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Abstract Plasmaspheric hiss is an electromagnetic wave mode that occurs ubiquitously in the high-density
plasmasphere and contributes crucially to the dynamic behavior of the Earth's Van Allen radiation belts.

While plasmaspheric hiss is commonly considered to be a broadband emission with frequencies from

~100 Hz to several kHz, here we report Van Allen Probes measurements of unambiguous banded signatures

of plasmaspheric hiss, uniquely characterized by an upper band above ~200 Hz, a lower band below ~100 Hz
and a power gap in between. Banded plasmaspheric hiss occurs with the probability ~8% in the postnoon sector
within 2.5-5.0 Earth radii, showing strong dependence on geomagnetic and solar wind conditions. Observations
also suggest that banded hiss waves result possibly from two combined sources, the upper band originating
from the transformation of chorus waves propagating from outside the plasmasphere, and the lower band from
localized excitation inside the plasmasphere, which however requires future investigation. The banded hiss
waves shed new light on the evolution of the Earth's radiation belts and have implications for understanding
whistler-mode waves in planetary magnetospheres.

1. Introduction

Since the discovery of the Van Allen radiation belts over 60 years ago (Van Allen, 1959), their dynamic vari-
ability has been understood to be the result of interactions with a variety of space plasma waves (Summers
et al., 2007a; Shprits et al., 2008; Thorne, 2010; W. Li & Hudson, 2019). In particular, plasmaspheric hiss
is found to play a critical role in governing the structure and dynamics of the radiation belts. By removing
the population of energetic electrons encircling Earth's magnetosphere into the atmosphere on timescales of
days or less (Abel & Thorne, 1998; Falkowski et al., 2017; Ni et al., 2013; Summers et al., 2007b; Tsurutani
etal., 2019), plasmaspheric hiss can account predominantly for the formation of the radiation belt slot (Falkowski
et al., 2017; Lyons & Thorne, 1973; Lyons et al., 1972; Meredith et al., 2007; Tsurutani et al., 1975, 2019), the
region between the inner and outer radiation belts where high-energy electron fluxes are typically low. Further,
plasmaspheric hiss contributes to electron loss during geomagnetic storms (Lam et al., 2007; Smith et al., 1974;
Summers et al., 2007a, 2007b) and the quiet-time decay of outer radiation belt electrons (Meredith, Horne,
Glauert, et al., 2006). By means of an energy-dependent scattering process, plasmaspheric hiss generates the
reversed electron energy spectrum frequently observed in the plasmasphere (Ni et al., 2019; Zhao et al., 2019).
Hiss waves in plasmaspheric plumes can also cause significant scattering loss of energetic electrons in Earth's
inner magnetosphere (Summers et al., 2008; Tsurutani et al., 2015).

As a natural constituent of planetary magnetospheric plasma, hiss waves were discovered with the advent of
high-altitude satellites (Dunckel & Helliwell, 1969; Russell et al., 1969; Smith et al., 1974; Thorne et al., 1973),
and have been historically defined as an electromagnetic emission band between ~100 Hz and 2 kHz (Abel
& Thorne, 1998; Meredith, Horne, Glauert, et al., 2006; Ni et al., 2013; Summers et al., 2007a, 2007b;
Tsurutani et al., 2015; Zhao et al., 2019). This emission occupies Earth's plasmasphere or detached plas-

NIET AL.

lof 13


https://orcid.org/0000-0001-6644-0728
https://orcid.org/0000-0002-4899-7917
https://orcid.org/0000-0001-6433-6222
https://orcid.org/0000-0001-7299-9835
https://orcid.org/0000-0001-5032-3463
https://orcid.org/0000-0002-7211-0546
https://orcid.org/0000-0002-4676-8133
https://orcid.org/0000-0002-3078-9562
https://orcid.org/0000-0001-9098-3095
https://orcid.org/0000-0002-1829-2262
https://orcid.org/0000-0003-0614-7874
https://doi.org/10.1029/2023JA031325
https://doi.org/10.1029/2023JA031325
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2023JA031325&domain=pdf&date_stamp=2023-03-10

A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2023JA031325

maspheric plumes, and makes a hissing sound when played through a loudspeaker. Notwithstanding over
50 years of observations, the origin of plasmaspheric hiss remains controversial (Bortnik et al., 2016;
Green et al., 2005, 2006; Hartley et al., 2019; Rodger & Clilverd, 2008; Santolik & Chum, 2009; Santolik
et al., 2021; Thorne et al., 2006). Three distinct generation mechanisms have been put forward: (a) in situ
cyclotron resonance wave instability driven by electron anisotropy (Thorne et al., 1979, 2006; Church and
Thorne, 1983; Meredith et al., 2004; Meredith, Horne, Clilverd, et al., 2006), (b) lightning-generated whistlers
leaking into the plasmasphere (Draganov et al., 1992; Green et al., 2005; Santolik et al., 2021; Sonwalkar
& Inan, 1989), and (c) refraction of chorus waves propagating into the plasmasphere (Bortnik et al., 2016;
Chum & Santolik, 2005; Falkowski et al., 2017; Rodger & Clilverd, 2008; Santolik & Chum, 2009; Santolik
et al., 2006; Tsurutani et al., 2015, 2019). The major characteristics of traditionally observed hiss and its
dependence on solar wind-driven magnetospheric compression may be explained from chorus waves as the
embryonic source (Bortnik et al., 2008, 2009, 2011; Meredith et al., 2013; Tsurutani et al., 2015). However,
the relative contribution of each of the different mechanisms to the formation of plasmaspheric hiss is still
an open question (Bortnik et al., 2016; Hartley et al., 2019; Meredith et al., 2021; Rodger & Clilverd, 2008;
Santolik & Chum, 2009, 2021) that requires further high-quality measurements to answer. Furthermore, rela-
tively recent studies (Nakamura et al., 2018; Summers et al., 2014) have revealed that whistler mode hiss is
a coherent emission with complex fine structure consisting of discrete rising tone and falling tone elements.
Such fine structure would appear to strengthen the assertion that the dominant hiss generation mechanism is
the electron cyclotron resonance instability occurring near the magnetic equator, though further analysis is
required to unquestionably establish this argument.

2. Data and Methodology
2.1. Determination of an Observation Inside or Outside the Plasmasphere

Since plasmaspheric hiss can overlap in frequency with other magnetospheric waves such as whistler-mode
chorus, the determination of an observation inside/outside the plasmasphere or the plasmapause location is key
to distinguish between these two wave modes. There are two methods to identify a plasmapause crossing: one is
to follow the definition of the plasmapause as the boundary layer where the ambient plasma density varies by a
factor >5 within a radial distance of 0.5 L (Moldwin et al., 2002); the other is to adopt the presence or absence of
electrostatic electron cyclotron harmonic (ECH) waves as a proxy to determine whether a particular observation
is outside or inside the plasmapause (Meredith et al., 2004; Meredith, Horne, Clilverd, et al., 2006), because ECH
waves occur characteristically in the low-density plasmatrough (Liu et al., 2020).

In our analysis, high frequency receiver (HFR) data from the Van Allen Probes EMFISIS instrument can provide
both the information of ambient plasma density extracted based on the traces of upper hybrid resonance frequency
(Kaurth et al., 2015) and the electric field spectral intensities covering the ECH wave frequencies. The data of
HFR wave spectral intensities are continuously available, while the data of ambient plasma density have gaps
at times. Consequently, in order to facilitate our statistical investigation of the occurrence properties of banded
plasmaspheric hiss, we use the method based on the ECH wave intensity (Meredith et al., 2004; Meredith, Horne,
Clilverd, et al., 2006) to determine whether an observation is located inside or outside the plasmapause. Specif-
ically, if the ECH wave electric field amplitude, calculated as the square root of the integrated spectral intensity
in the first harmonic band (f,, < f < 2f,,), is less than or greater than 0.0005 mV/m (Meredith et al., 2004), the
particular observation is considered to be inside or outside the plasmasphere, respectively. The transition location
between these two regions are then determined as the position of the plasmapause. At higher L-shells, the electron
gyrofrequency decreases, and higher-order harmonic bands rather than the first harmonic band of ECH waves
become observable. Then we select the HFR power spectral data at a fixed frequency range for further consid-
eration (Ma et al., 2016), for instance, 1-4 f,, for L = 3.5-4.5, 1-6 f,_ for L = 4.5-5.5, and 1-8 f, for L > 5.5. If
the lower limit of this range is lower than the lower frequency limit of the HFR, say, 10 kHz, we take 10 kHz as
the lower limit. If the upper limit of this range is higher than 500 kHz (The upper limit frequency of HFR data),
we take 500 kHz as the upper limit. We then take 80% of the peak spectral intensity in the above frequency range
as the threshold value. If this value is larger than 107! (V/m)*Hz or 5 times the background noise level, we
decide that the observation is outside the plasmasphere. Otherwise, we determine that the observation is inside
the plasmasphere. When the information of ambient plasma density is also available, we implement the above two
methods to identify the plasmapause location, the results of which generally show good agreement.
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Figure 1. Observations of banded plasmaspheric hiss by the twin Van Allen Probes (VAP) EMFISIS instrument. Four
representative banded plasmaspheric hiss events occurred, respectively, on (a—c) 29 June 2017, (d—f) 10 August 2017, (g-i) 3
September 2015, and (j-1) 1 December 2013. (a, d, g, j) Temporal variations of the geomagnetic auroral electrojet (AE) index
and of the ambient electron density (n.). The vertical dashed line in each panel denotes the plasmapause location. (b, e, h, k)
Spectrograms of magnetic field wave power (/) for the banded plasmaspheric hiss waves observed inside the plasmapause;
L value calculated using the Olson-Pfitzer external magnetic field model (Olson & Pfitzer, 1977) and the IGRF internal

field model (Finlay et al., 2010), magnetic local time (MLT), magnetic latitude (MLAT), and time of measurements are also
shown. The over-plotted color-coded curves, from top to bottom, represent the electron gyrofrequency (f;,), 0.5 f,,, 0.1 £, the
lower hybrid resonance frequency (f, yz), 0.5 f, gz, and the proton gyrofrequency (f,). (¢, f, i, 1) Detailed information of the
ellipticity as a function of wave frequency for the banded plasmaspheric hiss events.

2.2. Identification of Banded Plasmaspheric Hiss Wave Events

Using wave datasets with fine frequency resolution from the Electric and Magnetic Field Instrument Suite and Inte-
grated Science (EMFISIS) instrument (Kletzing et al., 2013) onboard the Van Allen Probes (Mauk et al., 2013),
we observe a unique class of hiss waves in the plasmasphere, consisting of two distinct frequency bands with a
power gap in between and therefore termed banded plasmaspheric hiss. Figure 1 shows four representative exam-
ples of banded plasmaspheric hiss identified unambiguously inside the plasmapause (the outermost boundary of
the plasmasphere). On the basis of the spectrograms for each event (Figures 1b, le and 1h, 1k), the key common
features of this remarkable emission include a frequency spectral profile characteristic of an upper band, a lower
band and a gap, a close correlation of wave power with the plasmapause location and plasma density (Figures 1a,
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1d and 1g, 1j), and the dominance of right-handed polarization (Figures 1c, 1f and 1i, 11). The upper band and
lower band waves are measured over the frequency range of ~200-1,000 Hz and ~40-150 Hz, respectively, with
a gap in frequency corresponding to the power minimum at ~150-200 Hz. Both bands exhibit power spectral
densities at a similar level, and can last over an hour to occupy a broad spatial region of L-shell (where L is the
geocentric distance in Earth radii of the location at which a dipolar magnetic field line crosses the geomagnetic
equator). Clearly, banded plasmaspheric hiss can be observed from the geomagnetic equator (Figure le) to the
magnetic latitude ~12° (Figure 1k) during periods of either quiet or disturbed geomagnetic activity (see the
profiles of the geomagnetic Auroral Electrojet index AE).

Since plasmaspheric hiss can overlap in frequency with other magnetospheric waves such as whistler-mode
chorus, the determination of an observation inside/outside the plasmasphere or the plasmapause location is key to
distinguish between these two wave modes. Along with the determination of an observation revealing a location
as inside or outside the plasmasphere, we establish a robust identification criterion to determine the events of
banded plasmaspheric hiss:

1. We focus on the wave frequency range of 20-10000 Hz with the wave magnetic field spectral intensities
larger than 10~8 nT?/Hz. Selection of such a broad frequency band guarantees the entire coverage of banded
plasmaspheric hiss frequencies. Further, our choice of the above background noise threshold of the Van Allen
Probes search coil magnetometers (SCM) ensures that all the values above this threshold for the wave power
at >100 Hz correspond to real geophysical signals rather than SCM noises (Hospodarsky, 2016; Malaspina
etal., 2017). For hiss waves below 100 Hz, although the fixed threshold may identify falsely some SCM noises
as real signals (Malaspina et al., 2017), the relative percentage of these events is overall small (<~10%) and
hence will not affect the following analysis much.

2. We focus on the wave emissions with the ellipticity larger than 0.5, which is calculated using the singu-
lar value decomposition (SVD) method (Santolik et al., 2003). As a key feature of whistler-mode waves
(Verkhoglyadova et al., 2010), the dominance of right-handed polarization can finely distinguish plasmas-
pheric hiss waves from magnetosonic waves that may overlap in frequency with the former.

3. We specify that the ratio between the peak frequencies of the upper band and lower band emissions should be
larger than 2.5, that is, f,p/f; » > 2.5. By doing so, we ensure that the frequency separation is large enough to
distinguish the individual bands of plasmaspheric hiss.

4. We specify that the ratio between the wave spectral densities at the peak frequencies of the two bands should
be within a factor of 4, that is, 0.25 < I;(f = fi,p)/Iz(f = fp) < 4.0. In this way, we can remove the events
that appear to be two-band emissions but are substantially dominated by one band. Thus, we concentrate on
events of banded plasmaspheric hiss that exhibit clear signatures of two peaks of wave spectral intensity at
the comparable level. While this choice may conservatively omit some banded plasmaspheric hiss events, it
ensures that all the identified plasmaspheric hiss events bear unambiguous twin bands rather than one band.

5. We specify that the ratio between the wave spectral densities at the lower-band peak frequency and the gap
frequency should be larger than 2.5, that is, I(f = f p)/I(f = f,,,) > 2.5. By doing so, we ensure that the
emission between the two wave intensity peaks clearly exhibits a minimum in wave power to form the banded
structure.

6. We specify in this investigation that an event of banded plasmaspheric hiss should last continuously for at
least 10 min. By removing those events with the shorter time duration, we guarantee that each event of banded
plasmaspheric hiss is rigorously identified.

Following the entire procedure described above, we investigate the Van Allen Probes EMFISIS datasets spanning
the period from 15 September 2012 to 30 June 2019 to establish a robust database of banded plasmaspheric hiss.
This database consists of 2,616 cases of banded plasmaspheric hiss, corresponding to 649,223 data points in total
and representing good spatial coverage (see Figure 2).

3. Spectral Characteristics and Occurrence Pattern of Banded Plasmaspheric Hiss

As illustrated in Figure 3a, two peak wave frequencies and one gap frequency coexist to form banded plasmas-
pheric hiss. The established database of banded plasmaspheric hiss waves based on ~7 years of Van Allen Probes
EMFISIS measurements enables our detailed analyses of their spectral characteristics and occurrence pattern.

The averaged power spectral densities of all identified events (Figure 3b) clearly reveal the characteristic nature of
a banded hiss profile. Statistically, the gap frequency (fgap) is mostly present at 100-250 Hz (Figure 3d) with an

NIET AL.

40f13

858017 SUOWIWIOD BATeR1D) 3|l (dde ays Aq peusenob afe Saolie YO ‘@SN JO S8|nJ J0j ARIq1T8UIUO 8|1 UO (SUOIPUOO-PUR-SLUIBYLI0D A8 | 1M Afe.q)1jBullJUO//SdNY) SUOTIPUOD PUe SWwis | 3u) 88S *[Z02/TT/ST] uo ARiqi]auliuo Ae|im ‘“Aenins onomiuy usnlig Aq SZETE0VIEZ0Z/620T OT/10p/woo A 1m Ariq1jeuluosgndnBe;/sdny wouy papeojumoq ‘€ ‘€202 ‘20766912



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2023JA031325

X (Rg)

Figure 2. Van Allen Probes trajectories corresponding to the database of banded plasmaspheric hiss events. In total, 2,616
cases of banded plasmaspheric hiss are identified from ~7 years of the EMFISIS datasets. (a) (L, MLT)-map of the event
distribution in the equatorial plane, and (b) (L, MLAT)-map of the event distribution in the meridian plane, both showing
good spatial coverage for statistical investigation.

occurrence probability ~70% (Figure 3g). The peak wave frequency for the lower band (f; ;) is observed typically
at 50-150 Hz (Figure 3c) with a probability ~80% (Figure 3f). The peak wave frequency for the upper band (f;)
commonly occurs at 250-400 Hz (Figure 3e) with a rate ~60% (Figure 3h).

The majority of banded plasmaspheric hiss events occur in the region L ~ 2.5-5.0 (Figures 3b—3e) with the largest
occurrence rate of ~8% in the magnetic local time (MLT) sector ~12—17 (Figures 4g—4i). As the level of geomag-
netic activity (denoted by the index AE* on the top) increases, the most probable location of banded plasmas-
pheric hiss gradually shrinks, and shifts toward the prenoon sector and lower L-shells, which is consistent with the
dynamic of the plasmapause (Malaspina et al., 2016; Ripoll et al., 2022). Banded plasmaspheric hiss also occurs
with a strong dependence on solar wind dynamic pressure (P, ). When P is high, the occurrence probability can
reach ~10% at L ~ 2.5-3.5 and MLT ~12, but its peak decreases and moves to the postnoon sector at higher L-shells
for Py, < 3 nPa (Figures 4g—4r). The average wave amplitudes (B,,) of the upper band and lower band of banded
hiss show a similar global distribution and clear variability with respect to geomagnetic activity (Figures 4a—4f).
Corresponding to enhanced levels of geomagnetic disturbance, both bands intensify with the peaks in the wave
amplitude gradually shifting from the postnoon sector to the prenoon sector. As P, increases, the peak amplitudes
of both bands vary slightly and occur at lower L-shells in a narrow postnoon sector (Figure 4m—4p). While the
intensities of both bands can be comparable in some events (Figure 1), the amplitude of lower band hiss on average
is smaller than that of upper band hiss by a factor >~3. Specifically, while increasing with enhanced geomagnetic
activity and solar wind dynamic pressure, the averaged wave amplitude varies mostly within 10-100 pT for the
upper band of banded hiss and within a few pT to 30 pT for the lower band. Overall, banded plasmaspheric hiss is
preferentially confined to the postnoon-side plasmasphere (Malaspina et al., 2017; Meredith et al., 2021; Tsurutani
et al., 2019), and largely dependent on geomagnetic activity and the solar wind conditions.

4. Plausible Mechanisms Responsible for the Generation of Banded Plasmaspheric Hiss

The nature of banded plasmaspheric hiss provides basic clues as to the origin of this wave mode. Since the gap
frequency of banded hiss waves tend to be close to the typical 0.5 f._ frequency gap of chorus waves, it is natural to
propose that banded chorus waves propagate into the plasmasphere to become banded plasmaspheric hiss. However,
the gap frequency of banded hiss is generally around 100-250 Hz, which corresponds to the value of 0.5 f,, at
L > ~12. Chorus waves at such high L-shells would be substantially attenuated by Landau damping before reaching
the plasmasphere due to long raypaths (Chen et al., 2014). Thus, banded hiss waves are unlikely to originate directly
from chorus outside the plasmasphere. In addition, since the gap frequency of banded plasmaspheric hiss varies only
slightly over a broad range of L-shell, the power minimum between the upper band and lower band cannot be readily
attributed to the sole mechanism of local cyclotron absorption or Landau damping. This is because these processes
rely mostly on the profiles of the geomagnetic field, ambient plasma density and the energetic particle distribution
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Figure 3. Features of the frequency spectrum of banded plasmaspheric hiss. (a) A statistical plot at L = 3 showing a general
frequency profile of banded plasmaspheric hiss characterized by two peak wave frequencies and the power gap in between.
(b) Averaged power spectral intensities of banded plasmaspheric hiss as a function of wave frequency and L-shell on the basis
of a robust event database established using Van Allen Probes EMFISIS wave data spanning the period 2012-2019. (c—e)
Number distributions of the three characteristic wave frequencies (f; , and f;;, the peak frequencies for the lower and upper

bands, respectively; f,,, the frequency corresponding to the power minimum between the two bands) in the specified (L,

frequency)-bins. (f, g, h) Histograms of the occurrence probability of f; p, f,,,, and fy, in different frequency bins, calculated as
the ratio between the sample number in each frequency bin and the number of all the samples.

(Bortnik et al., 2006; Chen et al., 2012c; J. Li et al., 2019; Kennel & Petschek, 1966; Tsurutani et al., 1979). Further,
the pronounced correlation of banded plasmaspheric hiss wave occurrence with geomagnetic activity and solar wind
dynamic pressure (Figure 4) strongly implies a non-lightning source and points to natural instabilities in the magne-
tosphere (Meredith, Horne, Clilverd, et al., 2006; Meredith et al., 2004; Smith et al., 1974; Thorne et al., 1973, 2006;
Tsurutani et al., 2015). In principle, unstable distributions of energetic electrons at different energies supply the free
energy to trigger the wave excitation at different frequencies (Kennel & Petschek, 1966). Correspondingly, following
the gyroresonant wave-particle interaction condition and computing the minimum electron resonant energies (e.g.,
Ni & Summers, 2010; Summers et al., 2007a), the upper band plasmaspheric hiss centered at ~250-400 Hz is likely
to interact with electrons at energies ~20—100 keV, while the lower band plasmaspheric hiss centered at ~50-150 Hz
is likely to resonate with electrons at several hundreds of keV (see Figure 5). Therefore, the nature of the observed
twin-band structure of plasmaspheric hiss renders more likely twin generation mechanisms rather than one.

A plausible two-source scenario for banded plasmaspheric hiss is that the upper band originates from the trans-
formation of chorus waves propagating from outside the plasmasphere (e.g., Bortnik et al., 2008, 2009; Li, Chen
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Figure 4. Global distributions of banded plasmaspheric hiss with respect to geomagnetic activity and solar wind dynamic pressure. The intensity of geomagnetic
disturbance is categorized into three levels: quiet (AE* < 100 nT), moderate (100 nT < AE* < 300 nT) and strong (AE* > 300 nT), according to the average values of
AE in the previous three hours (AE*). The intensity of solar wind dynamic pressure (P, is categorized into two levels: Py, <3 nPa and P, > 3 nPa. Global maps
of the statistically averaged wave amplitude (B,,) for upper band and lower band plasmaspheric hiss as a function of L and MLT under (a—f) the three geomagnetic
conditions and (m-p) the two solar wind dynamic pressure conditions. Corresponding to the two categories of AE* and P, ,,, the global distributions of all the data
points are shown in (j—-1) and (s, t), and the global distributions of the occurrence rate of banded plasmaspheric hiss are shown in (g—i) and (q, r), respectively. The data
gaps in the (L, MLT)-maps are attributed to either the coverage of satellite trajectories under different AE* and P, conditions or the spatial distribution of banded hiss
observations.

etal.,2015) and the lower band from localized excitation inside the plasmasphere (Chen et al., 2014; Liet al., 2013)
(Figure 6¢). The upper band plasmaspheric hiss has a favorable frequency correlation with whistler-mode chorus
occurring outside the plasmasphere. Mainly generated by unstable electron distributions of energy ~1-100 keV
(Lam et al., 2010; J. Li et al., 2019; Tsurutani et al., 1979), chorus can extend to high latitudes primarily in the
prenoon sector (Tsurutani & Smith, 1977; Tsurutani et al., 2009). Dayside chorus emissions can access the
plasmasphere in both the prenoon sector and, by means of off-meridional propagation, the postnoon sector to
evolve into plasmaspheric hiss (Agapitov et al., 2018; Bortnik et al., 2008, 2009, 2011; Chen et al., 2009, 2012b;
Meredith et al., 2013, 2021). As the geomagnetic activity or solar wind dynamic pressure intensifies, dayside
chorus can also be generated and amplified in association with minimum magnetic field pockets so that the
waves travel a shorter distance to the plasmapause to undergo less damping and greater plasmaspheric intensities
(Tsurutani et al., 2012). These associations between chorus and hiss are in good agreement with our findings of
the preferential location of banded hiss in the noon-to-dusk sector and also the associated occurrence dependence
(Figures 4g—4i and 4q—4r). This suggests that the upper band of banded hiss could originate from the evolution of
chorus waves propagating from outside the plasmasphere (Figure 6a).

In contrast, the lower band of banded hiss is unlikely to originate from chorus, since a rarely observed high
ratio between the electron plasma-to-cyclotron frequency in the dayside outer magnetosphere (i.e., the ratio >20
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Figure 5. Minimum electron cyclotron resonant energies for plasmaspheric
hiss and chorus waves. The dipole magnetic field model and the empirical
plasma density model (Sheeley et al., 2001) are adopted to compute E
hiss at L = 3-5 inside the plasmasphere and for chorus at L = 5-8 outside

the plasmasphere. The indicated four frequencies are specifically selected to
correspond to the observed preference of peak wave frequencies for lower and
upper band plasmaspheric hiss (Figures 3f and 3h).

10

at L ~ 8) (W. Li et al., 2013; Shi et al., 2017; Malaspina et al., 2016) is
required to generate chorus waves at corresponding low frequencies (down to
~20 Hz). These low-frequency chorus waves are also not observed to extend
to high latitudes (Meredith et al., 2013). Our observations of banded hiss
reveal its peak occurrence in a localized region close to the plasmapause

""."".‘J\fo | in the afternoon sector (Figures 4g—4i). As the solar wind dynamic pres-

R sure increases, banded plasmaspheric hiss shifts toward the noonside and
o, occurs with higher probability (Figures 4q—4r). This infers a connection with
enhanced electron instability in the dayside plasmasphere under the impact
| of magnetospheric compression (W. Li et al., 2013; Tsurutani et al., 2015).
"dy Such features support our contention that the lower band of banded hiss
f originates from a local excitation process through the cyclotron resonance

instability (Figure 6b). The source electron population may result either from

the azimuthal drift of substorm-injected electrons from the nightside to the
L dayside (W. Li et al., 2013; Shi et al., 2017; Malaspina et al., 2017) or from
cross-field diffusion into the dayside plasmasphere by intense dayside chorus
generated in minimum magnetic field pockets (Tsurutani & Thorne, 1982).
for Our observations also reveal the extension of lower band of banded hiss
o down to L < ~3.0 where the resonant electron energies for low frequency
hiss (<50 Hz) are above 1 MeV (see Figure 5). However, relativistic electrons
rarely penetrate into L < 3, as observed by Van Allen Probes (e.g., Baker
et al., 2014; Li et al., 2015). Thus, it is unlikely that such low frequency hiss
is directly generated by an injection of source electrons, but it could possibly
be explained by inward wave propagation associated with density gradient
structures (e.g., the plasmapause) (Chen et al., 2012a, 2012c, 2014; Green et al., 2006; Malaspina et al., 2016;

Thorne et al., 2006).

Besides the two-source scenario, there may well exist other hypotheses regarding the generation of banded plas-
maspheric hiss. It is possible that upper band hiss is locally excited by electrons drift into plasma tails or the plas-
maspheric bulge, especially during periods of quiet geomagnetic activity (Figure 4a). In addition, low-frequency
whistler waves may be originally triggered on the dayside at minimum magnetic field pockets with low field
intensities and then propagate into the plasmasphere to become lower band hiss. Inevitably, the various potential
generation scenarios require detailed investigation in follow-up studies.

5. Summary

Banded whistler-mode chorus is very well known to space physicists and has been observed almost from the
beginning of the observations of chorus itself in the 1960s (Burtis & Helliwell, 1969, 1976; Meredith et al., 2012;
Tsurutani & Smith, 1974). However, banded plasmaspheric hiss has received little focus prior to our present
study. Our results, which have been made possible by the excellence of the EMFISIS instrument on the Van Allen
Probes mission, are the first to demonstrate that this new type of plasmaspheric hiss has characteristics of the
power gap and occurrence pattern distinct from those of banded chorus. Meanwhile, it is worth noting that while
the study of Malaspina et al. (2017) showed two events of concurrent lower band and upper band hiss, they exam-
ined the statistics of both lower band hiss and upper band hiss without any concentration on the simultaneously
occurring banded emissions of hiss waves. Zhu et al. (2019) presented another concurrent event of normal hiss
and low-frequency hiss, but they stated that it was a “rare” case and focused on analyzing the observed fine struc-
tures of the normal hiss. Although He et al. (2019, 2021) studied so-called “two-band” plasmaspheric hiss waves,
what they reported is a combination of normal hiss and higher-frequency (up to 10 kHz) hiss, which is totally
different from our reported banded plasmaspheric hiss which is uniquely characterized by an upper band above
~200 Hz, a lower band below ~100 Hz and a power gap in between. Furthermore, the recent study of Meredith
et al. (2021) has claimed that the higher-frequency waves observed above 2 kHz on the dawnside at L > 4.0 during
active conditions by He et al. (2020) are predominantly chorus waves outside the plasmasphere, indicating that
the two-band plasmaspheric hiss events reported by He et al. (2019, 2021) are unlikely to be a kind of two-band
emission but more likely two distinct wave modes.
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Figure 6. Schematic illustration of a two-source scenario explaining the generation of banded plasmaspheric hiss. a, Evolution of whistler-mode chorus into upper
band plasmaspheric hiss on the dayside, by means of penetration from the low-density plasmatrough into the high-density plasmasphere and subsequent refractive
superposition inside the plasmasphere. b, Excitation of lower band plasmaspheric hiss due to local cyclotron resonance instability, with the source electron population
either drifting azimuthally from the nightside or transporting radially inward on the dayside. Aided by the ambient density gradient associated with the plasmapause,
lower band plasmaspheric hiss can undergo cyclic raypaths and repeated amplification in the plasmasphere to yield sufficient net wave gain for growth from the
background thermal noise (Chen et al., 2012a, 2014; Green et al., 2006; Thorne et al., 2006). ¢, Combination of the above two generation mechanisms to form banded
plasmaspheric hiss. The three spectrograms, with the duration of about 2 hr on 10 August 2017, exemplify the generation of the observed banded plasmaspheric hiss in
terms of this two-source scenario.

Scattering by normal hiss has been found to account for the formation of radiation belt slot (Lyons & Thorne
et al., 1973) and the reversed energetic electron energy spectrum (Ni et al., 2019; Zhao et al., 2019). By compar-
ison, low frequency hiss can accelerate the losses of ~50-200 keV electrons and produce more pronounced
pancake distributions (Ni et al., 2014). Thus, banded hiss waves reported in this study are likely to combine
the scattering effects induced by both normal hiss and low frequency hiss. Because the two hiss bands are
expected to cause efficient scattering precipitation of the electron population at different energy ranges (Lyons
& Thorne, 1973; Lyons et al., 1972; Tsurutani et al., 1975; Abel & Thorne, 1998; Summers et al., 2007a, 2008;
Shprits et al., 2008; Thorne, 2010; Bortnik et al., 2011; Meredith, Horne, Glauert, et al., 2006, 2007; Lam
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et al., 2007; Ni et al., 2014, 2019; Breneman et al., 2015; W. Li et al., 2015; Falkowski et al., 2017; Zhao
et al., 2019; W. Li & Hudson, 2019; Tsurutani et al., 2019), our findings add new insight into the contributions of
plasmaspheric hiss to the variability of the Van Allen radiation belts. While modeling efforts remain to be done to
clarify the detailed generation process of banded plasmaspheric hiss, our results also provide plausible evidence
to support a combination of two different mechanisms as the origin of banded plasmaspheric hiss: the transfor-
mation of chorus waves propagating from outside the plasmasphere, and the local wave instability inside the
plasmasphere. In nature, the free energy for banded plasmaspheric hiss originates from unstable distributions
of energetic electrons, and creates different instabilities in different locations. Under the impact of solar wind
and geomagnetic disturbances, the distinct dynamic behavior and global morphology of the electron population
at different energies should overall largely control the generation of upper band and lower band plasmaspheric
hiss. The plasmapause location and the ambient profiles of plasma density and magnetic field should also play an
important role. Since hiss waves are ubiquitous across planetary magnetospheres and the process of wave-particle
interactions is physically universal, our findings have important implications for understanding the complexity of
whistler-mode waves and wave-particle energy exchange in planetary magnetospheres more generally.
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The Van Allen Probes data from the EMFISIS instrument are obtained from https://emfisis.physics.uiowa.edu/
data/index; the solar wind and geomagnetic activity indices are publicly available at the NASA OMNIWeb (http://
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