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Abstract Plasmaspheric hiss is an extremely low frequency whistler-mode emission contributing
signiﬁcantly to the loss of radiation belt electrons. There are two main competing mechanisms for the
generation of plasmaspheric hiss: excitation by local instability in the outer plasmasphere and origination
from chorus outside the plasmasphere. Here on the basis of the analysis of an event of shock-induced
disappearance and subsequent recovery of plasmaspheric hiss observed by RBSP, THEMIS, and POES
missions, we attempt to identify its dominant generation mechanism. In the preshock plasmasphere, the
local electron instability was relatively weak and the hiss waves with bidirectional Poynting ﬂuxes mainly
originated from the dayside chorus waves. On arrival of the shock, the removal of preexisting dayside
chorus and the insigniﬁcant variation of low-frequency wave instability caused the prompt disappearance
of hiss waves. In the next few hours, the local instability in the plasmasphere was greatly enhanced due to
the substorm injection of hot electrons. The enhancement of local instability likely played a dominant role in
the temporary recovery of hiss with unidirectional Poynting ﬂuxes. These temporarily recovered hiss waves
were generated near the equator and then propagated toward higher latitudes. In contrast, both the
enhancement of local instability and the recurrence of prenoon chorus contributed to the substantial
recovery of hiss with bidirectional Poynting ﬂuxes.
1. Introduction
Plasmaspheric hiss is an extremely low frequency (∼0.1 kHz to several kHz) whistler-mode emission in the
terrestrial plasmasphere and plasmaspheric plumes (Hayakawa & Sazhin, 1992; Meredith et al., 2004; Russell
et al., 1969; Summers et al., 2008; Thorne et al., 1973). Plasmaspheric hiss can cause the radiation belt electron
losses over a wide energy range from ∼0.1 MeV to several MeV through cyclotron resonant pitch angle scattering (Horne & Thorne, 1998; Summers et al., 1998). This physical process is speciﬁcally responsible for the
formation of the slot region separating the inner and outer radiation belts during quiet times (e.g., Abel and
Thorne, 1998; Albert, 1994; He et al., 2016; Lyons and Thorne, 1973; Meredith et al., 2007; Thorne et al., 2013)
and the precipitation loss of outer radiation belt electrons during geomagnetically active times (e.g., Li et al.,
2007; Mourenas and Ripoll, 2012; Ni et al., 2014; Shprits et al., 2009; Su et al., 2011, 2016; Thorne et al., 2013).
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The generation mechanism of plasmaspheric hiss is of great interest in the radiation belt community.
Generally, the main candidate mechanisms can be categorized into (1) generation by a local instability inside
the plasmasphere and (2) origination from an embryonic source (a remote instability outside the plasmasphere or a remote source that injects waves into the plasmasphere). Early theory (Cornilleau-Wehrlin et al.,
1993; Solomon et al., 1988; Thorne et al., 1979) suggested the excitation of hiss waves by the cyclotron instability of energetic electrons in the outer plasmasphere. Huang et al. (1983) and Church and Thorne (1983)
thought that the gain from the local instability was too low to explain the typical hiss intensity without
an embryonic source. Sonwalkar and Inan (1989), Draganov et al. (1992), and Green et al. (2005) attributed
the embryonic source of plasmaspheric hiss to the lightning-generated whistlers. Ray-tracing simulations
(Bortnik, Chen, Li, Thorne, Horne, 2011; Bortnik, Chen, Li, Thorne, Meredith, et al., 2011; Bortnik et al., 2008)
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Figure 1. Schematic diagrams of magnetospheric structures and waves (a) before and (b) after the interplanetary shock.
The color lines represent the orbits of RBSP and THEMIS satellites in the time range of interest. On the THEMIS orbits,
the dots denote the observed locations of magnetopause and the gray segments denote the spatial ranges with
observable chorus waves. The blue shadow in Figure 1b marks the spatial region with intense chorus waves estimated
from the POES-observed precipitating electron ﬂuxes after the shock.

and observations (Bortnik et al., 2009; Li et al., 2015; Meredith et al., 2013) linked the origin of plasmaspheric
hiss to the whistler-mode chorus outside the plasmasphere. Subsequently, the detailed ray-tracing simulations (Chen, Bortnik, et al., 2012a, 2012b; Chen, Li, et al., 2012) suggested that the combination of embryonic
source and internal ampliﬁcation were required to account for the spectral intensity of dayside plasmaspheric hiss. For the unusual low-frequency hiss (Li, Thorne, et al., 2013), the repeated ampliﬁcation during the
cyclic ray paths in the unstable region was considered the dominant mechanism (Chen, Thorne, et al., 2014).
Recently, some observations (Kletzing et al., 2014; Laakso et al., 2015) on wave Poynting ﬂuxes indicated that
the hiss waves originated from the equatorial region of the outer plasmasphere or the plasmaspheric plume.
The coherent hiss waves with complex ﬁne structures have been reported (Summers et al., 2014), which have
been interpreted as a result of the nonlinear cyclotron resonance in the plasmasphere (Omura et al., 2015).
The solar wind disturbances can cause the prompt variations of magnetospheric waves and particles
(Liu et al., 2017; Su et al., 2015), providing a new opportunity to examine the generation mechanism of
plasmaspheric hiss. Su et al. (2015) presented the ﬁrst report of disappearance of plasmaspheric hiss triggered by an interplanetary shock, but the detailed physical process remained unclear because of the lack
of simultaneous wave/particle observations inside and outside the plasmasphere. Here we investigate the
shock-induced disappearance and subsequent recovery of plasmaspheric hiss using the coordinated observations of the Van Allen Probes (RBSP) (Mauk et al., 2013), the Time History of Events and Macroscale Interactions
during Substorm (THEMIS) satellites (Angelopoulos, 2008), and the Polar Orbiting Environmental Satellites
(POES) (Dittberner, 2002) on 27 February 2014. These multipoint observations both inside and outside the
plasmasphere allow a deep understanding of the generation process of plasmaspheric hiss.

2. Data and Instrumentation
In this event, the magnetosphere was well monitored by the RBSP, THEMIS, and POES missions. RBSP mission
contained two satellites which had the highly elliptical orbits with perigees about 0.1 RE and apogees about
6 RE . Three THEMIS satellites (THEMIS A, THEMIS D, and THEMIS E) in near-equatorial orbits with apogees above
10 RE and perigees below 2 RE were monitoring the near-Earth magnetosphere. The POES satellites had the
low Earth orbits with altitudes of ∼0.1 RE , and in the time period of interest, NOAA 15, NOAA 16, NOAA 18,
NOAA 19, METOP-1, and METOP-2 were operating.
The RBSP mission mainly observed ﬁelds, waves, and particles inside the plasmasphere. The electromagnetic
ﬁelds were measured by the Electric Field and Waves (EFW) (Wygant et al., 2013) instrument and by the triaxial
LIU ET AL.
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Figure 2. Overview of the plasmaspheric hiss event: (a) geomagnetic activity indices; (b) solar wind dynamic pressure
and subsolar magnetopause location from the statistical model (line) and the THEMIS observations (red circles); (c) cold
electron densities measured by RBSP A, RBSP B, and THEMIS E satellites; (d–f ) magnetic ﬁeld power spectral intensities
observed by RBSP A, RBSP B, and THEMIS E satellites. The vertical dashed line marks the arrival time of the interplanetary
shock. In Figures 2d–2f, the solid white lines represent the SYM-H indices, and the dashed and dotted lines represent
0.1fce_eq and 0.5fce_eq .

ﬂuxgate magnetometer (MAG) of the Electric and Magnetic Field Instrument Suite and Integrated Science
(EMFISIS) suite (Kletzing et al., 2013). The wave spectral matrices in the frequency range of 0.01–5 kHz were
provided by the Waveform Receiver (WFR) of the EMFISIS Waves instrument, and the singular value decomposition (SVD) method (Santolík et al., 2003, 2014) was used to determine the wave propagation characteristics
(wave normal angle, ellipticity, planarity, and Poynting ﬂux). The cold electron densities were derived from
the upper hybrid resonance frequency measured by the High-Frequency Receiver (HFR)of the EMFISIS Waves
instrument. The suprathermal and energetic electrons were detected by the Helium Oxygen Proton Electron
(HOPE) Mass Spectrometer (Funsten et al., 2013) and the Magnetic Electron Ion Spectrometer (MagEIS) (Blake
et al., 2013) of the Energetic Particle, Composition, and Thermal Plasma (ECT) Suite (Spence et al., 2013).
LIU ET AL.
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Figure 3. Wave propagation characteristics measured by RBSP A satellite: (a and b) magnetic and electric ﬁeld power
spectral densities; (c) wave normal angle; (d) ellipticity; (e) planarity; (f ) sign of parallel Poynting ﬂuxes. The dashed and
dotted lines represent 0.1fce_eq and 0.5fce_eq .

The THEMIS mission observed ﬁelds, waves, and particles both inside and outside the plasmasphere. The electromagnetic ﬁelds were detected by the Fluxgate Magnetometer (FGM) (Auster et al., 2008) and the Electric
Field Instrument (EFI) (Bonnell et al., 2008). The wave power spectra densities in the frequency range of
0.01–5 kHz were observed by the Search Coil Magnetometer (SCM) (Le Contel et al., 2008). The suprathermal
and energetic electron ﬂuxes were observed by the Electrostatic Analyzer (ESA) (McFadden et al., 2008) and
the Solid State Telescope (SST) (Angelopoulos, 2008). The cold electron densities were estimated from the
spacecraft potential and the electron thermal speed (Li et al., 2010) measured by EFI and ESA.
According to the theory established by Stix (1962), Cornwall (1964), and Kennel and Petschek (1966), the
whistler-mode chorus waves can eﬃciently scatter the low-energy electrons into the loss cone (e.g., Lam et al.,
2010; Meredith et al., 2011). The Medium Energy Proton and Electron Detector (MEPED) of the POES mission
detected the precipitating electron ﬂuxes in the energy range of 30–2500 keV. These electron ﬂuxes had been
LIU ET AL.
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Figure 4. Same as Figure 3, except for RBSP B satellite.

shown to be positively correlated with the chorus wave intensities in the magnetosphere (Chen, Reeves, et al.,
2014; Li, Ni, et al., 2013). The POES observations over a broad region in L-shell and magnetic local time (MLT)
allowed one to evaluate the global distributions of chorus waves.
The interplanetary parameters and geomagnetic activity indices are taken from the OMNI database of
CDAWeb (King & Papitashvili, 2005). The subsolar magnetopause location is determined from the interplanetary parameters on the basis of the previous statistical model (Lin et al., 2010). The global plasmapause
location is roughly determined on the basis of the available density observations and the numerical simulations of Goldstein et al. (2014). The equatorial magnetic ﬁelds are obtained from Beq = Bo BMe ∕BMo , with the
locally observed magnetic ﬁelds Bo , and the ratio BMe ∕BMo of equatorial magnetic ﬁelds to local magnetic
ﬁelds in the TS04 ﬁeld model (Tsyganenko & Sitnov, 2005).

3. Event Overview
Figures 1 and 2 show an overview of the plasmaspheric hiss evolution event on 27 February 2014. The apogees
of RBSP and THEMIS satellites were near the local noon sector of the magnetosphere. Before the interplanetary
LIU ET AL.
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Figure 5. Wave intensities and hot electron distributions measured by twin RBSP satellites in the time range from
16:00 UT to 20:30 UT. The white lines in Figures 5a and 5c represent the AE indices, while the black lines in Figures 5b
and 5d represent the minimum resonant energies of 0.3 kHz whistler-mode waves.

shock arrival, the subsolar magnetopause varied in the vicinity of 10 RE (Earth radii) depending on the speciﬁc
solar wind conditions. The core plasmasphere was conﬁned to <4.5 RE , and the plasmaspheric plume extending toward the dayside magnetopause formed in the time period from 03:00 UT to 06:00 UT on 27 February
2014 (Goldstein et al., 2014). Around 16:50 UT, an interplanetary shock hit the magnetosphere and directly
caused an earthward movement of the subsolar magnetopause by 2 RE and a sudden increase of SYM-H index
from −15 nT to 20 nT. During the passage of the shock sheath and the associated interplanetary coronal mass
ejection, the magnetosphere experienced a moderate storm (with the minimum SYM-H of > −100 nT) and
some prolonged substorms (with the maximum AE of 1100 nT). As observed by RBSP A, RBSP B, and THEMIS E
satellites inside the high-density plasmasphere/plume, the shock caused the disappearance of plasmaspheric
hiss waves in the frequency range from 0.1 kHz to 1.0 kHz and the emergence of weak waves above 1 kHz
(approximately corresponding to 0.5 fce_eq , with the equatorial electron gyrofrequency fce_eq ). Approximately
1 h after the shock arrival, a temporary recovery of plasmaspheric hiss waves occurred in the same frequency
range (0.1–1.0 kHz) at the locations (L ∼ 5.5, MLT ∼ 11.7) of twin RBSP satellites. Almost at the same time,
THEMIS E detected an impulsive enhancement of chorus waves in the frequency range above 1 kHz outside the plasmasphere (L ∼ 6, MLT ∼ 10.3). After 18:49 UT, THEMIS E went outside the magnetopause. After
19:30 UT, as observed by the twin RBSP satellites, the hiss waves recovered substantially from the inﬂuence of
the interplanetary shock.

4. Wave Propagation Characteristics
Figures 3 and 4 present the wave propagation characteristics derived from the twin RBSP observations on
27 February 2014. In the time period of interest, the observed waves above 0.1 kHz were mainly whistler-mode
emissions with the ellipticity values close to 1. The temporarily recovered hiss waves (from 17:40 UT to
18:15 UT) had the largest values (>0.7) of planarity, followed by the preshock hiss (0.5–0.7). The substantially
LIU ET AL.
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Figure 6. Hot electron distributions and electromagnetic ﬁelds measured by twin RBSP satellites around the shock arrival: (a–c, e–g) color-coded electron
omnidirectional/diﬀerential ﬂuxes, (d, h) magnetic ﬁeld variations (diﬀerence between the measured and the IGRF-modeled ﬁeld, Thébault et al., 2015)
and electric ﬁeld components in the modiﬁed geocentric solar ecliptic coordinate system (Wygant et al., 2013). In Figures 6a–6c and 6e–6g, the black lines
represent the SYM-H indices.

recovered hiss (after 19:30 UT) waves possessed the smallest values of planarity (∼< 0.5). Before the shock
arrival and during the substantial recovery period, the twin RBSP satellites were in the outer plasmasphere
(L > 4) where the peak of local instability of hot electrons was usually expected to occur (Chen, Li, et al., 2012).
The observed hiss waves exhibited the bidirectional Poynting ﬂuxes, implying the contribution of embryonic source and the bounce propagation of waves in the plasmasphere. Considering the shock-induced
dramatic variation of hiss waves and the weak relation between shock and lightning, we argue that the
whistler-mode chorus outside the plasmasphere should be the embryonic source of plasmaspheric hiss. In
contrast, the shock-induced whistler waves (>1 kHz) and the temporarily recovered hiss had the unidirectional Poynting ﬂuxes, which might be generated by the cyclotron instability of hot electrons (Omura et al.,
2015; Thorne et al., 1979) at the equator and then propagate toward higher latitudes (e.g., Kletzing et al., 2014;
Laakso et al., 2015).

5. Hot Electron Distributions and Wave Instabilities
Figure 5 shows wave intensities and hot electron distributions observed by twin Van Allen Probes in the plasmasphere. The minimum resonant energy Emin (Summers et al., 2007) of the parallel-propagating whistler
wave at 0.3 kHz (close to the center of hiss emission) was about 10–30 keV. Before the shock, the energetic
electron ﬂuxes above Emin were relatively weak. In response to the shock, the electron ﬂuxes below 50 keV
exhibited a quasiperiodic enhancement. As time went on, the prolonged substorms (Figure 2a) injected a
large amount of electrons into the inner magnetosphere. Particularly during the temporary and substantial
recovery periods, there were clear enhancements of electron ﬂuxes above Emin .
Figure 6 provides a zoom-in view of hot electron distributions and electromagnetic ﬁelds around the shock
arrival. In general, the twin RBSP satellites detected the same characteristics of particles and ﬁelds. The
background magnetic ﬁeld exhibited a similar variation to the SYM-H index in both shape and magnitude.
The shock excited strong ultralow-frequency waves with the peak amplitudes of 5 mV/m and then caused
LIU ET AL.
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Figure 7. Evaluation of local instabilities of hot electrons: (a–d) observed (circles) and modeled (lines) energetic electron
phase space densities of RBSP B at four indicated times; (e) linear growth rates of parallel-propagating whistler waves
(color coded according to time).
Table 1
Four Groups of Fitting Parameters for Electron PSDs in the Energy Range of 1–300 keV
Groups
Preshock moment
at 16:48 UT

Postshock moment
at 16:53 UT

Temporary recovery moment
at 18:07 UT

LIU ET AL.

Components

ni (m−3 )

Ti (keV)

Δi

𝛼1i

𝛼2i

Vdri

1

1.0000 × 106

0.0256

0.8000

1.3611

0.2722

0

2

2.0000 × 104

0.1819

0.7900

2.2500

0.4500

0

3

2.0000 × 104

2.9112

1.0000

1.7227

0.3445

0

4

1.0000 × 103

7.1075

0.8000

1.0816

0.1081

0

5

1.5000 × 103

9.5639

0.8000

1.2559

0.1256

0

6

1.6000 × 102

43.012

0.8000

1.4872

0.1487

0

1

1.8000 × 105

0.0256

0.8000

1.0000

0.1000

0

2

1.1800 × 105

0.0256

0.9000

4.0000

0.8000

0

3

9.1000 × 104

0.1865

0.8000

2.3815

0.2382

0

4

8.8000 × 104

1.6376

0.8000

1.5625

0.1563

0

5

6.4000 × 104

5.0151

0.8000

1.5924

0.1592

0

6

1.5000 × 103

14.738

0.8000

1.4267

0.1427

0

1

3.3100 × 105

0.0576

0.8000

1.4938

0.1494

0

2

1.9000 × 105

0.1201

0.8000

1.7101

0.1710

0

3

3.0000 × 104

0.3440

0.8000

1.6198

0.1619

0

4

1.0000 × 104

0.8216

1.0000

1.6747

0.1675

0

5

6.5000 × 104

7.3947

0.8000

1.3841

0.1384

0

6

6.5000 × 102

14.331

0.8000

1.3338

0.1333

0
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Table 1 (continued)
Groups
Substantial recovery moment
at 20:14 UT

Components

ni (m−3 )

Ti (keV)

Δi

𝛼1i

𝛼2i

Vdri

1

2.1000 × 104

0.0114

0.8000

1.5625

0.1563

0

2

6.0000 × 103

0.7740

0.8000

1.3967

0.1397

0

3

2.1000 × 103

2.2289

0.8000

1.6531

0.1653

0

4

3.2000 × 103

12.012

0.8000

1.1598

0.1160

0

5

9.0000 × 103

13.146

0.8000

1.1525

0.1152

0

Figure 8. Frequency dependence of wave power spectral intensities (circles) and linear growth rates (lines color coded
according to time) during four periods: (a) preshock, (b) postshock, (c) temporary recovery, and (d) substantial recovery.

Figure 9. Mean ﬂuxes of the precipitating electrons (40–130 keV) measured by POES satellites from 00:00 UT to
16:00 UT on 27 February 2014.
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Figure 10. Magnetic ﬁeld power spectral intensities and electron energy spectrograms measured by (a, b) THEMIS A,
(c, d) THEMIS D, and (e, f ) THEMIS E satellites. In Figures 10a, 10c, and 10e, the magnetopause locations are marked with
dashed lines. In Figures 10b, 10d, and 10f, the dashed and dotted lines represent 0.1fce_eq and 0.5fce_eq .

the acceleration/modulation of electrons over a wide energy range. Such phenomenon had been investigated by many researchers in the past (e.g., Blake et al., 1992; Foster et al., 2015; Li et al., 1993; Su et al., 2015;
Vampola & Korth, 1992; Zong et al., 2009). Because of the shock acceleration, the hot (tens of keV) electron
ﬂuxes increased by up to 10 times and the corresponding temperature anisotropy appeared to be enhanced.
Figure 7 plots the hot electron phase space densities (PSDs) and the local wave growth rates at four speciﬁc
time moments: (a) preshock moment at 16:48 UT, (b) postshock moment at 16:53 UT, (c) temporary recovery
moment at 18:07 UT, and (d) substantial recovery moment at 20:14 UT. At each moment, we ﬁt the observed
electron phase space densities (PSDs) with a sum of subtracted Maxwellian components (Ashour-Abdalla &
Kennel, 1978; Su et al., 2014):
F(v⟂ , v∥ ) =

N
∑

Fi ,

(1)

i=1
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)2
(
⎡
⎤
v∥
⎢
⎥
Fi = (
exp
−
−
V
)3
dri
√
⎢
⎥
Vthi
⎣
⎦
𝜋Vthi
(
)
{
v2
1 − Δi
Δi
exp − ⟂ 2
+
×
𝛼1i
𝛼1i − 𝛼2i
𝛼1i Vth
)i
(
)]}
[
(
v⟂2
v⟂2
− exp −
.
× exp −
2
2
𝛼1i Vth
𝛼2i Vth
ni

i

(2)

i

Here the total number of plasma components is referred to as N and
the ith component is characterized by the density ni and the loss cone
parameters 𝛼1i , 𝛼2i , and Δi . We input these ﬁtting parameters (Table 1) into
the Waves in Homogeneous Anisotropic Magnetized Plasma (WHAMP)
Figure 11. Radial distribution of chorus observed by THEMIS A, THEMIS D,
code (Ronnmark, 1982) to calculate the linear growth rates of paralleland THEMIS E before the shock. The dashed and dotted lines represent
propagating whistler-mode waves. The interplanetary shock did not sig0.1fce_eq and 0.5fce_eq of THEMIS D from 00:00 UT to 06:00 UT on
27 February 2014.
niﬁcantly change the growth rates in the core frequency range 0.1–0.5 kHz
of plasmaspheric hiss waves. Hence, the disappearance of hiss was unlikely
to be a result of the local process inside the plasmasphere but more likely to be a result of a change of the
embryonic source. The postshock growth rates peaked at the frequency ∼1.2 kHz, roughly explaining the
local generation of whistler waves above 1 kHz after the shock. In Figure S1 of the supporting information, we
present more examples of the postshock PSDs and the corresponding growth rates. The growth rates in the
core frequency range of hiss were always at a low level, and the whistler waves above 1 kHz became almost
invisible after 17:10 UT because of the decrease of wave growth rates. During the temporary and substantial
recovery periods, the local growth rates were about 2–5 times larger than the preshock values in the core
frequency range of hiss waves, indicating the potentially important role of local instability. For the temporarily recovered hiss with the unidirectional Poynting ﬂuxes (Figures 3 and 4), the local instability might be the
dominant generation mechanism. After 18:10 UT, because of the increase of minimum resonant energy of
hiss waves and the decrease of energetic electron ﬂuxes above 20 keV, the local instability gradually became
too weak to produce the observable hiss waves (Figure 5). For the substantially recovered hiss with the
bidirectional Poynting ﬂuxes (Figures 3 and 4), both the embryonic source and the local ampliﬁcation might
act at the same time.
Figure 8 compares the frequency distributions between the wave spectra and the corresponding local growth
rates in the four previously mentioned periods. During the postshock (Figure 8b) and temporary recovery
(Figure 8c) periods, the peak frequencies of wave spectra and the growth rates were quite close to each other,
generally supporting the local generation of whistler-mode waves (∼1.0 kHz after the shock and ∼0.4 kHz
during the temporary recovery period). In contrast, during the preshock (Figure 8a) and substantial recovery
(Figure 8d) periods, the wave spectra peaked below 0.3 kHz, obviously deviating from the prediction of local
growth. Two plausible explanations may be given for such a deviation. One possibility is the additional contribution of embryonic source (chorus) to the plasmaspheric hiss waves. As described in the next section,
one can ﬁnd the occurrence of <0.3 kHz chorus over a wide spatial region. Another possibility is associated
with the nonlinear ampliﬁcation of plasmaspheric hiss waves (Omura et al., 2015). In the nonlinear frame, the
hiss spectrum shape is approximately determined by the frequency proﬁle of the “optimum wave amplitude”
for triggering rising or falling tones (Omura et al., 2015).

6. Chorus Distributions and Magnetopause Locations
Figure 9 gives the POES-observed precipitating 40–130 keV electron ﬂuxes to understand the global distribution of chorus waves (Chen, Reeves, et al., 2014; Li, Ni, et al., 2013) before the shock. These electron ﬂuxes
have been averaged over the time period of 00:00–16:00 UT on 27 February 2014. In general, the precipitating electron ﬂuxes were at a low level ( j < 3 × 104 cm−2 s−1 sr−1 ) and peaked outside L = 6 in the dayside
magnetosphere, suggesting the relativity weak strength and the limited occurrence region of the preshock
chorus. Figure 10 shows the spatiotemporal characteristics of magnetopause and chorus waves measured
locally by THEMIS A, THEMIS D, and THEMIS E in the noonside magnetosphere. The magnetopause is characterized by an abrupt change of the low-energy (<0.3 keV) electron ﬂuxes and the low-frequency (<0.1 kHz)
LIU ET AL.
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electromagnetic signals. In the time range of interest, THEMIS A, THEMIS D,
and THEMIS E had passed through the magnetopause several times.
Before the shock arrival, the subsolar magnetopause was located around
L ∼ 10. The outermost magnetopause (L = 11.7) was detected by THEMIS E
at 06:37 UT on 27 February, and the innermost magnetopause (L = 9.6)
was encountered by THEMIS D at 13:52 UT on 27 February. Figure 11
shows the radial distribution of preshock chorus (Figures 10a, 10c, and
10e). The observed chorus waves are found to occur in the dayside plasmatrough from L = 7.8 to the magnetopause and have a good correlation
with the area of strong precipitating electron ﬂuxes. The chorus frequency
range was about 0.1–0.3 fce_eq (0.1–0.6 kHz), covering the core frequency
range of preshock hiss. The previous ray-tracing simulations had found
that the chorus rays entering the plasmasphere usually had the frequency
0.1–0.3 fce_eq (Bortnik et al., 2008; Chen, Bortnik, et al., 2012a). These results
imply a potential link between chorus and hiss before the shock. After
the shock arrival, the magnetopause was compressed earthward signiﬁFigure 12. Same as Figure 9, except in the time range from 17:00 UT on 27
cantly (Figure 1b). The magnetopause moved down to L = 7.4 at 18:49 UT
February 2014 to 03:00 UT on 28 February 2014.
(observed by THEMIS A) and L = 7.0 at 20:13 UT (observed by THEMIS E)
on 27 February. As shown in Figure 11, the earthward moving magnetopause should promptly eliminate the preexisting dayside chorus waves and the associated source electrons
of chorus waves (Figure 1). The quenching of embryonic source (chorus) might be the dominant cause of the
plasmaspheric hiss disappearance.
During the substantial recovery of hiss waves, the potential recovery of chorus waves outside L = 7.0 was
not observed locally by the THEMIS mission because of its limited orbital coverage. Figure 12 presents the
POES-observed precipitating electron ﬂuxes in the time period from 17:00 UT on 27 February 2014 to 03:00 UT
on 28 February 2014. As a result of the signiﬁcant injection of hot electrons during the prolonged substorms
(Figures 2b and 5), the precipitating electron ﬂuxes were intensiﬁed signiﬁcantly. Outside L = 7.0, the peak
of precipitating electron ﬂuxes was located in the range of MLT = 9–12 (similar to the situation reported by
Meredith et al. (2011)), and the corresponding chorus (Figure 1b) could serve as the embryonic source of the
substantially recovered hiss waves in the postnoon sector (MLT = 13–14). As shown in the previous ray-tracing
simulations in a magnetospheric environment containing a plasmaspheric plume (Chen et al., 2009), the
prenoon chorus can propagate into the plasmasphere and contribute to the plasmaspheric hiss waves over
a broad MLT range. The oﬀ-meridian propagation and the multiple magnetosphere reﬂections of rays might
explain the observed low planarity of hiss waves (Figures 3 and 4). In contrast, the preshock hiss waves were
observed roughly in the same MLT sector as the embryonic source. These waves possessed the relatively large
planarity values (Figures 3 and 4) probably without experiencing too many magnetospheric reﬂections.

7. Discussions and Conclusions
Plasmaspheric hiss is an important whistler-mode emission controlling the evolution of the radiation belt
electrons, whose generation mechanism remains under debate. In the past, excitation by electron cyclotron
instability in the outer plasmasphere (Thorne et al., 1979) and origination from chorus outside the plasmasphere (Bortnik et al., 2008, 2009) have been proposed as two leading paradigms. In this study, on the basis
of multipoint observations from RBSP, THEMIS, and POES satellites, we attempt to determine the dominant
mechanisms for the shock-induced disappearance and subsequent recovery of plasmaspheric hiss on 27
February 2014. The principal conclusions are summarized as follows:
1. Before the shock, the hot electron ﬂuxes inside the plasmasphere and the internal ampliﬁcation of waves
were quite weak. The dayside chorus waves outside L ≃ 7 were identiﬁed as the dominant source of
plasmaspheric hiss with the bidirectional Poynting ﬂuxes. Following the shock compression, the subsolar
magnetopause shrank from 10 RE to about 7 RE and the preexisting chorus waves and their source electrons
were promptly removed. At the same time, although the shock increased the electron ﬂuxes below 50 keV
in the plasmasphere, there was no signiﬁcant enhancement of the local growth rates in the core frequency
range of plasmaspheric hiss (primarily because of the increase of local magnetic ﬁeld and the minimum resonant energy). The quenching of embryonic source and the insigniﬁcant variation of internal ampliﬁcation
led to the disappearance of plasmaspheric hiss after the shock.
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2. As time went on, a lot of hot electrons were injected into the inner magnetosphere by the intense substorms. Both the temporary and substantial recoveries of plasmaspheric hiss were closely related to the
signiﬁcant enhancement of hot electron ﬂuxes. The local growth rates in the core frequency range of plasmaspheric hiss became 2–5 times larger than the preshock values. For the temporarily recovered hiss with
unidirectional Poynting ﬂuxes, the local instability of hot electrons was likely to be the dominant generation mechanism. In contrast, both the embryonic source (chorus) in the prenoon sector and the enhanced
internal ampliﬁcation could contribute to the substantially recovered plasmaspheric hiss with bidirectional
Poynting ﬂuxes.
In this study, to qualitatively evaluate the role of internal instability in the generation of plasmaspheric hiss,
we calculate the local growth rates of whistler waves based on the linear instability theory (Kennel & Petschek,
1966). The magnetospheric plasma is often marginally stable with respect to the whistler-mode wave generation. The WHAMP modeling here only provides an approximate understanding of the whistler-mode
wave instability and may not capture some subtle changes in electron distributions which could aﬀect the
wave ampliﬁcation/excitation. In the future, the underlying nonlinear cyclotron resonance process (Omura
et al., 2015) should be investigated to better understand the ampliﬁcation/excitation of waves inside the
plasmasphere. Also, future ray-tracing simulations including the event-speciﬁc magnetospheric environment
parameters (e.g., Chen et al., 2009) are required to examine the conclusions drawn here.
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