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Abstract Whistler-mode chorus plays an important role in the radiation belt electron dynamics. In
the frequency-time spectrogram, chorus often appears as a hiss-like band and/or a series of short-lived
(up to ∼1 s) discrete elements. Here we present some rarely reported chorus emissions with long-lived
(up to 25 s) oscillating tones observed by the Van Allen Probes in the dayside (MLT ∼9–14) midlatitude
(|MLAT|> 15∘) region. An oscillating tone can behave either regularly or irregularly and can even transform
into a nearly constant tone (with a relatively narrow frequency sweep range). We suggest that these
highly coherent oscillating tones were generated naturally rather than being related to some artificial VLF
transmitters. Possible scenarios for the generation of the oscillating tone chorus are as follows: (1) being
nonlinearly triggered by the accompanying hiss-like bands or (2) being caused by the modulation of the
wave source. The details of the generation and evolution of such a long-lived oscillating tone chorus need
to be investigated both theoretically and experimentally in the future.

1. Introduction

Whistler-mode chorus is an important plasma emission controlling the Van Allen radiation belt electron
behaviors [e.g., Horne and Thorne, 1998; Summers et al., 1998, 2002; Horne et al., 2005; Reeves et al., 2013;
Thorne et al., 2013; Su et al., 2014a, 2014b]. Chorus waves are believed to be excited by substorm-injected
energetic electrons through the cyclotron resonance near the geomagnetic equator outside the plasmapause
[e.g., Kennel and Petschek, 1966; Helliwell, 1967; Thorne and Kennel, 1967; Kennel, 1969; Omura et al., 2008;
Li et al., 2009; Su et al., 2014c]. These waves typically occur in the frequency range of 0.1–0.8 fce (with the
equatorial electron gyrofrequency fce) [Burtis and Helliwell, 1976; Tsurutani and Smith, 1974; Meredith et al.,
2001; Santolík et al., 2003a, 2004] and can arise in the low-frequency range <0.1 fce [Cattell et al., 2015; Gao
et al., 2016] during the main phase of some geomagnetic storms.

In the frequency-time spectrogram, chorus emissions often appear as a series of discrete elements (e.g., risers,
fallers, and hooks) and/or a structureless hiss-like band [Burtis and Helliwell, 1976; Smith and Nunn, 1998;
Santolík et al., 2004, 2009; Li et al., 2012]. These discrete elements with a short duration of 0.1–1.0 s have been
considered to be a result of the nonlinear cyclotron resonance [e.g., Nunn et al., 2005; Omura et al., 2008; Omura
and Nunn, 2011; Nunn and Omura, 2012]. The nonlinear resonant current parallel to the wave magnetic field
can cause the frequency sweep of chorus elements [Omura and Nunn, 2011]. The absence of the parallel res-
onant current would produce constant tone chorus without the frequency sweep [Omura and Nunn, 2011].
The hiss-like chorus band can be described as a group of dense risers nonlinearly generated at different times
and locations [Katoh and Omura, 2013].

A type of hook that appears as a combination of multiple rising and falling tones is usually referred to as the
oscillating tone [Helliwell, 1967]. Since 1960s, many oscillating tone chorus events have been observed on the
ground [e.g., Hansen, 1963; Mielke et al., 1992; Smith and Nunn, 1998]. In contrast, space-based measurements
of oscillating tones are very limited. Two examples of such oscillating tones have been made by the CLUSTER
[Pickett et al., 2005, Figure 1] and Van Allen Probes [Hospodarsky et al., 2016, Figure 10.3c] missions. In the
recent laboratory simulations [Van Compernolle et al., 2015, Figures 3d and 3e], the oscillating tones can also be
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Figure 1. Overview of the space environment on 9 January 2014: (a) Solar wind dynamic pressure Psw and Z component
of the interplanetary magnetic field in GSM coordinate BZGSM

; (b) geomagnetic activity indices AE and SYM-H; (c) electron
differential flux j; and (d) wave magnetic power spectral density PB. The red thick line at the top of Figure 1d denotes the
time range during which the oscillating tones occurred. The dashed lines in Figure 1d represent 0.1 and 0.5 fce.

identified. The typical duration of oscillating tones are found to be approximately 2–4 s [e.g., Smith and Nunn,
1998; Pickett et al., 2005], and a ground measurement of a long-lived (up to a few minutes) oscillating tone has
been reported [Carpenter, 2014, Figure 5.46]. In this letter, we present some unusual chorus emissions with
long-lived (up to 25 s) oscillating tones observed by the Van Allen Probes [Mauk et al., 2013] in the dayside
midlatitude region.

2. Data and Method

The Van Allen Probes, which have elliptical orbits, aim to discover the fundamental physics of the Van Allen
radiation belts [Mauk et al., 2013]. In this study, we mainly use data collected by the Electric and Magnetic Field
Instrument Suite and Integrated Science (EMFISIS) [Kletzing et al., 2013] suite, the Electric Field and Wave (EFW)
instrument [Wygant et al., 2013], and the Energetic Particle, Composition, and Thermal Plasma Suite (ECT)
[Spence et al., 2013]. The background magnetic field Bo with a 64 Hz sampling rate was observed by the tri-
axial fluxgate magnetometer (MAG) of the EMFISIS suite. The corresponding equatorial magnetic field Be can
be estimated as Be = BoBMe∕BMo, where BMe∕BMo is the ratio of equatorial magnetic field to local magnetic
field in the TS04 model [Tsyganenko and Sitnov, 2005]. The cold electron density ne with a 16 Hz sampling
rate was inferred from the spacecraft potential provided by the EFW instrument. The wave power spectral
density in the survey mode and the continuous-burst waveforms were provided by the Waveform Receiver
of the EMFISIS Waves instrument. Each waveform block covered approximately 6 s with a 35 kHz sampling
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Figure 2. Unusual chorus with constant (left column) and oscillating (right column) tone around 08:04 UT on 9 January 2014. (a, b, g, and h) Magnetic and
electric power spectral densities PB and PE (70% overlapped FFT); (c, d, e, i, j, and k) corresponding wave normal angle 𝜓 , ellipticity, and planarity; (f and l) sign of
the Poynting flux parallel to the background magnetic field (positive value for the northward direction and negative value for the southward direction).

rate. We apply a 1024 point fast Fourier transform (FFT) to these waveforms to obtain the wave spectral matri-
ces and then use the singular value decomposition method [Santolík et al., 2003b] to determine the wave
propagation characteristics. We also apply the Morlet wavelet transform to these waveforms to identify the
frequency variation of chorus subpackets. The hot electrons associated with chorus wave generation were
measured by the Helium, Oxygen, Proton, and Electron (HOPE) Mass Spectrometer [Funsten et al., 2013] and
the Magnetic Electron Ion Spectrometer (MagEIS) [Blake et al., 2013] of the ECT suite. The space environ-
ment parameters for the events reported here were taken from the OMNI database of CDAweb [King and
Papitashvili, 2005].

3. Observations

Figure 1 gives an overview of the space environment observed by Probe A on 9 January 2014. The dayside
chorus waves were mainly observed in the time period 06:20–12:20 UT. In this time range of interest, there
were some weak substorms (AE < 400 nT) but no storms (SYM-H >−30 nT). In response to the substorms,
the electron fluxes at energies below 20 keV exhibited an obvious enhancement, favoring the generation of
chorus waves. Figure 2 shows two examples of unusual chorus emissions at approximately 08:03:36 UT and
08:04:18 UT on 9 January 2014. These emissions were right-hand circularly polarized (with ellipticity values
>0.5) and propagated toward the South Pole (with Poynting fluxes antiparallel to the background magnetic
field). The wave power in the frequency range of 0.1–0.5 fce was distributed in three parts. The upper part
above the frequency 1.6 kHz consisted of a series of rising tones propagating highly oblique (𝜓 > 60∘) to the
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Figure 3. Similar to Figure 2, except for the time range of 08:57:28–08:57:57 UT on 9 January 2014.

background magnetic field. The lower part was a quasi-parallel (𝜓 < 10∘) hiss-like band in the frequency
range of 0.7–1.2 kHz. The middle part appeared as a long-lived and highly coherent (with planarity values
close to 1) constant or oscillating tone with quasi-parallel propagation (𝜓 < 10∘). The constant tone had a
relatively narrow frequency range around 1.45 kHz, while the central frequency of the oscillating tone regu-
larly swept over a range of 1.2–1.7 kHz with a repetition period of ∼1.4 s. Over every period of the oscillating
tone, the rising part with a duration of ∼0.5 s had a larger power spectral density than that of the falling
part with a duration of ∼0.9 s. Figure 3 exhibits the transformation process between constant and oscillating
tones covering 5 blocks of waveform data in the time range from 08:57:28 to 08:57:57 UT on 9 January 2014.
Around 08:57:36 UT, the frequency sweep range was narrowed down to ∼<100 Hz, and the oscillating tone
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Figure 4. Similar to Figure 2, except for 8 January and 8 February 2014.

became a nearly constant tone. Approximately 6 s later, the oscillating tone with a frequency sweep range of
∼400 Hz reformed. These observations suggest that the constant and oscillating tones were likely to be two
manifestations of a physical process.

In fact, chorus with oscillating tones can also be found at other times. Figure 4 shows two additional events of
chorus with regularly oscillating tones observed by Van Allen Probe B on 8 January 2014 and 8 February 2014.
In both events, the rising parts had larger wave intensities and higher frequency sweep rates than the falling
parts, consistent with the event in Figure 2. For the event on 8 January 2014, some rising tones are found to
overlap with the oscillating tone. For the event on 8 February 2014, we could identify two oscillating tones
in the same frequency range of 2.5–3.8 kHz. Figure 5 exhibits two examples of irregularly oscillating tones
observed by Van Allen Probe B on 8 February 2014 (during the same hour as in the previous case) and 22
December 2015. In contrast to the situation of the regularly oscillating tones, the rising parts and falling parts
of the irregularly oscillating tones did not show much difference with respect to the intensity and frequency
sweep rate. In the event on 22 December 2015, the oscillating tone had a large wave normal angle (>60∘),
quite different from the other events. For these events (Figures 2–5), the oscillating tones were detected
in the dayside (MLT ∼9–14) midlatitude (|MLAT|> 15∘) region, and the corresponding magnetosphere was
experiencing some weak or moderate substorms (Figures 1 and S1–S3).

4. Discussion
4.1. Nonlinear Generation
Figure 6 plots a frequency-time spectrogram associated with the formation of a constant tone. Around
07:54:23 UT on 9 January 2014, the hiss-like band triggered a rising tone, and approximately 2 s later, the
rising tone evolved into a constant tone. Figures 5a and 5g also show that these oscillating tones origi-
nated from the hiss-like bands. Figure 4a demonstrates that these rising parts of the oscillating tones had
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Figure 5. Similar to Figure 2, except for 8 February 2014 and 22 December 2015.

spectral shapes analogous to those of the accompanying discrete rising tones. These observations imply that
the highly coherent oscillating tones might be nonlinearly triggered by the accompanying hiss-like bands
[Hansen, 1963; Helliwell, 1967].

In the past, many physical mechanisms have been proposed to explain the frequency sweep of chorus ele-
ments. Hansen [1963] suggested that the wave frequency sweep was caused by the phase bunched electron
motion along the field line. Helliwell [1967] introduced the term “interaction region” that can be viewed as
a backward wave oscillator [Brice, 1963] and explained that the oscillating tones were a result of the drift
of interaction region. Smith and Nunn [1998] suggested that the frequency sweep was caused by the non-
linear resonant current parallel to the wave magnetic field (unambiguously expressed by Nunn [1990]). The
frequency sweep of chorus elements has been successfully reproduced within the framework of nonlinear
cyclotron resonance [e.g., Omura et al., 2008; Omura and Nunn, 2011; Nunn and Omura, 2012]. Whether the
sweep rate of a chorus element is positive or negative is determined by the location of the wave generation
region [Smith and Nunn, 1998]. The riser generation region is mainly confined to the downstream of the equa-
tor, while the upstream of the equator generally tends to generate fallers [Omura and Nunn, 2011; Nunn and
Omura, 2012]. Hence, a periodic transfer between these two types of generation regions [Smith and Nunn,
1998] will yield an oscillating tone. However, the nonlinear evolution of chorus could last for approximately
25 s (Figure 3), at least 1 order of magnitude larger than the duration of typical chorus elements. How a
nonlinear process could self-sustain over such a long time is a mystery.

As shown in Figures 2–5, these oscillating/constant tones seemingly comprised some subpackets with much
shorter durations (<0.07 s). In Figure 7, we select three segments (a constant tone and a rising and a falling
part of oscillating tones) with the most obvious subpackets. For the FFT transform, we choose an overlapping
rate 85% after many tests to obtain sufficiently good resolutions with respect to both frequency and time.
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Figure 6. Similar to Figure 2, except for the time around 07:54 UT on 9 January 2014.

In addition to the regular FFT spectra, we show the FFT spectra Pn
FFT normalized by the maximum of chorus

wave power Pmax in a centered time window of ∼0.06 s, and the wavelet power Pn
wavelet normalized by the

maximum chorus wave power at each time point. One can outline the subpackets with rising frequencies

for the first two segments, analogous to the situation shown by Santolík et al. [2014]. For the third segment,

because of the small amplitudes, short durations, and narrow frequency ranges, the rising frequency feature

of subpackets tended to be indistinct. In fact, for most falling parts, the frequency sweeping characteristics of

the subpackets were unclear (Figures S4–S6). If the subpackets commonly have the rising frequency feature,

the wave generation region will always be located downstream of the equator [Smith and Nunn, 1998] and the

scenario that the transfer of generation region produces the oscillating tones will be doubtful.
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Figure 7. Detailed information regarding the segments selected from a constant tone (left column), and a rising part (middle column), and a falling part
(right column) of oscillating tones: (a, e, and i) waveform of the BX component in a local magnetic field coordinate system; (b, f, and j) magnetic power spectral
density PB (85% overlapped FFT); (c, g, and k) normalized FFT power Pn

FFT; (d, h, and l) zoomed-in normalized wavelet power Pn
wavelet

of three successive
subpackets of the BX component. The vertical dashed lines are overplotted to identify the subpackets.

4.2. Modulation
The periodic variation of whistler-mode waves is usually attributed to some modulation processes [Li et al.,
2011a, 2011b; Colpitts et al., 2016]. For these highly coherent oscillating tones, a possible generation scenario
could be the combination of nonlinear generation and modulation (i.e., the wave subpackets were generated
via a nonlinear process, and the starting/ending frequencies of subpackets were modulated by some physical
quantities). In Figure 8, we compare the background magnetic field/density profiles of the oscillating tone
with those of the constant tone. There were no clear differences in the behaviors of the background magnetic
field/density between the examples. In Figure S7, we show the hot electron distributions during the oscillating
tone of Figure 3. The time resolutions of HOPE (1.4–14.7 keV) and MagEIS (31–108 keV) were 23 s and 11 s,
respectively, which did not allow the expected modulation sign to be found at a time scale of 1–2 s. Hence,
the available observations here did not provide any evidence for local modulation. However, because the
satellites were located in the midlatitude region, some undiscovered modulation processes near the source
region (magnetic equator) cannot be excluded.

4.3. Artificial Trigger
In the past, artificial transmitters have been found to be able to trigger some oscillating tones [Bell et al.,
1983; Mielke et al., 1992]. In Figure S8, we present the satellite footprints of the events of Figures 2–5. The
latitudes of the satellite footprints of different events did not show much difference, but their longitudes
were widely separated. As shown in a list (https://en.wikipedia.org/wiki/List_of_VLF-transmitters), the VLF
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Figure 8. A comparison of the background conditions (magnetic field Bo and electron density ne) of the (a, b) constant
and (c, d) oscillating tones.

transmitter stations were far away from those satellite footprints and their working frequencies (>10 kHz or
<0.1 kHz) deviated significantly from the observed chorus frequency (1–4 kHz). Hence, the long-lived oscillat-
ing tone was unlikely to be associated with some artificial triggers but more likely to be a naturally occurring
phenomenon.

5. Conclusions

Whistler-mode chorus emissions play an important role in radiation belt electron dynamics. In the frequency-
time spectrogram, chorus emissions often appear as a hiss-like band and/or a series of short-lived (0.1–1 s)
discrete elements. Here we presented some rarely reported chorus emissions with long-lived (up to 25 s)
oscillating tones observed by the Van Allen Probes in the dayside (MLT ∼9–14) midlatitude (|MLAT|> 15∘)
region during some weak or moderate substorms. The oscillating tones are found to behave either regularly or
irregularly. Regarding the regularly oscillating tones, their frequency sweep range was up to∼1 kHz (Figure 4),
with a repetition period of∼1–2 s. Under certain circumstances, the regularly oscillating tone could transform
into a nearly constant tone (with a relatively narrow frequency sweep range). Over every period of the oscillat-
ing tones, the rising part had a larger intensity and frequency sweep rate than the falling part, analogous to the
situation of short-lived oscillating tones [Hospodarsky et al., 2016, Figure 10.3c]. In contrast, neither the wave
intensity nor the frequency sweep rate exhibited significant differences between the rising parts and falling
parts of the irregularly oscillating tones. All of the regularly oscillating tones that we found had quasi-parallel
propagation, while the irregularly oscillating tones could propagate either quasi-parallel or highly oblique to
the background magnetic field. We suggest that the oscillating tone chorus was a natural phenomenon rather
that an artificially triggered incident.
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These highly coherent oscillating tones might be nonlinearly triggered by the accompanying hiss-like bands
[Hansen, 1963; Helliwell, 1967]. The triggering of a rising tone by the hiss-like band, the evolution of a ris-
ing tone into a constant tone, and the transformation between an oscillating tone and a constant tone have
been observed. The rising parts of oscillating tones are found to exhibit spectral characteristics analogous to
those of the accompanying discrete rising tones. In the framework of nonlinear cyclotron resonance [Omura
et al., 2008; Omura and Nunn, 2011; Nunn and Omura, 2012], risers are generated in the region downstream
of the equator, while the upstream of the equator is the generation region of fallers. A quasi-periodic trans-
fer between the two types of generation regions will produce such oscillating tone chorus [Smith and Nunn,
1998]. Note that the repetition period of the oscillating tones is comparable to the bounce period of tens of
keV electrons at L = 5–6. However, as shown in previous nonlinear simulations [Omura et al., 2008; Omura
and Nunn, 2011; Nunn and Omura, 2012], the typical duration of chorus elements is about 0.1–1.0 s, 10–100
times smaller than that of the observed oscillating tone. The details of the generation and evolution of such a
long-lived oscillating tone chorus need to be investigated both theoretically and experimentally in the future.

Some subpackets with much shorter durations (<0.07 s) were embedded in the oscillating/constant tones.
For constant tones and the rising parts of oscillating tones, the subpackets exhibited a rising frequency fea-
ture, analogous to the situation shown by Santolík et al. [2014] for a discrete rising tone. For the falling parts of
oscillating tones, the frequency sweep of subpackets was indistinct. If the subpackets embedded in the oscil-
lating tones commonly possess the rising frequency characteristics, the wave generation region will always
be located downstream of the equator [Smith and Nunn, 1998] and the scenario that the generation region
transfer produces oscillating tones will be doubtful. In the future, the observations with higher resolutions
in both frequency and time will be required to resolve this ambiguity.

Another possible reason for the wave frequency oscillation is modulation by some physical quantities. The
cold electron density and the background magnetic field locally measured by satellites did not show any
correlation with the chorus wave frequency. The time resolution of hot electron data was not sufficient to
allow the correlation analysis between hot electron distributions and chorus wave frequencies. Hence, the
local observations did not provide any evidence for the potential modulation effect. However, because the
satellites were located in the midlatitude region, some undiscovered modulation processes near the source
region (magnetic equator) cannot be excluded.
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