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Abstract

We describe an analysis method to estimate the central position of the source region of electromagnetic waves. The method is

based on simultaneous measurements of the Poynting flux in several points in space. We analyze measurements of whistler-mode

chorus by the four spacecraft of the Cluster mission close to their perigee at a radial distance of 4 Earth radii. The data were

recorded on the nightside during disturbed periods on 31 March 2001 and 18 April 2002. The derived central position of the chorus

source region is close to the geomagnetic equator, as it has been shown by previous studies. This global centrum of the source region

is defined by the equilibrium of the Poynting flux parallel and antiparallel to the field line. The central position is found to randomly

move back and forth with an amplitude of a few thousands of kilometers on time scales of minutes. The typical order of magnitude

of the speed of this motion is 100 km/s. We exclude the possibility of flapping of a tail-like configuration of the ambient magnetic

field. These random fluctuations of the central position of the source region are thus connected to the generation mechanism itself.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Emissions of chorus are electromagnetic waves
propagating in the whistler mode in the inner magneto-
sphere. They typically have a discrete structure of
separate wave packets in a frequency range from a few
hundreds of Hertz to several kilohertz (see reviews by
Omura et al., 1991; Sazhin and Hayakawa, 1992, and
references therein). Chorus is generated by nonlinear
interactions involving the electron cyclotron resonance
of whistler-mode waves with energetic electrons (e.g.,
Helliwell, 1967; Tsurutani and Smith, 1974; Nunn et al.,
1997; Trakhtengerts, 1999). Intense chorus generated
during geomagnetic storms can accelerate energetic
electrons in the outer radiation belt (e.g., Meredith et
al., 2003; Horne and Thorne, 2003) and is thus an
e front matter r 2004 Elsevier Ltd. All rights reserved.
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important element in understanding the physical pro-
cesses occurring during the disturbed times.

The region of interest for recent investigation of chorus
has been its source (Lauben et al., 1998; LeDocq et al.,
1998; Gurnett et al., 2001; Parrot et al., 2003; Santolı́k and
Gurnett, 2003; Santolı́k et al., 2003). The theory predicts
that the source region, centered at the geomagnetic
equator, has a characteristic dimension of a few thousands
of kilometers in the direction parallel to the terrestrial
magnetic field (B0) (Helliwell, 1967; Trakhtengerts, 1999),
while a characteristic scale of a few hundreds of kilometer
was predicted by Trakhtengerts (1999) for spatial features
of chorus generation in the direction perpendicular to B0:
Both these scales have been confirmed recently through
observations of the Cluster spacecraft (Santolı́k and
Gurnett, 2003; Santolı́k et al., 2003, 2004). The position
of the source region has been investigated using the
Poynting flux measurements on board the Polar and
Cluster spacecraft (LeDocq et al., 1998; Parrot et al., 2003;
Santolı́k et al., 2003). The measurements have shown that
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the Poynting vector always had a component parallel to B0

if the spacecraft was to the North of the geomagnetic
equator, and antiparallel to B0 when the measurements
were carried out on the southward side of the equator. In
the frequency range where chorus is observed, anisotropic
propagation properties of the whistler-mode waves imply
that the component along B0 is always the largest
component of the Poynting vector. The observed change
of the sign of this component thus indicates a positive
divergence of the Poynting flux and therefore the presence
of the source region of chorus.

In the present paper, the central position of the chorus
source region will be defined as the point where the parallel
component (with respect to B0) of the Poynting flux
changes its sign. LeDocq et al. (1998) and Parrot et al.
(2003) have found this position close to the geomagnetic
equatorial plane or to the place where the magnetic field is
minimum along a given field line (minimum-B equator).
We present a method of investigation of the motion of the
central position using simultaneous measurements at
several points in space. The first results of that method
were briefly presented as a part of the analysis of storm-
time chorus on 31 March 2001 (Santolı́k et al., 2004). In
the present paper, we describe the method in detail, we
show similar results for another storm-time case, and we
discuss the influence of the configuration of the ambient
magnetospheric magnetic field on the results. In Section 2
we describe the measurements and the data processing
methods. The method of estimation of the central position
of the source region is then presented in Section 3 using
two storm-time cases. Finally, in Sections 4 and 5 we
discuss and briefly summarize the results.
2. The data and processing methods

The analysis is based on simultaneous measurement
of several instruments onboard the four Cluster space-
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Fig. 1. Power-spectrogram of the electric field measured onboard Cluster 3 on

radial distance in Earth radii; MLat—magnetic dipole latitude in degrees; M
craft. Detailed time–frequency power spectrograms are
obtained from measurements of the wideband (WBD)
plasma wave receivers (Gurnett et al., 2001). These
spectrograms allow us to verify the presence of the
discrete structure of separate wave packets. The
electron–cyclotron frequency and the direction of the
ambient magnetic field are determined from measure-
ments of the onboard flux-gate magnetometers (FGM)
(Balogh et al., 2001). The Poynting flux data which are
the most important for this study are derived from
multicomponent measurements obtained by the spec-
trum analyzers of the ‘‘spatio-temporal analysis of field
fluctuations’’ (STAFF) instruments (Cornilleau-Wehrlin
et al., 2003). These instruments analyze signals of three
magnetic and two electric antennas and calculate the
auto-power spectra and cross-power spectra in 27
logarithmic frequency channels between 8 Hz and
4 kHz, with a time resolution between 1 and 4 s.

The auto-power spectra and cross-power spectra are,
in each frequency channel, represented as 5 � 5 spectral
matrices. These matrices are transformed to the
coordinate system linked to the local direction of the
ambient magnetic field obtained from the FGM data.
Then, we average the spectral matrices over the
frequency interval where chorus is observed, based on
the detailed time–frequency spectrograms from the
WBD instrument. Finally, we use Eq. (8) of Santolı́k
et al. (2001) to obtain an estimate of the parallel
component of the Poynting vector normalized by its
standard deviation Sk=sðSkÞ; where the normalization
factor sðSkÞ is estimated from errors induced by the
spectral analysis.
3. Analysis of the central position of the chorus source

Fig. 1 shows an overview time–frequency power-
spectrogram of the electric field fluctuations measured
0715 0720
4.01 4.01
3.63 6.81

22.12 22.08

10-4

10-3

10-2

10-1

S
E
 (

m
V

2  
m

-2
 H

z-1
)

31 March 2001. Position of the spacecraft is given on the bottom. R—

LT—magnetic local time in hours.



ARTICLE IN PRESS

-2000

0

2000

4000
Z

S
M
 (

km
)

Cluster 1
Cluster 3
Cluster 2

O. Santolı́k et al. / Planetary and Space Science 53 (2005) 299–305 301
by the WBD instrument onboard Cluster 3. The
measurements were recorded under very disturbed
conditions on 31 March 2001, when the Kp index
reached the value of 9� and the Dst index decreased to
�358 nT. Baker et al. (2002) observed injection of
substorm energetic electrons in the pre-midnight sector.
In this sector we also observe intense whistler-mode
chorus emissions in the frequency range 1–6 kHz.
During the time interval shown in Fig. 1, the spacecraft
was close to its perigee at � 4 Earth radii (RE) and
moved along its orbit through the equatorial region
from the South to the North. The observed chorus
emissions are organized into two bands, separated by a
gap of decreased power, as reported previously by, e.g.,
Anderson and Maeda (1977). The upper band only
appears close to the geomagnetic equator and its lower-
frequency limit at � 4 kHz follows one-half of the local
electron–cyclotron frequency (f ce). Simultaneously we
observe another band of intense emissions at frequencies
above 12.5 kHz.

The lower band of chorus below 1
2

f ce extends in both
hemispheres towards higher magnetic latitudes, decreas-
ing in frequency. Below 4 kHz, this lower band is
simultaneously observed by the STAFF instruments
onboard the four Cluster spacecraft. Fig. 2 shows
Sk=sðSkÞ calculated in this frequency band from the
data of each of the spacecraft. As we can expect, the
parallel component of the Poynting flux turns from
negative to positive values close to the times when the
spacecraft cross the equatorial plane during their orbital
motion. The transition from negative to positive values
is not smooth, though. On Cluster 1 and 3 the sign
UT: 0700 0705 0710 0715 0720

-5
0
5

S
|| 

/ σ
(S

||)

-5
0
5

S
|| 

/ σ
(S

||)

-5
0
5

S
|| 

/ σ
(S

||)

-5
0
5

S
|| 

/ σ
(S

||)

(a)

(b)

(c)

(d)

Fig. 2. Parallel component of the Poynting vector normalized by its

standard deviation. Panels (a)–(d) show the results for Cluster 1–4,

respectively. The vertical line in each panel indicates the time when the

given spacecraft encounters the magnetic equatorial plane (zero

magnetic latitude). A dipole model is used.
clearly switches several times during the transition
interval.

Fig. 3 shows that these fluctuations can be well
explained if we take into account the positions of the
spacecraft. While their maximum separation in the
equatorial plane was � 370 km (Fig. 3b), the maximum
separation was � 1600 km in the direction perpendicular
to that plane. In Fig. 3a, the ZSM coordinate (perpendi-
cular to the magnetic equator) of the four spacecraft is
represented as a function of time by four oblique lines
extending from the lower left to the upper right corner
of the figure. The widths of these lines reflect the values
of Sk=sðSkÞ after averaging to a time resolution of 25.5 s;
the thin line corresponds to values lower than �1; while
the thick line means values higher than þ1: We can see
that a clear boundary (dotted line in Fig. 3a) can be
drawn, separating the positive and negative values of
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Fig. 3. (a) Four oblique lines represent changes of the sign of Sk=sðSkÞ

along the orbit of the four Cluster spacecraft with the ZSM coordinate

plotted as a function of time; the dotted line is the estimated central

position of the chorus source region (see text). The horizontal solid line

is the magnetic equator obtained from a dipole model, the vertical

solid line shows the time when the center of mass of the four spacecraft

crosses the equator. (b) Positions of the spacecraft in the equatorial

plane. Arrows show the earthward and the sunward directions.
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Sk=sðSkÞ and hence indicating the central position of the
chorus source region.

To estimate this central position at a given time we
have used an approximation method based on linear
interpolation or extrapolation of the obtained Sk=sðSkÞ

values. The procedure is as follows:
(S
||)
(1)

0

| /
 σ
We order the four spacecraft to obtain a growing
sequence of their ZSM coordinates.
S
|
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If Sk=sðSkÞ has a different sign on two neighboring
spacecraft in the sequence, we calculate the central
position Z0 using linear interpolation between the
ZSM coordinates of these two spacecraft,

Z0 ¼ ZSMðkÞ �
ðSk=sðSkÞÞðkÞ

ðSk=sðSkÞÞðkþ1Þ � ðSk=sðSkÞÞðkÞ

�ðZSMðkþ1Þ � ZSMðkÞÞ;

where the unique indices ðkÞ and ðk þ 1Þ denote the
two spacecraft, k ranging from 1 through 3.
10
(3)
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If the above condition (2) is not fulfilled, Z0 is
estimated using linear extrapolation from the ZSM

coordinate of the spacecraft m where Sk=sðSkÞ is
minimum,

Z0 ¼ ZSMðmÞ � bðSk=sðSkÞÞðmÞ;

where m ranges from 1 through 4, and b is a
coefficient described below.
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Fig. 4. (a) Linear fit to the obtained Sk=sðSkÞ values as a function of

the ZSM coordinate. (b) The same but using the difference of the ZSM

coordinate and the estimated central position of the source.
Z0 values obtained using this procedure are then plotted
as a function of time in Fig. 3a (dotted line).

The coefficient b of the linear extrapolation (3) is
obtained from a linear model ZSM ¼ a þ b � Sk=sðSkÞ

based on the data from the entire time interval shown in
Fig. 2. The results from the different spacecraft are very
similar and we thus combine the data from the four
spacecraft. The obtained points and their linear model
are presented in Fig. 4a. The parameters a and b and
their standard deviations were obtained by a straight-
forward linear least-squares fit procedure. To check if
the estimated coefficient b is stable, we have performed
the same least squares fit for the differences of ZSM and
the estimated central position Z0: Fig. 4b shows that the
resulting coefficient b is nearly the same as in Fig. 4a.

On 31 March 2001 the measurements were recorded
during the period when the Cluster spacecraft were at
relatively large separations. The question thus may arise
whether similar results can also be obtained when the
spacecraft are at closer separations. Approximately 1
year later, on 18 April 2002, a geomagnetic storm hit the
Earth’s magnetosphere when the Cluster spacecraft were
near their perigee at the maximum separation of �

260 km along B0 and � 100 km in the perpendicular
plane (Santolı́k et al., 2003). During that storm, the Dst

index decreased below �120 nT and the Kp index
reached 70: Intense chorus emissions were again
generated, and the obtained values of Sk=sðSkÞ are
shown in Fig. 5. As in the previous case, the transition
from negative to positive values is not smooth. On the
other hand, the fluctuations are now nearly the same on
the four spacecraft. This is a consequence of their close
separation along B0:

The ZSM coordinates of the four spacecraft, together
with the sign of Sk=sðSkÞ; are presented in Fig. 6. The data
are averaged to the time resolution of 12.8 s. We have
selected a time interval two times shorter than that in Fig. 3
because of much smaller differences in the ZSM coordinates
of the spacecraft. The central position of the source region is
calculated by the same method as previously and shown by
the dotted line. We can see that the results are similar as in
the previous case, including the results for the linear model
of Sk=sðSkÞ as a function of ZSM (Fig. 7).
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Fig. 5. Same as in Fig. 2 but for measurements recorded on 18 April

2002.
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Fig. 6. Same as in Fig. 3 for measurements recorded on 18 April 2002.
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4. Discussion

The analysis presented above allows us to estimate the
location of the ‘‘central position’’ of the source region of
whistler-mode chorus. It has to be noted that this
position is not necessarily the geometric center of the
source region. We define the ‘‘central position’’ as the
point where the parallel component of the total
Poynting flux changes its sign. We suppose that the
source region has a finite dimension of a few thousands
of kilometers along the field line (Santolı́k et al., 2004).
Inside this source region both directions of the Poynting
flux are present simultaneously but on its southern side,
the waves propagating to the South prevail, and
similarly on its northern side we mainly observe the
waves propagating to the North. The central position of
this source region is then the point inside the source
region where the parallel Poynting flux of waves
propagating into the northern hemisphere equals the
parallel flux of the waves propagating to the southern
hemisphere.

We have observed random fluctuations of the
estimated central position of the source region. There
are two possible explanations. Either this is a property
of the source mechanism itself, or the entire magnetic
configuration is tail-like and flaps over the spacecraft,
carrying the chorus source region with it. Under quiet
conditions this latter possibility is not very likely to
happen at the radial distance of our observations
(� 4RE). However, during storm conditions it is not
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unrealistic to have strong magnetic distortions at this
radial distance. We have thus examined this possibility
for the case of 31 March 2001. Fig. 8 shows Sk=sðSkÞ

measured onboard Cluster 1, together with the direction
of the ambient magnetic field B0 measured on the same
spacecraft, and with the simulated results obtained from
the dipole model calculated along the spacecraft orbit.
We can see that the deviation yBM of the B0 direction
from the ZSM axis is larger than the dipole model
predicts, corresponding to a tail-like configuration.
However, no flapping is observed since the azimuth
fBM turns just once from the outward to the inward
direction. The observed random fluctuations are thus
associated with the source mechanism of the storm-time
chorus emissions.

It is important to note that our method does not allow
us to resolve the individual wave packets of chorus. In
one single multicomponent measurement of the STAFF
spectrum analyzer, we accumulate the data over almost
4 s, which means that we usually mix the information
from several wave packets. We are thus unable to check
the hypothesis of rapid motion of sources of individual
wave packets (Inan et al., 2003), according to which the
sources are moving at speeds comparable to the phase
speed of the whistler-mode waves (of the order of
104–105 km=s). Our analysis can only provide global
characteristics of the Poynting flux direction in the
source region. The changes of this globally defined
central position are found to happen on the time scale of
minutes. This is not just an effect of the lower time
resolution compared to the duration of individual
wave packets: we often consistently observe the same
sign of the parallel component of the Poynting flux in
sequences of many data points, during time periods of
the order of minutes. Combining this time scale with the
amplitude of a few thousands of kilometers we obtain a
global motion with typical speeds on the order of
100 km/s.
5. Conclusions
(1)
 A new multipoint analysis method to estimate the
central position of the source region of electromag-
netic waves has been proven to give useful results.
(2)
 We have analyzed storm-time chorus emissions
recorded by the four spacecraft of the Cluster
mission on 31 March 2001 and on 18 April 2002.
We have obtained qualitatively similar results in
both these cases, while the spacecraft separations
were significantly different.
(3)
 The global central position of the source region has
been shown to fluctuate within a few thousands
of kilometers at a typical speed of the order of
100 km/s.
(4)
 This random motion is most probably associated
with the generation mechanism of chorus.
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