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[1] We present a comprehensive overview of the electron density and six different wave
types in the range �1 Hz to �1 MHz, and we investigate their occurrence, average wave
frequency and amplitude as a function of location, Kp index, and solar illumination.
Twenty-one months of Freja observations from the Northern Hemisphere obtained at
�1700 km altitude and invariant latitudes 40�–75� are used. We find that waves around
the lower hybrid frequency occur in one low-latitude dayside band and one high-latitude
nightside band. The latter band correlates with precipitating auroral electrons and
coexists with electromagnetic ion cyclotron (EMIC) waves. This indicates the importance
of energetic electrons for the wave generation. Both broadband ELF waves and broadband
high-frequency whistler mode waves are found at high latitudes, but whistler mode
emissions are most common in regions of high electron densities on the dayside, while
broadband ELF waves are found where the density is reduced on the nightside. Moreover,
the average density in the presence of broadband ELF waves is more reduced when the
ionosphere is dark than when it is sunlit. However, broadband whistler mode waves,
Langmuir waves, and waves with an upper cutoff just below the proton gyrofrequency
coincide with density enhancements when the ionosphere is dark. Ion heating correlated
with auroral electrons coexists with EMIC waves and the high-latitude band of waves
around the lower hybrid frequency. Furthermore, ion heating not correlated with
downgoing electrons coexists with broadband ELF waves. INDEX TERMS: 2471 Ionosphere:

Plasma waves and instabilities; 2483 Ionosphere: Wave/particle interactions; 2704 Magnetospheric Physics:

Auroral phenomena (2407); 2712 Magnetospheric Physics: Electric fields (2411); KEYWORDS: Freja Satellite,

Statistical Study, Plasma Waves, Electron Density, Solar Illumination, Ion Heating

1. Introduction

[2] Understanding the behavior of fluctuating electric
and magnetic fields, or waves, in the terrestrial magneto-
sphere is important for the comprehension of a lot of
processes in the space environment. For example, for the
transverse energization of ions and the subsequent outflow
of ionospheric plasma, waves play a fundamental role.
However, many properties of the waves and the wave-
particle interactions in the magnetosphere are still not
thoroughly investigated.
[3] There is a long history of studies of waves in the

magnetosphere from the very first reported ground-based
observation of waves in connection with auroras in the early
1930s [Burton and Boardman, 1933]. Since these early
observations, our knowledge about waves has increased
tremendously. Reviews of important wave phenomena in
the auroral magnetosphere can be found in the work of
Gurnett [1991] and André [1997].

[4] In the literature there is a long list of studies of wave
phenomena focusing on one or a few wave types in the
magnetosphere and investigating in detail some specific
properties of these waves by using in situ data from rockets
or satellites, or by using data from ground-based stations.
Many of these studies aim at investigating single events.
However, there is a lack of comprehensive investigations of
the statistical properties of important waves in the auroral
region in the terrestrial magnetosphere. Among the existing
statistical studies, there is that by Gurnett et al. [1984], who
used measurements from the Dynamics Explorer spacecraft
to study broadband low-frequency (<100 Hz) electric and
magnetic field fluctuations in the auroral regions. They
investigated the dependence of the waves on magnetic local
time (MLT), invariant latitude (ILAT), and altitude. Data
from the ISIS 1 and 2 satellites were employed by Saito
et al. [1987] to present the occurrence of electromagnetic
ion cyclotron (EMIC) waves as a function of MLT and
ILAT. The seasonal variations of the waves were also
investigated. Data from the ISIS 2 and the DE 1 satellites
were used by Poulsen and Inan [1988], for example, to
investigate the occurrence of discrete VLF (very low
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frequency, 3–30 kHz) emissions as a function of MLT.
Parrot [1990] presented the distribution of ELF (extremely
low frequency, 0.3–3 kHz) and VLF hiss emissions in
geomagnetic and geographic coordinates by using data from
the AUREOL 3 satellite. Data from the AUREOL 3 satellite
were also used by Rauch et al. [1993], who studied the
dependence of ELF emissions on MLT, ILAT, and altitude.
Erlandson and Zanetti [1998] investigated the distribution
of EMIC waves as a function of MLT and ILAT and also
considered the seasonal variations of these waves. Polar
data were used by Tsurutani et al. [2001] in a statistical
study of auroral zone wave phenomena at altitudes around
4000 km and 25,000 km. Ivchenko and Marklund [2001]
used six months of data from the Astrid-2 microsatellite in a
statistical study of low-frequency electric and magnetic field
fluctuations.
[5] Examples of earlier statistical studies of waves within

and in the vicinity of the auroral magnetosphere can be
found in the work of Gurnett [1966], Barrington et al.
[1971], and Tsurutani and Smith [1977]. They investigated
data of VLF hiss from the Injun 3 satellite, data of ELF,
VLF, and LF (low frequency, 30–300 kHz) whistler mode
emissions from the Alouette 2 satellite, and data of low-
frequency magnetospheric chorus from the Ogo 5 satellite,
respectively. These studies concerned, for example, the
dependence of the wave emissions and intensities on
MLT, ILAT, and Kp index. A discussion of other early
statistical studies can be found in the work of Hayakawa
and Sazhin [1992], Sazhin and Hayakawa [1992, 1994],
Sazhin et al. [1993], and references therein.
[6] Obviously, waves in the magnetosphere have been

studied to a relatively large extent. However, the existing
statistical investigations are usually restricted to a limited
selection of parameters important for the existence of one or
a few wave types. Hence there is a lack of comprehensive
statistical studies including several common wave types and
presenting the relevant parameters influencing these waves.
Such investigations could simplify the comparison between
different wave types elucidating the similarities and dissim-
ilarities in the parameters affecting the waves. The under-
standing of the generation of the waves could, for example,
be improved.
[7] In this article we present a comprehensive overview

of waves often observed at �1700 km in the auroral region
of the terrestrial magnetosphere. We focus on several
different wave types: broadband ELF waves, electromag-
netic ion cyclotron (EMIC) waves, magnetosonic waves
with a sharp lower frequency cutoff just below the proton
gyrofrequency, waves around the lower hybrid frequency,
Langmuir waves, and broadband whistler mode emissions
with an upper cutoff at the plasma frequency. Data
obtained by the Freja satellite near 1700 km in the North-
ern Hemisphere during 21 months in the declining phase of
the solar cycle are used. The wave spectral density is
studied as a function of frequency, and no assumptions
concerning dispersion relations or wave generation mech-
anisms are used. We study wave occurrence, amplitude,
and frequency as a function of location (MLT and ILAT),
electron number density, magnetic activity (Kp index), and
the amount of solar illumination on the nearest ionospheric
foot point (i.e., in the Northern Hemisphere) of the flux
tube crossed by Freja. Since all waves are analyzed in a

similar manner, we can easily compare the various waves
and find which conditions are favorable to the occurrence
of the waves.
[8] The instrumentation and our data are discussed in

section 2. Section 3 contains a brief description of the
different wave types included in our study and the wave
classification. The statistical analysis can be found in
section 4, and in section 5 we briefly discuss and summarize
our results.

2. Instrumentation and Data

[9] We use data from the Wave and Plasma Density
Instrument F4 on the joint Swedish and German satellite
Freja to investigate the electric wave fields and the electron
number density in the auroral region. Freja passes this
region at an altitude of �1700 km, and the orbit has an
inclination of �63�. This low-inclination orbit makes data
from the Freja satellite suitable for investigations of auroral
phenomena, since it, at times, moves along the auroral oval
instead of across it. The satellite is Sun-pointing and is spin
stabilized with a spin period of 6 s. Freja [André, 1993;
Lundin et al., 1994a, 1994b] had a set of high-resolution
field and particle instruments and an auroral imager for
studies of space plasma wave-particle interaction processes.
The Wave and Plasma Density Instrument F4 [Holback et
al., 1994] used three pairs of electrostatic probes in the spin
plane, with an antenna length of 21 m (two almost orthog-
onal pairs) and 11 m (one pair) to observe electric field
fluctuations up to 13 kHz. Normally, the shorter boom pair
was used for probe current measurements at fixed bias
voltage (Langmuir probe mode) for plasma density estima-
tion. In addition, a short (1.2 m) antenna was used for
measurements up to 4 MHz.
[10] The F4 telemetry was divided into different chan-

nels, where the sampling rate was 128 samples s�1 for
the density channel (DC), 4 kilosamples s�1 for the low-
frequency (LF) channel, 32 kilosamples s�1 for the
medium-frequency (MF) channel, and 8 megasamples s�1

for the high-frequency (HF) channel. The waveforms were
transmitted to ground after band-pass filtering and digital
sampling. Because of limited telemetry rates, only the DC
channel was continuously sampled. For the LF, MF, and HF
channels, F4 transmitted brief snapshots of data with blank
periods in between. Depending on the total telemetry rate,
the duty cycle was 19–38% for the LF channel, typically
with 750 or 1500 ms of data transmitted for each interval of
4 s. The corresponding duty cycles for the MF and HF
channels were a few percent and a few hundredths of a
percent, respectively.
[11] From the original time series data a reduced data set

consisting of power spectra and average probe current was
constructed to provide an overview of the data at a few
seconds time resolution. This overview data set is available
on disc and thus convenient for a statistical investigation. In
this study we use 21 months of such overview data from
Freja orbit 1152 to 9571 (from 1 January 1993 to 30
September 1994) in the declining phase of the solar cycle.
We here use the electric field spectra and the density
overview data and construct a database by collecting for
each satellite spin of 6 s the electric field spectral densities
(in frequency bands centered as shown in Table 1), electron
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density (estimated from the Langmuir probe current, cali-
brated by identification of the plasma resonance), Kp index,
and also information about universal time (UT) and the
position of the satellite. Furthermore, from the satellite
location and UT we determine whether the ionospheric foot
point in the Northern Hemisphere of the flux tube passed by
Freja is sunlit or not. The Kp index can be used as an
indication of the magnetic activity in the magnetosphere. It
ranges between 0 and 9, and higher values of the index
correspond to more intense disturbances.
[12] The total number of spins used in this investigation

is more than 1.2 million. However, because of varying
operating modes of the instruments, electric field data in
all frequency ranges and electron density data are not
always available simultaneously. Therefore data from some
spins have been discarded in some parts of our study while
retained in others. Essentially all the observations are
obtained at altitudes between 1400 and 1750 km, with a
majority of the spins occurring around 1700 km. The
corrected geomagnetic latitude (CGLAT) of the spins range
from 40� to 75� (the lower limit is set by the coverage from
the Esrange and Prince Albert ground stations, and the
upper limit is set by the 63� inclination of the orbit).
However, at the altitude and latitude of our study, the
difference between CGLAT and ILAT is small. Hence, since
ILAT is a more commonly used concept, we use this instead
of CGLAT.

3. Waves and Wave Classification

[13] We investigate the electric field power spectrum and
associate the spectral features with various wave emissions.
Whether the dispersion relations are known or not, we will
focus on the following waves, which we denote as broad-
band ELF waves, EMIC waves, magnetosonic waves with a
sharp lower frequency cutoff just below the proton gyrofre-
quency (in the following denoted MSC waves), waves with
a spectral peak around the lower hybrid frequency, Lang-
muir waves, and broadband whistler mode waves with an
upper cutoff at the plasma frequency. These waves and their
classification are shortly discussed below. We also use our
data to investigate various parameters influencing the wave
occurrence.

[14] For the purpose of identifying the waves mentioned
above we use the electric field data from the LF, MF, and
HF channels. We are working with overview data of the
spectral density (see Table 1) and do not access the original
time series. Neither do we have any information on the k
vectors. This choice constrains us to classify the various
wave types only by looking for signatures in the power
spectrum. Hence it is difficult to identify a wave when
strong emissions of other waves are present in the same
frequency range. Note that since there may be several
spectral features present in the power spectrum, more than
one wave type can be classified for the same satellite spin.
[15] The LF data are used for identifying broadband ELF

waves, EMIC waves, and MSC waves. The MF data are
used for classifying waves around the lower hybrid fre-
quency, and the HF data are used for Langmuir waves and
for broadband whistler mode wave emissions. The spectra
were originally calculated at 256 equidistant frequencies,
but to produce the overview data used in this study, the
average spectral density was computed in 15 frequency bins
(the width of each bin is roughly proportional to the
corresponding center frequency listed in Table 1). Spectral
density data at frequencies damped by band-pass filters are
not included in the study. Furthermore, since there are
sometimes artificial spectral signatures present in the
16-Hz bin, we do not use that frequency bin. Thus our
classification algorithm is restrained only to use spectral
densities at the frequencies listed in Table 1.

3.1. Broadband ELF Waves

[16] Broadband waves (sometimes called broadband
extremely low frequency waves, BB-ELF [Knudsen et al.,
1998]) are electric and magnetic field fluctuations observed
in a broad frequency range from a few hertz to a few
kilohertz and with no clear peaks in the spectrum at any
specific frequency. These waves have been investigated by,
for example, Gurnett et al. [1984], who used data from the
Dynamics Explorer spacecraft and observed broadband
low-frequency electric and magnetic field fluctuations on
essentially every low-altitude pass over the auroral regions.
[17] Measurements from sounding rockets indicate that

the wavelengths of these broadband ELF waves, at least
sometimes, are of the order of the oxygen gyroradii [Kintner
et al., 2000]. Ions from the ionosphere can be heated
perpendicularly to the geomagnetic field by wave-particle
interactions, and the subsequent outflow of these ions due to
the mirror force supplies the magnetosphere with a signifi-
cant part of its plasma. Broadband ELF waves are often
observed in regions with strong transverse ion energization,
and they are found to be one of the most important sources
of ion heating and ionospheric outflow at least at altitudes of
a hundred kilometers to several thousand kilometers [André
et al., 1998; Norqvist et al., 1998]. Explaining the gener-
ation of these waves by the classical current-driven electro-
static ion cyclotron (CDEIC) instability [Drummond and
Rosenbluth, 1962; Kindel and Kennel, 1971] brings about
fundamental problems; for example, estimates of the paral-
lel current made from in situ data are typically far below the
excitation threshold of the CDEIC instability [Knudsen
et al., 1998]. Instead, the inhomogeneous energy density-
driven instability has often been invoked to explain the
origin of these waves [Ganguli et al., 1985, 1988; Hamrin

Table 1. Center Frequencies of the Power Spectral Density Bins

for the LF, MF, and HF Channels Used in This Studya

LF, Hz MF, kHz HF, kHz

(16) 0.128 32.8
28 0.224 57.3
48 0.384 98.3
76 0.608 56
112 0.896 229
156 1.25 319
216 1.73 442
300 2.40 614
412 3.30 844
560 4.48 1150
752 6.02 1540
1000 8.03 2060
1340 10.7 2740
aThere are sometimes artificial spectral signatures present in the

overview data in the 16-Hz bin. Therefore data from this bin is never
used in the article.
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et al., 2001]. It has also been suggested that significant
spatial electric field structures, at least sometimes, are
present during ion heating events and that some of the
observed broadband ELF wave structures can be due to
Doppler shifts from the satellite motion [Stasiewicz et al.,
2000; Lund, 2001]. Moreover, it has been suggested that
ions could be heated directly by nonadiabatic motion in
electrostatic structures alone without the need for energizing
broadband ELF waves [Mishin and Banaszkiewicz, 1998].
On the other hand, another analysis of similar data indicates
that true time variations are the cause for broadband ELF
waves [Wahlund et al., 1998]. The generation and the nature
of these waves are still debated, and the occurrence of the
broadband ELF waves in a region important for ion energ-
ization and ion outflow is of great interest.
[18] In Figure 1a we show a typical broadband ELF wave

spectrum, and in Figure 1b a schematic spectrum of such an
emission is presented. To identify broadband ELF waves we
require that the electric field power spectral density at 28 Hz
(� fOþ , the oxygen gyrofrequency at the Freja altitude) is
above 0.1 (mV m�1)2 Hz�1 (solid circle in Figure 1b). The
threshold is chosen so that it corresponds to O+ heating
stronger than a few eV; see Figure 7 of André et al. [1998].
Note that the frequency value indicated by the solid circle is
also used in section 4 to calculate the average spectral
density. Analogously, in all schematic spectra in the right
column of Figure 1, the solid circles show the frequency
bins used for computing the average spectral density for the
other wave types. Furthermore, to be classified as a broad-
band ELF wave, wave emissions in the range 48–412 Hz
should be strong enough. In Figure 1b the dotted line passes
through 0.1 (mV m�1)2 Hz�1 at 28 Hz and falls off
as SE( f ) � f a, where a = �2.5. For the classification we
require that at least six out of seven measured spectral
densities between 48 and 412 Hz are above this line (the
open circles in Figure 1b correspond to the seven frequency
bins from 48 to 412 Hz; see Table 1). Note that since there is
a high-pass filter damping the power spectral density at low
frequencies, and since there are sometimes artificial spectral
signatures present in the overview data in the 16-Hz bin, we
do not use frequencies below the local oxygen gyrofre-
quency for the classification of broadband ELF waves or
any other wave type.

3.2. EMIC Waves

[19] Electromagnetic ion cyclotron (EMIC) waves have a
clear peak in the power spectrum at frequencies below the
proton gyrofrequency, and they are often generated by
precipitating electrons [Temerin and Lysak, 1984; Gustafs-
son et al., 1990; Oscarsson et al., 1997]. These waves are
also believed to contribute to the ion energization [Vaivads
et al., 1999].
[20] The classification of EMIC waves is somewhat

complicated by the fact the such waves can show clear
spectral peaks in a wide frequency range [Erlandson and
Zanetti, 1998]. However, we only focus on single clear
peak EMIC emissions in an interval of about 0:1fHþ to
0:5fHþ (48–216 Hz), where fHþ is the proton gyrofrequency
(�400 Hz at the Freja altitude). Examples of one typical
and one schematical EMIC wave spectrum can be found in
Figures 1c and 1d. (Note that at higher frequencies a second
peak appears in Figure 1c. This peak is caused by waves

Figure 1. Left column shows typical electric field power
spectral densities versus frequency for the six wave types
studied in this article. The right column contains corre-
sponding schematic spectra used to visualize the classifica-
tion of the waves. The open circles indicate the spectral
densities at the frequency bins available in our study, and
the solid circles show the frequencies used to estimate the
spectral density of each wave type in section 4. Each dotted
line shows the minimum spectral density needed for the
classification of a specific wave. (a, b) Broadband ELFwaves
have no spectral peak at any frequency. (c, d) Electro-
magnetic ion cyclotron (EMIC) waves in our study have a
clear spectral peak around or below half the proton
gyrofrequency. (Just above 1000 Hz in Figure 1c we also
see a smaller peak caused by waves around the lower hybrid
frequency.) (e, f) Magnetosonic waves (MSC waves) with an
increased spectral density above the proton gyrofrequency.
(g, h) Waves near the lower hybrid frequency (LH). (i, j)
Langmuir waves with a narrow peak. (k, l) Broadband
whistler mode waves with an upper cutoff at the plasma
frequency.
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around the lower hybrid frequency, which will be discussed
in section 3.4.) In our study the width of the spectral peak is
not allowed to be more than three frequency bins. More-
over, the spectral density at two bins below and two bins
above the spectral peak should be at least one decade lower
than at the peak itself (compare �SE

low and �SE
high in

Figure 1d). By choosing �SE
low and �SE

high sufficiently
large, fluctuations in a broadband ELF spectrum do not risk
being falsely classified as an EMIC wave. Note that since
we do not use the bin at 16 Hz and since we might have a
MSC wave emission in the 412-Hz bin, we only check one
bin below 48 Hz and one above 216 Hz. Furthermore, the
spectral density at the peak (solid circle in Figure 1d)
must be above 0.001 (mV m�1)2 Hz�1 to be included in
our study. This value is chosen since peaks with weaker
spectral densities normally cannot be detected if they
coexist with an intense broadband ELF wave.

3.3. MSC Waves

[21] Some ELF hiss spectra have a sharp lower cutoff at
frequencies in the range 200–600 Hz [Gurnett and Burns,
1968]. The cutoff is often just below the local proton
gyrofrequency fHþ, i.e., near 400 Hz at Freja altitudes, and
is caused by the cutoff in the whistler mode in an oxygen-
dominated plasma containing both H+ and O+ [Rauch et al.,
1993; Santolik and Parrot, 1999; Oscarsson et al., 2001].
Such waves may be generated by anisotropic ion distribu-
tions at high altitudes in the equatorial region. As these
waves propagate to lower altitudes, they can undergo
resonant mode conversion, and the waves that have suitable
polarization are able to heat ionospheric ions [Johnson et al.,
1989; Le Quéau et al., 1993, 1994]. However, André et al.
[1998] noted that these waves generally are too weak to
cause intense ion heating.
[22] A sharp rise in the power spectral density just below

fHþ , as well as a gradual decrease as a function of increasing
frequency, is identified as a MSC wave (see Figures 1e and
1f). MSC waves typically have weaker spectral peaks than
do EMIC waves. For the classification of these waves we
demand that the spectral density at 216 or 300 Hz (one or
two frequency bins below fHþ � 412 Hz) is at least one
decade below the spectral density at 412 Hz. Furthermore,
we require that the spectral density at 412 Hz is at least
10�4 (mV m�1)2 Hz�1. MSC waves sometimes disappear
in an intense broadband ELF emission, and MSC wave
emissions much weaker than 10�4 (mV m�1)2 Hz�1 are
often hard to detect in the presence of broadband waves.
The spectral density at 412 Hz is indicated with a solid
circle in Figure 1f.

3.4. Waves Around the Lower Hybrid Frequency

[23] Waves with spectral peaks in the lower hybrid
frequency range are often observed in the terrestrial mag-
netosphere. According to their characteristics, these emis-
sions are often classified as auroral hiss, saucers, chorus,
and lower hybrid waves, all of which are often generated in
the whistler mode [André, 1997, and references therein].
Auroral hiss can be generated by upgoing or downgoing
electrons, and they can propagate both upward and down-
ward from the region where they have been generated
[Maggs, 1976; Sazhin et al., 1993]. Saucers are often
generated by upgoing field-aligned electrons in the return

current region [Lönnqvist et al., 1993]. Chorus seems to be
generated by hot anisotropic electron distributions [Sazhin
and Hayakawa, 1992]. These waves all propagate on the
whistler/lower hybrid dispersion surface [André, 1985], on
which we also find lower hybrid waves; though on this
surface the latter waves should be confined to the lower
hybrid plateau. Field-aligned cavities of small (ion gyrora-
dius) perpendicular size and enhanced wave activity around
the lower hybrid frequency are commonly seen in the Freja
data [Dovner et al., 1997], and these waves are interpreted
as a trapped lower hybrid mode [Pécseli et al., 1996; Schuck
et al., 1998]. Also around the lower hybrid frequency but at
lower latitudes, inside the plasmasphere where the electron
density is high, plasmaspheric hiss emissions can be
observed [Hayakawa and Sazhin, 1992]. The cyclotron
instability is one plausible generation mechanism of this
type of emission.
[24] To identify waves with a peak near the lower hybrid

frequency we use a method similar to the one for classifying
EMIC waves. Here we focus only on single peaks occurring
between 2fHþ and 26fHþ (896 and 10,720 Hz). Since the
electron density is not extremely low, the lower hybrid
frequency is rarely below 2fHþ in our study. Furthermore,
since the plasma generally is not proton dominated (where
the lower hybrid frequency theoretically can be up to 43fHþ),
we expect to find most of the waves within our frequency
interval. In Figure 1g an example of waves around the lower
hybrid frequency can be found, and Figure 1h shows a
corresponding schematic spectrum. For the classification we
require that the spectral density within two frequency bins
below the peak increases at least one decade with increasing
frequency (see �SE in Figure 1h). The lowest acceptable
value of the peak spectral density (solid circle in Figure 1h)
is 0.001 (mV m�1)2 Hz�1. The choice of this value is
somewhat arbitrary and is mainly based on examinations of
several wave spectra.

3.5. Langmuir Waves and Broadband Whistler
Mode Waves

[25] At frequencies well above the lower hybrid fre-
quency, two distinct types of wave emissions can be found
in our data. These are narrowband Langmuir wave emis-
sions at the plasma frequency and broadband whistler mode
emission with an upper cutoff at the plasma frequency
[Kintner et al., 1995]. However, at high altitudes also,
auroral kilometric radiation (AKR) can be found in this
frequency range, but these waves are very uncommon at the
low altitudes of Freja [André, 1997]. Langmuir waves are
expected to be generated by accelerated auroral electrons
[Maggs, 1978], which explains why these waves are
observed in the auroral region [Kintner et al., 1995]. Also,
the broadband whistler mode waves can be generated by
auroral electron beams.
[26] High-frequency emissions in the range 80fHþ to

5000fHþ are either classified as Langmuir waves or broad-
band whistler mode waves with an upper cutoff at the
plasma frequency. A narrowband and strong peak near the
plasma frequency (Figures 1i and 1j) is identified as a
Langmuir wave, while a more broadband emission with
an upper cutoff around the plasma frequency is classified as
a whistler mode wave (Figures 1k and 1l). A required
plasma frequency in the range 80fHþ to 5000fHþ corresponds
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to electron densities between 13 and 50,000 cm�3. In
section 4 we will see that these limits are reasonable, so
we expect most of the Langmuir and whistler mode waves
to be within this interval.
[27] To classify an emission as a Langmuir wave we

require a peak in the spectral density at a frequency within a
factor of 2 from the plasma frequency estimated from the
probe current. This wave spectral peak (solid circle in
Figure 1j) should be higher than 10�4 (mV m�1)2 Hz�1

and more than a decade stronger than the spectral densities
at two frequency bins below and above the peak (�SE

low

and �SE
high in Figure 1j).

[28] To be classified as a whistler mode wave we
demand that the spectral density increases at least one
decade with decreasing frequency and within two fre-
quency bins (see �SE in Figure 1l). Furthermore, we
require that the frequency cutoff is within a factor of 2
from the plasma frequency estimated from the probe
current. The spectral density must also be above 10�6

(mV m�1)2 Hz�1 during four consecutive frequency bins
in the interval �f in Figure 1l. The reason for requiring this
low spectral density is that the wave power is distributed
over a relatively wide frequency range. Therefore, even
when the wave amplitude is high, the spectral density at a
specific frequency is quite low.

4. Statistical Study

[29] In this section we investigate the influence of some
important parameters such as the Kp index and the solar
illumination on the waves discussed in section 3. The
electric field power spectral density as a function of fre-
quency is studied, and no assumptions concerning disper-
sion relations or wave generation mechanisms are used.
Also, electron number density data are included in our
study. The relative occurrence frequency n(w) of a specific
wave type w is estimated according to

nðwÞðm; l; k; sÞ ¼ nðwÞðm; l; k; sÞ
Nðm; l; k; sÞ ; ð1Þ

where n(w) is the number of spins identified as wave type w
in a specific bin denoted by (m, l, k, s). N is the total number
of appropriate electric field measurements made in that bin,
and it is used for the normalization in (1). The binning
parameters are magnetic local time (m), invariant latitude
(l ), Kp index (k), and a quantity (s) describing the presence
or absence of solar illumination of the nearest flux tube foot
point crossed by Freja. In the following, summation over
one or two of the indices is performed for the presentation
of our data.
[30] For each wave type we will also calculate the

average electric field spectral density

hSsðwÞðm; l; k; sÞi ¼
XnðwÞ

a¼1

SsðwÞa ðm; l; k; sÞ
nðwÞðm; l; k; sÞ

; ð2Þ

where m, l, k, and s are the same binning parameters as
above. The electric field spectral density Sa

s(w) for wave type
w is measured at the position of the peak or the cutoff in the
spectrum (see section 3), and the summation is over all n(w)

waves of type w detected in each bin. The average wave
frequency h f (w)i of EMIC waves and waves around the
lower hybrid frequency are calculated in a similar way. As
before, whenever needed, further summation over appro-
priate binning parameters is made.
[31] Our data cover all local times and latitudes between

40� and 75� ILAT. On the whole we have data from more
than 1.2 million spins in our study with 160–6300 spins
measured in each MLT-ILAT bin. There is a maximum
number of measurements around 60� ILAT for all MLT,
while the fewest number of measurements are in the low-
latitude bins. However, at >50� ILAT we have data from
well above 1000 spins in every bin.

4.1. Wave Occurrence and Average Spectral Density

[32] In Figure 2a we have plotted the occurrence fre-
quency of strong broadband ELF waves as a function of
MLT and ILAT. The latitude ranges from 40� ILAT to 75�
ILAT. Strong broadband ELF waves are expected to be
correlated with transverse ion heating, and according to the
more detailed description in section 3, one criterion for
classifying these waves is that the power spectral density
close to the oxygen gyrofrequency (�26 Hz at the Freja
altitude) must be above a certain threshold value. In total we
have 7200 spins classified as strong broadband ELF waves
in our study. From Figure 2a we see that these waves are
most frequent at high invariant latitudes, preferably on the
nightside. The occurrence of these waves clearly agrees
with the location of the statistical auroral oval, which
reaches lower latitudes on the nightside. The average power
spectral density (PSD) in the 28-Hz bin (see Table 1) of the
waves is shown in Figure 1b. Note that in this average we
have also included waves with spectral densities below the
threshold used in producing Figure 2a. When comparing
Figures 2a and 2b, it is clear that the strongest broadband
ELF waves occur at high latitudes on the nightside, usually
around and after local midnight. Weaker waves can be
found at all local times and on lower latitudes.
[33] In Figures 2d and 2e, corresponding plots of the

occurrence and the average spectral density of EMIC waves
are shown. The classification of these waves (described in
section 3) is applied in both plots. Note that EMIC waves
are not found so often in our study (only 166 spins are
classified as EMIC waves), which explains the large fluc-
tuations in the statistics. From Figure 2d we see that EMIC
waves are most common at high invariant latitudes on the
nightside, preferably at 1800–0000 MLT, where auroras are
frequent. This agrees with precipitating energetic electrons
generating these waves. Although the statistics are not so
clear in Figure 2e, we do not see any trend that the average
spectral density is higher in any specific region in MLT-
ILAT space. Earlier investigations [Erlandson and Zanetti,
1998; Saito et al., 1987] also show that these waves are
most frequent at high latitudes around 70� ILAT and in the
premidnight sector.
[34] Approximately 67,500 spins of our data are classi-

fied as MSC waves. From Figures 2g and 2h we see that
these waves are most common on the dayside and that the
strongest waves are found in the morning sector at high
invariant latitudes, which is the region of the cusp. Our
results agree well with the observations of Rauch et al.
[1993] and Parrot [1990], who both used data from the
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AUREOL 3 satellite to show that MSC waves are found
mainly on the dayside and that the strongest waves occurred
at high latitudes around 60�–70� ILAT. The occurrence of
these waves at high invariant latitudes in the dayside sector
is consistent with the generation of MSC waves within the
light ion trough Rauch et al. [1993], where the concen-

tration of H+, and possibly He+, is decreased and O+ is the
dominant ion species.
[35] In our study, 59,000 spins have been classified as

waves around the lower hybrid frequency. The occurrence
frequency of these waves can be found in Figure 2j. Here
we note that these waves appear in two distinct bands. One

3.5

3  

2.5

2  

1.5

00

  06

12

18 

40°

75°

p

lo
g 10

(O
cc

ur
re

nc
e)

5.5

5  

4.5

4  

00

  06

12

18 

40°

75°

q

lo
g 10

(S
E
 / 

1(
m

V
/m

)2 /H
z)

3.5

2.5

1.5

0.5

40 50 60 70
0

2

4

6

8

INV [°]

K
p

lo
g 10

(O
cc

ur
re

nc
e)

 r

4

3

2

1

40 50 60 70
0

2

4

6

8

INV [°]

K
p

lo
g 10

(O
cc

ur
re

nc
e)

 o

4  

3.8

3.6

3.4

00

  06

12

18 

40°

75°

n

lo
g 10

(S
E
 / 

1(
m

V
/m

)2 /H
z)

3.5

3  

2.5

2  

1.5

00

  06

12

18 

40°

75°

m

lo
g 10

(O
cc

ur
re

nc
e)

3  

2.5

2  

1.5

1  

00

  06

12

18 

40°

75°

j

lo
g 10

(O
cc

ur
re

nc
e)

3  

2.5

2  

1.5

1  

00

  06

12

18 

40°

75°

k
lo

g 10
(S

E
 / 

1(
m

V
/m

)2 /H
z)

3

2

1

0 

40 50 60 70
0

2

4

6

8

INV [°]

K
p

lo
g 10

(O
cc

ur
re

nc
e)

 l

2.5

2  

1.5

1  

40 50 60 70
0

2

4

6

8

INV [°]

K
p

lo
g 10

(O
cc

ur
re

nc
e)

 i

4  

3.5

3  

2.5

00

  06

12

18 

40°

75°

h

lo
g 10

(S
E
 / 

1(
m

V
/m

)2 /H
z)

3  

2.5

2  

1.5

1  

0.5

00

  06

12

18 

40°

75°

g

lo
g 10

(O
cc

ur
re

nc
e)

B
B

E
L

F
E

M
IC

M
SC

L
H

L
an

gm
ui

r
B

B
 W

hi
st

le
r

p

3.6

3.2

2.8

2.4

00

  06

12

18 

40°

75°

d

lo
g 10

(O
cc

ur
re

nc
e)

3

2

1

0 

1 

00

  06

12

18 

40°

75°

e

lo
g 10

(S
E
 / 

1(
m

V
/m

)2 /H
z)

4  

3.5

3  

2.5

2  

40 50 60 70
0

2

4

6

8

INV [°]

K
p

lo
g 10

(O
cc

ur
re

nc
e)

 f

2.5

2  

1.5

1  

0.5

0   

00

  06

12

18 

40°

75°

b

lo
g 10

(S
E
 / 

1(
m

V
/m

)2 /H
z)

3.5

2.5

1.5

0.5

40 50 60 70
0

2

4

6

8

INV [°]

K
p

lo
g 10

(O
cc

ur
re

nc
e)

 c

3  

2.5

2  

1.5

00

  06

12

18 

40°

75°

a

lo
g 10

(O
cc

ur
re

nc
e)

Occurrence Average PSD K   index

Figure 2. (left) Wave occurrence versus MLT and ILAT, (middle) average spectral density versus MLT
and ILAT, and (right) wave occurrence versus ILAT and Kp index for (a–c) broadband ELF waves, BB-
ELF; (d–f ) EMIC waves; (g–i) MSC waves; ( j– l) waves around the lower hybrid frequency, LH; (m–
o) Langmuir waves; and ( p–r) broadband whistler mode waves with an upper cutoff at the plasma
frequency, BB whistler. The locations of 50�, 60�, and 70� ILAT are indicated with solid lines. See color
version of this figure at back of this issue.
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band is at high invariant latitudes �70� and mainly at local
afternoon and local night. The other band is at lower
latitudes (�60� ILAT) and preferably between 2100 and
1500 MLT. From Figure 2k it is evident that the strongest
waves occur around local midnight in the high-latitude
band. Fairly high power spectral densities are also present
in the low-latitude band in the postmidnight sector. Dovner
et al. [1997] used data from the Freja satellite to investigate
the occurrence of lower hybrid cavities (LHCs), i.e., small-
scale density depletions coinciding with lower hybrid wave
activity, in the upper ionosphere as a function of MLT,
ILAT, and altitude. Their result that LHCs are most frequent
at magnetic latitudes between 55� and 65�, preferably on the
morningside, clearly agrees with the location of the low-
latitude band in Figure 2j. For higher latitudes >65�, Dovner
et al. [1997] found another local maximum extending from
�1300 to �0900 MLT. This maximum was, however, less
pronounced than the maximum for <65�. Also, this high-
latitude band can be found in Figure 2j.
[36] In Figure 2m we see that Langmuir waves (in total

there are 3000 spins classified) are most often observed at
high latitudes (>60� ILAT) in the nightside sector, consistent
with the assumption that such waves are generated by
precipitating auroral electrons. The Langmuir waves are
strong, and the power spectral density is practically constant
throughout this entire region as shown in Figure 2n.
[37] The occurrence of broadband whistler mode emis-

sions with an upper cutoff at the plasma frequency is shown
in Figure 2p, and the corresponding average spectral density
is shown in Figure 2q. The total number of spins classified as
broadband whistler mode waves is 3000. We see that these
waves are most common at high latitudes on the dayside and
that the spectral density is practically unchanged throughout
this region.

4.2. Geomagnetic Activity

[38] In the right column of Figure 2 we have plotted the
occurrence of all six wave types included in our study
versus ILAT and Kp index. From these plots we clearly see
that during highly magnetically disturbed times, the south-
ward part of the region of the occurrence of all waves is
displaced toward lower latitudes. However, for EMIC
waves in Figure 2f this tendency is not as obvious as for
the other wave types. This is probably explained by the fact
that EMIC waves are not detected so often in our study, and
therefore the statistics get less clear. The southward dis-
placement is to be expected since the auroral oval is shifted
toward lower latitudes during high magnetic activity. Also,
the regions of wave generation are displaced. For example,
waves that are generated by precipitating auroral electrons,
e.g., EMIC waves, waves around the lower hybrid fre-
quency, and Langmuir waves, are hence expected to be
detected at lower latitudes. Moreover, note that in Figure 1
both the high-latitude band and the low-latitude band found
in Figure 2j are clearly visible.

4.3. Average Wave Frequency

[39] As described in section 3, EMIC waves and waves
around the lower hybrid frequency are classified by the
identification of a peak in the power spectral density in a
certain frequency range. Hence characteristic values of the
frequency can easily be associated with these waves. In

Figures 3a and 3b the average frequency of these waves is
plotted versus MLT and ILAT. Similar investigations of the
frequencies for the other four wave types used in this study
are not meaningful (see section 3). From Figure 3a we see
that there is no clear maximum or minimum in the fre-
quency of the EMIC waves. However, the frequency of the
waves around the lower hybrid frequency (Figure 3b) shows
a clear increase toward lower latitudes between 2000 and
1000 MLT. At higher latitudes around 65� ILAT there is a
legible decrease in frequency with increasing latitude at all
local times except in the afternoon sector. Here we can
instead see an increase in the frequency at the highest
latitudes. The variation in average frequency for the waves
around the lower hybrid frequency is an indication that
different types of waves can be generated in different
regions of MLT-ILAT space, although they are all classified
as waves around the lower hybrid frequency in our study. At
higher latitudes we expect that at least some of these waves
are generated by auroral electrons, while at lower latitudes,
toward the plasmaspheric boundary where the electron
density increases (see the discussion below), it is plausible
that the plasmaspheric hiss is generated [Hayakawa and
Sazhin, 1992]. Moreover, when investigating the waves
around the lower hybrid frequency in more detail (not
shown), we do not find any clear correlation between the
wave frequency and the electron density. This reflects that
most of the events classified in this category are not true
lower hybrid waves, for which the peak should have been
close to the lower hybrid frequency. Instead, our interpre-
tation is that the frequency of the spectral peak is deter-
mined by the generation mechanism and/or the propagation
characteristics of the waves, as is to be expected for, for
example, auroral hiss [Maggs, 1976; Sazhin et al., 1993].
However, one should note that the lower hybrid frequency
is sensitively dependent on the relative ion concentration of
H+, so even pure lower hybrid wave events need not
necessarily be neatly organized by the plasma density.

4.4. Effects of Solar Illumination

[40] Many parameters are essential for the generation of a
certain wave. The dependence of the electron density on the
solar illumination, for example, has important consequences
for the existence of various waves in the magnetosphere.
Hence, in this article we also investigate the effect of the
electron number density on the observed waves. Figures 4a
and 4b show the density in the absence and in the presence
of solar illumination on the nearest ionospheric foot point of
the flux tube crossed by Freja, respectively. We see that in
the absence of ionizing solar radiation, the electron density
is distinctly lower than when the ionosphere is sunlit. Above
a sunlit ionosphere we also see a clear maximum in the
electron density in the postnoon sector at high invariant
latitudes. This is reasonable since the flux tubes in this
region have been exposed to ionizing solar radiation during
a long time. Analogously, we note a minimum in the
electron density around 65� ILAT in the postmidnight sector
when the ionosphere is in shadow. In both Figures 4a and 4b
we see that at low latitudes ]50� the density is increasing as
we are approaching the dense plasmasphere. The large-scale
density variations in MLT-ILAT space are consistent with
recent observations at 1000-km altitude by the Astrid-2
satellite (S. H. Høymork et al., Statistical study of large
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scale density cavities observed by ASTRID-2, submitted to
Annales de Geophysique, 2000; J.-E. Wahlund et al., The
Earth’s global plasma density at 1000 km: Astrid-2 first
results on the Sun-Earth connection, submitted to Annales
Geophysicae, 2001).
[41] The dependence of the electron density on the solar

illumination has in many cases important consequences for
the existence of various waves in the magnetosphere. In
Figures 4c–4l we show the relation between the electron
density and the wave occurrence of broadband ELF waves,
MSC waves, waves around the lower hybrid frequency,
Langmuir waves, and broadband whistler mode waves with
an upper cutoff at the plasma frequency. The left column
corresponds to the cases when the nearest ionospheric foot
point is in shadow, and the right column corresponds to
cases when it is sunlit. Note that the densities in Figures 4c,
4e, 4g, 4i, and 4k are normalized to the corresponding
density in Figure 4a, and in Figures 4d, 4f, 4h, 4j, and 4l, the
density in Figure 4b is used for the normalization.
[42] From Figures 4c and 4d we see that the relative

average electron density in the presence of broadband ELF
waves is clearly reduced when the ionosphere is dark.
Moreover, when the ionosphere is sunlit, the density is
usually increased at times when broadband ELF waves are
observed. Previous observations indicate that intense auro-
ras are more common above a dark ionosphere than above a
sunlit ionosphere and during low solar activity [Newell et al.,
1996, 1998]. Hamrin et al. [2000] pointed out that this
anticorrelation of auroral activity with solar illumination of
the ionosphere can be explained if the electron acceleration
process is sensitive to the density in the auroral region. In
the absence of solar illumination the electron density is
low (as shown in Figure 4a). As suggested by Rönnmark
[1999], a low electron density in the acceleration region
forces the electrons to be accelerated to energies of several
keV to be able to carry an imposed field-aligned current

between the ionosphere and the magnetosphere (note that
this reasoning both applies to the upward and downward
current regions). Furthermore, as shown by André et al.
[1998] broadband ELF waves as well as EMIC waves and
lower hybrid waves can heat ions to such high energies that

Figure 3. Average wave frequency in hertz versus MLT
and ILAT for (a) EMIC waves and (b) waves around the
lower hybrid frequency. The locations of 50�, 60�, and 70�
ILAT are indicated with solid lines. See color version of this
figure at back of this issue.

  

  

  

  

  

 

 

 

 

Figure 4. (a, b) The average electron density n0 irrespec-
tive of the presence or absence of any waves, and the average
electron density in the presence of (c, d) broadband
ELF waves, (e, f ) MSC waves, (g, h) waves around the
lower hybrid frequency, (i, j) Langmuir waves, and (k, l)
broadband whistler mode waves with an upper cutoff at the
plasma frequency. All figures are plotted versus MLT and
ILAT. The right column corresponds to an ionosphere in
sunlight, and the left column corresponds to an ionosphere in
shadow. The locations of 50�, 60�, and 70� ILAT are
indicated with solid lines. See color version of this figure at
back of this issue.
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they can escape the gravitational field of the Earth. This ion
outflow naturally reduces the electron density further.
Hence, in the absence of solar illumination the average
electron density is in general lower, ion heating is stronger,
and the average density depletions are deeper. This reason-
ing is in agreement with the density reduction in Figure 4c.
In Figure 4d, broadband ELF waves on the dayside are
associated with a clear increase in the electron density, as
opposed to the decrease in Figure 4c. We do not believe that
this indicates that a high density is favorable for the wave
generation. Rather, many events with intense broadband
ELF waves on the dayside occur in the cusp/cleft region, on
field lines where solar wind plasma has access to low
altitudes and increases the density. These events correspond
to regions with free energy available for wave generation.
Thus, both the electron density and the amount of free
energy increases here, and the existing wave generation
mechanisms can more than compensate for the increased
density. On the nightside, no obvious density increase is
associated with some free energy being available for the
wave generation.
[43] MSC waves, Langmuir waves, and broadband whis-

tler mode waves with an upper cutoff at the plasma
frequency, however, correlate with an increased electron
density when the ionosphere is in shadow (Figures 4e, 4i,
and 4k). Moreover, we see in Figures 4f and 4j that the
electron density in the presence of MSC waves and Lang-
muir waves is more or less unchanged, while the density in
the presence of broadband whistler mode waves (Figure 4l)
is clearly increased when the ionosphere is sunlit. Our
observation that broadband whistler mode waves preferably
occur when the electron density is enhanced (both above a
sunlit and a dark ionosphere) is consistent with the critical
energy for the wave generation being inversely dependent
on the electron density [Kennel and Petschek, 1966].
[44] As for the waves around the lower hybrid frequency,

we can see from Figures 4g and 4h that the density
is reduced where they occur, independently of the illumi-
nation of the ionosphere. Note, however,the region around
1800 MLT where the density in fact is increased although
the ionosphere is in shadow.
[45] Precipitating auroral electrons are believed to gen-

erate EMIC waves, and it might be interesting to investigate
the importance of solar illumination and electron density on
these waves. However, we note that only 24 (out of 166 that
were classified as EMIC waves) were recorded when the
ionosphere was sunlit. The remaining 142 spins correspond
to conditions when the ionosphere was in shadow. However,
the importance of the absence of solar illumination for the
occurrence of EMIC waves is consistent with the findings of
Saito et al. [1987] and Erlandson and Zanetti [1998], who
discovered that the probability for detecting these waves is
higher during winter than during summer. Although we
cannot directly compare the effect of EMIC waves on the
electron density in sunlight and in shadow, we see from
Figures 2d and 4a that these waves are most common in the
region where the electron density is low.

4.5. Ion Heating

[46] Some of the wave types discussed in this article are
associated with ion heating. Broadband ELF waves, EMIC
waves, and waves around the lower hybrid frequency are

often found to energize oxygen ions [André et al., 1998;
Norqvist et al., 1998; Lund et al., 2000]. However, MSC
waves were not found to heat these ions significantly.
Langmuir waves and broadband whistler mode waves with
an upper cutoff at the plasma frequency are not believed to
contribute to the ion heating because of their high fre-
quency. André et al. [1998] sorted the ion heating events
into three different categories. Type 1 ion heating is not
directly correlated with downgoing keV electrons or with
precipitating protons with energies around 1 keV. Type 2
ion heating is correlated with precipitating protons with
energies around 1 keV, and type 3 is correlated with
downgoing keV electrons. Thus type 3 ion heating events
are expected to be correlated with waves around the lower
hybrid frequency and with EMIC waves since keVelectrons
can generate these waves. Type 1 and type 2 events are
believed to correlate with broadband waves. In Figure 5 the
occurrence frequency of the different types of ion heating is
plotted versus MLT and ILAT. The magnetic activity (Kp
index) increases from left to right, and column 4 contains
data averaged over all Kp indices. We see that types 1 and 2
together dominate the O+ heating events at all levels of
magnetic activity, showing that broadband low-frequency
waves are most important for the O+ energization. At the
bottom of Figure 5 we find the occurrence of type 3 ion
heating. Here we see a good agreement with broadband ELF
waves (Figure 2a), EMIC waves (Figure 2d), and also with
the high-latitude band of waves around the lower hybrid
frequency (Figure 2j). However, in the same region as the
low latitude band we neither find any broadband ELF waves
or EMIC waves, nor any oxygen heating. There are two
major reasons for the absence of O+ heating in the low
latitude band. One reason is that the waves in this band
generally are weaker (see Figure 2k) and not sufficiently
energetic to energize the ions enough. The other explan-
ations is that for the waves to efficiently heat oxygen ions,
the ions must first be preheated [André et al., 1994].
Broadband ELF waves are believed to be able to preheat
the ions. Thus the absence of these waves in this low-
latitude band makes the ion heating by waves around the
lower hybrid frequency less efficient.

5. Discussion and Conclusions

[47] In this article we have presented a comprehensive
overview of several wave types observed in the auroral
region. We have used 21 months of Freja overview data of
the electric field power spectral density and of the electron
number density to investigate several parameters important
for the occurrence of the waves. The data were obtained
during the declining phase of the solar cycle. The waves we
have focused on are broadband ELF waves, EMIC waves,
magnetosonic waves with a lower cutoff just below the
proton gyrofrequency (MSC waves), waves around the
lower hybrid frequency, Langmuir waves, and broadband
whistler mode waves with an upper cutoff at the plasma
frequency. We have investigated the occurrence of the
waves, the average spectral density, and, when applicable,
the wave frequency as a function of magnetic local time and
invariant latitude. We have also studied the influence of
electron number density, solar illumination, and the mag-
netic activity (Kp index) on the waves.
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[48] The investigations in this article help us in getting a
more exhaustive picture of the occurrence and the properties
of various common waves in the magnetosphere, and
important parameters influencing the wave existence can
be identified. The understanding of the waves in the
terrestrial magnetosphere is important for the comprehen-
sion of a lot of processes in the space environment of our
planet but also of other planets, stars, and galaxies.
[49] Many of our observations confirm previous inves-

tigations found in the literature. For example, as discussed
in sections 4.1 and 4.2, the dependency of the average
spectral density and the relative wave occurrence on MLT,
ILAT, and Kp agree with previous results for the six types
of waves, although several earlier studies used data from
other altitudes and other parts of the solar cycle. Moreover,
we have also extended our study further by, for example,
finding that the solar illumination and the electron density
are important for the occurrence of the waves (see section
4.4). MSC waves and broadband whistler mode waves
with an upper cutoff at the plasma frequency all occur
mainly where the nearest foot point of the flux tube
crossed by Freja is sunlit, and the electron density as a
consequence of that is high. When the ionosphere is dark,
we find that these waves occur more seldom and predom-
inantly when the electron density still is relatively high.

Other wave types, such as EMIC waves and broadband
ELF waves, mainly occur when the ionosphere below is in
shadow and the density is low. The EMIC waves are
almost exclusively found when the nearest ionospheric
foot point is in shadow. Broadband ELF waves and EMIC
waves are also expected to contribute to transverse ion
heating and consequently to ion outflow and further
density reductions. A low electron density in the auroral
region, moreover, forces the electrons to be accelerated to
high energies to be able to carry an imposed field-aligned
current between the ionosphere and the magnetosphere.
Hence this explains why intense auroras are most common
above a dark ionosphere [Newell et al., 1998; Hamrin
et al., 2000].
[50] We have also investigated the seasonal dependence

of the waves (not shown here), and we have concluded that
the solar illumination on the ionosphere is the dominating
factor for many of the observed variations. Therefore we
have focused on whether the ionosphere is sunlit or not
instead of on the season of the year.
[51] In the article we have verified that EMIC waves,

waves around the lower hybrid frequency, and Langmuir
waves show a maximum in the occurrence frequency at
high latitudes on the nightside, where auroras are frequent.
This is consistent with these waves being generated by

 

 

Figure 5. Occurrence frequency of O+ heating between 50� and 75� ILAT. The thick line indicates 75�
ILAT. Noon (1200 MLT) is upward, and the rows show ion heating of type 1, 2, and 3, respectively. See
the text for a definition of the three types. The columns display, from left to right, occurrence frequency
of O+ heating with increasing levels of magnetic activity, and the occurrence frequency averaged over all
Kp indices. From Norqvist [1998]. See color version of this figure at back of this issue.
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precipitating auroral electrons. In these regions, broadband
ELF waves are also often found. However, the waves
around the lower hybrid frequency also show a second
maximum at lower latitudes, where auroras are unusual.
This indicates other generation mechanisms of these waves.
By investigating the influence of the Kp index on the waves,
we have found that all six wave types occur at lower
latitudes as the magnetic disturbance level increases, anal-
ogous to the southward displacement of the auroral oval
during highly magnetically disturbed times.
[52] In the work of Norqvist [1998] and Norqvist et al.

[1998] the occurrence of O+ heating events were studied. We
have found that EMIC waves and waves around the lower
hybrid frequency in the high-latitude band are most common
in the region where the O+ heating is correlated with down-
going keV electrons. Here broadband ELF waves (these
waves are expected to be able to preheat ions [André et al.,
1994]) are also often found. However, in the region where
the low-latitude band of waves around the lower hybrid
frequency is located, we have found neither broadband ELF
waves nor O+ heating events. Ongoing investigations of the
direct correlation between particle energization and wave
occurrence will be presented in the future.
[53] Our investigation is intended to compensate for the

lack of comprehensive statistical studies in the literature
presenting the relevant parameters influencing various wave
types. Such a statistical analysis simplifies the comparison
between different wave types and elucidates the similarities
and dissimilarities between the waves. For example, the
conditions for the generation of various waves can be
understood better, and the influence of the waves on the
particles, for example, through ion heating, can be eluci-
dated. Since all waves are analyzed in a similar manner, we
can easily compare the waves and find out which parame-
ters are favorable to the existence of the waves.
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Figure 2. (left) Wave occurrence versus MLT and ILAT, (middle) average spectral density versus MLT
and ILAT, and (right) wave occurrence versus ILAT and Kp index for (a–c) broadband ELF waves, BB-
ELF; (d–f ) EMIC waves; (g–i) MSC waves; (j– l) waves around the lower hybrid frequency, LH; (m–o)
Langmuir waves; and ( p–r) broadband whistler mode waves with an upper cutoff at the plasma
frequency, BB whistler. The locations of 50�, 60�, and 70� ILAT are indicated with solid lines.
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Figure 3. Average wave frequency in hertz versus MLT
and ILAT for (a) EMIC waves and (b) waves around the
lower hybrid frequency. The locations of 50�, 60�, and 70�
ILAT are indicated with solid lines.

Figure 4. (a, b) The average electron density n0 irrespec-
tive of the presence or absence of any waves, and the average
electron density in the presence of (c, d) broadband ELF
waves, (e, f ) MSC waves, (g, h) waves around the lower
hybrid frequency, (i, j) Langmuir waves, and (k, l) broad-
band whistler mode waves with an upper cutoff at the plasma
frequency. All figures are plotted versus MLT and ILAT. The
right column corresponds to an ionosphere in sunlight, and
the left column corresponds to an ionosphere in shadow. The
locations of 50�, 60�, and 70� ILAT are indicated with solid
lines.
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Figure 5. Occurrence frequency of O+ heating between 50� and 75� ILAT. The thick line indicates 75�
ILAT. Noon (1200 MLT) is upward, and the rows show ion heating of type 1, 2, and 3, respectively. See
the text for a definition of the three types. The columns display, from left to right, occurrence frequency
of O+ heating with increasing levels of magnetic activity, and the occurrence frequency averaged over all
Kp indices. From Norqvist [1998].
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