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[1] We report a multipoint case study of the electromagnetic equatorial noise observed by
the Cluster project. High-resolution data were measured in three close points in space
located in the morning sector of the outer plasmasphere. We demonstrate a narrow
latitudinal extent of the emissions with a typical width of 2�, centered near the minimum-B
equator. Power spectra recorded by the different satellites show a complex structure of
emission lines whose relative intensities and positions vary at timescales of 1–2 min and/or
at spatial scales of tens of wavelengths. These lines do not match harmonics of the local
proton cyclotron frequency, as it would be expected if the waves are generated by energetic
ions and observed near the source region. We bring observational evidence that the waves
propagate with a significant radial component and thus can propagate from a distant
generation region located at different radial distances where ion cyclotron frequencies
match the observed fine structure. INDEX TERMS: 6939 Radio Science: Magnetospheric physics;

2730 Magnetospheric Physics: Magnetosphere—inner; 2772 Magnetospheric Physics: Plasma waves and

instabilities; 2768 Magnetospheric Physics: Plasmasphere; 2794 Magnetospheric Physics: Instruments and

techniques; KEYWORDS: waves in plasmas, inner magnetosphere, equatorial emissions

Citation: Santolı́k, O., J. S. Pickett, D. A. Gurnett, M. Maksimovic, and N. Cornilleau-Wehrlin, Spatiotemporal variability and

propagation of equatorial noise observed by Cluster, J. Geophys. Res., 107(A12), 1495, doi:10.1029/2001JA009159, 2002

1. Introduction

[2] Equatorial noise consists of electromagnetic plasma
waves propagating in the close vicinity of the geomagnetic
equatorial plane at frequencies from a few hertz to several
hundreds of hertz. Russell et al. [1970] first found these
emissions in the outer plasmasphere within �2� from the
equator, at frequencies between twice the local proton
cyclotron frequency ( fH+) and half the lower hybrid fre-
quency ( flh). They also found that the magnetic field
fluctuations are nearly linearly polarized, consistent with
propagation in the cold-plasma whistler mode [Stix, 1992],
and with wave vectors within 1� of perpendicular to the
static magnetic field (B0). Gurnett [1976] analyzed equato-
rial crossings at radial distances (R) from 2 to 3.5 RE and
found that intense noise occurs within 10� from the mag-
netic equator, but the majority of cases were confined within
5� from the equatorial plane. Wide-band time-frequency

spectrograms showed that the noise consists of many
spectral lines with different frequency spacings. Gurnett
[1976] suggested that these lines are created by ion cyclo-
tron harmonic interaction in a region where the local
cyclotron frequency matches the observed spacing and that
the waves subsequently propagate in the electromagnetic
whistler mode to the observation point. Perraut et al. [1982]
published a statistical study at R = 4 � 8 RE in the
frequency range 0.2–12 Hz. They generally observed this
structured noise below 7 RE and within 10� from the
magnetic equator, with the first spectral line around or
above the local fH+. On the basis of simultaneous measure-
ments of energetic protons they proposed a wave generation
model using ring-like distribution functions at a pitch angle
of 90�. Laakso et al. [1990] analyzed electric field fluctua-
tions at R = 6.6 RE and at frequencies below 11 Hz and
found that the waves propagate azimuthally, i.e., in the
direction perpendicular to the local magnetic meridian
plane. Kasahara et al. [1994] confirmed these results at
frequencies below 80 Hz (i.e., below 3 fH+ for R = 2 � 2.5
RE) and suggested that the waves propagate azimuthally
near the plasmapause, trapped by the density gradient.
[3] This paper presents a case analysis of equatorial noise

at frequencies above �9 fH+, simultaneously observed by
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three Cluster satellites at a radial distance of 4 RE. We
address location of noise with respect to the equatorial plane
and the spatiotemporal structure of its frequency spectra.
Since a common feature of the equatorial noise is the
presence of harmonic lines whose spacings do not match
the local fH+, waves have to propagate radially in order to
get from the generation region to the point of observation.
The basic problem of this hypothesis is that radial prop-
agation has not yet been confirmed by observations. In this
paper we show experimental evidence that, indeed, wave
propagation directions have a radial component.

2. Spatiotemporal Structure

[4] Figure 1 shows magnetic field data recorded by the
spectrum analyzer of the spatio-temporal analysis of field
fluctuations (STAFF-SA) instrument [Cornilleau-Wehrlin et
al., 1997, 2002] on board Cluster 1, during a perigee pass
on 4 December 2000. The spacecraft is located in the
morning sector and moves along its orbit from the Southern
to the Northern Hemisphere. The perigee at R = 3.84 RE

closely coincides with the intersection of the geomagnetic
equatorial plane just after 1646 UT. Between 1622 and
1710 UT the spacecraft is inside the plasmasphere, as
indicated by observations of the plasmapause density gra-
dients by the Whisper instrument (P. Canu, private com-
munication, 2001). This is reflected on the STAFF-SA
magnetic power spectrogram (Figure 1a) by the presence
of whistler mode hiss emissions at frequencies from flh
(�300–400 Hz) up to the upper limit of the STAFF-SA
band at 4 kHz. Analysis of the full vector measurement of
magnetic field fluctuations shows that these emissions are
elliptically or nearly circularly polarized. It is displayed in
Figure 1b. For the hiss above flh the ellipticity LB (ratio of
the two axes of the polarization ellipse) is generally higher
than 0.5. Close to the equator, between 1646 and 1650 UT,
the spectrogram shows a noise emission at frequencies 70–
200 Hz. In a clear distinction from the hiss, polarization of
these waves is very close to linear, with LB < 0.1. This

polarization is expected for the whistler mode equatorial
noise.
[5] During this orbit, high-resolution electric field wave-

forms of the Wideband (WBD) instruments [Gurnett et al.,
1997] were acquired through the Deep Space Network
(DSN) from three of the four Cluster satellites. These data
are complementary to the STAFF-SA measurements. While
STAFF-SA provides us with polarization measurements,
WBD waveforms allow us to investigate the fine time-
frequency structure of the wave emissions. Figure 2 shows
time-frequency spectrograms calculated from the WBD
waveforms. Similarly, as in the STAFF-SA magnetic field
data, the electric component of the equatorial noise is
observed by WBD at frequencies between 70 and 190 Hz
(9 fH+ � 0.6 flh), during a short time interval of �4 min,
after each of the satellites passes through the geomagnetic
equator. At that time, the satellites were separated mainly
along B0, by �700 km between Cluster 3 and the leading
Cluster 1 and by �360 km between the last Cluster 2 and
Cluster 3. The orbital velocity was directed within 12� from
parallel to B0, and the satellites mainly moved northward
perpendicular to the equatorial plane by 0.68� of magnetic
latitude per minute. Cluster 1 thus intersected the equatorial
plane first, followed by Cluster 3 after �150 s and by
Cluster 2 after another �75 s. The points where the three
satellites encountered the equator are radially separated by
�110 km from the innermost Cluster 3 to Cluster 2, and
another �100 km from Cluster 2 to the outermost Cluster 1
(see Figure 3). Azimuthally, these separations are �200 km
from Cluster 2 (which is most shifted toward the night side)
to Cluster 1 and another �60 km from Cluster 1 to the most
Sunward Cluster 3.
[6] The waves were observed in a latitudinal interval <3�,

and the observed evolution of power-spectral density is well
consistent with a Gaussian latitudinal envelope. A fit of a
Gaussian function gives a half-width of 0.8� between the
point where the intensity is maximum and the point where
the power decreases to the 1/e level with respect to the
maximum. At these scales the approximation of dipole

Figure 1. (a) Time-frequency power spectrogram of magnetic field fluctuations recorded by the STAFF-
SA instrument on board Cluster 1 on 4 December 2000. (b) Ellipticity obtained as ratio of minor to major
axis of the magnetic field polarization ellipse and plotted for intensities larger than 10�9 nT2/Hz. Position
is given below the spectrogram: R is radial distance; MLat is magnetic dipole latitude; MLT is magnetic
local time. Overplotted lines indicate 9 fH

+ and flh. The value for flh is calculated supposing fp � fce.
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equator becomes insufficient. We have thus determined the
magnetic equator by a more appropriate procedure, i.e. by
searching for the point where the modulus of B0 is mini-
mum along a given field line. We have traced model field
lines using the Geopack program, involving the IGRF
model and the T89c model of the external field [Tsyga-
nenko, 1989]. The resulting ‘‘minimum-B’’ equator is �1�
northward from the dipole equator (see Figure 2). The fit of
a Gaussian envelope still gives the maximum intensity
shifted by �0.3� northward from the minimum-B equator,
possibly owing to differences of our situation from the
model. Note that these results are similar for all the three
spacecraft, but there are variations (of the order of 0.3�) of
the location and latitudinal extent of wave activity at
different frequencies.
[7] The fine structure of spectral lines, seen on the

spectrograms, is shown in detail on integrated spectra in
Figure 4. We use a frequency resolution of 0.2 Hz, and to
reduce the statistical error of spectral estimates we aver-
age the 4-min time interval for each satellite, leading to
an error of �12% (a little more than one small tick on
the vertical axis). Spectra show emission peaks with
several different harmonic spacings. At lower frequencies
below 130 Hz the power is concentrated to large peaks
spaced by 15–20 Hz, some of them being split into
several lines with a closer separation. The location of the
main peaks is similar for the three spacecraft, but their
relative intensities and the ways in which these peaks are
split are significantly different. In this lower part of the
spectrum it is not possible to clearly identify a harmonic
structure. Some of the peaks seem to follow a harmonic
pattern (e.g., peaks at 81, 97.2, and 113.4 Hz could
correspond to the 5th–7th harmonics of a fundamental
frequency of 16.2 Hz; another system could be consistent
with the 4th–6th harmonics of 18.8 Hz), but not all the
peaks can be explained by similar patterns of three or
more harmonics.
[8] In the upper part of the spectrum above 130 Hz the

power is distributed more evenly in a large band extending
up to 190 Hz. Narrow emission lines spaced by �6.5 Hz
appear in this band in the Cluster-2 and Cluster-3 spectra.
These distinct narrow lines are absent in the Cluster-1

spectrum but a structure of peaks spaced by one-half of
that frequency (about 3.2 Hz) can be recognized in the
spectra of all three satellites. A closer look indicates that on
Cluster 3, frequencies of the narrow lines match the 21st–
26th harmonic of 6.56 Hz, and on Cluster 2 the fundamental
frequency seems to be slightly lower, �6.52 Hz. All these
possible fundamental frequencies are, however, signifi-
cantly different from the local fH+, which is �8 Hz, and
neither do they match the cyclotron frequencies of heavier
ions. If the waves were originally generated at frequencies
close to multiplies of the ion cyclotron frequency in the
source, they must propagate from a different radial distance.
Waves with a fundamental frequency of more than 8 Hz
would only propagate from lower R where fH+ is higher: for
major peak spacings below 130 Hz this radial distance of
the source would be between R � 2.9 and R � 3.1 (recall
that the point of observation is at R = 3.84). Waves with
fundamental frequency below �8 Hz can propagate from
higher R where they match with fH+ (in that case the source
is at R � 4.1), but they also can propagate from lower R if

Figure 2. Time-frequency spectrograms of electric field data recorded by the three WBD instruments
on 4 December 2000. Common power scale is on the right. Position of the three Cluster satellites is given
below the spectrograms, as in Figure 1.

Figure 3. Positions of points where the Cluster satellites
encountered the equator near their perigee on 4 December
2000. The positions are given in the Solar-Magnetic (SM)
coordinates. Cluster 4 is included, but no WBD data are
available from this satellite. Arrows show directions toward
the Earth and toward the Sun.
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they are connected with cyclotron frequencies of heavier
ions (R � 2.6 for He+).

3. Propagation

[9] Basic propagation properties of equatorial noise have
been described by Russell et al. [1970], who analyzed
magnetic field fluctuations. Using theoretical polarization
properties of the whistler mode waves, they found that the
wave vectors are nearly perpendicular to B0, i.e., lie close to
the equatorial plane. Assumption that the waves propagate
in the whistler mode is supported by both theory and
observations. The whistler mode is the only cold-plasma
mode existing between the local fH+ and flh and the observed
linear polarization of magnetic field fluctuations appears in
the cold plasma theory [Stix, 1992] for perpendicular wave
vectors. Figure 5 shows some wave properties calculated
from that theory using parameters adjusted to our exper-
imental situation. We use a two-component plasma model
containing cold electrons and cold protons, and the calcu-
lations are performed at three wave frequencies covering the
interval where we observe the equatorial noise. Two differ-
ent values of the plasma frequency ( fp) are considered to
demonstrate that the ellipticities and the group velocity
direction are nearly independent of this parameter, while
the wavelength and group velocity modulus scale with its
value. Note that the obtained wavelengths are by an order of
magnitude lower than the separation of points where the
satellites intersected the equatorial plane.
[10] At the lower edge of the observed frequency interval

(at a frequency of 9 fH+) the predicted ellipticity of magnetic
field fluctuations corresponds to the observed values (LB
below 0.1) for wave vectors within 0.8� of perpendicular to
B0. This interval reduces to 0.2� for the highest frequencies
where we observe the equatorial noise ( f = 25 fH+). For these
wave vectors, however, the group velocity is still deviated
by only 15–40� from the B0 direction. Even stronger
conditions on perpendicularity of wave vector directions
must thus be imposed for waves staying in the equatorial
plane during their propagation. These waves also propagate

with group velocities of the order of several hundreds of
kilometers per second, i.e., by an order of magnitude slower
than waves deviated by just 1� of perpendicular to B0.
[11] For quasi-perpendicular wave vectors the electric

field fluctuations are elliptically polarized with a low
ellipticity, but their polarization is never exactly linear (LE
ranges from 0.02 to 0.11). For these wave vectors the theory
also predicts that the direction of the magnetic field fluctu-
ations is along B0 and that the major polarization axis of the
electric field fluctuations is directed along the wave vector
(not shown in Figure 5). Polarization of the magnetic field
fluctuations thus cannot be used to find the wave vector
direction in the equatorial plane, but from the major polar-
ization axis of electric field fluctuations we can estimate that
direction and determine whether the equatorial noise prop-
agates radially. This property was used by Laakso et al.
[1990] to characterize the wave vector direction in the
equatorial plane, and it will also be the basis of our analysis.
[12] Electric field data presented in Figure 4 were meas-

ured by 88-m double-probe antennas installed in the spin
planes of each of the three satellites. Since these spin planes
are within 20� of the magnetic equatorial plane and the
electric field is supposed to be elliptically polarized perpen-
dicular to B0, a spin pattern should appear in the data.
Figure 6c shows a waveform captured during a 15-s time
interval (several spin periods of �4 s) near the maximum
intensity of equatorial noise on Cluster 1. The signal is
passband filtered to the frequency interval 50–200 Hz
where the noise is observed. An envelope pulsating with
one-half of the spin period is clearly visible on the wave-
form. Given the elliptic polarization of the electric field,
maximum fluctuations are supposed to be seen every time
when the antenna most approaches the direction parallel or
anti-parallel to the major polarization axis. Since the major
polarization axis is parallel to the wave vector, the max-
imum fluctuations also indicate times when the antenna
most approaches the wave vector direction. Times when one
tip of the antenna points toward the Sun (blue vertical lines)
do not coincide with these maxima nor with the minima but
are rather located in between. In this special case, where the

Figure 4. Power spectra integrated during the 4-min intervals shown in Figure 2 for each of the
satellites. Vertical scale is drawn for Cluster 1 (black solid line), spectrum from Cluster 2 (red line) is
shifted upward by half an order of magnitude, and the spectrum of Cluster 3 (green line) is shifted by an
order of magnitude.
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satellite position is very close to 0600 magnetic local time
(MLT), maxima directed toward the Sun would mean
azimuthal propagation and the maxima in the perpendicular
direction would mean radial propagation. The observed
waveform rather indicates an oblique propagation with both
azimuthal and radial components. However, the accuracy of
data timing and antenna directions (a typical uncertainty of
spin phase is of the order of 1�) allows us to verify the
above indications by a quantitative analysis.
[13] Supposing that the polarization ellipse is contained in

the antenna spin plane, we have the power observed by a
spinning antenna,

S ¼ A0 cos2 f� �0ð Þ þ L2E sin
2 f� �0ð Þ

� �
; ð1Þ

where A0 is the maximum power of electric field
fluctuations during the spin period, LE is the ellipticity
(ratio of the minor to the major axis) of the polarization
ellipse, �0 is angle deviation of the major axis from a fixed
direction (we use the direction toward the Sun as a
reference), and f is the spin phase with respect to that
reference direction,

f ¼ 2p
Ts

t � t0ð Þ: ð2Þ

Here, Ts is the spin period, t is time, and t0 is the time when
the antenna points toward the reference direction. In

equation (1) we assume that the wave frequency is much
higher than the spin rate, which condition is well fulfilled in
our case. We can thus fit that model to the observed data,
taking A0, �0, and LE as free parameters. Figure 6a shows
power-spectral density of observed electric fluctuations,
averaged in the frequency interval 50–200 Hz. Overplotted
is the model (equation (1)), found by a nonlinear optimiza-
tion procedure. This procedure takes into account statistical
errors of spectral estimates, s(S) (�18% in this case, shown
by a short vertical line on the top of the figure) and provides
us with an estimate of the model parameters and their
statistical errors: A0 = (4.4 ± 0.1)	 10�15 V2 m�2 Hz�1,�0 =
(46 ± 1)�, and LE = (0.58 ± 0.02). Note that in addition to
these random errors, we must also consider the systematic
errors due to the fact that the spin plane is not exactly
perpendicular to B0. This results in underestimation of A0 by
�6%, maximum overestimation of �0 by �3�, and a
maximum possible error of LE of �6%. These errors are
close to the random errors of the analysis. Note also that
positive �0 is defined in the sense of the satellite spin motion
which is opposite to the sense of the Earth’s rotation. The
major polarization axis is thus located in between azimuthal
and radial directions, pointing outward by its Sunward end.
That means that the waves travel toward lower R as they
propagate from the dayside or toward higher R if they
propagate from the nightside. These results clearly show that

Figure 5. Theoretical properties of whistler mode waves as a function of angle q between the wave
vector and B0. (a) 0� 
 q 
 90�; (b) expanded part 87� 
 q 
 90�; (thick red line) fp = 6 fce; (thin blue
line) fp = 12 fce; (solid line) f = 9 fH

+; (dotted line) f = 16 fH
+; (dashed line) f = 25 fH

+; From the top:
Wavelength calculated for fH

+ = 8 Hz, group velocity vG normalized by the speed of light, angle qG
between the group velocity and B0, ellipticity LE of electric field fluctuations, ellipticity LB of magnetic
field fluctuations.
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equatorial noise has a significant radial component which is
well beyond experimental uncertainties.
[14] The only problem are the obtained high values of

the LE parameter. For quasi-perpendicular wave vectors
expected from the polarization of magnetic field fluctua-
tions, the theory predicts much lower ellipticities of the
electric field polarization. Figure 5 gives LE values between
0.02 and 0.11 in the frequency range considered for the
analysis. This would correspond to much deeper spin
modulation of wave power than what is actually observed.
The spectrogram in Figure 6b shows that although we can
often find the basic spin pattern at all frequencies simulta-
neously, sometimes a substantial part of the power, well
above the background level, appears in different spin
phases at different times for the different frequencies. This
makes questionable the underlying idea of the above
procedure, i.e., that there is a single wave vector direction
for time periods longer than the analysis interval. To
construct a more general model which would better
correspond to the data, we have assumed that the power
is statistically distributed to wave vectors with a Gaussian
probability density in the spin plane. This concept is very
similar to the idea of the wave distribution function [Storey
and Lefeuvre, 1979]. According to the whistler mode
theory, we have also supposed that the electric field
fluctuations for a given wave vector have a polarization
close to linear. The model then reads

S ¼
Z x2

x1

A1 exp � x� �0ð Þ2

�2

" #
cos2 x� fð Þ

( )
dx; ð3Þ

where x1 = �0 � min(3�, p), x2 = �0 + min(3�, p), A1 is a
normalization parameter, � is the angular half-width of the
distribution defined by directions where the power distribu-
tion falls to 1/e of its maximum value at �0, and f is the
spin phase defined in equation (2). Nonlinear optimization
of the model in equation (3) with free parameters A1, �0,
and � leads to S values very close to those obtained from
equation (1) and presented in Figure 6a. The �0 parameter
is the same for both models, and the depth of the spin
pattern modulation now leads to � = (44.5 ± 1.1)�.
[15] Since the frequency spectra observed by the three

different satellites are different (Figure 4), the results derived
from the spin patterns may also vary. They may also possibly
evolve during the passage of each of the satellites through
the latitudinal extent of the equatorial noise. We have thus
analyzed the spin pattern for the entire time intervals when
the equatorial noise was observed by the three Cluster
satellites. The signal was divided into subintervals of two
spin periods, and the power-spectral density was again
averaged in the frequency band 50–200 Hz. In each of the
subintervals, parameters of the models in equations (1) and
(3) were found by the nonlinear optimization procedure.
Figure 7 shows the results versus the magnetic dipole
latitude determined from the satellite position in the center
of each subinterval. The results for the three satellites are
color coded as shown on the top of the figure. Regardless of
variations of absolute values of the power-spectral density,
the latitudinal evolution of parameter A0 is the same for the
three satellites, and manifests the envelope discussed in
Section 2. The evolution of the normalization parameter A1

is similar, but its interpretation is less obvious because the

Figure 7. Parameters of the model spin pattern as a
function of the magnetic dipole latitude for the three Cluster
satellites. A0 is power-spectral density of electric field
fluctuations at maximum; �0 is angle deviation of the
direction of the maximum from the direction toward the Sun
(positive westward); � is angular half-width of the
Gaussian distribution of the power-spectral density centered
on �0 (see text). Short vertical lines indicate statistical
errors of the analysis.

Figure 6. Analysis of a 15-s interval of the electric field
data measured by the spinning EY antenna on Cluster 1. (a)
(thin black line) Average power-spectral density between 50
and 200 Hz and (thick purple line) fit of the spin pattern (see
text). (b) Time-frequency spectrogram calculated from this
waveform. (c) Waveform filtered between 50 and 200 Hz.
Thick vertical lines (blue) indicate times when one tip of the
antenna (sphere 3) points toward the Sun.
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integration in equation (3) is performed in periodic coordi-
nates. Values of the angle �0 are similar as they were found
in the case presented in Figure 6, throughout the entire
latitudinal extent of the emission for all the three satellites.
The wave vectors where the power is maximum are thus
deviated by 25�–55� from the azimuthal direction. Within
this interval, there is a slight decreasing trend of average �0

when the satellites move toward higher latitudes. Very
similar results as in Figure 6 are also obtained for the angular
half-width �. For weak wave intensities in the beginning
and in the end of the interval, � tends to increase, but for
more intense waves it fluctuates between 40�–50�. It means
that on average, the wave power decreases to 1/e of its
maximum ±(40�–50�) from �0, i.e. around the azimuthal or
radial directions.
[16] To decrease the statistical errors on spectral esti-

mates, the above analysis was based on data averaged over
the entire frequency range of observed equatorial noise.
Figure 6 indicates that this does not bias the results
because the spin pattern is similar at different frequencies.
Figure 8 backs up those indications quantitatively. It shows
the same parameters as in Figure 7 but this time as a
function of frequency. The results were obtained by opti-
mization of the spin pattern models for a 30-s data interval
taken when the maximum intensity was observed on each
of the three satellites. Parameter A0 approximately follows
the spectra in Figure 4 but the frequency resolution is
much lower (12.6 Hz) because a sufficient number of data
points per spin period is needed. Parameters �0 and � give
approximately the same result over the entire frequency
range, the angular half-widths � being again larger for
weaker signals.

4. Conclusions

[17] Analysis of equatorial noise observed by the Cluster
satellites at frequencies between 9 fH+ and 0.6 flh in the

morning sector of the outer plasmasphere at R�4 leads us to
the following conclusions:
1. Latitudinal extent of the equatorial noise is well

characterized by a Gaussian envelope decreasing to 1/e of
the maximum power-spectral density at 0.8� on both sides
of the maximum. At these scales the approximation of the
magnetic dipole equator is not accurate enough to
characterize the position of the equatorial noise and the
minimum-B equator is much closer to its observed
maximum. These observations are repeated without any
significant variability as the three satellites subsequently
pass through the equatorial plane.
2. Variability is observed in the power spectra obtained

from different satellites at timescales of 1–2 min and at
spatial scales of tens of wavelengths. Positions and relative
intensities of the fine structure of emission lines are
different, and these differences exceed statistical errors of
spectral estimates. The observed fine structure does not
match the harmonics of the local proton cyclotron frequency
but can correspond to ion cyclotron frequencies at different
radial distances.
3. Propagation directions derived from the observed spin

pattern have a significant radial component. The noise thus
can propagate from different radial distances. On average
the waves propagate at �45� between the radial and
azimuthal directions, but the wave power is spread in a large
angular interval. For radial and azimuthal propagation, the
average wave power decreases to 1/e of its maximum.
These results are very similar for the different satellites, and
throughout the latitudinal extent and frequency range of the
equatorial noise.

5. Discussion

[18] The observed latitudinal extent of the equatorial
noise is lower and the noise is better centered on the equator
than an average case from previously published statistical
studies [Gurnett, 1976; Perraut et al., 1982]. The reason is
probably connected to the particular coincidence of the
Cluster orbit and dipole tilt which characterizes the pre-
sented case. Since the satellites move nearly perpendicular
to the equatorial plane, they scan the latitudinal extent of the
noise very quickly and at a nearly fixed R and MLT. Such
coincidence is rather unlikely within published data, and
reported larger latitudinal extents may be due to a combi-
nation of temporal or spatial variations during the measure-
ment. Some of the statistical results could also be influenced
by the difference between the minimum-B and the dipole
equator usually used as a reference.
[19] The most important result of our analysis is the

observation of the radial propagation of equatorial noise.
All three satellites give very similar results which means
that there are no substantial variations of the propagation
mode on the timescales of minutes. At timescales of
seconds (i.e., less than the spin period) we, however,
observe random departures from a regular spin pattern,
accounting for a much lower spin modulation than would
correspond to a reasonably low ellipticity of electric field
fluctuations. In this situation we have no better possibility
than to describe the propagation statistically, by a distribu-
tion of wave power between different azimuthal wave
vector directions. The result indicates that waves can

Figure 8. Parameters of the model spin pattern as a
function of frequency for the three Cluster satellites.
Parameters are the same as in Figure 7.
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simultaneously travel on very different paths from a possi-
bly extended generation region to the point of observation.
The propagation from the source can be strongly affected by
azimuthal and radial variations of the plasma density.
[20] Evidence of harmonic emission lines which are

slightly downshifted in frequency on Cluster 2 with respect
to the observations on Cluster 3 could provide other
indications on the way the waves travel from the source.
The two satellites probably observe waves from different
localized sources or rather from different regions of the
same extended source. Propagation from the source and
possibly the generation of the equatorial noise can also be
influenced by particular properties of the group velocity at
these frequencies. Its direction can be far from the equato-
rial plane even if the wave vectors are very close to that
plane, and it moves toward the equatorial plane only for
wave vectors within small fractions of a degree from
perpendicular to B0. The group velocity modulus substan-
tially decreases for these wave vectors. This can influence
the time during which a wave packet passes through a
generation region.
[21] In the bottom half of the observed spectrum the fine

structure of emission lines is rather complex, and it is not
easy to clearly identify harmonic series of lines, previously
reported by, e.g., Gurnett [1976] and Perraut et al. [1982].
Especially, if we do not exclude the possibility that some
series have less than three harmonics present in the spectra,
the peaks can be attributed to several different combinations
of series, and we cannot distinguish which of the possible
solutions to this problem is more likely. Secondary emission
lines found around the large peaks could also account for
another possibility, originally suggested by Perraut et al.
[1982]: some of the lines can possibly be created by a
nonlinear interaction between waves at different frequen-
cies. For instance, some close lines can originate from
nonlinear modulation of a higher frequency signal by a
low frequency component, rather than from the linear
superposition of two signals at close frequencies, each of
them taking part in another harmonic series with different
fundamental frequencies. These possibilities cannot be
easily distinguished using the WBD waveforms where the
low-frequency signals (<50 Hz) are suppressed by a high-
pass filter.
[22] Spectra observed by Cluster 1 show remarkably

more differences compared with the other two satellites.
There is no substantial difference between separations of
points where the satellites cross the equator, all of them are
of the order of 200 km. The major difference is that Cluster 1
crosses the equator about twice as earlier (�2.5 min)
before Cluster 3 than does Cluster 3 before Cluster 2
(�1.25 min). This seems to suggest that the observed

differences are rather temporal than spatial, but inhomoge-
neities localized in space cannot be excluded. The answer
can be given only on the statistical basis. A statistical study
involving a large number of multispacecraft observations is
needed to better understand these spatiotemporal relations
and propagation of equatorial noise from its generation
region.
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