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Abstract. Whistler-mode chorus is a structured wave emis- electrons felliwell, 1967 Tsurutani and SmitHL974 Nunn

sion observed in the Earth’s magnetosphere in a frequencet al, 1997 Trakhtengerts1999. Close to its source region
range from a few hundreds of Hz to several kHz. We investi-in the vicinity of the geomagnetic equatdreDocq et al.

gate wave packets of chorus using high-resolution measuret998 Parrot et al.2003 Santolk et al, 2004 2005, chorus
ments recorded by the WBD instrument on board the fouris often divided into two frequency bands. They are separated
Cluster spacecraft. A night-side chorus event observed durby a gap at about one half of electron cyclotron frequency.
ing geomagnetically disturbed conditions is analyzed. WeChorus typically has a discrete structure of separate wave
identify lower and upper frequencies for a large number of packets (elements) in a frequency range from a few hundreds
individual chorus wave packets inside the chorus source reef Hz to several kHz (see reviews lymura et al. 1991,

gion. We investigate how these observations are related t&azhin and Hayakawa992 and references therein).

the central position of the chorus source which has been pre- Trakhtengerts et a{2007 showed that the spectrum of
viously estimated from the Poynting flux measurements. Weporus wave packets lacks lower frequencies close to the
observe typical frequency bandwidths of chorus of approxX-center of the source region and explained this effect on the
imately 10% of the local electron cyclotron frequency. Ob- podis of the backward wave oscillator modBigkhtengerts
served time scales are around 0.1s for the individual Wave 995 1999 Trakhtengerts and Rycrof00Q Trakhtengerts
packets. Our results indicate a lower occurrence probability, al, 2004. This model links the frequency of chorus wave

for lower frequencies in the vicinity of the central position of packets to the parallel component of the velocity of a step-
the source compared to measurements recorded closer to thge geformation of the electron distribution function. This

outer boundaries of the source. This is in agreement with reyg|ocity decreases as the resonant electrons move along the

cent research based on the backward wave oscillator theor}‘nagnetic field lines through the chorus source region. Dif-

ferent wave frequencies are therefore generated at different
Keywords. Magnetospheric physics (Plasma waves and in-positions within the source. For chorus wave packets which
stabilities) — Radio science (Magnetospheric physics) —fise in frequency, lowest frequencies are generated closer to
Space plasma physics (Waves and instabilities) the boundaries of the source region. Thus, only the upper-
frequency parts of chorus wave packets are visible well in-
side this region.

Similarly to Trakhtengerts et al2007), we investigate
these wave packets from detailed frequency-time power

Whistler-mode chorus is generated by a nonlinear mechSPectrograms calculated using waveforms measured by the

anism involving wave-particle interactions with energetic WBD instrument Gurnett et al. 1997 200]) on board the
four Cluster spacecraft. We use the same data set recorded on

Correspondence tdD. Santolik 18 April 2002 during a geomagnetic storm when ihg in-
(ondrej.santolik@mff.cuni.cz) dex decreased below120 nT, theK , index reached% and
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Fig. 1. Example frequency-time spectrogram of the power-spectral density of electric field fluctuations measured by the WBD instrument on
board the four Cluster spacecraft (SC1-SC4) on 18 April 2002. Magnetic latitude, radial distance, magnetic local time, and the local electron
cyclotron frequency from averaged data of the FGM instrumBaldgh et al.2001) are given on the bottom for Cluster 4. Arrows illustrate

an example of the starting poifit, f1] (red) and the final poir,, f>] (blue) of a single chorus wave packet.

the AE index was 500-1100nT. Intense chorus emissions Using these high-resolution spectrograms we have visu-
were generated on the night sidaftolk et al, 20033. The  ally determined the minimum and maximum time, and
Cluster spacecraft were near their perigee at mutual separghe minimum and maximum frequengy, f» of each cho-
tions of a few hundreds of km. rus wave packet. We have concentrated our analysis on the
In this paper we show results of an impro\/ed analy- lower band of chorus below one half of the local electron Cy-

sis method and compare our results to those presented tglotron frequency fc.), where distinct chorus wave packets
Trakhtengerts et a(2007). We analyze properties of chorus are often seen on the spectrograms (see HigA digitiza-
wave packets as a function of the position inside the generation routine has been added to the PRASSADCO software
tion region relative to the direction of the Poynting flux. (Santolk, 2003 and used to record these data. An exam-
ple of visual determination of parameters of a chorus wave
packet is shown on the bottom panel of Figor Cluster 4.
The red arrow indicates the starting pdint f1] and the blue

2 Analysis of chorus wave packets arrow shows the final poirty, f2] of a selected chorus wave

Figure 1 shows an example of chorus measurements on 1§)acket.

April 2002. Four panels respectively show frequency-time Similar data have been recorded throughout the entire cho-
power spectrograms obtained from electric field measuredus source region within a few thousands of km around the
on board the four Cluster spacecraft. This example repregeomagnetic equator. The extent of the source region was
sents 6 s of data from 08:46:04 UT. The electromagnetic pladetermined using the electromagnetic planarity as described
narity parameter (not shown) obtained from singular valueby Santolk et al. (2004 2005. Using the data of the four
decomposition of the electromagnetic spectral matsian-  Cluster spacecraft this procedure yields a large set of coupled
tolik et al, 2003h indicates that these observations were values(r1, f1] and[z2, f2]. For example, from observations
made inside the chorus source regi@aitolk et al, 2004 of Cluster 1 we have recognized 1140 wave packets. Ac-
2005. cumulated data set from the four Cluster spacecraft contains
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Fig. 2. Lower frequenciesf; (red points) and upper frequencies Fig. 4. An estimate of the probability density function of the sweep

/2 (blue points) of each analyzed chorus wave packet normalizeq e of chorus wave packets. The same data set as i@ Rigs been
to local electron cyclotron frequencie as a function of theZg,

coordinate for the 4682 analyzed wave packets recorded by the four
Cluster spacecraft in the chorus source region.
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Fig. 5. Normalized frequency bandwidthf/fc. as a function of
the Zgys coordinate for the 4682 analyzed wave packets recorded
by the four Cluster spacecraft in the chorus source region.

Fig. 3. An estimate of the probability density function of the dura-
tion of chorus wave packets. The same data set as ir2lRas been
used.

4682 wave packets. The frequencjgqred points)fs (blue
points) of each analyzed chorus wave packet from this datgo 200 ms, with a maximum occurrence around 90 ms. The
set have been normalized to the local electron CyClOtron fre'corresponding histogram of the frequency SweepM{ﬁAt
quency fc. and plotted as a function of thiésy, coordinate s presented in Figd, giving the most frequent values of 6—
in Fig. 2. 7kHz/s and a median value of 7.6 kHz/s. FigGrehows a
Using this data set, we have calculated the durationscatter-plot of the normalized frequency bandwidtfi/ fc,
At=t>—t1 and the frequency bandwidihf = f>— f1 of ev- as a function of theZsy, coordinate (perpendicular to the
ery wave packet. Here, we have definge f>, which means  magnetic equator using the dipole model). Note that the hor-
that a positiveAr corresponds to a wave packet whose fre- izontally oriented stripes on the plot are an artifact of a fi-
quency increases (a riser) and a negate corresponds  nite number of frequency bins used in the digitization pro-
to a wave packet decreasing in frequency (a faller). Fig-cedure. The bandwidth of the majority of observed chorus
ure 3 shows a histogram which represents an estimate of thevave packets varies from 0.G3. to 0.2 f.., with a maxi-
probability density function (PDF) of the obtained values of mum occurrence in the range 0.08-0422 The distribution
At. We can see that the majority of observed wave pack-seems to be shifted to slightly lower observed bandwidths
ets are risers whose duration ranges from a few millisecondsery close to the dipole magnetic equatorZaf;=0).
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Fig. 6. Symbols represent variations of the sign of the parallel
component of the Poynting flux of chorus along the orbit of the

four Cluster spacecraft (black-C1, red-C2, green-C3, blue-C4) —ig. 8. Histograms of the probability density function of the nor-
empty symbols with downward arrows mean predominant South-malized frequency bandwidth estimated for three intervals of the
ward propagation whereas solid symbols with upward arrows aregistance from the central position of the chorus source region mea-
used when chorus mainly propagates to the North. The half-solidsyred along theZsy, coordinate. Histograms plotted by solid and
symbols without arrow show data points where the sign of the par-dotted lines are calculated using data observed closer to the cen-
allel component of the Poynting flux was uncertain. Each symbol attra| position, dashed line means observations closer to the outer
the same time represents thg), coordinate of the corresponding  houndaries of the source region. The numbewsf individual wave
spacecraft as a function of time. The horizontal solid line showspackets falling into the three intervals are, respectively, given on the
the position of the magnetic equator; the vertical solid line ShOWSright-hand side.

the time when the center of mass of the four spacecraft crosses the

equator. The purple line is the estimated central position of the cho-

rus source regiorSantolk et al, 2003. tive magnetic latitudes and parallel to it at positive latitudes.
However, detailed multi-component wave measurements of
030F T T T T the STAFF instrumentJornilleau-Wehrlin et a).2003 on-
E : ] board the four Cluster spacecraft revealed that the direction
0.251 E of the Poynting flux does not always switch from parallel
; ' " ] to antiparallel at once at the dipole equator. Instead, a space-
0'205 B craft which passes through the equatorial plane observes that,
:\:8 0.15; E close to the equator, the parallel component of the Poynt-
< [ ] ing flux fluctuates between significantly negative and signif-
0.10F ] icantly positive valuesantolk et al, 20033.
¥ 1 Importantly enough, these fluctuations, as seen by the four
0.05F 1 closely separated Cluster spacecraft, correspond to the mo-
oooE - ool ] tion of the position where the parallel component of the

‘ Poynting flux reverses its sigrséntolk et al, 2005. The
-6000 -4000 -2000 O 2000 4000 . . . ;
Ze-Zo (km) temporal evolution of this position has been estimated by a
multi-point technique based on the normalized parallel com-
Fig. 7. The same as in Fid but as a function of the distance of the Ponent of the Poynting flux, averaged in the frequency in-
point of observation from the central position of the chorus sourceterval of the lower band of chorus (below 4 kHz) and spa-
region measured along th#&s,, coordinate. tially interpolated or extrapolated to its zero poirBaftolk
et al, 2005. Since each data point always comprises many
separate wave packets of chorus, this estimate gives an av-
3 Relation of frequency band of chorus wave packetsto erage global position of the center of the chorus source re-
the central position of the source region gion. Kozelov et al.(2008 have shown that this position
most probably follows fluctuations of the minimum of the
Poynting flux measurements of have shown that chorus igjeomagnetic field strength (the “true” geomagnetic equator)
generated close to the dipole magnetic equatorial plane andlong a given field line.
that it propagates outwards from the source regi@Docq Figure6 shows the central position of the chorus source re-
et al, 1998 Parrot et al.2003 Santolk et al, 20033. This gion resulting from this method as a dotted line. The position
means that the most important component of the Poyntings defined by itsZs,, coordinate as a function of time. The
flux is antiparallel to the terrestrial magnetic field at nega- Zsy, coordinates of the four spacecraft are shown in Big.
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Fig. 9. Estimates of the probability density functions of lower frequengiefed lines) and upper frequenci¢s (blue lines) of individual
chorus wave packets. The three parfa)s(b), and(c) show, respectively, the results for three different intervals of distariggs— Zg from
the central position of the source region.

as functions of time by circular symbols. At the same time rus wave packets close to the center of the source region.
these symbols reflect the variations of the sign of the paralFigure9 shows that this is indeed confirmed by our improved
lel component of the Poynting flux along the orbits of the analysis. The lower frequencigs and the upper frequencies
spacecraft. The estimated central position of the source sepf of the individual chorus wave packets are used to calculate
arates regions with predominant Northward (solid symbolsseparate estimates of the probability density functions. The
with upward arrows) and Southward (empty symbols with results are compared for three intervals of distances from the
downward arrows) propagation. central position of the source region. We can notice that,

The estimated central position of the chorus source regiofVith increasing distance from the central position, the peak
fluctuates within hundreds to thousands of km off the dipole®f the probability density of the upper frequencies slightly
geomagnetic equator. The amplitude of these fluctuations i§Nits downward from/2=0.45fc, 10 f2=0.4 fc.. More im-
comparable to the extent of the source region. It is therefordOrtantly, the peak of the probability density of the lower

natural to relate the properties of chorus wave packets to thd&guencies moves down froffy=0.38 fc, t0 f1=0.29 fe..
distance from this central position instead of using the dis-This indicates that close to the central position of the source

tance from the dipole geomagnetic equator. Figushows regi_on the observgd chorus wave packets are more confined
again a scatterplot of the normalized frequency bandwidth of© higher frequencies.
chorus wave packets but this time as a function of the sepa-
ration of the point of observation from the central position
of the source region measured along they, coordinate,
Zsu—Zo. Here, Zsy=Zo means the position of the esti- .\ analyzed a chorus event recorded by the four Clus-
mated central position of the chorus source. The results indi- . ) ; : :
. . ter spacecraft on the night side during geomagnetically dis-
cate a tendency of slightly lower bandwidths for chorus wave "
i, turbed conditions.
packets observed close to the central position of the source. ) L . :
_ ) Inside the chorus source region, identified using the elec-
_In Fig. 8 we represent the same data in the form of es-yromagnetic planarity estimator, we have analyzed lower and
timates of the probability density function of the normal- ,pper frequencies for4700 individual chorus wave packets
ized frequency bandwidth. The three histograms are, rext typical time scales of 100 ms and sweep rates of 8 kHz/s.
spectively, constructed for three different intervals of dis- e have related these results to the separation from the cen-
tancesZsy —Zo from the central position of the source re- g position of the chorus source estimated from the Poynt-
gion. Close to the central position, the most probable bandig flux measurement.
widths are around 0.07-0.08.. Further away, at distances  Tne typical frequency bandwidths of the individual cho-
above~-3000km, the most probable bandwidths move up-r,5 wave packets are of the order of 10% of the electron cy-
ward to~0.1 fe. and the entire peak of probability density ¢|otron frequency and tend to be larger close to the bound-
shifts toward larger bandwidths. aries of the source region located a few thousands of km
These results are consistent with conclusiongaikht- along the magnetic field line from its central position. Close
engerts et al(2007) who expect lower bandwidth of chorus to the central position the chorus wave packets tend to be
wave packets close to the center of the source region. Theynore confined to higher frequencies. These results are in
further indicate that lower frequencies are absent from cho-agreement with a hypothesis on frequencies of individual

4 Conclusions
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chorus wave packets based on the BWO thedmaKht- LeDocq, M. J., Gurnett, D. A., and Hospodarsky, G. B.: Chorus
engerts et al2007). source locations from VLF Poynting flux measurements with the
Polar spacecraft, Geophys. Res. Lett., 25, 4063-4066, 1998.
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