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Abstract Plasmaspheric hiss plays a key role in shaping the radiation belt environment, whose ori-
gin remains under active debate. Using the wave and particle data of Van Allen Probes, Geostationary
Operational Environmental Satellites, and Time History of Events and Macroscale Interactions during
Substorm spacecraft, we here examine the nightside plasmaspheric hiss generation during a substorm.
The substorm-electron injection caused the plasmapause to shrink promptly from Lpp = 6.6 to 5.1.
Corresponding to the azimuthal drift of the injected electrons, the plasmaspheric hiss was intensified
gradually from nightside to dayside. Particularly, in the inner postmidnight plasmasphere free from the
substorm injection, the instantaneous peak amplitude of hiss reached 0.9 nT. The enhanced hiss within the
locally unchanged plasma must originate from other spatial regions. Our data and modeling demonstrate
that the large-amplitude hiss was generated by the substorm-injected electrons drifting into the outer
postmidnight plasmasphere, rather than linked to the nightside chorus suffering strong Landau damping
or the dayside chorus/hiss propagating azimuthally to the nightside plasmasphere.

Plain Language Summary Plasmaspheric hiss, a naturally occurring electromagnetic emission
(0.1–2.0 kHz) in the dense cold plasma surrounding the Earth, can precipitate energetic electrons from the
Van Allen radiation belts into the atmosphere. Since its discovery in 1969, the origin of plasmaspheric hiss
has remained a puzzle to be solved. We here use the data of seven magnetospheric spacecraft to investigate
the nightside plasmaspheric hiss generation during a substorm. Corresponding to the azimuthal drift
of substorm-injection front, the plasmaspheric hiss is found to be intensified gradually from nightside
to dayside. In the inner nightside plasmasphere free from the substorm injection, the instantaneous
peak amplitude of hiss is shown to increase from less than 40 pT to 0.9 nT. Within the locally unchanged
plasma, the substorm-enhanced hiss must originate from other spatial regions. Our data and modeling
support the previously proposed hypothesis that the nightside hiss is excited by the hot electrons in the
outer plasmasphere and then propagates to the inner plasmasphere. This experimental confirmation
will allow further developments in modeling and forecasting of the plasmaspheric hiss spatiotemporal
distribution and the Earth’s radiation belt behavior.

1. Introduction

Plasmaspheric hiss is of particular importance for the precipitation loss of energetic electrons in the inner mag-
netosphere (e.g., Abel & Thorne, 1998; Albert, 1994; Lyons & Thorne, 1973; Mourenas & Ripoll, 2012; Ni et al.,
2013, 2014; Summers et al., 2007). It can create the radiation belt slot during quite times and partially explain
the outer radiation belt dropout during disturbed times (e.g., Breneman et al., 2015; Falkowski et al., 2017; He
et al., 2016; Meredith et al., 2007; Ni et al., 2017; Shprits et al., 2009; Su et al., 2016; Thorne et al., 2013). Plasmas-
pheric hiss naturally occurs in the high-density plasmasphere and plasmaspheric drainage plume (Li, Ma. et al.,
2015; Malaspina et al., 2017; Meredith et al., 2018; Russell et al., 1969; Summers et al., 2008; Thorne et al., 1973;
Tsurutani et al., 2015), and its accurate generation mechanism remains controversial. There have been pro-
posed two classes of physical scenarios: one involves the linear or nonlinear instability of hot electrons inside
the plasmasphere and plasmaspheric drainage plume (internal excitation; Chen et al., 2014; Cornilleau-Wehrlin
et al., 1993; Li et al., 2013; Omura et al., 2015; Solomon et al., 1988; Summers et al., 2014; Thorne
et al., 1979); the other envisions lightning-associated whistlers (Draganov et al., 1992; Green et al., 2005;
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Sonwalkar & Inan, 1989) or whistler-mode chorus (Bortnik et al., 2008; Santolík & Chum, 2009) as embryonic
sources (external origination).

In recent years, many experimental examinations of the plasmaspheric hiss generation have been conducted
in the dayside and duskside magnetosphere. The external origination mechanism likely plays a dominant role
in the plasmasphere body, as supported by the one-to-one correlation of hiss and chorus with an appropriate
time lag (Bortnik et al., 2009; Li, Chen, et al., 2015; Wang et al., 2011), the opposite Poynting fluxes of hiss
and chorus at low altitudes (Tsurutani et al., 2012), the clear gap of 1–2 Earth radii between hiss and chorus
further out (Malaspina et al., 2016; Meredith et al., 2013), and the simultaneous disappearances of hiss and
chorus following interplanetary disturbances (Liu, Su, Gao, Reeves, et al., 2017; Liu, Su, Gao, Zheng, et al., 2017;
Su et al., 2015; Yue et al., 2017). In contrast, the internal excitation mechanism is required to account for the
poleward Poynting fluxes (Laakso et al., 2015; Su et al., 2018) and the discrete rising tones of hiss on a timescale
of 1 s (Su et al., 2018) within the plasmaspheric drainage plume.

However, there have been few studies performed to experimentally address the nightside plasmaspheric
hiss generation mechanism. Tsurutani et al. (2015) believed that the nightside chorus is unable to access
the plasmasphere because of strong Landau damping and that the nightside hiss is generated directly
by the substorm-injected hot electrons inside the plasmasphere (Chen et al., 2014; Meredith et al., 2004;
Santolík et al., 2001; Thorne et al., 1979). Chen et al. (2009) suggested that the dayside chorus can enter the
plasmasphere and then propagate azimuthally into the nightside region. In this letter, we present an exper-
imental test on the generation of nightside plasmaspheric hiss during an isolated substorm, made with the
Van Allen Probes (RBSP; Mauk et al., 2013), the Geostationary Operational Environmental Satellites (GOES;
Davis, 2007), and the Time History of Events and Macroscale Interactions during Substorm (THEMIS) spacecraft
(Angelopoulos, 2008) on 16 December 2016.

2. Spacecraft and Instrumentation

The OMNI database of CDAweb (King & Papitashvili, 2005) provided interplanetary and geomagnetic param-
eters, and the RBSP, GOES, and THEMIS missions measured magnetospheric particles, fields, and waves. The
RBSP mission was launched on 30 August 2012, comprising two identical probes (RBSP-A and RBSP-B) in the
highly elliptical orbits with geocentric distances of∼1.1 RE at perigees and∼6.0 RE at apogees. The Electric and
Magnetic Field Instrument and Integrated Science (EMFISIS) suite (Kletzing et al., 2013) and the Helium Oxy-
gen Proton Electron (HOPE; Funsten et al., 2013) and the Magnetic Electron Ion Spectrometer (MagEIS; Blake
et al., 2013) of the Energetic Particle, Composition, and Thermal Plasma Suite (ECT; Spence et al., 2013) are used
here. To accomplish the GOES mission, GOES-13 and GOES-15 satellites were launched into the geostationary
orbit with a geocentric distance of 6.6 RE on 24 May 2006 and 4 March 2010. They were located at 75∘ and
135∘ geographic west longitude in the time range of interest, and only the Magnetospheric Electron Detector
(MagED; GOES N Series Data Book, 2009) is used. The THEMIS mission began on 17 February 2007 and con-
sisted of five identical spacecraft. After Spring 2010, two spacecraft (TH-B and TH-C) moved into lunar orbits,
and three spacecraft (TH-A, TH-D, and TH-E) remained in Earth orbits with geocentric distances of ∼1.5 RE at
perigees and ∼10.0 RE at apogees. The Fluxgate Magnetometer (FGM; Auster et al., 2008), the Digital Fields
Board (DFB; Cully, Ergun, et al., 2008), the Electrostatic Analyzer (ESA; McFadden et al., 2008), and the Solid
State Telescope (SST; Angelopoulos, 2008) are used. The seven spacecraft with comprehensive instrumenta-
tion together enable simultaneous coverage over a very broad region and allow a detailed investigation of
the nightside hiss generation during substorm.

3. Event Overview

Figure 1 shows the global plasmasphere dynamics on 16 December 2016. During 11:00–15:00 UT, the sus-
tained intense southward interplanetary magnetic field directly triggered a substorm with the maximum
AE ≈ 900 nT. In the preceding ∼12 hr and the following ∼5 hr, the magnetosphere was quiescent with
AE < 100 nT. The plasmapause generally results from the balance between the corotation and convection
electric fields (e.g., Carpenter & Anderson, 1992; Goldstein et al., 2004; Lemaire & Gringauz, 1998; Nishida,
1966; Pierrard et al., 2008) and coincides with the transition layer of hot particles particularly during quiet
times (Friedel et al., 2001; Horwitz et al., 1990; Li et al., 2010). Before the substorm, the plasmasphere extended
to close to L = 6.6 in both midnight and dawn sectors, as observed by THEMIS mission. Correspondingly,
RBSP mission immersed in the plasmasphere detected no steep gradient in the background electron den-
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Figure 1. Plasmasphere dynamics observed by THEMIS and RBSP missions. (a–c) Schematic diagrams of plasmasphere
structures (shadows), spacecraft orbits (colored lines), and hot electron drift paths (black dash-dotted lines) at three
stages; (d) solar wind magnetic field Bz and substorm index AE; (e–g) plasmapause location Lpp identified as hot
electron transition layer; (h and i) hot electron spin-averaged differential flux j and plasmapause location Lpp identified
as the sharp gradient in the cold electron density Ne which is derived from the upper hybrid resonance frequency (Kurth
et al., 2014). MLT = magnetic local time; MLAT = magnetic latitude.
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sity. For GOES mission, there were no available data to determine its accurate location with respect to the
plasmapause. At 12:31 UT (L = 5.1 and MLT = 22:07), the substorm-injection boundary (Friedel et al., 1996;
McIlwain, 1974; Reeves et al., 1990) reached RBSP-A, enhancing the electron fluxes simultaneously over a wide
energy range from ∼10 eV to 200 keV and peeling off the nightside plasmasphere (Chappell, 1974; Lemaire &
Gringauz, 1998). But at the same time, RBSP-B did not observe the hot electron injection nor the plasmapause
reformation at inner shells of the postmidnight magnetosphere (L = 3.9 and MLT = 01:40). After the enhanced
convection by the substorm, the shrinking plasmapause was encountered successively by TH-A at 15:55 UT
(L = 4.5 and MLT = 23:40), by RBSP-B at 16:20 UT (L = 4.8 and MLT = 21:08), and by RBSP-A at 16:50 UT (L = 4.5
and MLT = 01:21).

Figure 2 gives the evolution of magnetospheric waves driven by the substorm. The singular value decompo-
sition technique (Santolík et al., 2003) is applied on the spectral matrix to estimate the wave normal angle and
polarization (Santolík et al., 2002). The cross-power spectra between components of the electric and mag-
netic fields are used to calculate the wave Poynting flux (Santolík et al., 2010). The quiet-time hiss occurred
in the frequency range from 60 Hz to 1 kHz, with quite low power, right-hand polarizations, and bidirectional
Poynting fluxes. These waves tended to propagate quasi-parallel to the magnetic field lines near the magnetic
equator but become highly oblique at higher latitudes. Outside the premidnight newly formed plasmapause
(RBSP-A), the substorm-injected hot electrons locally excited the whistler-mode chorus waves around 0.5 fce

with the Poynting fluxes flowing away from the equator. At the inner shells of the postmidnight plasmasphere
free from the hot electron injection (RBSP-B), the plasmaspheric hiss waves exhibited a prompt enhancement
in the magnetic power by up to two orders of magnitude, which should originate from other spatial regions.
In the next ∼1 hr of the inbound pass, RBSP-B continuously collected the intense hiss signals with the similar
polarization and propagation features to the quiet-time hiss. During the following outbound pass of RBSP-B
(14:00–16:20 UT), only a few weak hiss emissions were observable in the premidnight sector. When RBSP-A
went back into the postmidnight plasmasphere after 16:50 UT, the hiss power had fallen back to the quiet-time
level. Note that the intense linearly polarized signals below 100 Hz were magnetosonic waves (Horne et al.,
2007) associated with the substorm proton injection (Su et al., 2017).

4. Discussions
4.1. Potential Connection Between Nightside Hiss and Chorus
Figure 3 plots the nightside burst-mode hiss and chorus waves before and during the substorm. The hiss
signals appeared to be structureless on the plotted timescale. During quiet time, their instantaneous ampli-
tudes were below <40 pT, and the corresponding power spectral densities were comparable to those of the
lightening whistlers (>1 kHz) with descending tones on a timescale of 1 s. In contrast, the hiss instantaneous
amplitudes during the substorm frequently exceeded 0.5 nT and even reached 0.9 nT. If the enhanced hiss
centering 0.2 kHz originated directly from the nightside chorus, the envisioned embryonic sources would be
located around L = 8, beyond the spatial coverage of RBSP mission. Previous statistical study (Li et al., 2009)
has shown that the amplitudes of nightside chorus tend to peak at L < 7. The largest amplitudes of cho-
rus waves reported to date have been several nT in the inner magnetosphere (e.g., Cattell et al., 2008; Cully,
Bonnell, et al., 2008; Kellogg et al., 2011; Gao et al., 2016; Santolík et al., 2014; Wilson et al., 2011). For this
specific event, the observed chorus waves at L = 5.5 exhibited regular packets with the instantaneous peak
amplitude of 1.0 nT. These results suggest that the nightside hiss and chorus had comparable amplitudes dur-
ing this substorm and that the nightside chorus experiencing strong Landau damping was unlikely to become
the large-amplitude hiss (Tsurutani et al., 2015).

4.2. Potential Connection Between Nightside and Dayside Hiss
Figure 4 displays the movement of substorm-injection front and the response of magnetospheric waves
observed by GOES and THEMIS missions. Because GOES mission operated at higher magnetic shells than
RBSP mission, the two missions were actually observing the different electron populations injected by the
same substorm. GOES-15 and GOES-13 successively encountered this substorm-injection front at 12:30 UT
(MLT = 03:30) and at 12:40 UT (MLT = 07:40). This substorm injection caused the hot electron fluxes to increase
by up to 70 times. Because of the energy-dependent drift velocity, the electron injection became more dis-
persive at a more eastward MLT. The time delay between 40- and 125-keV electron flux peaks was ∼25 min
for GOES-15 and increased to ∼40 min for GOES-13. For TH-A, there was no substorm-injection signature but
an obvious intensification of plasma waves in the frequency range of 30–700 Hz after 12:40 UT (L = 5.0 and
MLT = 06:25). This wave intensification timing was quite close to the electron injection timing of GOES-13.
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Figure 2. Substorm effect on magnetospheric waves observed by RBSP mission. (a and g) Cold electron density Ne and substorm index AE; (b and h) hot electron
spin-averaged differential flux j, (c and i) wave power spectral density PB, (d and j) wave normal angle 𝜓 , (e and k) wave ellipticity EB (negative for left-hand
polarized waves and positive for right-handed ones), and (f and l) sign of field-aligned Poynting flux component SB (positive for parallel flowing and negative for
antiparallel flowing). The vertical-dashed lines mark the substorm-electron injection front and the plasmapause with a steep density gradient.
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Figure 3. Burst-mode hiss and chorus waves observed by RBSP mission. (a, c, and e) Magnetic field component Bw in the nominal science payload coordinate
system; (b, d, and f ) wave power spectral density PB.
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Figure 4. Substorm-injection and magnetospheric waves observed by GOES and THEMIS missions. (a and b) Hot electron differential flux j; (c) hot electron
energy flux jE; (d) wave filter bank amplitude Bt with a data gap around 13:00 UT. In (a) and (b), the oblique-dashed lines help identify the dispersive feature of
the substorm injection. In (c) and (d), the vertical-dashed line marks the wave intensification time of TH-A.

Unfortunately, the available data of TH-A did not allow an accurate identification of wave modes. In the
plasmasphere, the collected signals above 100 Hz should be the hiss waves, while the magnetosonic waves
might partially contribute to the signals below 100 Hz. These observations imply that, along with the
azimuthal drift of hot electrons, the plasmaspheric hiss was intensified gradually from nightside to dayside,
not supporting the dayside hiss or chorus as a remote source of the enhanced nightside hiss in this event.

4.3. Potential Instability of Substorm-Injected Electrons
Figure 5 illustrates the instability of substorm-injected electrons outside and inside the plasmasphere. As
observed by RBSP-A, the substorm-injection front had slightly penetrated into the plasmasphere boundary
layer with a steep density gradient. The corresponding whistler-mode waves were excited in the frequency
range of 0.1–1.0 kHz, significantly different from the chorus above 1 kHz but similar to the plasmaspheric
hiss of RBSP-B. These observations raise the possibility of generation of nightside hiss directly by the
substorm-injected electrons in the outer plasmasphere (Meredith et al., 2004; Santolík et al., 2001; Thorne
et al., 1979; Tsurutani et al., 2015). Considering that the premidnight plasmapause was found to re-form at
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Figure 5. Potential whistler-wave instabilities of injected electrons. (a–c) Zoom-in view of hot electron spin-averaged differential flux j, wave power spectral
density PB, and cold electron density Ne; (d) representative injected electron phase space distribution F depending on pitch angle and energy; (e) hiss wave
power PB (circles) observed by RBSP-B around 13:00 UT and linear growth rate Ki of parallel-propagating whistler waves (lines) driven by electrons with different
energies in the low- and high-density region. In (a) and (b), two vertical-dashed lines mark the plasmasphere boundary layer with a sharp density variation.
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Lpp = 5.1 and that the measured hiss intensification was located at MLT = 01:40–04:00, we can expect
the source electrons crossing the postmidnight plasmasphere outside L ≈ 5.1 (marked by the oblique line
shadow in Figure 1b). After the substorm (Figure 1c), the injected hot electrons remained outside the eroded
plasmasphere Lpp ≈ 4.5, causing the hiss waves to fall back to the quiet-time level.

The magnetospheric whistler-mode waves usually have peak growth rates around the equator. We here adopt
the previously developed code (Liu et al., 2018, 2018; Su et al., 2018) to calculate the linear growth rates of
the parallel-propagating whistlers at the equator. The main inputs are the electron phase space density F, the
equatorial magnetic field strength Beq, and the cold electron density Ne. Without loss of generality, we select
the RBSP-A data around 12:40 UT for the following instability analysis. The electron phase space density was
fitted by a smooth cubic spline (Reinsch, 1967) at each energy channel. On the basis of the local observa-
tion and the TS04 geomagnetic model (Tsyganenko & Sitnov, 2005), the equatorial magnetic field is set to be
Beq = 168.97 nT. Under the low-density (Ne = 2.15 cm−3) condition, the whistler waves are allowed to grow
in the frequency range of 1.6–2.0 kHz, qualitatively explaining the occurrence of lower-band chorus. Consid-
ering the energy-dispersive feature of the electron injection in the postmidnight sector (Figure 4a), we have
analyzed the instabilities of hot electrons in three different energy ranges (>50, >30, and >10 keV) under the
high-density (Ne = 202.15 cm−3) condition. The >50-keV electrons can destabilize whistler waves in the fre-
quency range of 80–300 Hz with the peak growth rate of Ki = 0.5 × 10−6 m−1, roughly accounting for the
plasmaspheric hiss during 12:30–12:40 UT. As time went on, lower energy electrons gradually drifted into the
postmidnight sector, yielding the larger wave growth rates over a wider frequency range. For >10-keV elec-
trons, the peak growth rate increases to Ki = 3.5 × 10−6 m−1, and the instability frequency range is expanded
to 80–1,500 Hz. This growth rate displays the consistent frequency-dependence characteristics to the most
significant plasmaspheric hiss power around 13:00 UT. The obtained result is robust to the model specifica-
tion, as shown in Figure S1. Previous ray-tracing simulations (Chen et al., 2014) have demonstrated that these
freshly created hiss waves can further propagate to the inner plasmasphere. The hiss waves launched with par-
allel normal angles will become oblique far away from the equator but always return back to the quasi-parallel
direction near the equator (Chen et al., 2014), consistent with the observed wave propagation characteristics
in this event (Figure 2j). These observations and simulations indicate that the substorm-enhanced nightside
hiss could result from the instability of hot electrons drifting into the outer plasmasphere.

In the frequency-time spectra of chorus, there were clear rising tones on a timescale of 0.1 s (Figure 3f ). The
noisy band of plasmaspheric hiss could be interpreted as a superposition of many short-lived (∼10 ms) rising
and falling tones (Summers et al., 2014). These discrete structures have been considered the manifestations
of nonlinear amplification processes (Omura et al., 2008, 2015). Contrary to the predication of linear theory
(Figure 5e), the nonlinear amplification rate of chorus in the low-density plasmatrough is much larger than
that of hiss in the high-density plasmasphere (Omura et al., 2015). However, different from the poleward prop-
agating chorus, the hiss undergoing cyclic raypaths can be amplified repeatedly in the outer plasmasphere
(Chen et al., 2014; Thorne et al., 1979). A combination of these processes (linear instability, nonlinear amplifica-
tion, and cumulative growth) may explain the comparable amplitudes (∼1 nT) of hiss and chorus waveforms
(Figures 3c and 3e) in this event. As discussed by Su et al. (2018), even without the repeated growth, the joint
action of linear instability and nonlinear amplification in the dayside plasmaspheric plume could produce the
poleward-propagating large-amplitude (up to 1.5 nT) hiss.

5. Summary

Using data from seven spacecraft of RBSP, GOES, and THEMIS missions, we examine the generation of night-
side plasmaspheric hiss during a substorm on 16 December 2016. Before the substorm, the weak hiss waves
(with instantaneous peak amplitudes <40 pT) occurred in the nightside plasmasphere extending to the
geosynchronous orbit. During the substorm injection, the nightside plasmasphere was peeled off, and the
strong chorus waves were excited outside the newly formed plasmapause Lpp = 5.1. At the same time, the
intense hiss waves (with instantaneous peak amplitudes 0.9 nT) arose in the inner postmidnight plasmas-
phere free from the substorm injection. After the substorm, the hiss waves fell back to the quiet-time level in
the further eroded plasmasphere Lpp ≈ 4.5.

Within the locally unchanged plasma, the substorm-enhanced hiss waves must originate from other spatial
regions. The large-amplitude (up to 0.9 nT) nightside hiss was unlikely to be linked to the nightside chorus
suffering strong Landau damping at higher latitudes (Bortnik et al., 2008). The relative timing of dayside and
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nightside hiss intensifications did not support the dayside chorus/hiss as a main source of the nightside hiss
(Chen et al., 2009). Our data and modeling suggest that the nightside hiss was generated by the hot elec-
trons drifting into the outer plasmasphere and then propagated to the inner plasmasphere (Chen et al., 2014;
Meredith et al., 2004; Santolík et al., 2001; Thorne et al., 1979). This scenario can qualitatively explain the
temporal evolution, the frequency dependence, and the propagation feature of plasmaspheric hiss observed
during this substorm. Its generality is demonstrated by the additional event studies in Figures S2 and S3.
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