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[1] We report measurement of whistler-mode chorus by
the four Cluster spacecraft at close separations. We focus
our analysis on the generation region close to the magnetic
equatorial plane at a radial distance of 4.4 Earth’s radii. We
use both linear and rank correlation analysis to define
perpendicular dimensions of the sources of chorus
elements below one half of the electron cyclotron
frequency. Correlation is significant throughout the range
of separation distances of 60–260 km parallel to the field
line and 7–100 km in the perpendicular plane. At these
scales, the correlation coefficient is independent for
parallel separations, and decreases with perpendicular
separation. The observations are consistent with a
statistical model of the source region assuming individual
sources as gaussian peaks of radiated power with a
common half-width of 35 km perpendicular to the
magnetic field. This characteristic scale is comparable to
the wavelength of observed waves. INDEX TERMS: 2772
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1. Introduction

[2] Emissions of electromagnetic waves in the Earth’s
magnetosphere known as chorus are characterized by a
sequence of discrete elements appearing as intense short-
duration (typically 10�1 s) rising, or, less often, falling tones
in the frequency range from a few hundreds of hertz to
several kHz (see, e.g., reviews by Omura et al., [1991] or
Sazhin and Hayakawa [1992]). Although it is generally
accepted that their generation is connected with the electron
cyclotron resonance of whistler-mode waves and radiation
belt electrons [Helliwell, 1967], the properties of the chorus
source are still a subject of active experimental and
theoretical research [e.g., Lauben et al., 1998; LeDocq et
al., 1998; Trakhtengerts, 1999; Gurnett et al., 2001]. The
size of the interaction region is one of the parameters which
can allow us to compare theoretical predictions with the
observations. Helliwell [1967] predicted the length of the
source parallel to the field line as a function of the wave
frequency and parameters of the plasma medium; if a source
is localized close to the magnetic equatorial plane at radial

distances of 4 Earth’s radii (RE), and if it emits waves at
frequencies below one half on the electron cyclotron
frequency (1

2
fce) then its parallel dimension should be of

the order of 1000–3000 km, depending on the plasma
density. More recently, Trakhtengerts [1999] proposed that,
close to the equatorial plane, a characteristic scale of spatial
features (localizations) of chorus generation should be
approximately between 100 and 300 km in the plane
perpendicular to the magnetic field.
[3] In this letter we address the transverse dimensions of

chorus sources using simultaneous observations of intense
chorus by four Cluster spacecraft localized close to the
geomagnetic equator at a radial distance of 4.4 RE. We
analyze correlation of data from the four spacecraft at
close separations. Our study is mainly based on high-
resolution data of the wideband (WBD) wave instruments
[Gurnett et al., 2001]. We also use supporting data from the
spectrum analyzers of the STAFF instruments [Cornilleau-
Wehrlin et al., 1997], the Whisper sounders [Décréau et al.,
2001], and spin-averaged measurements of the flux-gate
magnetometers (FGM) [Balogh et al., 2001]. In section 2
we present the observations, section 3 describes the
correlation analysis, and, finally, in section 4 we summarize
the results.

2. Observations of the Chorus Source Region

[4] During a perigee pass on April 18, 2002, the Cluster
spacecraft were located on the night side (MLT of �2100)
at a radial distance of 4.4 RE. Global geomagnetic dis-
turbances with the hourly equatorial Dst index below �120
nT at 0800 UT, and Kp index between 6- and 7o at 0000–
0900 UT were accompanied by considerable irregular
variations of the local magnetic field measured by the
onboard FGM magnetometers. Intense chorus emissions
were observed between 0820 and 0930 UT by the WBD
wave instruments, by the STAFF-SA spectral analyzers,
and by the Whisper relaxation sounders. The Whisper data
give us an estimate of plasma frequency [P. Canu, private
communication, 2002; Canu et al., 2001] corresponding to
the plasma density of a few particles per cm3. The cross-
spectra of the electric and magnetic fluctuations below 4 kHz
calculated by the STAFF-SA instruments indicate that the
Poynting flux was directed southward at negative magnetic
latitudes, and northward at positive magnetic latitudes,
except in an interval of �4� around the magnetic equatorial
plane where the predominant direction fluctuates or cannot
be determined. This narrow interval thus corresponds to the
source region of chorus. Its location close to the equatorial
plane was previously documented by LeDocq et al. [1998],
and more recently from Cluster observations by Parrot et al.
[2002]. The STAFF-SA data also show us that the average
wave vectors were parallel to the magnetic field in the
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source region, as previously observed, e.g., by Hayakawa et
al. [1984].
[5] During the April 18th pass, the WBD instruments

were set up to measure continuous waveforms with pass-
band filters between 50 Hz and 9.5 kHz, and a sampling
frequency of 27.44 kHz. The 90-m electric double-sphere
antennas were used as sensors most of the time. The four
spacecraft were located very close to each other. The
maximum separation was 260 km along the field line and
100 km in the perpendicular plane. Assuming a character-
istic plasma frequency of 12 kHz, and an electron cyclotron
frequency of 8 kHz—as respectively obtained from the
Whisper and FGM data in the source region—a typical
parallel propagating wave at 3.5 kHz has a wavelength of
approximately 30 km according to the cold plasma theory.
The maximum perpendicular separation was thus only a few
wavelengths. Figure 1 shows an example of electric field
power spectrograms from the four Cluster spacecraft at time
scales allowing us to see separate chorus elements below
1
2
fce. The four satellites surrounded the magnetic equator

during this 10-s time interval, Cluster 1 being on the North
of it, and the other three spacecraft being to the South. For
example, at 0849:50 the magnetic latitudes were +0.12�,
�0.27�, �0.42�, �0.13� for Cluster 1–4, respectively. Just
above 1

2
fce we can identify intense narrow-band emissions

similar to the observations ofMuto et al. [1987]. Below 1
2
fce,

we observe discrete chorus elements with power-spectral
densities of more than 0.1 mV2m�2Hz�1, each of them
rapidly rising in frequency with a slope of about 10 kHz/s.
The spectrograms of Cluster 1 and 2 are very similar, and
every chorus element seen by one of the spacecraft is seen
on the other one. The spectrograms of Cluster 3 and 4 are
more different but many common features are still seen on

the four spacecraft, for example, the intense element
observed just after 0849:52.

3. Correlation Analysis

[6] In order to quantify the differences between the
spectrograms observed in the chorus source region on the
four spacecraft, we have analyzed their correlation. We have
calculated averaged power-spectral densities in a 1-kHz
band below 0.48 fce, covering the distinct chorus elements
seen, e.g., in Figure 1. For all the spacecraft we have used a
common time resolution of 0.04 s, sufficient to distinguish
the separate elements. This gave us 250 data points for each
spacecraft in a 10-s time interval. We have then calculated
the correlation of the common logarithms of these data for
each pair of spacecraft, using the standard formulae for the
Pearson’s coefficient r of linear correlation, as well as the
Spearman’s rank correlation coefficient r and the two-sided
significance levels Pr [Press et al., 1992]. These last
parameters Pr allow us to estimate the significance of the
correlation results: the rank correlation is significant (r is
significantly deviated from zero) if the probability Pr is
small.
[7] In the input data, prior to the correlation analysis, the

separate chorus elements appear as isolated peaks on the
floor of background noise. The level of background noise in
the source region is usually determined by the intensity of
diffuse hiss-like waves observed in the same frequency
range as discrete elements (see Figure 1 for an example),
the level of the instrumental noise being by several orders of
magnitude lower. The power-spectral density of the diffuse
emissions is �10�4 mV2 m�2Hz�1, while the discrete
elements can reach the level of 1 mV2 m�2Hz�1. Since

Figure 1. Detailed time-frequency power spectrograms of electric field fluctuations in the source region recorded by the
WBD instruments on board the four Cluster spacecraft on April 18, 2002. Panels (a–d) show data from Cluster 1–4,
respectively. Arrows indicate local 1

2
fce for each spacecraft. Magnetic dipole latitude is given on the bottom for Cluster 1.

Radial distance is 4.37 RE, and magnetic local time is 21.01 h during this interval.
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the background noise can influence the results we have tried
to remove this influence prior to the correlation analysis. We
have set all the input data which were below a predefined
limit of 10�4 mV2 m�2Hz�1 to this limit value itself,
making a uniformly flat noise floor. The results, however,
were always very close to the results obtained without that
‘noise flattening’ operation. We thus present only the results
without that noise floor correction in the following.
[8] Table 1 summarizes the results of the correlation

analysis in the time interval shown in Figure 1. Six different
pairs among the four spacecraft are denoted in the left-most
column. The separation distance Dk is calculated as the
component of the separation vector in the direction parallel
to the ambient magnetic field, and the separation distance
D? is the modulus of the projection to the perpendicular
plane. The results clearly show that both correlation
coefficients r and r are ordered by D? and not by Dk. An
estimate of standard deviation of r for uncorrelated data
gives sr � 0.06, i.e., well below the r values obtained. The
significance of the correlation is confirmed by the small
values obtained for Pr. Figure 2 demonstrates that r
approximately follows a gaussian function of D?,

r ¼ A exp �D2
?

�2

� �
ð1Þ

A nonlinear least-squares fit of two free parameters, shown
by solid line in Figure 2, gives us A = 0.93, � = 70 km. The
result with A < 1 means that two spacecraft located along
the same field line don’t record exactly the same data. There
are, indeed, good reasons for slight differences. (a) The
correlation is biased by modulation of the received power
by the spacecraft spin motion which has a period of 4 s, and

inevitably different phases on each of the spacecraft; (b)
Waveforms of intense elements are sometimes clipped by
the finite dynamics of the instrument on at least one of the
spacecraft; (c) Fluctuations of the magnetic field at spatial
scales of Dk could result a biased calculation of D? - in this
calculation we use the magnetic field vector averaged from
all the four spacecraft; (d) Variations of wave properties
with Dk, although proven by our analysis not to be
dominant can also decrease the correlation for small D?.
[9] To obtain a more general idea on the structure of

chorus emissions we have done similar analysis of the linear
correlation coefficients for more data intervals recorded on
April 18, 2002. Figure 3 shows results in 13 selected
intervals of 10-s duration in the chorus source region, within
the 4� interval of magnetic latitude around the equator. We
have considered only those intervals, where distinct chorus
elements were clearly defined, similarly as in Figure 1. We
have excluded the data where the elements were so close to
each other that it would be impossible to distinguish them in
the frequency-integrated time series with the 0.04-s reso-
lution. In each of the selected 13 intervals we have calcu-
lated the correlation coefficients for the 6 spacecraft pairs,
giving the total number of 84 values for each coefficient.
The results of the rank correlation (not shown) are similar to
those of the linear correlation and the analysis gives us the
same implications for the statistical significance of the
results as has been demonstrated in the above example
case. Similarly, there is no dependence of correlation
coefficients on Dk in the given interval of parallel
separations. Although the values of r in Figure 3 are now
much more scattered compared to Figure 2, the global trend
of r decreasing with increasing D? is still clearly seen. To
demonstrate this trend, we have divided the total range of
D? into 5 equal subranges, i.e., from 0 to 20 km, from 20 to
40 km, etc. In each subrange we have calculated three
quantiles of the corresponding subset of r values: the
median value (i.e., the 0.5-quantile), the 0.16-quantile, and
the 0.84-quantile. The last two quantiles correspond to
estimates of values separated by one standard deviation
from the mean value of a normal distribution. These
parameters show how r globally varies with D? and how the
obtained values are scattered. We can see that the median

Table 1. Correlation analysis of chorus in Figure 1.

S/C Dk D? r r Pr

1–2 187 km 7 km 0.88 0.87 <10�38

1–3 258 km 72 km 0.28 0.30 10�6

1–4 110 km 50 km 0.61 0.60 10�25

2–3 70 km 69 km 0.30 0.32 10�7

2–4 �77 km 43 km 0.69 0.70 10�37

3–4 �148 km 58 km 0.45 0.47 10�15

Figure 2. Linear correlation coefficient for chorus emis-
sions in Figure detail as a function of the perpendicular
distance between the spacecraft. Fit of a gaussian function
(see text) is plotted by solid line.

Figure 3. Statistical analysis of r as a function of
perpendicular separation. Shaded areas represent intervals
between the 0.16-quantile and 0.84-quantile, white line in
the middle showing the median (0.5-quantile) values. Fits of
a gaussian function is plotted as in Figure 2.
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systematically decreases with D? and that the results tend to
be more scattered for higher D?. When we use different
lengths of the input data intervals ranging from 6 s to 20 s,
i.e., both longer or shorter than 10 s, we obtain similar
results for the three quantiles as shown in Figure 3. A
nonlinear least-squares fit to the data in Figure 3 results in
A = 0.88 and � = 101 km (solid line).

4. Conclusions

[10] We have presented a correlation analysis of chorus
observed in the source region by 4 closely separated space-
craft. Our principal conclusions are as follows. (a) Chorus
elements below 1

2
fce are significantly correlated at spatial

separations up to 260 km along the field line, and up to 100
km in the perpendicular plane. (b) Within these limits, both
the linear and rank correlation coefficients depend on the
perpendicular separations and are independent on parallel
separations. (c) The correlation coefficients decrease with
perpendicular separation, approximately following a gaus-
sian function with a half-width of 100 km. (d) The obtained
characteristic scale is close to the general theoretical esti-
mation by Trakhtengerts [1999]. Detailed comparison of
these results with existing theories will be the subject of
future work.
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