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Abstract Characteristics of banded whistler-mode emissions are derived from a database of chorus-like
events obtained from the complete data set of the wave measurements provided by the Spatio-Temporal
Analysis of Field Fluctuation-Digital Wave Processing (STAFF-DWP) wave instrument on board the TC-1
Double Star spacecraft. Our study covers the full operational period of this spacecraft (almost 4 years). Our
entire data set has been collected within 30◦ of geomagnetic latitude at L shells between 2 and 12 and
below 4 kHz. All events have been processed automatically to accurately determine their power spectral
density (PSD), bandwidth, and amplitude. We found most cases of chorus-like banded emissions at L≤10 on
the dawnside and dayside. The upper band emissions (above one half of the equatorial electron cyclotron
frequency) occur almost 20 times less often than the lower band, and their average amplitude is almost
3 times smaller than for the lower band. Intense upper band emissions cover smaller L shell, magnetic local
time (MLT), and magnetic latitudes regions than intense lower band emissions. The intense nightside and
dawnside chorus-like banded emissions were observed at low magnetic latitudes, while the intense dayside
and duskside emissions were mostly found at higher magnetic latitudes. The amplitudes of dayside lower
band waves slightly increase as they propagate away from the geomagnetic equator and are smaller than
chorus amplitudes on nightside and dawnside. The PSD, the amplitude of the lower band, its frequency
bandwidth, and its occurrence rate significantly increase with increasing geomagnetic activity, while all
these parameters for the upper band are not so strongly dependent on the geomagnetic activity.

1. Introduction

Whistler-mode chorus waves are natural electromagnetic emissions observed outside the plasmapause.
They are believed to be generated in the geomagnetic equatorial region by cyclotron resonant interactions
with suprathermal electrons [Katoh and Omura, 2007]. They propagate from the geomagnetic equator
toward larger magnetic latitudes [Santolik and Gurnett, 2003; Sazhin and Hayakawa, 1992].

LeDocq et al. [1998], Parrot et al. [2003], Santolik and Gurnett [2003], and Santolik et al. [2005a] found from the
Poynting flux measurements that the source region is located within a few degrees from the geomagnetic
equator, and its size varied from 3000 to 5000 km along the geomagnetic field lines. In these observations,
the source region of the chorus emissions was spread over L shells from 4 to 5. Chorus at L up to 9 has been
found from the first Double Star (TC-1) measurements by Santolik et al. [2005b]. Extension of previous chorus
observations beyond L∼7 to L∼13 has been shown from Time History of Events and Macroscale Interactions
during Substorms (THEMIS) measurements by Li et al. [2009] and from multisatellite measurements by
Meredith et al. [2012].

Chorus emissions located close to the geomagnetic equator often occur over the frequency range flh–fce

[Tsurutani and Smith, 1977], where flh is the lower hybrid frequency and fce is the electron cyclotron
frequency. They also often exhibit two frequency bands (the lower and the upper band) separated by a gap
localized near 0.5 fce [Tsurutani and Smith, 1974]. But in some case studies, individual chorus elements
crossing the region of 0.5 fce are also observed [Burtis and Helliwell, 1976; Cornilleau-Wehrlin et al., 1978;
Kurita et al., 2012].

Santolik et al. [2005b] have found that the upper band chorus is confined to lower L shells (< 8) and lower
magnetic latitudes (|𝜆m|< 10◦) in comparison with the lower band chorus occurring in a wider range of 𝜆m

(geomagnetic latitude) and L shells, as well as in a wider magnetic local time (MLT) interval. Li et al. [2011b]
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confirmed these results. They studied how the distributions of chorus bands depend on the MLT, L shell, and
𝜆m and found that the wave normal angles of upper band chorus are larger than those of lower band chorus.
Meredith et al. [2012] have used, for a similar study, extended source of data from five satellite missions and
have seen the equatorial chorus (|𝜆m|< 15◦) with intensities of the order 2000 pT2 between 23 and 12 MLT
and intense middle-latitude chorus (15◦ > |𝜆m| > 30◦) on the dayside MLT (7–14). In both cases, emissions
with maximum intensities were found during active conditions at L∗ from 4 to 7. Previous studies by
Tsurutani and Smith [1977] and Li et al. [2009] have shown that nightside chorus waves are confined within
15◦ of the magnetic equator, whereas dayside chorus waves extend to higher magnetic latitudes. This is also
in agreement with the results of Meredith et al. [2012]. The wave amplitude is closely connected with
properties of ambient magnetic field and ambient plasma environment. It means that emissions have the
largest intensities during active conditions [Meredith et al., 2012].

The intensity of chorus is increasing by a nonlinear growth mechanism [Omura et al., 2009; Li et al., 2011a;
Katoh and Omura, 2011; Tao et al., 2012]. The work of Haque et al. [2012] based on 12 different Cluster orbits
has shown that the intensity of chorus emissions increases exponentially with the increasing distance from
the magnetic equator. It quantitatively agrees with numerical simulation of Omura et al. [2009] and Katoh
and Omura [2011].

Whistler-mode chorus frequency bands consist predominantly of discrete rising tones, short impulsive
bursts [Burtis and Helliwell, 1969], but falling tones, constant frequency tones, and hooks were also observed
[Burtis and Helliwell, 1976]. Li et al. [2011a, 2011b] have shown that rising tones are more quasi-field aligned,
that they usually occur from the midnight to the afternoon MLT hours, and that they have larger amplitudes
than those of falling tones. The falling tones are usually more oblique and propagate close to the resonant
cone, as it was previously indicated by a case study of Santolik et al. [2009]. They are observed between local
midnight and noon. Li et al. [2011a] suggested that two different mechanisms may be responsible for
generation of rising and falling tones. They found that large amplitude chorus waves are preferentially
observed at lower magnetic latitudes (|𝜆m|<10◦) from premidnight to postdawn MLT.

Whistler mode chorus primarily affects the dynamics of the outer radiation belt electrons [Thorne et al.,
2013], but it has been also shown that chorus emissions may also play an important role in the generation
of plasmaspheric hiss [Chum and Santoĺık, 2005; Santolik et al., 2006; Bortnik et al., 2008; Chen et al., 2012a,
2012b]. Chorus waves can also scatter plasma sheet electrons with energies from a few hundreds of eV to
a few tens of keV into the atmosphere and form there the diffuse or pulsating auroras [Thorne et al., 2010;
Ni et al., 2008; Nishimura et al., 2010].

In our study we concentrate on analysis of the lower and upper bands of whistler-mode banded emissions,
their power spectral densities (PSD), frequency bandwidths (BW), amplitudes, and occurrence rates. The
time resolution of our measurements is 4 s. We are therefore unable to distinguish whether the observed
emissions have a typical discrete structure of chorus or if they have a form of hiss, and we describe all of
them as chorus-like emissions. The absolute amplitudes of fluctuating magnetic fields were approximately
estimated based on measured power spectral densities and assumed bandwidths in previous papers, for
instance in studies of Li et al. [2011a] and Meredith et al. [2012]. We calculated the amplitude from detected
bandwidths of emissions and from their PSD. We use measurements of the Double Star TC-1 equatorial
satellite as the source of data. The TC-1 orbits covered a wide L shell interval in the chorus source region. We
use the entire operational period of the spacecraft corresponding to the almost 4 years of measurements.
This gives us an opportunity to study properties of chorus-like banded emissions and their variations under
different geomagnetic conditions and in different regions of the Earth’s magnetosphere. The Double Star
mission and the procedure of data processing are briefly described and summarized in sections 2 and 3.
Results of a statistical survey are described in section 4 and discussed in section 5. The main conclusions are
summarized in section 6.

2. The Data Set

The Double Star mission consisted of two satellites [Escoubet et al., 2005]. The first satellite, TC-1, had an
eccentric equatorial elliptical orbit of 570 × 78, 970 km, inclined at 28.5◦ with respect to the equator. The
second spacecraft, TC-2, orbited in a polar plane with an apogee of 39,000 km and a perigee of 700 km.
The TC-1 spacecraft operated from the end of December 2003 till the end of September 2007, and its orbit
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permits the investigation of the chorus source region close to the geomagnetic equatorial plane in a wide
interval of L shells and in all MLT sectors.

The equatorial satellite TC-1 carried eight particle and field instruments. Four of them were provided by
ESA and were identical to those on board the four Cluster spacecraft. We primarily use the Spatio-Temporal
Analysis of Field Fluctuation-Digital Wave Processing (STAFF-DWP) wave instrument which consists of a
combination of two instruments, the Spatio-Temporal Analysis of Field Fluctuation (STAFF) experiment
and the Digital Wave Processing (DWP) experiment [Cornilleau-Wehrlin et al., 2005]. The measurements
of a three-axis search coil magnetometer were processed by DWP in time intervals of one spin period of
the spacecraft, which gives us a 4 s time resolution. That limited our ability to determine if the chorus-like
banded emissions contained discrete structures of chorus or if they had a form of a shapeless hiss. DWP
computed on board fast Fourier transform and used them to form, in a given time interval of analysis, 27
spectral matrices (three power spectra and three complex cross spectra) in 27 approximately logarithmically
spaced channels covering the frequency range from 10 Hz to 4 kHz. The nominal boundaries of each
frequency channel are defined by the points where the amplitude response is reduced to one half (−6dB).
The frequency separation between these two boundaries (full width at half maximum) represents two half
widths of each channel. The half widths vary between 10 Hz and 320 Hz.

Unfortunately, the solid boom carrying the search coil magnetometer did not deploy correctly. This caused
intense interferences from the spacecraft. The DWP data were therefore analyzed on the ground to minimize
the interferences by selecting the optimum combination of signals from the three search coils. As a result
of this processing we reduce the spectral matrix into one power spectrum with minimized interference
signals. For this reason we calculated the power spectral density (PSD) of magnetic field fluctuations and
the amplitude of all selected emissions only from this component of the magnetic field. The PSD values
resulting from this procedure can be therefore considered as lower estimates of the true PSD values.

The absence of electric field measurements on board TC-1 caused that we were unable to determine the
exact position of the source region and propagation properties by using the same methods as Santolik et al.
[2003, 2004].

3. Processing of Chorus-Like Banded Emissions

We have first prepared a list of time intervals containing BEs (banded emissions) that were visually
preselected from time-frequency spectrograms of the power spectral density (PSD) of magnetic field
fluctuations and that satisfied several selection criteria. The intensity of selected banded emission had to be
at least 2 orders of magnitude larger than the intensity of the background and the entire selected time
interval needed to contain only chorus-like banded emissions and to be unaffected by the artificial
interference [Macúšová and Santoĺık, 2009].

Examples of time-frequency spectrograms obtained from TC-1 measurements that were used for visual
detection of BE are given in Figures 1a and 2a. Time intervals selected during visual inspection are marked
with red rectangles. Only these time intervals are used for our statistical study. From the first red rectangle
in Figure 2a it is evident that the lower cutoff of the upper frequency band corresponds quite well to half
the equatorial electron cyclotron frequency (1/2 fceq). This does not necessarily mean that our observations
disagree with the recent analysis of Geotail measurements by Yagitani et al. [2014] where the lower cutoff
of the upper band that follows half the local fce: fceq is very close to fce at low magnetic latitudes of
our measurements.

Black rectangles are time intervals where the selection criteria were not satisfied. The black rectangle in
Figure 1a after 03:00 UT shows intense waves at frequencies below the lower hybrid frequency in the
equatorial region, probably corresponding to equatorial noise. These waves, together with noise above the
lower hybrid frequency, exclude this time interval from further analysis because the power spectral density
of band-limited emissions does not reach 2 orders of magnitude above the background. The time interval
in the first black rectangle in Figure 2a contains a strong artificial interference. It caused its exclusion from
further analysis. A diffuse transition between the lower cutoff of the BE, and the background caused the
disqualification of the time interval in the second black rectangle because it is difficult to determine where
exactly the lower cutoff of the lower band BE is localized.
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Figure 1. Power spectral density spectrograms of magnetic field fluctuations measured on 26 January 2004. (a) A 2.5 h
interval from 1:30 UT shows the visually selected intervals fulfilling selection criteria that are used for further processing
(red rectangles) according to the selection criteria given in the text, (b) a 34 min long subinterval (part of the first red
rectangle in Figure 1a) that shows detection of the banded emission by the automatic band recognition procedure. The
dotted white lines reflect half the equatorial electron cyclotron frequency 1∕2fceq, and the dashed white lines show
lower hybrid frequency flh. Spacecraft position is given in Figure 1a: UT, universal time; L shell; MLat, magnetic dipole
latitude; MLT, magnetic local time. Magenta dots in Figure 1b show the upper cutoff of the lower band emission and
black dots show its lower cutoff.

The list of 603 selected time intervals fulfilling selection criteria and containing chorus-like banded
emissions covers almost 784 h of data. These time intervals were processed by an automated procedure
as follows:

1. For each time point (each 4 s time interval) we divide the 27 frequency channels into two frequency
ranges: flh ≤ f <1∕2fceq and 1/2fceq ≤ f < fceq, respectively, where flh is the local lower hybrid frequency
and fceq is the equatorial electron cyclotron frequency for a given time point obtained from a dipole
approximation as

fceq = fce∕
√

1 + 3 sin(𝜆m)2. (1)

2. We find the frequency channel with the maximum PSD for each time point and for each of the two
frequency ranges separately. The adjacent frequency channels to the channel with the maximum PSD
value are also selected if they all fulfill the condition

pm+i ≥ 0.05 pm, (2)

where pj is the PSD in jth frequency channel, 0.05 is a threshold value, m corresponds to the channel with
the maximum PSD, and i represents the position of the frequency channel with respect to the channel
with the maximum PSD value. Min(i)= l ≤ 0 corresponds to the lowest-frequency channel from a
continuous sequence fulfilling the criterion 2. Max(i)= u ≥ 0 corresponds to the highest-frequency
channel from this sequence. The threshold value has been determined based on the properties of the
analyzed data set. On one hand, when we decrease the threshold the procedure will often detect also
frequency channels corresponding to the background noise. On the other hand, a larger threshold
narrows the bandwidth although it clearly appears larger on the spectrograms. A threshold value of 0.05
seems to be the best compromise for this particular study.
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Figure 2. Power spectral density spectrograms of magnetic field fluctuations measured on 16 May 2005, the same panels
as in Figure 1. (a) A 2.5 h interval from 3:30 UT showing visually selected intervals. (b) 106 min long subinterval rep-
resenting the red rectangles from Figure 2a. Besides symbols already described in Figure 1, gray dots show the upper
cutoff of the upper frequency band defined by an automatic band recognition procedure and brown dots represent its
lower cutoff.

3. The total PSD for each time point and for each of the two frequency ranges is calculated as

PSD =

m+u∑
j=m+l

pj wj

m+u∑
j=m+l

wj

, (3)

where u − l +1 is the number of selected frequency channels that have satisfied the condition 2, pj are
values of PSD in the selected frequency channels and wj are the frequency bandwidths of the particular
selected channels.

4. The total frequency BW (Bandwidth) for each time point and for each frequency range was determined as

BW =
m+u∑

j=m+l

wj = Fu − Fl, (4)

where Fu is the highest frequency among the selected frequency channels (the upper frequency limit of
the channel m+u). Fl is the lowest frequency among the selected channels (the lower frequency limit of
the channel m+ l).

5. The amplitude A of each time point for each frequency band (lower or upper) is calculated as

A =

√√√√ m+u∑
j=m+l

pj wj. (5)

6. Three conditions have been also checked inside time subintervals containing 100 nearest time points
(6 min and 40 s):

a. Each time point (each 4 s) from one particular time interval with the intensity close to the intensity
of background of this particular time interval was excluded by the condition PSD < 0.1 PSD, where
PSD is the average value of PSD for all time points within a given time interval. This additional
condition excludes all short time subintervals that did not contain the BE. Time intervals excluded
by this condition are given, for example, in Figure 1b between 01:58–02:00 UT, 02:01–02:04 UT, and
02:08–02:09 UT and in Figure 2b 03:54–04:00 UT, etc.
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b. Time points with extremely low or extremely high BW were excluded by conditions BW >2 BW,
BW < BW∕2, where BW is the average value of BW for all time points within a given time interval.
This additional condition removes all undesirable broadband or narrowband interferences with the
intensity close to the intensity of BE.

c. To prevent sudden frequency shifts of the selected band, we also exclude the time points fulfilling
the condition Fu < Fl , where Fu is the upper frequency limit of the selected bandwidth at a
given time point and Fl is the average value of the lower frequency limits of selected bandwidths
calculated from all time points within a given each subinterval of 100 nearest time points.

This condition mainly disqualifies time points with intense broadband background. An example is given
in Figure 2b between 4:09 and 4:11 UT.

Two examples of output of this procedure are given in Figures 1b and 2b which, respectively, show 34 min
and 106 min long time subintervals from Figures 1a and 2a. In these plots, the white dotted lines correspond
to 1∕2fceq, the white dashed lines show the local flh. Values of 1∕2fce and 1∕2fceq are in both cases very close
to each other with respect to the frequency resolution of the frequency channels. Magenta dots represent
the upper frequency cutoffs of the lower band, black dots show the lower frequency cutoffs of it. For the
upper band, gray dots give the upper frequency cutoffs and brown dots represent lower frequency cutoffs.
Note that the plots seem to show several black dots at different frequencies for a given time. There is,
however, just one dot at each time, and the combination of the size of the plotting symbols and the time
resolution of the figure makes them look as a continuous lines. The same note concerns also the
magenta dots.

4. Results of a Statistical Study

Figure 3a shows the orbital coverage of the measurements of the STAFF-DWP instrument on board the
TC-1 spacecraft from the beginning of January 2004 till the end of September 2007, representing 28,206 h
of data. This number of hours correspond to all available data from the STAFF-DWP instrument on board
TC-1 spacecraft. We did not exclude time intervals where STAFF-DWP measurements were affected by the
interferences, because their amount was negligible with respect to the total amount of data when the
measurements from the STAFF-DWP instrument were available. The coverage of all TC-1 orbits is given in a
polar plot represented by MLT and L shell. The number of hours of the instrument operation is given in each
bin (1 h of MLT × 1 L shell). Square diagrams in Figures 3b and 3c, respectively, show the number of hours
of TC-1 (STAFF-DWP instrument) measurements in bins of 4◦ × 0.5 (magnetic dipole latitude 𝜆m × L shell)
and in bins of 4◦ × 1 h (𝜆m × MLT). All TC-1 orbits cover a wide interval of L shells (2–12), and all MLT sectors
at 𝜆m > 0, while at 𝜆m < 0 they mainly cover dayside MLT. The percentage of time intervals of the
preselected BE events from the preliminary list is shown in a polar L−MLT plot (Figure 3d) and square 𝜆m− L
and 𝜆m−MLT diagrams in Figures 3e and 3f, respectively. Occurrence rates of preselected intervals
containing chorus-like BEs correspond to hours of observations of these emissions in a given bin divided
by the number of hours spent by the TC-1 in this particular bin. It is evident that selected intervals from the
preliminary list containing chorus-like BEs were mainly found from the postmidnight to the postnoon
magnetic local times (MLT: 1–14), and that they correspond to > 20% of all TC-1 orbits in these bins. Selected
intervals from the list containing BEs cover the entire 𝜆m range from −30◦ to 30◦. The same procedure used
for the calculation of the occurrence rate of preselected intervals from the list was also used for the calcula-
tion of the occurrence rates of the lower band and of the upper band emissions that were identified by the
automatic procedure. The occurrence rates for the lower band are shown in Figures 3g–3i and for the upper
band are given in Figures 3j–3l. The lower band intervals covered 297 h of data but the upper band intervals
covered only 23 h. Both bands were simultaneously observed only during 11 h. The lower band covered
much wider interval of 𝜆m (from −30◦ to 30◦ on the dayside) than the upper band which was concentrated
within 10◦ of 𝜆m . The lower band was found in a broader MLT interval and also in a broader interval of
L values (4–12), while the upper band was primarily concentrated closer to the Earth and on the dawnside.

Average power spectral density, PSD (nT2 Hz−1), average frequency bandwidth, BW (Hz), and average
amplitude A (pT) of the lower band are shown in Figures 4a–4c. The same variables as in Figures 4a–4c but
for the upper band events are shown in Figures 4d–4f. The magnitude of PSD of the lower band is on
average by 1.5 orders of magnitude larger than the PSD of the upper band. The maximum of the lower
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Figure 3. (a, d, g, and j) Polar plots represented by the magnetic local time (MLT) and the L shell, where one bin is
1 MLT × 1 L shell; (b, e, h, and k) square diagrams represented by magnetic latitude (𝜆m) and the L shell with one bin
given as 4◦ 𝜆m × 1 L shell, and (c, f, i, and l) square diagrams 𝜆m-MLT with one bin 4◦ 𝜆m × 1 h of MLT. Figures 3a–3c are
numbers of hours calculated from all TC-1 orbits that the spacecraft spent in given bins, Figures 3d–3f are the percentage
of hours of time intervals from the list containing BEs preselected for further processing, Figures 3g–3i are the occur-
rence rate of automatically identified lower band emissions, and Figures 3j–3l are the occurrence rate of automatically
identified upper band emissions.

band BW (more than 1 kHz) was found at MLT from 5 to 18, on the other hand the highest values of BW

(700–800 Hz) of the upper band was observed from 0 to 13 h of MLT. The maximum values of the BW of

lower as well as of upper bands were found close to the Earth.

Lower band BE with average amplitudes >80 pT was detected from premidnight to prenoon at L =3–10.

The upper band with amplitudes >80 pT was observed from the midnight to 8 h MLT but much closer to the

Earth (L ≤ 6). The overall average value of amplitude of the lower band emissions across the entire L interval

and all MLT sectors is 57 pT and of the upper band is around 20 pT.
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Figure 4. Polar plots as a function of MLT and L shell with the same bins as in Figures 3a–3d, (a) average value of
PSD (nT2 Hz−1) of identified lower band emissions (below 1∕2fceq), (b) their frequency bandwidth (BW) (Hz), (c) their
amplitude (pT), and (d)–(f ) the same polar plots as in Figures 4a–4c but for the upper band emissions (above 1∕2fceq)
identified by the automatic procedure.

Variations of PSD, bandwidth, amplitudes, and occurrence rates of the lower and the upper bands under
different geomagnetic conditions are shown in Figures 5 and 6. These variations are more pronounced
for the lower band than for the upper band. It is clearly visible in two following figures (Figures 5 and 6).
Figures 5a, 5d, 5g, 5j, 6a, 6d, 6g, and 6j correspond to quiet geomagnetic conditions (0 < AE(nT) ≤100),
Figures 5b, 5e, 5h, 5k, 6b, 6e, 6h, and 6k show results for moderate geomagnetic conditions (100 < AE(nT)
≤ 300), and Figures 5c, 5f, 5i, 5l, 6c, 6f, 6i, and 6l correspond to disturbed geomagnetic conditions (AE(nT)
> 300). Plots of fceq for all levels of geomagnetic activity are in Figures 6m–6o. During quiet geomagnetic
conditions the overall average amplitude of lower band BE is 39 pT and for the upper band BE is 13 pT.
Maximum value of the amplitude of the lower band is below 400 pT, and 5% of events have amplitude
greater than 100 pT for quiet geomagnetic conditions. For the upper band it is below 100 pT, and only 1%
of events have amplitude larger than 50 pT. During moderate geomagnetic conditions the overall average
amplitude is 55 pT for the lower band and 17 pT for the upper band. Almost 13% of time points (each time
interval lasting 4 s) from the lower band BE have amplitude larger than 100 pT, and 5% of time points from
the upper band have amplitude larger than 50 pT. The overall average value of amplitude of the lower band
during disturbed geomagnetic conditions is 76 pT, and for the upper band it is 24 pT. Several thousand
time points (26%) from lower band have amplitude > 100 pT, but only several hundred time points (10%)
from upper band have A >50 pT during disturbed geomagnetic conditions. The magnitude of average
amplitude (Figure 5) therefore significantly increases with increasing geomagnetic activity for the lower
band emissions.

Average values of PSD, amplitudes, and occurrence rates of lower band emissions are one and a half times
greater for active conditions than for quiet conditions, but the increase of PSD for the upper band is almost
negligible. During quiet conditions the largest values of PSDs and amplitudes of the lower band BE are
concentrated within 10◦ of 𝜆m, but they are extended toward larger magnetic latitudes during moderate
and disturbed geomagnetic conditions. Both occurrence rates for the lower band and for the upper band
increase in L shell region between 5 and 9 with increasing activity. The increase of PSD, BW, and A values
is much less significant for the upper band than for the lower band. Only the average occurrence rate of
the upper band between L=4 and L=8 and within 𝜆m =10◦ is 2 times larger during active geomagnetic
conditions than during quiet geomagnetic conditions. The upper band emission covers almost the same
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Figure 5. (a) Average PSD, (d) average bandwidth, (g) average amplitude, and (j) occurrence rate for automatically
identified lower band emissions represented as a function of 𝜆m and L shell for quiet geomagnetic conditions (0 < AE(nT)
≤100), (b, e, h, and k) the same for moderate geomagnetic conditions (100 < AE(nT) ≤ 300), and (c, f, i, and l) for active
geomagnetic conditions, where AE is larger than 300 nT.

interval of 𝜆m for all levels of the geomagnetic activity. These results may be consistent with theoretical
assumptions [Omura et al., 2009] and based on the Geotail measurements [Habagishi et al., 2014].

Figures 7 and 8 show the properties of the lower and upper band emissions in two MLT sector of their
maximum occurrence. Figure 7 presents values of PSD, BW, and amplitude for the dawnside MLT sector
(3–9). The most intense (with larger values of PSD) dawnside lower band emissions are mainly concentrated
at low and middle magnetic latitudes (𝜆m ≤ 20◦), while the intense dawnside upper band events are found
within smaller interval of magnetic latitudes (−10◦, 10◦). The same effect is also evident for the amplitude
of the nightside lower band emissions. Lower band emissions with amplitudes ≥100 pT (the average
amplitude of the lower band is 67 pT) are located within 25◦ of 𝜆m and at L ≤10, while the upper band BEs
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Figure 6. (a–l) The same set of plots as in Figure 5 but for upper band emissions identified by an automatic procedure.
(m–o) The evolution of the fceq under different geomagnetic conditions as a function of 𝜆m and L shell.
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Figure 7. (a) Average PSD, (b) average bandwidth, and (c) average amplitude of all identified dawnside lower band
emissions (MLT: 3–9), (d–f ) the same set of plot as in Figures 7a–7c but for the identified dawnside upper band emissions
at MLT between 3 and 9 h.

with amplitudes ≥50 pT (the average amplitude = 21 pT) were found close to the geomagnetic equator
(≤10◦) and at L ≤ 7. Both the dayside (MLT 9–15) lower band emissions with the average amplitude of
50 pT and the upper band emissions (average amplitude =13 pT) are less intense than the dawnside
emissions. The frequency bandwidths of the lower and the upper bands of the dayside emissions are slightly
larger than those of dawnside emissions. We can see that amplitudes of the dayside lower band emissions
increase with increasing 𝜆m. The lower band emissions with amplitudes >100 pT were measured only up
to L=7.5. There is just several time points from the dayside upper band emissions with amplitudes larger
than 50 pT. The duskside lower and upper bands (not shown) were found mainly at middle magnetic

Figure 8. (a) Average PSD, (b) average bandwidth, and (c) average amplitude of all identified dayside lower band emis-
sions at MLT between 9 and 15 h. (d–f ) The same set of plot as in Figures 8a–8c but for the identified dayside upper band
emissions (MLT: 9–15).
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latitudes. Emissions at the geomagnetic equator on the duskside were not found, while the nightside
emissions (not shown) were concentrated close to the geomagnetic equator (𝜆m<10◦ for lower band and
𝜆m <5◦ for upper band). The average values of amplitudes of duskside lower and upper band emissions are,
respectively, equal to 33 pT and to 9 pT, while the average values of amplitudes of the nightside lower and
upper band observed are 61 pT and 39 pT, respectively.

5. Discussion

We have identified all observed chorus-like banded events by using wave measurements from the entire
operational period of the Double Star TC-1 spacecraft (beginning of January 2004 to end of September
2007). The equatorial orbit of the spacecraft caused that all observed events were localized within 30◦ of
magnetic latitude (𝜆m). We were unable to resolve the inner fine structure of banded emission from the
power spectrograms, owing to a limited time resolution (4 s) of the onboard calculated spectra. Selected
time intervals of banded emissions were found in more than 20% of all TC-1 orbits, mostly in the dawnside
and dayside MLT sectors and at L values from 6 to 11. It agrees with the area where injected electrons can
excite whistler-mode waves during their drift from the nightside through the dawnside toward the noon
sector. The obtained occurrence rates might be slightly underestimated because we exclude intervals where
the power spectral density of band-limited whistler-mode emissions is less than 2 orders of magnitude
above the background.

All these time intervals with BE that satisfied predefined selection criteria were subsequently processed by
a computer procedure that identified the lower band and the upper band emissions and determined their
BW, PSD, and amplitude. This procedure determines the frequency bandwidths of both chorus bands using
the measured spectra. This is different from previous studies where assumption of fixed bandwidths for the
lower and the upper bands was used to transform the measured power spectral densities into wave ampli-
tudes [e.g., Li et al., 2011a; Meredith et al., 2012]. The frequency interval for the lower band was assumed
to be 0.1–0.5 fce in both of these studies, and frequency interval for the upper band was assumed to be
0.5–0.8 fce [Li et al., 2011a] or 0.5–1 fce [Meredith et al., 2012]. After normalizing our results from Figures 4b
and 4e by the electron cyclotron frequency (not shown), they generally indicate lower average normalized
bandwidths: 0.1–0.3 fce for the lower band and 0.5–0.7 fce for the upper band.

To verify the robustness of these results, we have varied the threshold value (0.05) from the condition 2
between 0.01 and 0.1. This variation has only small influence on the accuracy of the BE detection on the
global scale and a negligible influence on the final results. The largest threshold value (0.1) caused the
decrease of BW (by approximately 10% on average). The lowest threshold value (0.01) had an opposite effect
on BW. The BW value has increased by approximately 10% on average. The decrease and increase of BW
were much stronger for the lower band (its lower cutoff varied by ∼7% and its upper cutoff varied by ∼11%)
than for the upper band (where both cutoffs varied by ∼5%). These variations were most evident between
12 and 18 h MLT at L<6. The resulting variations of the amplitude were negligible. When the procedure has
detected a larger BW, it has also detected parts of the background. It means that the average PSD value was
slightly smaller; therefore, the amplitude almost did not change. The same situation but with the opposite
effect was observed when we have used the largest threshold values.

The lower band was observed much more frequently and in a wider interval of 𝜆m from −30◦ to 30◦ and of
L shells (4–11) than the upper band which was mostly localized within 10◦ of 𝜆m and at lower L values. The
generation of the upper band is probably given by the higher anisotropy of resonant electrons which is
preferentially present at lower L shell [Kennel and Petschek, 1966; Li et al., 2010]. The lower band was most
often found in the dawnside and dayside MLT sectors, while the upper band was mainly seen on the
dawnside. This is in agreement with results which have been previously published by Santolik et al. [2005a]
and Meredith et al. [2012]. Compared to the study by Santolik et al. [2005a] which uses the data from the
same TC-1 spacecraft, we have, in the present work, used a much larger data set covering the whole opera-
tional period of the mission. Our results are in agreement with those of Santolik et al. [2005a] and Meredith
et al. [2012].

The PSD of the lower band events are by 1 order of magnitude greater than the PSD of the upper band,
while average amplitude of lower band is almost 3 times larger than the average amplitude of the upper
band (similar as in the paper by Li et al. [2011a]). The overall average amplitude of the lower band is 57 pT
and of the upper band is approximately 20 pT.
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The PSD, the amplitude of the lower band, its frequency bandwidth, and its occurrence rate significantly
increase with increasing geomagnetic activity. Large amplitude lower band emissions cover a wider interval
of 𝜆m during active geomagnetic conditions than during quiet conditions, while the intense upper band
emissions cover almost the same interval of 𝜆m for all levels of geomagnetic activity. This may be consistent
with conclusions of Omura et al. [2009] and Habagishi et al. [2014]. We found more than 14% of time points
from the lower band with amplitudes larger than 100 pT and more than 6% from the upper band with
amplitudes larger than 50 pT. The largest amplitudes of lower band emissions were found in the nightside
and in the dawnside MLT sector, but the most intense upper band emissions were observed mainly on the
nightside. On the other hand, variations of PSD, BW, and amplitude of the upper band do not significantly
depend on the geomagnetic activity. The occurrence rate of upper band emissions is the only parameter
which increases with the increasing geomagnetic activity. It is 2 times larger for active geomagnetic
conditions than for quiet conditions. Different dependence of the lower and the upper band on the
geomagnetic activity can be connected with different resonant energies of energetic electrons that are
responsible for the generation of different frequencies of chorus. The upper band chorus interacts with
electrons that have small resonant energies, typically between 500 eV and a few keV. The resonant energies
of energetic electrons resonating with the lower band chorus are larger (>10 keV) [Li et al., 2010].
Different behavior of the lower and the upper bands of chorus therefore can mean that properties of their
source electron distributions are differently linked to increases of the geomagnetic activity, becoming more
unstable at larger energies.

PSD, BW, amplitude, and occurrence rate also depend on MLT. For the nightside and dawnside MLT sectors,
the largest values of these parameters are confined to low latitudes. The amplitude of banded emissions
(both bands) in these MLT sectors is higher than in the other MLT sectors. Dayside (at L< 8) and duskside
lower and upper band emissions occur more often at middle magnetic latitudes (𝜆m >10◦) than around the
geomagnetic equator. The increase of amplitude with 𝜆m is most noticeable on the dayside. The average
amplitude of the lower band is smaller on the duskside than on the nighsite or dayside. These two factors
can cause that some duskside BEs observed close to the equator have a similar level of intensity as the
background. Therefore, we can expect that the recognition procedure did not identify all weak events. It can
be one of reasons why we have observed smaller occurrence rate close to the geomagnetic equator than
at larger geomagnetic latitudes (𝜆m >10◦). The same effect but not so strong was found at L < 8 on the
dayside. The occurrence rates of BE did not depend on the 𝜆m in other MLT sectors.

Dayside and nightside lower band emissions with amplitudes >100 pT are found in a broader region of
L shells than in the other MLT sectors, where they are mostly localized closer to the Earth.

6. Conclusion

Our statistical study of chorus-like banded emissions is based on a unique automated detection of their
lower and upper frequency limits using the data of the STAFF-DWP instrument on board the equatorial
Double Star spacecraft. Unlike previous studies which rely on assumptions about the frequency band
of these emissions, our procedure allows us to estimate the bandwidths and amplitudes of chorus-like
emissions and their dependencies on magnetic local time, magnetic latitude, L shell, and on geomagnetic
activity.

1. We observe large amplitude (>100 pT) emissions mainly on the nightside and on the dawnside. They
are confined close to the geomagnetic equator and occur up to L = 10. Intense dayside and duskside
emissions cover a larger area of magnetic latitudes.

2. Automatically detected chorus-like emissions were found with the highest probability mainly on the
dayside. The lower band emissions at frequencies below one half of the equatorial electron cyclotron
frequency occur 10 times more often than the upper band emissions at higher frequencies. On the other
hand, upper band emissions were observed with the largest occurrence rate on the dawnside.

3. Normalized bandwidths of both frequency bands fluctuate around 0.2 fce. The lower band is on average
found between 0.1 fce and 0.3 fce, while the upper band was detected from 0.5 fce to 0.7 fce.

4. Average amplitudes of the lower band waves are 3 times larger than those of the upper band. The intense
lower band emissions also cover a wider interval of L shell and 𝜆m than intense upper band waves.

5. Power spectral density, frequency bandwidth, and amplitude of the lower band emissions are sensitive to
variations of the geomagnetic activity reflected by the AE index. Average values of all these parameters
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increase with increasing geomagnetic activity. The same parameters describing properties of the upper
band vary only slightly with the increasing AE index. This effect can be connected with different resonant
energies of energetic electrons that are responsible for the generation of the lower and the upper band.
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