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Abstract Whistler-mode extremely low frequency hiss emissions commonly exist in the plasmasphere
and the plasmaspheric plume and contribute to the precipitation loss of the radiation belt electrons.
How these hiss waves are generated remains a critical unanswered question. Here we report the
large-amplitude (up to 1.5 nT) hiss waves in the plasmaspheric plumes, nearly an order of magnitude
stronger than previous observations. These waves are found to propagate toward higher latitudes,
and the corresponding frequency dependence of wave power can be qualitatively (but not quantitatively)
explained by the modeled linear instability of hot electrons near the equator. At the high-frequency end
of hiss spectra, the discrete rising tones are shown to emerge, similar to the situation of whistler-mode
chorus in the plasmatrough. These data and modeling suggest that these large-amplitude hiss waves
were generated within the plasmaspheric plume probably through a combination of linear and nonlinear
instabilities of hot electrons.

1. Introduction

In the plasmasphere and the plasmaspheric plume, the whistler-mode extremely low frequency (ELF, tens
Hz to several kHz) hiss emissions commonly exist (Li et al., 2013; Malaspina et al., 2017; Russell et al., 1969;
Summers et al., 2008; Thorne et al., 1973; Tsurutani et al., 2015; Yuan et al., 2012). The generation mechanism of
ELF hiss remains under intense debate. Two classes of physical scenarios have been developed: (1) excitation
by the hot electron instability inside the plasmasphere or the plasmaspheric plume (“internal generation”)
(Cornilleau-Wehrlin et al., 1993; Solomon et al., 1988; Thorne et al., 1979) and (2) origination from the whistlers
associated with lightening flashes (Draganov et al., 1992; Green et al., 2005; Sonwalkar & Inan, 1989) or the
whistler-mode chorus waves (Bortnik, Thorne, Meredith, 2008) in the plasmatrough (“external origination”).
The main evidences for internal generation are the presence of hiss Poynting fluxes flowing from the equator
toward higher latitudes (Kletzing et al., 2014; Laakso et al., 2015) and the highly coherent characteristics of hiss
in the plasmaspheric bulges (Tsurutani et al., 2015). However, the gain from the linear instability was usually
thought to be insufficient to explain the magnitude of typical plasmaspheric hiss waves (Church & Thorne,
1983; Huang et al., 1983). Inspired by the observations of short-time coherent hiss wave elements with rising
and falling tones (Summers et al., 2014), Omura et al. (2015) have proposed the nonlinear instability theory to
increase the wave growth rates. The experimental evidences for external origination are the strong correlation
between chorus and hiss (Bortnik et al., 2009; Li et al., 2015), the occurrence of downward propagating chorus
and upward propagating hiss at low altitudes (Tsurutani et al., 2012), the distribution characteristics of chorus
and hiss with respect to the plasmapause (Malaspina et al., 2016; Meredith et al., 2013), and the simultaneous
disappearances of chorus and hiss driven by interplanetary disturbances (Liu, Su, Gao, Zheng, et al., 2017; Liu,
Su, Gao, Reeves, et al., 2017; Su et al., 2015). Moreover, there have been a series of ray tracing simulations
showing that the chorus waves can enter the plasmasphere and evolve into the hiss band (Bortnik, Chen, Li,
Thorne, & Horne, 2011; Bortnik, Chen, Li, Thorne, Meredith, & Horne, 2011; Chen et al., 2012a, 2012b).

ELF hiss waves are believed to contribute significantly to the precipitation loss of energetic electrons in the
outer radiation belt (e.g., Li et al., 2007; Mourenas & Ripoll, 2012; Su et al., 2016) and the slot region (e.g., Albert,
1994; Abel & Thorne, 1998; Falkowski et al., 2017; Horne et al., 2003; He et al., 2016; Lyons & Thorne, 1973;
Meredith et al., 2007; Thorne et al., 2013). This loss process was usually quantified in the framework of the
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quasi-linear theory (e.g., Lyons & Thorne, 1973; Ni et al., 2014; Shprits et al., 2009; Su et al., 2011). The time-
averaged amplitude of hiss has been shown to be∼0.01–0.1 nT (Golden et al., 2012; Kim et al., 2015; Meredith
et al., 2004; Spasojevic et al., 2015; Tsurutani et al., 2015), meeting the small amplitude assumption for the
quasi-linear treatment (Horne & Thorne, 1998; Kennel & Engelmann, 1966; Kennel & Petschek, 1966; Summers
et al., 1998). However, the time-averaged data may have underestimated significantly the instantaneous wave
amplitudes (Tsurutani et al., 2009). In fact, there have been many reports of large-amplitude wave bursts in
the inner magnetosphere: electromagnetic ion cyclotron waves (Bräysy et al., 1998; Erlandson & Ukhorskiy,
2001; Meredith et al., 2003; Su et al., 2016, 2017), chorus waves (e.g., Cattell et al., 2008; Cully, Bonnell, Ergun,
et al., 2008; Santolík et al., 2014), magnetosonic waves (Tsurutani et al., 2014), and whistlers associated with
transmitter or lightening (Breneman et al., 2011). These large-amplitude waves are able to nonlinearly scatter
magnetospheric particles (Albert & Bortnik, 2009; Bortnik, Thorne, Inan, 2008; Omura et al., 2007; Omura &
Zhao, 2012; Su et al., 2014; Summers & Omura, 2007; Wang et al., 2016; Zhu et al., 2012), deviating significantly
from the quasi-linear prediction (Liu et al., 2012; Su et al., 2012, 2013). In contrast to the incoherent turbu-
lence assumption for the quasi-linear treatment (Horne & Thorne, 1998; Kennel & Engelmann, 1966; Kennel &
Petschek, 1966; Summers et al., 1998), the hiss waves have been found to be coherent under some conditions
(Falkowski et al., 2017; Tsurutani et al., 2012, 2015). As shown in several theoretical calculations (Bellan, 2013;
Lakhina et al., 2010; Tsurutani et al., 2009, 2013), these coherent hiss waves could cause much stronger
scattering loss of electrons than the quasi-linear prediction.

In this letter, by analyzing the data from the Van Allen Probes (Radiation Belt Storm Probes, RBSP) (Mauk
et al., 2013) and the Time History of Events and Macroscale Interactions during Substorm (THEMIS) satellites
(Angelopoulos, 2008), we show that the large-amplitude (up to 1.5 nT) ELF hiss waves could be generated
by the hot electron instability within the plasmaspheric plumes. These waves, consisting of a noisy band and
a series of triggered rising tones, were about an order of magnitude stronger than the time-averaged hiss
(∼< 0.1 nT) (e.g., Golden et al., 2012; Meredith et al., 2004; Spasojevic et al., 2015) or the highly coherent hiss
(up to 0.2 nT) (Tsurutani et al., 2015).

2. Data Analysis

We directly take the interplanetary and geomagnetic parameters from the OMNI database (King & Papitashvili,
2005) and analyze the magnetospheric waves based on the RBSP and THEMIS missions operating in the highly
elliptical near-equatorial orbits. For the RBSP mission, we use the data sets of the Electric and Magnetic Field
Instrument and Integrated Science (EMFISIS) suite (Kletzing et al., 2013), 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 EMFISIS suite contains the tri-axial fluxgate magnetometer (MAG), the Waveform
Receiver (WFR), and the High-Frequency Receiver (HFR). The MAG observes the local magnetic field, the WFR
provides the wave spectral matrix in the frequency range from 10 Hz to 12 kHz and the continuous-burst
waveforms with a 35 kHz sampling rate, and the HFR detects the upper hybrid band. The EFW measures the
spacecraft potential and the low-frequency electric fields and waves. The upper hybrid frequency from HFR
and the spacecraft potential from EFW allow the derivation of background plasma density (Kurth et al., 2014;
Wygant et al., 2013). The ECT suite consists of the Helium Oxygen Proton Electron (HOPE) Mass Spectrometer
(Funsten et al., 2013), the Magnetic Electron Ion Spectrometer (MagEIS) (Blake et al., 2013), and the Relativistic
Electron Proton Telescope (Baker et al., 2013). The three instruments collectively cover the electron and ion
spectra from eV to tens of MeV. For the THEMIS mission, we use the data sets of the Search Coil Magnetometer
(SCM) (Le Contel et al., 2008) and the Electric Field Instrument (EFI) (Bonnell et al., 2008). The SCM and EFI
measure the electromagnetic fields of waves in the frequency range from 0.1 Hz to 4 kHz. The Digital Fields
Board (DFB) (Cully, Ergun, et al., 2008) processes the electromagnetic signals from SCM and EFI into the filter
bank data of wave amplitudes for six spectral bands ranging from 2 Hz to 4 kHz. The EFI also measures the
spacecraft potential, allowing the estimation of the background plasma density.

3. Event Overview

Figure 1 presents an overview of the large-amplitude hiss event on 1 December 2013. Before 09:00 UT, there
were intermittent southward interplanetary magnetic fields and moderate substorms, allowing the erosion
of plasmasphere (Goldstein et al., 2003; Lemaire & Gringauz, 1998) and the formation of plasmaspheric plume
(Carpenter & Anderson, 1992; Goldstein et al., 2004; Nishida, 1966). RBSP-B was inside the high-density plas-
masphere before 05:40 UT and after 11:30 UT and passed through a plasmaspheric plume with the sudden

SU ET AL. 566



Geophysical Research Letters 10.1002/2017GL076754

Figure 1. An overview of the large-amplitude hiss event on 1 December 2013: (a) solar wind magnetic field Bz and
substorm index AE; (b) wave power spectral density PB (color coded) and cold electron density Ne (white line) observed
by RBSP-B; (c, d) wave filter bank amplitude Bt (color coded) and cold electron density Ne (white line) observed by
THEMIS-D and THEMIS-E.

enhancement of the cold electron density in the afternoon sector (MLT=15.0–18.0) during the time period
from 07:50 UT to 11:05 UT. RBSP-B received hiss wave signals ranging from∼30 Hz to several kHz with intensity
modulated by the ambient cold electron density (Chen et al., 2012). Particularly, the peak power spectral
density of hiss waves reached 5 × 10−3 nT2 Hz−1 in the plasmaspheric plume, approximately 2 orders of mag-
nitude larger than that in the plasmasphere. In the remained time period, RBSP-B detected the whistler-mode
chorus waves (Tsurutani & Smith, 1974) and exo-hiss waves (Thorne et al., 1973; Zhu et al., 2015) within
the low-density plasmatrough. THEMIS-D went through the plasmapause at 09:50 UT and encountered the
same plasmaspheric plume in the afternoon sector (MLT=15.6–16.2) during the time period from 11:05 UT to
12:10 UT. This plasmaspheric plume likely rotated into the premidnight sector (MLT=20.5–21.6), as observed
by THEMIS-E in the time period from 13:10 UT to 14:25 UT. For both THEMIS satellites, the peak amplitudes of
hiss were above 0.1 nT in the plasmaspheric plume, 5–10 times larger than that in the plasmasphere. It should
be noted that the other satellites of RBSP and THEMIS missions failed to find the rotating plasmaspheric plume.
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Figure 2. Waveform bursts of (a) plasmaspheric hiss, (b) plasmatrough chorus, and (c, d) plasmaspheric plume hiss
detected by RBSP-B.

In the time range of interest, THEMIS-D and THEMIS-E did not provide the high-resolution waveform data.
Figure 2 plots four representative waveform bursts observed by RBSP-B. In the plasmatrough (around
07:44:06 UT), chorus wave signals exhibited clear structures with the peak instantaneous amplitude of 1.5 nT,
similar to the previously reported large-amplitude chorus elements (e.g., Cattell et al., 2008; Cully, Bonnell,
Ergun, et al., 2008; Gao et al., 2016; Kellogg et al., 2011; Santolík et al., 2014; Wilson et al., 2011). In contrast, hiss
wave signals always displayed no observable structures on the plotted timescale. In the plasmasphere (around
05:25:00 UT), the wave amplitudes were below 0.2 nT, generally comparable to the previous statistical results
(Golden et al., 2012; Meredith et al., 2004; Spasojevic et al., 2015; Tsurutani et al., 2015). In the plasmaspheric
plume, the hiss wave amplitudes became much larger. Around 08:02:42 UT, the instantaneous wave ampli-
tudes exceptionally reached up to 0.7 nT. Around 09:38:24 UT, the instantaneous wave amplitudes frequently
exceeded 0.5 nT and even reached up to 1.2 nT. These waves were much stronger than the time-averaged
hiss (∼<0.1 nT) (e.g., Golden et al., 2012; Meredith et al., 2004; Spasojevic et al., 2015) or the highly coherent
hiss (up to 0.2 nT) (Tsurutani et al., 2015). A question arises as to how these large-amplitude hiss waves were
generated.

4. Generation Mechanism

Figure 3 shows the hot electron spectra and the wave propagation characteristics observed by RBSP-B.
Applying the previously developed techniques (Santolík et al., 2002, 2003, 2010) on the observed spectral
matrix, we determine wave vector direction, ellipticity of wave polarization, and Poynting vector. One can
identify three types of whistler-mode waves (hiss, exo-hiss, and chorus) with the right-hand polarization
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Figure 3. Generation and propagation of whistler-mode waves observed by RBSP-B: (a) cold electron density Ne and
equatorial ratio of plasma frequency to electron gyrofrequency fpe∕fce; (b) hot electron flux j; (c) wave power spectral
density PB; (d) wave normal angle 𝜓 ; (e) wave ellipticity EB; and (f ) sign of the parallel component of the wave Poynting
flux SB (positive for parallel flowing and negative for antiparallel flowing). The vertical dashed line marks the front of
the substorm injection.

(ellipticity values above 0.5). In the plasmasphere, hiss had bidirectional Poynting fluxes and randomly dis-
tributed normal angles, probably resulting from the wave bounce propagations (Bortnik, Chen, Li, Thorne, &
Horne, 2011; Bortnik, Chen, Li, Thorne, Meredith, & Horne, 2011; Chen et al., 2012a, 2012b). The other whistler-
mode waves in the plasmatrough and the plasmaspheric plume always exhibited the unidirectional Poynting
fluxes. Exo-hiss propagated quasi-parallel to the background magnetic field toward the equator, supporting
the previous hypothesis of leakage of plasmaspheric hiss into exo-hiss (Bortnik, Thorne, Meredith, 2008; Liu,
Su, Gao, Zheng, et al., 2017; Thorne et al., 1973; Zhu et al., 2015). In contrast, both chorus and plume hiss prop-
agated toward higher latitudes, which were likely generated by the electron cyclotron instability near the
equator (LeDocq et al., 1998; Nunn et al., 1997; Omura et al., 2008). At 07:05 UT, the front of a substorm injection
arrived at the location of RBSP-B (L=5.9 and MLT=15.0), and during the following time period, the substorm-
induced enhancement of hot electrons could promote the amplification of chorus in the plasmatrough and
hiss in the plasmaspheric plume.
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Figure 4. Whistler-wave instability for RBSP-B around 09:39 UT: (a) local and (b) equatorial pitch angle distributions
(circles for data and solid lines for model); (c) dependence of wave convective growth rate Ki (solid line) and power
spectral density PB (circles) on frequency f .

The growth rates of magnetospheric whistler waves usually peaked at the magnetic equator. To perform
the wave instability analysis at the equator, we have made the following assumptions: (1) the realistic ratio
between equatorial and local magnetic fields equals the value from the TS04 geomagnetic field model
(Tsyganenko & Sitnov, 2005), (2) there are no significant differences between the equatorial and local pitch
angle distributions of hot electrons, and (3) the cold electron density is constant along the magnetic field line.
Taking the limit that the wave temporal growth rate is much less than the real wave angular frequency, we can
calculate the wave convective growth rate (Ashour-Abdalla & Kennel, 1978; Kennel & Engelmann, 1966) as

Ki = −
Di

|Vg| 𝜕Dr

𝜕𝜔

, (1)

with the real Dr and imaginary Di parts of the wave dispersion relation D(𝜔, k) = 0 (Chen et al., 2010, equations
(A3)) and the wave group velocity Vg.

Figure 4 displays the hot electron distributions and the wave convective growth rate around 09:39 UT. At this
time moment, RBSP-B detected the large-amplitude hiss waves (Figure 2d). We obtain the electron phase
space density model on the basis of local observations. For the MagEIS data above 30 keV, we approximate
the observed pitch angle distribution by a smooth cubic spline at each energy channel. For the HOPE data
below 30 keV, in order to remove the irregular fluctuations, we assume an analytical pitch angle distribution

proportional to
(

1+sin 𝛼

2

)2
at each energy channel. At the equatorial plane, this model appears to be roughly in

line with the available data mapped by the conservation of magnetic moment. According to the observations
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Figure 5. Burst frequency-time spectra of (a) plasmaspheric hiss, (b) plasmatrough chorus, and (c, d) plasmaspheric
plume hiss detected by RBSP-B. The covered time periods are exactly same as those in Figure 2.

in Figures 1 and 3, we set the equatorial magnetic field of 108.49 nT and the cold electron density of
177.93 cm−3. Under these plasma conditions, the parallel-propagating whistler-mode waves are able to grow
over a wide frequency range from 20 Hz to 900 Hz. The obtained convective growth rate peaks at 60 Hz and
exhibits a gradual decrease at the high-frequency end but a sharp decrease at the low-frequency end. These
frequency-dependence characteristics of wave growth rate are found to be quite similar to those of wave
power, supporting the generation of hiss waves by the hot electron instability near the equator in the plas-
maspheric plume. However, corresponding to the large wave amplitude, the obtained linear growth rate
(∼10−7 m−1) is quite small. There may be two explanations for this: (1) the model underestimates the electron
temperature anisotropy in the absence of mapped data near the 90∘ equatorial pitch angle (Figure 4b); (2) after
the linear instability, there was a nonlinear process with a much larger amplification rate (Omura et al., 2015).

Figure 5 compares wave frequency-time characteristics among four representative waveform bursts. The hiss
emission in the plasmasphere (around 05:25:00 UT) appears to be structureless on the plotted timescale.
In contrast, there were clear structures in the frequency-time spectra of the other waveforms. The chorus emis-
sion in the plasmatrough (around 07:44:06 UT) comprised rising tones, falling tones, and hooks, consistent
with previous observations (Burtis & Helliwell, 1976; Li et al., 2012; Santolík et al., 2004; Smith & Nunn, 1998).
The hiss emission in the plasmaspheric plume consisted of a noisy band and some rising tones, which was
rarely reported in previous works. (Note that the whistler-mode chorus comprising a noisy band and a series of
triggered rising tones has long been recognized in the low-density plasmatrough (Goldstein & Tsurutani, 1984;
Tsurutani & Smith, 1974).) Around 08:02:42 UT, the dense rising tones swept over a range of 0.6–1.4 kHz on a
timescale of 1 s. Around 09:38:24 UT, the rising tones became sparse and their sweeping frequency range was
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Figure 6. Overviews of the large-amplitude hiss events on 4 November 2015 and 1 January 2016: (a, f ) wave power
spectral density PB; (b, g) wave normal angle 𝜓 ; (c, h) wave ellipticity EB; (d, i) sign of the parallel component of wave
Poynting flux SB (positive for parallel flowing and negative for antiparallel flowing); and (e, j) waveform burst Bw of
plasmaspheric plume hiss.

reduced to 0.9–1.4 kHz. Compared to the noisy band, these rising tones had much lower power and conse-
quently were invisible in the waveforms (Figures 2c and 2d). These rising tones served as a direct evidence for
the action of nonlinear process (Omura et al., 2015) in the plasmaspheric plume. Omura et al. (2015) have sug-
gested that the discrete elements associated with nonlinear processes tend to have shorter duration periods
at lower frequencies. As illustrated by Summers et al. (2014) and Nakamura et al. (2016), the noisy band might
be a result of the superposition of many short-lived (∼10 ms) rising and falling tones.

5. Conclusions and Discussions

Whistler-mode ELF hiss emissions commonly exist in the plasmasphere and the plasmaspheric plume, whose
generation mechanism remains under intense debate. Two classes of physical processes have been proposed:
internal excitation (Omura et al., 2015; Thorne et al., 1979) and external origination (Bortnik, Thorne, Meredith,
2008). Here we analyze an interesting event of large-amplitude (∼nT) hiss waves observed by RBSP and THEMIS
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missions in a plasmaspheric plume on 1 December 2013. These waves had the Poynting fluxes flowing toward
higher latitudes, and their power showed a similar frequency dependence to the modeled linear instability
of hot electrons at the equator. Similar to the chorus in the low-density plasmatrough (Goldstein & Tsurutani,
1984; Tsurutani & Smith, 1974), the hiss exhibited a noisy band and a series of triggered rising tones in the
frequency-time spectrum. Our observations and simulations tend to support the internal excitation of the
large-amplitude plasmaspheric plume hiss by a combination of linear and nonlinear instabilities of hot elec-
trons (Omura et al., 2015; Thorne et al., 1979). However, the calculated linear growth rates (Thorne et al., 1979)
appear to be quite weak, and whether the additional nonlinear amplification process (Omura et al., 2015) can
reproduce the large-amplitude hiss needs to be quantitatively examined in the future.

Such large-amplitude ELF hiss waves generated inside the plasmaspheric plume can be frequently observed.
Another two examples observed by RBSP mission on 4 November 2015 and 1 January 2016 are given in
Figure 6. In these plumes at 3<L<5, the hiss waves had the instantaneous amplitudes up to 1.5 nT and prop-
agated away from the equator toward higher latitudes. Laakso et al. (2015) have suggested the origination
of plasmaspheric hiss from the plasmaspheric plume, on the basis of CLUSTER observations that the hiss emis-
sions propagated away from the equator in the plumes but toward the equator at lower L shells inside the
plasmasphere. On the basis of Polar observations, Tsurutani et al. (2012) found the frequency dependence
of hiss Poynting fluxes in the low-altitude plasmasphere. The low-frequency (∼360–800 Hz) part propagated
upward and the high-frequency (∼1.2 kHz) part propagated downward. The upward propagating hiss was
interpreted as the chorus rays refracted into the plasmasphere (Tsurutani et al., 2012), and the downward
propagating hiss might be generated at the equator within the plasmasphere (similar to the situation reported
here). Different from the observations of Tsurutani et al. (2012) and Laakso et al. (2015), the plasmaspheric
hiss of our study exhibited the bidirectional Poynting fluxes, approximately independent of the frequency
(Figure 3f ). These results suggest that the relationship between hiss waves in the plasmasphere and in
the plasmaspheric plume remains unclear, and the relative importance of internal and external generation
mechanisms for hiss waves in the plasmasphere body needs to be further investigated.

ELF hiss waves are frequently invoked to explain the precipitation loss of energetic electrons in the outer
radiation belt and in the slot region (e.g., Breneman et al., 2015; Falkowski et al., 2017; Lyons & Thorne, 1973;
Meredith et al., 2007; Summers et al., 2008; Thorne et al., 2013). This loss process has been usually quanti-
fied in the framework of the quasi-linear theory with an assumption of the incoherent weak wave turbulence.
Previous theoretical works (Bellan, 2013; Lakhina et al., 2010; Tsurutani et al., 2009, 2013) emphasized that the
coherent hiss (Falkowski et al., 2017; Tsurutani et al., 2012, 2015) could cause much stronger scattering loss
than the quasi-linear prediction. The quasi-coherent hiss, probably originating from the plasmatrough chorus,
was considered (Falkowski et al., 2017) an alternative explanation for the generation of the radiation belt slot
region. In our study, the weak rising tones should be coherent on a timescale of ∼1 s (Figures 5c and 5d), and
the intense noisy band may be interpreted as a superposition of many short-lived (∼10 ms) coherent rising
and falling tones at different frequencies (Nakamura et al., 2016; Summers et al., 2014; Tsurutani et al., 2015).
Several test particle simulations suggested that a large-amplitude spectrum of waves could cause the nonlin-
ear electron scattering (e.g., Liu et al., 2012), analogous to the situation of a large-amplitude monochromatic
wave (e.g., Albert & Bortnik, 2009; Omura & Zhao, 2012). Future works should test the applicability of the
traditional quasi-linear theory to the hiss-driven radiation belt behaviors under different conditions of wave
coherence and amplitude.
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