagnetic condition at higher Kp,
and it consequently causes the relatively small inten-
sity on average.

The seasonal variation of the intensity and occur-
rence region of the noise at 5 Hz is also examined. One
year is divided into four seasons whose center is cho-
sen at equinoxes and solstices as follows: (1) February
7 to May 6, (2) May 7 to August 6, (3) August 7 to
November 6, and (4) November 7 to February 6. The
average intensity of the electric �eld at 5 Hz for each
season is shown in Plate 7 by the same color code as
that used in Plate 4. Plates 7a-7d show the contour
maps in the Northern Hemisphere, and Plates 7e-7h
show those in the Southern Hemisphere. It is very
interesting that the wave activity becomes highest
in the winter hemisphere and lowest in the summer
hemisphere. In the summer hemisphere the intensity
is quite weak, and the main active region, where the
average intensity is larger than 0.3 mV m�1=

p
Hz, is

limited around the cusp region. On the other hand,
in the winter hemisphere the active region becomes
wider in invariant latitude and is extended along the
auroral oval, especially toward the dawn and postmid-
night sectors. The average intensity also increases up
to 0.5 mV m�1=

p
Hz except in the region of 1500{

2100 MLT.

6. Discussions and Conclusions

In the present paper we studied plasma waves cor-
related with ion heating and acceleration observed by
the Akebono satellite. We �rstly investigated the cor-
relation between waves and particles in the region of
TAI and ion conics, and we showed that broadband
noise is commonly observed in the region. Our wave-
form analyses clari�ed that broadband electrostatic
noise consists of two kinds of wave. One is inter-
mittent impulsive wave in the frequency range up to
10 kHz, and the other is continuous random noise be-
low a few kilohertz. We demonstrated that the con-
tinuous type of broadband noise is closely correlated
with TAI and ion conics and that this wave is the pos-
sible main energy source of ion heating/acceleration
transverse to the geomagnetic �eld line.

Our statistical study showed that the continuous
type of electrostatic broadband noise is observed at all
local times in the auroral region. In the cusp region
the intensity is highest, and it is almost constant along
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the magnetic �eld lines at the entire altitude range
of Akebono, which is from 270 to 10,000 km. Out-
side the cusp the broadband noise is also distributed
along the magnetic �eld line, but the intensity be-
comes smaller at altitudes below 3000 km. Moreover,
the intensity of the broadband noise becomes less in
the dusk and premidnight sectors.

A similar statistical study was made by Gurnett

and Frank [1977] using the data from Hawkeye 1 and
Imp 6. They analyzed occurrence frequency of the
broadband electrostatic noise as a function of mag-
netic latitude and magnetic local time in the region
from 5.01 to 6.31 RE . They concluded that the broad-
band noise occurs at all local times. Our observation
was made in the lower altitude region, so that the
continuous broadband noise is possibly distributed at
all altitude regions below several RE along the au-
roral �eld lines. However, we should note that the
broadband electrostatic noise observed by Hawkeye 1
and Imp 6 is much more intense in the nightside than
in the cusp [Gurnett and Frank , 1978] in contrast to
our result. This may be because the altitude range of
Akebono is lower than those of Hawkeye 1 and Imp
6.

When these statistical results are compared to
those for ion out
ow phenomena, a clear relationship
can be found between broadband noise and TAI. As
we mentioned in section 3, we found that TAIs and
ion conics recognized by the SMS instruments occur in
the exact timing of the broadband noise enhancement
for most data sets obtained by Akebono. Further-
more, the region of ion out
ow, which is statistically
analyzed using the data from SMS, is quite similar
to the region of broadband noise (S. Watanabe et al.,
private communication, 1999).

In the altitude region from 8000 to 23,300 km, Yau
et al. [1984] reported that the occurrence frequency
distribution of up
owing ionospheric ion (UFI) ob-
served by DE 1 is \auroral-oval-like"; namely, the fre-
quency peaks at a more equatorward latitude and has
a broader latitudinal extent in the nightside than in
the dayside. An extended study of Yau et al. [1984]
was made by Kondo et al. [1990]. Kondo et al. [1990]
made a statistical analysis of up
owing ion beam and
conic distributions at DE 1 altitude and found that
up
owing beams tended to occur between dusk and
premidnight, while conics were observed mostly be-
tween dawn and noon. Our statistical results show
that continuous broadband noise is intense between
dawn and noon and weak in the dusk region; therefore
these results show a good agreement with the mecha-

nism that ions are energized by continuous broadband
noise and going upward as ion conics.

On the other hand, patterns of TAI observed by
Freja at the altitude around 1700 km were classi-
�ed into four types [Andr�e et al., 1998], and it is
suggested that � 90% of oxygen heating events are
caused by ion energization associated with broadband
low-frequency waves [Norqvist et al., 1998]. Andr�e

et al. [1998] showed that the TAIs associated with
broadband noise are mainly observed in the prenoon
auroral sector, and lower hybrid wave or electromag-
netic ion cyclotron waves are dominant in the evening-
side. The altitude of 1700 km is comparable to or
lower than that of Akebono, and our result is also
consistent with the results by Andr�e et al. [1998]
from the other point of view that the intensity of the
broadband noise is the lowest in the altitude below
3000 km in the dusk and premidnight sectors as was
shown in Plate 5 and that other types of ion energiza-
tion mechanism should be dominant in the region. As
for the Kp dependence of the broadband noise, the
distributions as a function of Kp indicated in Plate 6
also show a general agreement with the Kp or AE de-
pendence of the ion out
ow region [Norqvist et al.,
1998; �ieroset et al., 1999].

We also found an interesting feature on the sea-
sonal variation of the broadband noise intensity: The
activity of the broadband noise is limited around the
cusp region in summer, while it becomes highest in
winter and the region extends toward the dawn and
postmidnight sectors. Similar seasonal variations are
found in electron precipitation [Newell et al., 1996].
Newell et al. [1996] reported that the injected elec-
trons are enhanced in winter and suppressed in sum-
mer, controlled by the ionospheric conductivity. Al-
though their interpretation can be mainly applicable
to the electrons which cause discrete aurora, the same
mechanism may work on the generation of the broad-
band noise. Furthermore, we point out other e�ects
in the generation of broadband noise. As electron
density in the ionosphere decreases in winter, den-
sity gradient and ratio of precipitating electrons to
background electrons also a�ect the growth rate of
broadband noise. As for the seasonal variation of the
TAI, Norqvist et al. [1998] also pointed out that the
occurrence frequency of the ion heating at the Freja
altitude is highest in winter while an opposite rela-
tionship was found at the higher altitude region of DE
1 [Yau et al., 1985]. We also checked seasonal vari-
ation of broadband noise using just data from high
altitudes above 6000 km in order to see if the sea-
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sonal variation shows agreement with that of Yau et

al. [1985]. The results are, however, almost the same
as those in Plate 7. This may be because the apogee
of Akebono is at most 10,300 km, which is much lower
than that of DE 1.

Finally, we discuss a possible scenario of the en-
ergy transport between waves and particles. Accord-
ing to the numerical calculation for linear dispersion
of plasma waves, ion acoustic waves can be generated
in the broad frequency range below a few kilohertz
by precipitating electrons in the energy range of a
few hundreds eV; hence the dominant part of contin-
uous broadband noise possibly consists of ion acoustic
waves. The spin dependence of the continuous broad-
band noise shown in Plate 3 is also consistent with this
result. However, there still remains another problem
to be solved. According to the results by Wahlund

et al. [1998], the bulk thermal ion population might
be very hot, which makes it hard to grow ion acous-
tic waves. Furthermore, as the electric component of
ion acoustic waves essentially oscillates almost along
the geomagnetic �eld line, e�ciency of energy con-
version from wave to TAI would not be so high. The
plasma environment in the region of TAI is quite com-
plicated, and further consideration such as nonlinear
e�ects may be needed, as was discussed by Seyler et

al. [1998], Gavrishchaka et al. [1999], and other au-
thors. The Akebono data collected over more than
11 years is quite valuable for further investigation,
and a more detailed comparison study between wave
and particle data will provide a clue to solving this
problem in the future.
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Plate captions

Plate 1. (a-h) Dynamic spectra obtained by multichannel analyzer (MCA) and pitch angle sorted energy spectograms of
electrons and ions obtained by low-energy particle detector (LEP).

Plate 2. (a-h) A summary plot of thermal and suprathermal ions observed by suprathermal ion mass spectrometer (SMS).

Plate 3. Dynamic spectra of an electric �eld obtained by wideband receiver (WBA) and the angle between the wire antenna
and the geomagnetic �eld line.

Plate 4. Intensity of electric components of the broadband noise at 5 Hz.

Plate 5. (a-c) Local time dependence of the broadband noise at 5 Hz.

Plate 6. (a-c) Kp dependence of the broadband noise at 5 Hz.

Plate 7. Seasonal variation on the broadband noise. (a-d) The average intensity of the electric �eld at 5 Hz in the Northern
Hemisphere. (e-h) The average intensity of the electric �eld at 5 Hz in the Southern Hemisphere.

Figure captions

Figure 1. Waveforms of intermittent noise observed by WBA.

Figure 2. Correlation between spectral density of broadband noise and energy density of heated ions. The circles and
pluses mean that the data were obtained in the dayside and in the nightside, respectively.

Figure 3. Coverage of the Akebono orbits used for the statistical study.
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Plate. 1
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Plate. 2
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Plate. 3
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Plate. 4
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(a) 0 � MLT � 8 (b) 8 � MLT � 16 (c) 16 � MLT � 0

Plate. 5
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(a) Kp� 2+ (b) 3� � Kp� 4+ (c) 5� � Kp

Plate. 6
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Plate. 7


