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[1] Multiple simultaneous wideband (Gurnett et al., 2001) measurements on the Cluster
spacecraft of upper band chorus emissions near the magnetic equator (at magnetic latitudes
between �20� and 10� and L shells ranging between L = 4 and L = 5) are used to deduce
the properties of the compact source regions of ELF/VLF chorus emissions. The
frequency differences exhibited by the same chorus emissions observed on different
spacecraft are interpreted (Inan et al., 2004) in terms of a differential Doppler shift, using a
simple model involving rapidly moving sources traveling at speeds comparable to the
parallel resonant velocity of counter-streaming gyroresonant electrons. Cluster
observations are used to determine the location and extent along the Earth’s magnetic field
lines of the source of chorus. Frequency and time differences between spacecraft are
interpreted as a direct consequence of the rapid motion of highly localized source regions
of chorus. In this paper, we examine the previously presented model of rapid motion
of sources of chorus, extending the calculations to a three-dimensional space, using
measurements of the four Cluster spacecraft. These calculations of source location
and velocity as a function of frequency indicate that chorus sources move a distance of
�6000 km along the field lines. The emitted chorus waves at the source are assumed
to have a wide range of wave normal angles, but the rays reaching the spacecraft seem
to be the ones with lower angles (with some exceptions). The ranges of velocity obtained
vary with frequency around values ranging from �0.01c to �0.04c.

Citation: Platino, M., U. S. Inan, T. F. Bell, J. S. Pickett, and P. Canu (2006), Rapidly moving sources of upper band ELF/VLF

chorus near the magnetic equator, J. Geophys. Res., 111, A09218, doi:10.1029/2005JA011468.

1. Introduction

[2] Chorus emissions are one of the most intense form of
whistler mode plasma waves found in the Earth’s near
magnetosphere [Gurnett and O’Brien, 1964], at frequencies
between a few hundreds of hertz to several kHz. They are
distinguished as discrete elements, each of which lasts for a
time on the order of a tenth to a few tenths of a second. In
each of these elements, the frequency changes with an
approximately linear rate of a few kHz/s. Chorus usually
consists of rising tones, but falling tones and ‘‘hooks’’ are
also often observed [Burtis and Helliwell, 1976]. These very
intense natural emissions have been studied for several
decades [Helliwell, 1965; Dunckel and Helliwell, 1969;
Omura et al., 1991; Sazhin and Hayakawa, 1992]. The
generation mechanism of chorus waves is not yet under-
stood, especially in terms of the underlying physical reasons
for the discrete forms, frequency-time shapes, and very high

growth rates. Nevertheless, it is generally believed that
chorus emissions are generated via a nonlinear process
[Nunn et al., 1997; Trakhtengerts, 1999] based on the
electron cyclotron resonance of whistler mode waves with
energetic electrons [Kennel and Petschek, 1966; Helliwell,
1967], taking place in the vicinity of the geomagnetic
equatorial plane [Burtis and Helliwell, 1969; Burton and
Holzer, 1974; LeDocq et al., 1998; Lauben et al., 2002].
Chorus is generally observed in two frequency bands
[Burtis and Helliwell, 1976], separated by a narrow band
of decreased intensity at around one half of the local
electron cyclotron frequency. Chorus waves studied in the
present paper were observed at frequencies above this gap
of decreased intensity, typically referred as ‘‘upper band
chorus.’’
[3] Recent experimental work has been directed toward

the localization of the source region [e.g., LeDocq et al.,
1998; Parrot et al., 2003], propagation and time-frequency
characteristics of chorus [e.g., Nagano et al., 1996; Gurnett
et al., 2001] and determination of the properties of the
chorus source [e.g., Skoug et al., 1996; Lauben et al., 1998].
Nevertheless, simultaneous observations of chorus emis-
sions on multiple Cluster satellites revealed the surprising
result that some individual chorus elements were observed
at different frequencies on different spacecraft [Gurnett
et al., 2001]. This behavior was interpreted by Inan et al.
[2004], in terms of the rapid motion of the compact source
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region(s) of chorus, leading to the observed frequency
differences via Doppler shift, due to the dependence of
the whistler mode refractive index on the wave normal
angle y, the angle between the wave vector k and the
static magnetic field B0. The possibility of drift motion
of the chorus source region was discussed explicitly by
Helliwell [1967] based on heuristic arguments, noting that
such drifts could occur either in the direction of chorus
propagation or opposite to it, and at speeds ranging from
zero to the wave group velocity or parallel velocity of the
resonant electrons.
[4] The generation mechanism of chorus waves in the

source region, especially the highly coherent discrete forms,
is not yet well understood. Nunn [1974] proposed a theory
for the generation of chorus based on nonlinear trapping of
energetic electrons, part of which has been used to explain
certain features of discrete chorus waves via computer
simulation [Nunn et al., 1997], finding that nonlinear growth
rates can be larger than linear ones by a factor of 2–5.
However, it should be noted that such nonlinear theories
exclusively consider an absolute instability responsible for
rapid wave growth everywhere in the source region [Nunn et
al., 1997; Smith and Nunn, 1998; Trakhtengerts, 1999] and
thus do not take into account the compact form [Santolı́k et
al., 2003, 2004; Santolı́k and Gurnett, 2003] or any motion
[Inan et al., 2004] of the source region. In addition, nonlin-
ear trapping requires high wavefield amplitudes, which are
eventually attained by chorus elements at the termination of
their rapid growth, but the spontaneous initiation of chorus
emission must necessarily occur with much smaller wave-
fields, basically at the levels of ambient noise.
[5] In this paper we expand on the idea presented by Inan

et al. [2004] by analyzing the propagation of chorus for two
cases during a period of moderate geomagnetic disturbance
(24 July 2003). We develop a general formulation for
unambiguous determination of the chorus source region
and its speed of motion from measurements of the same
discrete emissions on three or four spacecraft. We expand
and generalize the model described previously by Inan et al.
[2004] to three dimensions, relaxing the original assump-
tions and demonstrating that the location of the source can
be identified by taking into account the simultaneous
wideband (waveform) observations of chorus waves by
four Cluster spacecraft in regions near the geomagnetic
equator at a radial distance of �4.5 RE. This analysis is
mainly based on high-resolution measurements of the wide-
band (WBD) wave instruments [Gurnett et al., 1997], and
data from the Whisper sounders [Décréau et al., 1997] to
determine the local plasma density. In section 2, we describe
the theory behind the determination of the source location,
using known properties of whistler mode waves propagating
in a magnetoplasma. We also briefly review previous
observations of rapid motion of chorus wave sources as
reported by Inan et al. [2004]. In section 3 we present our
observations and in section 4 the results of our three-
dimensional calculation of the location of the source region
and the determination of its velocity.

2. Theory and Previous Work

[6] In this section we consider the Doppler shifts that
would be expected to result from source region motion and

illustrate how this effect would lead to the observation of
individual wave packets (emanating from the same compact
source region) at different frequencies on two different
spacecraft. We also describe the method by which we can
use the measured values of differential Doppler shift and
time delay to uniquely determine the location of the chorus
source region as a function of time. We include a brief
summary of the first application of this method by Inan et
al. [2004], based on two spacecraft measurements by the
WBD instrument. We then describe the expansion of this
method to four spacecraft measurement such as those one
presented on this paper.
[7] Throughout this paper, y is defined as the polar angle

between the wave vector k and the Earth’s magnetic field
B0. Since this angle is defined in a three-dimensional (3-D)
space, a fixed value of y does not completely define the
direction of k, without the knowledge of the azimuthal
direction of the vector in the plane perpendicular to B0.
Since we deal with propagating waves, y can only have
values 0 < y < yres, or p � yres < y < p, where yres is the
wave normal angle at which the k vector approaches infinity
for propagation in the whistler mode at frequencies higher
than the lower hybrid resonance (w > wLH). It should be
noted that for y = 0, k and B0 are parallel and for y = p, k
and B0 are antiparallel.
[8] Inan et al. [2004] interpreted the observation of

frequency differences between individual discrete chorus
elements observed on different Cluster spacecraft in terms
of Doppler shifts resulting from source region motion. The
case studied in that paper was from a time when the Cluster
spacecraft passed through perigee at a radial distance of
3.85 RE, at 0641 MLT and close to the magnetic equatorial
plane, on 27 November 2000. The maximum Kp index was
6 in the preceding 24 hours. Figure 1a shows the basic
principle of the Inan et al. [2004] model, where a compact
source is assumed to be located along the same field line as
one of two satellites (SC2), so that waves emanating at
kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkB0 (i.e., y = 0) reach SC2 propagating with a refractive
index m0 and a group velocity vg0. The second satellite
(SC1) is displaced in longitude and/or latitude as well as L
shell, so that it is accessible from the same compact source
only by waves emanating at a relatively large wave normal
angle y, corresponding to a refractive index m(y) > m0.
(Throughout this paper subscript index 0 is used for
parameters corresponding to waves traveling parallel to
the static magnetic field B0; the parameters with no sub-
script index correspond to waves traveling at a nonzero
wave normal angle y.) Figure 1b shows chorus emissions
observed on spacecraft SC1 and SC2, highlighting the
significant frequency differences observed on the two
spacecraft and the differential time delay between the two
spacecraft.
[9] The source velocity vS is then related to the measured

differential Doppler shift Dw as

vS ¼ Dw
Dkz yð Þ ¼

cDw
wm cosy� wm0ð Þ : ð1Þ

Using cold plasma parameters representative of the Cluster
observations presented by Inan et al. [2004], it was shown
that even for modest refractive index values (e.g., jmj < 100)
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Doppler shifts observed at different wave-normal angles can
differ by as much as �1.2 kHz. Two spacecraft can thus
observe individual waves originating from the same
compact source at two different apparent frequencies
differing from each other by the amount of the differential
Doppler shift of �1.2 kHz.
[10] According to this model, different observers would

in general observe any discrete chorus wave packets emitted
at the source at slightly different times, based on the
dependence of the whistler mode group velocity on wave
normal angle y. Differential Doppler shift would result in
those cases when the observers are displaced (with respect
to one another) either in the radial or azimuthal direction, or
both. At relatively short distances from the source, when the
whistler mode ray paths can be taken to be simple straight
lines, the differential Doppler shift and time delay are only a
function of the wave normal angle y.
[11] The primary conclusions and observations of Inan et

al. [2004] were as follows:

[12] 1. The magnitude of observed differential Doppler
shift and time delay are consistent with theoretical predic-
tions for the different spacecraft separations.
[13] 2. Source velocities are comparable to either the

particle parallel velocity or the wave group velocity.
[14] 3. Discrete chorus emissions appear to be produced

in source regions that are compact (approximately of
1 wavelength in size or less) in the direction perpendicular
to B0.
[15] 4. Different frequencies of individual discrete chorus

elements are emitted at different points (separated by 200 to
1500 km) along the field line. Multiple, simultaneously
active source(s) are likely spread out in L shell and
longitude (as well as in latitude) and continually emitting
waves.
[16] In the context of the Inan et al. [2004] model,

sources of emissions are compact in the direction transverse
to the field line and moving along the field line. Santolı́k
et al. [2003] and Santolı́k and Gurnett [2003] examined the

Figure 1. (a) Parameters involved in the determination of the source location with respect to the Cluster
spacecraft. Highlighted are the two spacecraft SC1 and SC2, as well as the pertinent vector magnitudes of
group velocity vg, wave vector k, and source velocity vS. For the case shown, the wave arrives first at
SC2 at t = tSC2 and later at SC1 at time tSC2 + Dt. Included is a plot of the refractive index surface at
different wave normal angle values. (b) Detailed measurement of differential Doppler frequency shift and
time delay between two Cluster spacecraft for chorus elements with increasing frequency (risers) on
27 November 2000, at 1313:18 UT.
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18 April 2002 case also analyzed by Inan et al. [2004].
While the purpose of their analysis was also to determine
the source region characteristics, a completely different
approach was used by Santolı́k and coworkers. The results
of Santolı́k et al. [2003] primarily concern the propagation
and internal fine structure of chorus elements, while
Santolı́k and Gurnett [2003] present a correlation analysis
of chorus spectrograms to estimate the transverse dimen-
sions of chorus wave packets. Differences in fine structure
of the chorus elements analyzed by Santolı́k et al. [2003]
can in principle be used to explain the small frequency
changes observed during 18 April 2002 between chorus
waves observed simultaneously in the four Cluster space-
craft. The results show fine structure inside the individual
chorus elements, which is discernibly different on each
spacecraft, possibly involving differences in instantaneous
frequencies observed on different spacecraft. Using a
parametric waveform analysis method, several examples
given by Santolı́k et al. [2003] show instantaneous frequency
with a resolution better than 10 Hz, so that differences of
�24 Hz as deduced by Inan et al. [2004] are resolvable with
this method. The Doppler shift theory put forth by Inan et al.
[2004] is not invoked by Santolı́k and Gurnett [2003] to
explain the differences in frequency for this case. In this
case, different magnetic field and electric field data intervals
were analyzed, but no indication of a systematic Doppler
shift was found.

3. Determination of Source Location and Speed
From Measured Differential Doppler Shift and
Time Delay

[17] In this paper, we relax the assumption of Inan et al.
[2004] that one of the observing spacecraft is positioned
along the same magnetic field line as the source region. In
such a case, we know that a wave at frequency w(t) emitted
by the source, emanating from a compact source located
at zS = s(t), xS = 0, while moving along B0 at a speed vS =
@s/@t in a uniform medium, can reach two different observers
SCi and SCj only by propagating at two different wave
normal anglesyi andyj, and is thus observed at two different
‘‘apparent’’ frequencies w0

i and w0
j, where

Dwi; j ¼ w0
i � w0

j ¼ kz yi; tð Þ � kz yj; t
� �h i @s tð Þ

@t
; ð2Þ

where y is the wave normal angle, i.e., the angle between
the k vector and the static magnetic field B0. (We assign the
z axis along B0.) In the system of coordinates used for the
calculations of this paper, the origin of the x and y axis lies
in the center of the Earth and the z coordinate has its origin
at the magnetic equator. The positive x points toward the
sun. All distances along the z axis are measured from
the magnetic equator along the Earth’s magnetic field lines.
The location of the corresponding field line is determined
by the x-y coordinates as distances to the Earth in the
magnetic equator plane. Even though the lines along z in
Figures 2, 4b, 5b, 7 and 8 are straight lines, they correspond
to curves along the field lines of B0 in a regular
geomagnetic system of coordinates. Distances across the
field line are assumed to be perpendicular to z. Therefore the

reader should see all parallel lines in the z directions as field
lines located by the x-y coordinates in the magnetic equator.
Distances across z, given by x and y are going to be
considered perpendicular to z for locations close to the
magnetic equator, i.e., for magnetic latitudes lm � 0�,
considering that they are strictly perpendicular at lm = 0�;
and locations along z are found to be in the vicinity of the
equator as established for chorus waves locations in previous
works (i.e., if the magnetic latitudes obtained from the
calculations are within �25� < lm < 25�). In this sense the
coordinate system can be considered as locally orthogonal in
an approximate sense and distances along z are distances
along field lines in close proximity to each other.
[18] We start with the assumption that the source emits

waves at different values of wave normal angles with
magnitudes smaller than the resonance cone angle, and that
those wave packets with a specific value of yi reach the
corresponding SCi spacecraft. We then apply this assump-
tion to all of the possible i,j combinations of frequency
difference that can be observed with 4 spacecraft, i.e., six
possible combinations, at a given frequency w(t). The
spacecraft motion can be neglected for typical spacecraft
velocities (�5 km/s), since the Doppler shift due to space-
craft motion is very small for refractive indices of magni-
tudes smaller than 500. We assume, to a first approximation,
that the wave-normal angle y remains constant over the
assumed relatively short propagation path from the source
to the observer, and we then verify this assumption using
ray tracing for the given case. In case the distance from the
source to the spacecraft becomes close to 1 RE, as in our
case 2 illustrated below, we correct the wave normal angle
obtained using ray tracing, estimating the correct value of it
for the given distance and by recalculating this distance.
From equation (2) we can use the measurements of differ-
ential Doppler shift (Dwi,j) between spacecraft SCi and SCj
to estimate the value of the source velocities vS:

vS ¼ Dwi;j

Dkzi; j
¼ cDwi;j

wmi cosyi � wmj cosyj

� � ; ð3Þ

all of which must satisfy the premise of having the same
frequency w = 2pf at the generation region, i.e., the frequency
observed at SCi, w0

i, must be equal to the frequency at the
source plus the Doppler shift Dwi. This condition can be
satisfied if we add another set of equations to be satisfied for
each of the four spacecraft SCi.

w0
i ¼ wþ Dwi ¼ wþ wmi

vS

c
cosyi: ð4Þ

The six equations obtained from equation (3) and the four
resulting from equation (4), are part of the system of
equations we use to calculate the position of the source
location at a given frequency w. Both sets are not
independent, i.e., equation (3) can be derived from
equation (4). Nevertheless, due to the nonlinear nature of
the equations involved, the inclusion of both sets is
necessary for the numerical calculation, since a solution
can be found that does comply with one set but not the
other one. The value of the refractive index mi is uniquely
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given by the following relation for whistler mode waves
[Stix, 1962, p. 38]:

m2i ¼ 1� 2 ai � bi þ hð Þ
2ai � bi �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2i � 4aih

p : ð5aÞ

The parameters a, b and h are obtained from

ai ¼ s sin2 yi þ p cos2 yi;

bi ¼ rl sin2 yi þ ps 1þ cos2 yið Þ;

h ¼ prl;

ð5bÞ

where r, l, p and s are obtained from the values of plasma
frequency wp u and gyrofrequency wc u for each species u:

r ¼ 1�
X
u

w2
pu

w2

w
wþ wcuð Þ

" #
;

l ¼ 1�
X
u

w2
pu

w2

w
w� wcuð Þ

" #
;

p ¼ 1�
X
u

w2
pu

w2

" #
;

s ¼ r þ l

2
:

ð5cÞ

Our calculations apply to frequencies near wce/2 for which
ion effects are negligible; we have therefore used u = e
(for ‘‘electron’’) and the corresponding electron plasma
frequency and electron gyrofrequency. In the rest of the
article we omit the u subscript and refer to these quantities
simply as wp and wc.
[19] A similar construction can be carried out for the time

delay (Dti,j), using the observed time difference between
spacecraft SCi and SCj, leading to another group of six
equations of the form

Dti; j ¼
di

vgi
� dj

vgj
; ð6Þ

where di is the distance traveled by the wave from the
source to the spacecraft SCi, and the magnitude of the group
velocity vg i is given by [Helliwell, 1965, p. 41]

vgi 

2c w

wc

� �1
2

wp

wc

� � tan2 yi cosyi � w
wc

� �
4

2
4 þ

cosyi � w
wc

� �3

cos2 yi

3
75

1
2

for 0 < y < yres ð7aÞ

vgi 

2c w

wc

� �1
2

wp

wc

� � tan2 p� yið Þ cos p� yið Þ � w
wc

� �
4

2
4

þ
cos p� yið Þ � w

wc

� �3

cos2 p� yið Þ

#1
2

for p� yres < y < p: ð7bÞ

Finally, to complete the set of equations, we need to take into
account the geometry of the satellite locations, with respect
to the source region. To illustrate this, we refer to Figure 2,
showing the distance vectors di in different colors, from two

Figure 2. Schematic of the chorus emission model of a
moving source, traveling along the field line. (top) Top view
of the system and (bottom) side view. For i = 1. . .4,
indicated are the wave normal angles yi, distance to the
source, di, wave vectors ki, source velocity vS, the distances
perpendicular to the magnetic field lines Di,j between
spacecraft; and source location, given by the angles a, b, g,
d and SZ, the component along the field line of the distance
from the magnetic equator to the source. The system of
coordinates in this panel is defined in section 3. The dashed
circles represent all the points for each spacecraft where a
source can be located at a given set of yi values. The
intersection of the four of them, in conjunction with SZ,
determines the unique location of the source.
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different points of view, and the corresponding location of
the source with respect to the spacecraft. The magnitude of
Sz is the projection of the distance from the magnetic equator
to location of the source, along the field line.
[20] We assume that the distance from the source to the

satellites is small enough to consider the propagation paths
as straight lines and neglect the spacecraft motion, since it is
small compared to the wave group velocity. Here we notice
the distance from the source to the spacecraft di, and the
trajectory traveled by the wave toward each spacecraft,
which has an angle with respect to the static magnetic field
(z axis) of qi � yi. The angle qi between the group velocity
vector vg i and k is given by [Helliwell, 1965, p. 41]

qi 
 cos�1

1� w
wc cosyi

tan2 yi

4
þ 1� w

wc cosyi

� �2
" #1

2

8>>>>><
>>>>>:

9>>>>>=
>>>>>;

for 0 < y < yres

ð8aÞ

2p� qi 
 cos�1

1� w
wc cos p� yið Þ

tan2 p� yið Þ
4

þ 1� w
wc cos p� yið Þ

� �2
" #1

2

8>>>>><
>>>>>:

9>>>>>=
>>>>>;

for p� yres < y < p: ð8bÞ

The angles yi are measured clockwise from the ambient
static magnetic field B0. The angles qi are measured
counterclockwise from k. Equations (7a) and (8a) from
Helliwell [1965] are defined for wave normal angles 0 < y <
yres, i.e., the resonance cone angle. According to our
definition of y these equations could not be used if p � yres

< y < p, as happens in case 2, described in the section 5.
However, we know that the solution m of equation (5a) for a
given y is the same for p � y Therefore we can use these
equations redefined as equations (7b) and (8b) for p � yres

< y < p, changing the sign of the z axis.
[21] Along the z axis, parallel to B0, the projection of the

trajectory of the waves toward each spacecraft must inter-
sect at a single point: at the source location. This condition
is fulfilled by the set of equations

Sz ¼ zSCi � di cos qi � yið Þ ¼ zSCj � dj cos qj � yj

� �
i 6¼ j; ð9Þ

The value of zSCi is measured as the projection of the
vector location of each spacecraft in the z axis, with
respect to a reference. For our calculations the origin of
our coordinate system is taken to be the center of the Earth
where x = 0 and y = 0 while the z = 0 position is located
at the magnetic equator. The values of zSCi are the projection
in the z axis of the distance between each spacecraft and
the magnetic equator. Equation (9) implies another set of
four equations. In the x-y plane, at the source location Sz,
the trajectories of the waves converge to one point, the field
line of the source, defined by the angles a, b, g, d. As we
see in Figure 2, the solution of this set of equations lie in
the intersection of four circles, each corresponding to all of
the points, which are a solution of equations (3), (4), (6),
and (9) for a given set of values of di, yi, qi, Sz, and which

define a unique point in space in the x-y plane intersecting
the B0 field line at Sz. This point is then completely specified
by the angles a, b, g, d as follows:

D2
1;2 ¼ d21 sin

2 q1 � y1ð Þ þ d22 sin
2 q2 � y2ð Þ

� 2 d1 sin q1 � y1ð Þd2 sin q2 � y2ð Þj j cos að Þ;
D2

2;3 ¼ d22 sin
2 q2 � y2ð Þ þ d23 sin

2 q3 � y3ð Þ
� 2 d2 sin q2 � y2ð Þd3 sin q3 � y3ð Þj j cos bð Þ;

D2
3;4 ¼ d23 sin

2 q3 � y3ð Þ þ d24 sin
2 q4 � y4ð Þ

� 2 d3 sin q3 � y3ð Þd4 sin q4 � y4ð Þj j cos gð Þ;
D2

4;1 ¼ d24 sin
2 q4 � y4ð Þ þ d21 sin

2 q1 � y1ð Þ
� 2 d4 sin q4 � y4ð Þd1 sin q1 � y1ð Þj j cos dð Þ;

aþ bþ gþ d ¼ 2p;

where Di,j is the distance between spacecraft SCi and SCj
projected on the x-y, as seen in Figure 2.
[22] Now our system of equations is completely specified

by the six equations from equation (3), the four equations
from equation (4), the six equations from equation (6), the
four equations from equation (9) and the five equations from
equation (10). The unknowns for this system of 25 equations
are: the frequency of the wave at the source f, the source
velocity vS, the four distances from the source to the space-
craft di, the four wave normal angles yi, the angles a, b, g, d,
and the source location Sz. This system of equations, even
though overspecified, gives us the opportunity to take into
account any errors that may exist in the measured parameters
of the background plasma, such as wc and wp. We use data
from the Whisper sounder instrument [Décréau et al., 1997]
onboard the four Cluster spacecraft to measure the plasma
density, and the spacecraft magnetometer to obtain the value
of B0, and wc. These values have an inherent error of
approximately ± 10%, which is taken into account in the
solution of our system of equations. We solve our system of
equations using a minimum square error approach, with the
initial values of the variables determined by trial and
error, and with the constrains jwc � wc oj/wc o < 0.01 and
jwp � wp oj/wp o < 0.1, where wp o and wc o are the
observed values of the plasma and the electron gyrofre-
quency, respectively (The differences in the uncertainties
of wc and wp are due to the difference in the methods
applied to obtain them: the onboard magnetometer for wc
and the Whisper observations for wp.)

4. Observations

[23] In this section we present observations of chorus on
all four Cluster spacecraft on 24 July 2003, specifically
from two regions before and after crossing of the magnetic
equator. This particular perigee pass was selected because
the spacecraft cross the equator around L = 4, with a
spacecraft separation of no more than 580 km. The time
and frequency differences between chorus elements on
different spacecraft was obtained using the method of visual
overlaying of 10 s long spectrograms, with a 10 Hz
frequency resolution (similarly performed by Inan et al.
[2004]). The time resolution of the WBD measurements of
the electric field [Gurnett et al., 1997] is �37 ms, while the
spectral overlay method yields a time and frequency reso-
lution of �10 ms and 10 Hz, respectively.

ð10Þ
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[24] Figure 3 shows an overview of the electric field
observed on the four Cluster spacecraft by the WBD
instrument during 24 July 2003. Highlighted in black are
the regions of the cases studied, case 1 being at 0114:38 UT
and case 2 at 0135:25 UT. The four spectrograms presented
in Figure 3 correspond to each of the four Cluster space-
craft, each measuring one of the components of the electric
field. The x axis shows the universal time, as well as the
geomagnetic coordinates (the McIlwain L parameter, the
geomagnetic latitude l as well as the radial distance RE) of
spacecraft SC4, along the path.

4.1. Case 1: 24 July 2003, 0114:38 UT

[25] Figure 4c is a 4 s long spectrogram, showing data
from the region highlighted in Figure 3 for case 1, at
0114:38 UT, observed before the magnetic equator crossing
during this pass. The chorus waves were observed on all
four spacecraft SC1, SC2, SC3 and SC4. The frequency
time spectrogram displays upper band chorus waves as
observed by the four spacecraft at different times and
frequencies. Displayed are the time duration and frequency
span of the particular element studied in this paper. The

spacecraft position with respect to one another is displayed
in Figure 4b, in the system of coordinates defined in
section 3. Figure 4a shows the location of the spacecraft
in the frame of reference of the geomagnetic field, using the
McIlwain L parameter and the geomagnetic latitude lm as a
coordinate system.
[26] On the basis of the data shown in Figure 4c, we

assume that individual chorus elements, i.e., chorus ele-
ments observed with distinctly similar frequency and time
sequencing on different spacecraft, emanate from the same
source. The difference in slope between such similar ele-
ments observed at different frequencies is also noted in
Figure 4c. This difference is the result of whistler mode
propagation, which introduces dispersion in frequency, as
noted by Inan et al. [2004], and can be explained in terms of
the dependence of the group velocity of whistler mode
waves on the wave-normal angle y. The local electron
gyrofrequency for cases 1 and 2 is calculated from measure-
ments of the background magnetic field using the onboard
magnetometer on each spacecraft.
[27] As discussed in section 5, the chorus source region in

this case is determined to be moving toward the spacecraft.

Figure 3. WBD overview spectrogram of the Cluster satellite pass during 24 July 2003, starting at
0049:00 UT. The color scale indicates the magnitude of the electric field in dB with respect to
1 mV/(m Hz

1=2 ). The y axis indicates frequency, and the x axis indicates universal time (UT) as well as
position in formation of spacecraft SC4, in terms of the McIlwain L parameter, geomagnetic latitude lm,
geomagnetic local time MLT, and radial distance to the center of the Earth, RE. Highlighted are the two
elements studied in cases 1 and 2, respectively.
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Accordingly, and for an emission in the form of a riser
(rising frequency with time), the higher frequencies are
emitted later in time and thus at points closer to the
spacecraft. The determination of the chorus source location
can now be undertaken by relaxing the assumption of
having one of the spacecraft aligned with the source, as
was constrained by Inan et al. [2004], since our system of
equations is complete, allowing us to determine the source
location uniquely using measurements from the four space-
craft. The direction of the source movement is also uniquely
determined from the calculations described in section 5.

4.2. Case 2: 24 July 2003, 0135:25 UT

[28] Figure 5c is a 4 s long spectrogram, as highlighted in
Figure 3 for case 2, at 0135:25 UT, showing data from
observed after the magnetic equator crossing during the
pass, illustrating the rising emissions. The chorus waves
were observed on all four spacecraft SC1, SC2, SC3 and
SC4. The frequency time spectrogram displays upper band
chorus waves as observed by the four spacecraft at different

times and frequencies. Displayed are the time duration and
frequency span of the particular discrete chorus element
studied in this paper. The spacecraft position with respect to
each other is shown in Figure 5b, where the coordinates x, y
and z are geomagnetic, i.e., the magnetic equatorial plane
corresponds to z = 0 and the center of the Earth is x = 0 and
y = 0. Note that the z axis is not exactly vertical, but that it
represents the distance in km along the field line which
crosses the magnetic equator at the geomagnetic coordinates
given by x and y. Figure 5a shows the location of the
spacecraft in the frame of reference of the geomagnetic
field, using the McIlwain L parameter and the geomagnetic
latitude lm as a coordinate system.
[29] As in case 1, we assume that individual distinct

chorus elements, i.e., those with similar frequency and time
sequencing on different spacecraft, emanate from the same
source. The difference in slope between similar elements
observed in different frequencies is also noted in Figure 5c,
as the result of whistler mode propagation in the magneto-
sphere, which introduces dispersion in frequency, originat-

Figure 4. (a) Spacecraft location along the pass for 24 July 2003. The lines of constant L and
geomagnetic latitude lm are indicated. Highlighted are the spacecraft located at the place in orbit when the
observation was performed. (b) Relative position of the spacecraft with respect to each other in space. The
system of coordinates in this panel is defined in section 3. (c) The 4 s spectrograms as observed by the four
Cluster spacecraft, starting at 0114:38 UT. The color scale indicates the magnitude of the electric field in
dB with respect to 1 mV/(m Hz

1=2 ). The y axis indicates frequency, and the x axis indicates time in UT.
Highlighted is the chorus riser element studied in case 1, indicating its time (td) and frequency (fr) span.
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ing from the dependence of group velocity for whistler
mode propagation, with frequency and the wave-normal
angle y. The general appearance of the spectra for this case
consists of a multiplicity of chorus emissions generally
observed only on one of the four spacecraft, mixed in with
some elements observed on some of the spacecraft but not
on all of them. Figure 5 shows one particular element that
was recognized to be common on all four spacecraft. Note
that the fact that many elements are only observed on one
spacecraft, and some on more than one and even fewer on
all four is consistent with the general picture of distributed
multiple active chorus sources, emitting waves in a range of
directions, as described in Figure 7 of Inan et al. [2004].
[30] In this case, as in case 1, detailed calculations

presented in section 5 indicate that the chorus sources are
moving toward the spacecraft. In other words, risers are
observed during this pass both before and after the equator,
so that as the frequency increases with time, the higher
frequencies are emitted at points later in time and thus closer

to the observers. As pointed out in the previous paragraph,
the important feature to note is the fact that some of the
elements are observed in some of the spacecraft but not in
others. In some cases we can see that part of the chorus
element is observed on one of the spacecraft while the entire
element is observed in another. This type of distribution of
chorus elements appears to be a common feature of multi-
point observations of chorus and suggests the presence of
multiple, simultaneously active compact sources distributed
in space as mentioned by Inan et al. [2004]. Chorus waves
emanating from different sources sometimes reach different
spacecraft, and sometimes reach all four of them. Under this
situation, it can be more difficult to identify similar elements
observed on different spacecraft. Nevertheless simple visual
inspection indicates that chorus emissions often have a very
unique frequency-time structure, and that this structure,
even when shifted in frequency and dispersed (e.g., slight
changes in slope), still maintains its distinct frequency-time
shapes from one spacecraft to another. Visual inspection of

Figure 5. (a) Spacecraft location along the pass for 24 July 2003. The lines of constant L and
geomagnetic latitude lm are indicated. Highlighted are the spacecraft located at the place in orbit when
the observation was performed. (b) Relative position of the spacecraft with respect to each other in
space. The system of coordinates is defined in section 3. (c) The 4 s spectrograms as observed by the
four Cluster spacecraft, starting at 0135:25 UT. The color scale indicates the magnitude of the electric
field in dB with respect to 1 mV/(m Hz

1=2 ). The y axis indicates frequency, and the x axis indicates time
in UT. Highlighted is the chorus riser element studied in case 2, indicating its time (td) and frequency
(fr) span.
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4 s long sections like the ones shown in Figures 4 and 5 are
used to measure the frequency-time characteristic of the
single elements highlighted in Figure 3, which are later used
in equations (4) and (6) to estimate the variation of
differential Doppler shift and time delay, respectively, as a
function of time during the pass.

4.3. Geomagnetic Conditions on 24 July 2003

[31] The maximum Kp index observed in the 24 hours
prior to the events studied here was about 3+ (The notation
of a + sign after the number means that the actual value is
more than 3, but less than 3.5. This notation is used in Kp
displays since the actual value does not have more than 1
significant digit.) The variation of the geomagnetic activity,
is presented in Figure 6a, showing the variation of the Kp
index during the day before and up to two days after the
observed events shown in this paper.
[32] To derive values of local plasma density, we used

data from the Whisper resonance sounder [Décréau et al.,
1997]. Frequency-time spectrograms generated from mea-
sured electric field observations using the Whisper instru-
ment in the passive mode [Décréau et al., 1997] are shown
in Figure 6b. The four panels show spectrograms of one of
the components of the electric field on spacecraft SC1, SC2,
SC3 and SC4, for the pass on 24 July 2003. The Whisper
sounder on the Cluster spacecraft can provide an absolute
measurement of the total plasma density within the range

0.2–80/cm3, which are typical values of electron plasma
density observed in the outer magnetosphere at L � 4. The
data from this instrument allows the identification of the
electron plasma frequency by analyzing the time-frequency
patterns of resonances triggered in the medium by a pulse
transmitter. The sounding technique used for this purpose
was already developed and proved successful in these
regions of the magnetosphere by Etcheto et al. [1983] and
Trotignon et al. [1986]. In the basic nominal operational
mode, as is the case presented in this paper, the density is
measured every 52 s on SC1. In SC2, SC3 and SC4 it is
measured in the same manner during the first 15 min and
every 104 s during the rest of the event, the frequency and
time resolution for the wave measurements being of about
300 Hz and 2.2 s. In the passive mode, natural wave bands
between two successive harmonics of the electron gyrofre-
quency can be observed (see Figure 6b). We used these
active and passive measurements to obtain the electron
density through the method specified by Canu et al.
[2001] and Trotignon et al. [2001, 2003].

5. Source Location and Velocity Results

[33] The determination of the source location and the
direction of its motion, results directly from the calculation
described in section 3, by solving the system of equations
described by (3), (4), (6), (9), and (10) using the measured

Figure 6. (a) Geomagnetic activity index (Kp) plot, for the last week of July 2003. Highlighted is
the local maximum in the Kp index value, as observed in the previous 24 hours to the observations in
Figure 3. (b) Whisper overview spectrogram of the Cluster satellite pass during 24 July 2003, starting at
0100:00 UT. The color scale is related to the magnitude of the electric field in dB, measured with respect
to 0.088 mV/(m Hz

1=2 ). The y axis indicates frequency, and the x axis indicates universal time (UT).
Highlighted in white are the plasma frequency fp and 1=2 electron gyrofrequency fc/2 observed in each
spacecraft, and the corresponding values used for the calculations in cases 1 and 2, respectively.
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values of the differential time delays and Doppler shifts
(over a range of frequencies) as inputs. This solution is
dominated by the time sequence of arrival of the chorus
wave packet to the different spacecraft and the geometry of
the problem, being the configuration in space of the four
Cluster spacecraft approximately along a line in the z
direction (see Figures 4b and 5b). This set of equations is
highly non linear in terms of the wave normal angle y, and
is over determined, and therefore lead to different solutions
depending on the initial values used. The method used to
solve this block of equation is the minimization method
[Marquardt, 1963], which consists on defining a square
error function g(x) as

g xð Þ ¼
X25
n¼1

bn qn xð Þ � rn xð Þ½ 2; ð11Þ

where the 25 rn, qn <15 ! < are defined as each side of the
equality of equations (3), (4), (6), (9), and (10) and the
vectors x 2 <15 represent the set of 15 unknowns
specified in section 3, xg being their respective estimated
values. As an example we use equation (3) with spacecraft
SC1 and SC4, therefore we will have for this case:

qn xð Þ ¼ vS rn xð Þ ¼ cDw1;4

wm1 xð Þ cosy1 � wm4 xð Þ cosy4ð Þ ; ð12Þ

where m1(x) and m4(x) must be replaced by expression (5a),
with i = 1 and 4, respectively. For this approach to work well,

we must weigh each term of the sum in equation (11) with a
factor bn, in order not to render any variable more significant
than any other in the solution. The bn values are chosen by
trial and error based on the behavior of equations qn and rn.
The values of bn are obtained in an iterative fashion. They
are chosen as the inverse of the estimated values of rn for
each guess value of the unknown vector (which we will call
xg) raised to square power, that is bn = rn (xg)

�2. The trial and
error nature of this method comes from the proper election of
the xg, the most complicated task in the calculation, and one
that can only be done by common sense and good
knowledge of the physics involved in the problem. A proper
selection of xg will lead to convergence, a wrong set of
values for xg can lead to a set of solutions that leads to a
minimum in the solution space, but that will not satisfy the
system of equations within the limits of the tolerance on the
measurables, therefore not constituting a real solution. The
values of xg used for cases 1 and 2 are shown in Table 1,
corresponding to each of the unknowns.
[34] The system of equations can then be solved using

different algorithms, the ones used for this case being the
quasi-Newton [Acton, 1990, chapter 14; Moré and Cosnard,
1979] and the Levenberg-Marquardt [Levenberg, 1944;
Marquardt, 1963] methods, the latter being the more efficient
for the case in hand.
[35] Our method of solution relies on the measurement of

the frequency and time difference as well as the frequency-
time slope of the individual chorus elements observed on
the four spacecraft. The manner in which this measurement
is used in our determination of the source properties is
illustrated in Figures 4c and 5c. The chorus emission is
assumed to be generated with a linearly increasing frequency
with time at the source region, which subsequently moves
toward or away from the spacecraft (depending on the sign
of the Doppler frequency shift) resulting in the frequency-
time slopes that are observed on SC1 to SC4. The solution of
the system of equations includes the original frequency
range and frequency-time shape of the emission at the
source, uniquely determined by the unknowns f (or w) and
the propagation times di/vgi, with i = 1. . .4. This process also
has the desired outcome of the specific location at which
each frequency is emitted and the direction and the magni-
tude of the velocity of the source.
[36] For case 1, displayed in Figure 4, the results are

shown in Figure 7. The four panels presented herein
correspond to four different values of frequency f, calculated
from the system of equations presented in section 2. These
four points in frequency correspond to four different parts of
the chorus element highlighted in Figure 4. The reason for
using four frequency-time points in the chorus element is
justified by noting that it is the minimum number of points
by which we can take into account changes in the frequency-
time slope of the element, if there should be any. For the
three cases studied here we have linear slopes, therefore two
points should be enough. Nevertheless we use four for
completeness. The election of the points is done by picking
uniformly distributed frequency-time pairs, and the impact
on the error bars will depend on the spread in frequency of
the element. The four measurements of this element, as
observed by spacecraft SC1 to SC4, were divided in equal
parts, in time and frequency, each part having a
corresponding value of time and frequency. All of the six

Table 1. Guess Values xg Used to Solve the System of Equations

Described by (3), (4), (6), (9), and (10) for Cases 1 and 2

x1g x2g x3g x4g

Case 1
f, Hz 5500 5600 5700 5800
vs, c 0.001 0.001 0.001 0.001
d1, km 4600 3800 3500 2500
d2, km 3600 2900 2200 1500
d3, km 4100 3500 2800 2000
d4, km 2900 2300 1700 1000
y1, deg 4.2 5 6 15
y2, deg 10 10 12 15
y3, deg 6.4 7.1 8 17
y4, deg 0 0 0 0
a, deg 90 90 90 90
b, deg 90 90 90 90
g, deg 90 90 90 90
d, deg 90 90 90 90
Sz, km �4700 �4000 �3500 �2500

Case 2
f, Hz 4300 4600 5000 5200
vs, c �0.02 �0.033 �0.02 �0.02
d1, km 6800 6300 5400 5200
d2, km 7800 7200 6400 6100
d3, km 7200 6700 5900 5600
d4, km 8200 7700 7000 6500
y1, deg 135 138 138 135
y2, deg 169 160 152 146
y3, deg 139 140 139 140
y4, deg 180 180 180 180
a, deg 90 90 90 90
b, deg 90 90 90 90
g, deg 90 90 90 90
d, deg 90 90 90 90
Sz, km 11000 10500 9500 8000
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combinations of pairs from these four values of fi and ti, for
each spacecraft SCi, are fed into equations (4) and (6) to
calculate the values of Dwi,j = wi � wj and Dti,j = ti � tj, the
index i and j representing the corresponding number of
spacecraft SCi and SCj. As explained at the end of section
2, the values of the plasma frequency wp and the electron
gyrofrequency wc, are also considered as unknowns and
restricted to a range of jwc � wcoj/wco < 0.01 and jwp � wpoj/
wpo < 0.1, where wpo = 54.5 kHz and wco = 8 kHz for case 1,
as highlighted in Figure 6. Dwi,j and Dti,j also have their
respective uncertainties and should also be considered as
unknowns with the restrictions jDti,j � Dti,joj < 0.01 s and
jDwi,j � Dwi,joj/2p < 10 Hz (the subindex o refers to the
observed values of wc, wp, Dti,j or Dwi,j). We use these
tolerance values for the four measurables, wc, wp, Dwi,j and
Dti,j in the two cases studied in this paper. The results in
Figure 7 show the values of the location of the source as
given uniquely in the 3-D space by Sz, d1 to d4, and the set
of angles a, b, g, d (see Figure 2). The error bars in the z
direction are obtained from equation (9), representing the
range of values acquired by Sz for different values in the
solution space, within the restrictions mentioned earlier.
The system of equations is expected to have several solu-
tions, and we find that such is indeed the case, but the
solutions found must also have physical significance and
within those ones that are found, the one with a minimum
value of g(x) is the one that is adopted to be the solution.
[37] The concept of a moving source is linked to the

result of having different values of source location for

different values of frequency. Also we must note that the
source seems to be moving toward the observing spacecraft,
traveling a distance between the locations at which the
lowest and the highest frequencies are generated, of
�2500 km. Previous chorus observations, such as those
documented by Lauben et al. [2002], suggest that the
location of the source of chorus waves lies in the vicinity
of the magnetic equator, while Inan et al. [2004] deduced a
moving source located within �5000 km of the equatorial
plane. Lauben et al. [2002] found that the generation of
chorus waves occurs at wave normal angles for which the
wave group velocity vector is parallel to the magnetic field
lines. This may occur at values of y = 0�, or y = yG, being
yG the so-called Gendrin angle [Gendrin, 1974]. Such wave
normal angles lead to ray paths (i.e., direction of wave
group velocity) that tend to stay parallel to the magnetic
field lines, for latitudes near the magnetic equator. For the
cases studied there, the sources were found to be located in
the vicinity of the magnetic equator, where the static
magnetic field exhibits a minimum inhomogeneity. This
result agrees with previous estimations of source location
[Burtis and Helliwell, 1969, 1976; LeDocq et al., 1998;
Santolı́k et al., 2003; Parrot et al., 2003] where source
locations of dayside chorus in geomagnetic latitudes, was
found to be located within �25� and 25� of the magnetic
equator. Lauben et al. [2002] concluded that sources located
at large distances from the spacecraft must emit chorus
waves at these wave normal angles, otherwise they tend to
diverge away from the field lines, while waves emitted at

Figure 7. Source location results on 24 July 2003, 0114:38 UT, for four different calculated
frequencies, each one corresponding to each of the four panels. Indicated is the position of the spacecraft
as well as the source. The system of coordinates in this panel is defined in section 3. For each result in
source location is specified the corresponding values of wave normal angle (yi, for i = 1. . .4).
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the Gendrin wave normal angle tend to remain more tightly
focused and provide a coherent illumination over large
distances than do waves at other angles, in the absence of
field aligned plasma irregularities. Furthermore, the fact that
the wave energy stays along the field line to which the
resonant electrons are also confined to, may be important in
the generation mechanism of these emissions.
[38] The chorus element studied in case 2, displayed in

Figure 5, is found to have a source region as shown in
Figure 8. As in case 1, the four panels correspond to four
different values of frequency f, which were calculated from
the system of equations presented in section 3. This result
also suggests a field aligned moving source, emitting
coherent wave packets at different frequencies at different
locations along the field line. These four values of f, were
calculated using the same method of dividing the chorus
element into four f-t pairs, as explained before. The results
on Figure 8 display the values of the location of the source
as given uniquely in the 3-D space by Sz, d1 to d4, and the
set of angles a, b, g, d (see Figure 2). As in case 1, the error
bars in the z direction are obtained from equation (9), being
the deviation on Sz for different values in the solution space,
within the restrictions mentioned earlier. In this case, the
system of equations is also expected to have several solutions
as before. The solutions found must have physical signifi-

cance and within the ones that do, the one with a minimum
value of g(x) is adopted. Results shown in Figure 8 suggest
that the risers observed in Figure 5 are generated away from
the equator, while the sources of the emissions move rapidly
toward it. The extent of the source along the field line is larger
for case 2, being �3700 km, while the frequency range
spanned by the risers in Figure 5 is more than that for the
risers in Figure 4. The source region in this case is also
moving toward the spacecraft, i.e., in the direction of prop-
agation of the chorus wave packets.
[39] Results shown in Figures 7 and 8 have been obtained

using the formulation and the method of calculation pre-
sented in section 2. These calculations are performed based
in the fact that rays propagate roughly along the field line,
and that the wave normal angles do not change much along
their trajectory. Nevertheless the source-to-spacecraft dis-
tances obtained are found to be large enough to raise
questions about the validity of this assumption. To assess
the possible effects of wave normal angle variation (along
the path) on our results, the calculation is repeated using ray
tracing in an inhomogeneous magnetospheric model to
estimate the values of the wave normal angles and to correct
the values of the source location accordingly. The ray-
tracing method used is described by Platino et al. [2005]
and consists of the use of the plasma density profile

Figure 8. Source location results on 24 July 2003, 0135:25 UT, for four different calculated
frequencies, each one corresponding to each of the four panels. Indicated is the position of the spacecraft
as well as the source with their corresponding error bars along the z axis. The system of coordinates in
this panel is defined in section 3. For each result in source location is specified the corresponding values
of wave normal angle (yi, for i = 1. . .4).
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obtained from the Whisper instrument, as an input to the
Stanford ray-tracing program described by Inan and Bell
[1977]. The waves are launched from the positions calcu-
lated using the model developed in this article, with the
values of frequency and wave normal angle obtained by the
system of equations in section 2. The resultant propagation
times from the source to the spacecraft are compared to
the measured values and an adjustment in the values of yi

for each spacecraft SCi is performed in order to fit the
measured delays. Even though this process may result in
slightly different values of f, yi, di, SZ and a, b, g, d, than
the ones calculated originally, the changes are not signifi-
cantly high, as can be seen from Figure 9. Here we see the
evolution of yi for chorus rays launched from the estimated
source toward the spacecraft SCi, in both cases, 1 and 2
(The distances between spacecraft are exaggerated for
clarity). The continuous lines indicate the ray trajectories
for different frequencies while the small black segments
show the direction of the wave k vector. Indicated in Figure
9 are the values of the wave normal angles at the source and
at the spacecraft. The correct values of the source location
and velocity, displayed in Figures 7, 8, and 10 are calculated
taking into account the effect of ray propagation as de-
scribed in this paragraph and shown in Figure 9.
[40] The results of calculated source velocities are shown

in Figures 10a and 10b, which show the source velocity for
the values of frequency obtained from the calculations de-
scribed on Figures 7 and 8. The error bars on Figure 10 are
calculated considering the sensitivity of the solution on
changes on the values of the input parameters of wp and wc.
Superimposed on the source velocity plot are the correspond-
ing values of the parallel velocity of resonant energetic
electrons for y 
 0, as calculated from [Helliwell, 1967]

vS ¼ �vk ¼
wc � w

k
ffi wc � wð Þ3=2

wp w1=2
: ð13Þ

The source velocities calculated for both cases differ within
a factor of �3, being higher for the risers observed after the

equatorial crossing. In case 1 the source velocity increases
with frequency, while in the second case it decreases.

6. Summary

[41] This study of chorus emissions and their source
regions was motivated initially based on the interesting
characteristics reported by Gurnett et al. [2001], where
chorus waves were observed in two different spacecraft at
different frequencies. This effect was initially interpreted
[Inan et al., 2004] to be the cause of the Doppler frequency
shift, of the signal propagating form the source toward the
spacecraft. In that article, the authors were able to estimate a
source size and an approximate location with respect to the
spacecraft. In the present work, we expand this study, using
measurements from the 4 spacecraft provided by the WBD
instrument, to uniquely locate the chorus source in space,
calculating wave group velocity and source velocity form
differential Doppler frequency shifts and time delays ob-
served on board the spacecraft. To that extent, we present two
cases observed during 24 July 2003, where the upper chorus
band can be observed showing an increase of intensity
and dropping suddenly around the geomagnetic equator
(Figure 3). This high variability is seen almost on every
perigee pass of Cluster in theWBD instrument. It is also noted
in the more detailed Figures 4 and 5 the frequency charac-
teristic of upper band chorus, in this case as risers that last for
about 0.4 s, but the same element is seen with different
frequency time characteristic on different spacecraft. A
detailed method for estimating the source location and
motion in space based on Doppler shift analysis is presented.
[42] The results of our source location calculations are

consistent with compact transverse size of the source, while
the emission of different frequencies of the same element
occurs over an extended region along the field line. This
idea reinforces the interpretation of source region motion
given by Inan et al. [2004], where discrete chorus emissions
are produced in source regions which are highly compact
(of the order of one wavelength, or tens of kilometers) in the

Figure 9. Ray-tracing results for 23 July 2003, when rays are launched from the source locations
calculated for each of the four frequencies obtained in this case. The solid lines correspond to each
frequency ray path, while the small black segments placed periodically along the ray path represent the
direction of the wave vector, k. Displayed are the lines of constant L and geomagnetic latitude lm.
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direction transverse to the magnetic field, but which are
extended by as much as a few thousand kilometers along the
magnetic field line so that different frequencies are emitted
at different points along the field line.
[43] The source regions are found to be moving toward

the observer in cases 1 and 2, which also happens to be
toward the equator. The direction of propagation of the
emitted chorus waves thus coincides with the direction of
motion of the source, therefore leading to a positive Doppler
shift in the measurements. In both cases 1 and 2 we have a
rising chorus wave, i.e., a wave with frequency increasing in
time. Nunn et al. [1997] established that the chorus emission
is likely produced by a collective interaction of the wave
with electrons distributed in both parallel velocity and pitch
angle. Therefore the fact that a rising emission is observed
cannot be uniquely related to the location of the source
region with respect to the equator, without detailed infor-
mation about the energetic particle distribution function.
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