'.) Check for updates

A G s

> SPACE SCIENCE

Geophysical Research Letters’

RESEARCH LETTER
10.1029/2022GL100306

Key Points:

e Three ground and space missions
observed the formation and evolution
of plasmaspheric plume following a
strong substorm

e Hiss waves propagating oppositely in
the nightside plasmaspheric plume
and core correlated highly with each
other at a time lag of 4-10 s

e Numerical modeling supports that
the plasmaspheric plume allows hiss
waves to grow and then migrate to the
plasmaspheric core

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

Z.Suand Z. He,
szpe @mail.ustc.edu.cn;
hezhg3 @mail.sysu.edu.cn

Citation:

Wu, Z., Su, Z., Goldstein, J., Liu, N.,
He, Z., Zheng, H., & Wang, Y. (2022).
Nightside plasmaspheric plume-to-
core migration of whistler-mode hiss
waves. Geophysical Research Letters,
49, €2022GL100306. https://doi.
org/10.1029/2022GL100306

Received 4 JUL 2022
Accepted 14 AUG 2022

© 2022. American Geophysical Union.
All Rights Reserved.

Nightside Plasmaspheric Plume-To-Core Migration of
Whistler-Mode Hiss Waves

Zhiyong Wul23
Huinan Zheng'?

, Zhenpeng Su'? (), Jerry Goldstein*3
, and Yuming Wang'*

, Nigang Liu® (©; Zhaoguo He®,

ICAS Key Laboratory of Geospace Environment, Department of Geophysics and Planetary Sciences, University of Science
and Technology of China, Hefei, China, 2CAS Center for Excellence in Comparative Planetology, University of Science and
Technology of China, Hefei, China, *Anhui Mengcheng Geophysics National Observation and Research Station, University
of Science and Technology of China, Mengcheng, China, “Space Science and Engineering Division, Southwest Research
Institute, San Antonio, TX, USA, *Department of Physics and Astronomy, University of Texas at San Antonio, San Antonio,
TX, USA, 6School of Atmospheric Science, Sun Yat-sen University, Zhuhai, China

Abstract Whistler-mode hiss waves play an important role in the radiation belt electron depletion. Whether
the hiss waves with significant differences in amplitude and propagation direction within the plasmaspheric
core and plume are related to each other remains unclear. We here show that the plasmaspheric plume facilitates
the energy conversion from energetic electrons to hiss waves and then guides hiss waves into the plasmaspheric
core. Three ground and space missions captured the initial formation and subsequent rotation of the
plasmaspheric plume in the noon-dusk-midnight sector following a strong substorm. The observed hiss waves
in the nightside plasmaspheric plume and core propagated oppositely but highly correlated with each other

at a time lag of 4-10 s. The linear instability of energetic electrons in the plasmaspheric plume qualitatively
explains the frequency-dependence of hiss waves, and the ray-tracing modeling reproduces the propagation
direction and timing of hiss waves.

Plain Language Summary In the Earth's inner magnetosphere, plasmaspheric hiss is a natural band
of whistler-mode waves spanning from tens of hertz to several kilohertz. It was so named because it is confined
to the dense plasmasphere and sounds like white noise when played through a loudspeaker. It is well known that
both the plasmaspheric core and plume sustain hiss waves and these waves differ significantly in both amplitude
and propagation direction. However, whether these hiss waves of different regions are related or not remains
unclear. On the basis of data from three ground and space missions and detailed modeling, we show that the
plasmaspheric plume facilitates the energy conversion from energetic electrons to hiss waves and then guides
hiss waves into the plasmaspheric core. This depiction of the plume's role could be generalized toward other
plasmaspheric structures extending outward such as the plasmaspheric bulge, fingers, and crenulations.

1. Introduction

The Earth's plasmasphere arises from the sunlit-driven outflow of ionized particles of the upper atmosphere
along the magnetic field at low and middle latitudes (Borovsky & Valdivia, 2018; Darrouzet et al., 2009; Foster
et al., 2002; Lemaire & Gringauz, 1998). During quiet times, the plasmasphere persists as a torus of cold, dense
plasma circling the Earth. During disturbed times, the outer plasmaspheric plasma are drained toward the dayside
magnetopause to form a plume that survives with an evolving shape for tens of hours (Goldstein et al., 2004). The
plasmaspheric core (main body of the plasmasphere) and plume sustain the whistler-mode hiss waves from tens of
hertz to several kilohertz (Dunckel & Helliwell, 1969; Li et al., 2013; Russell et al., 1969; Summers et al., 2008;
Thorne et al., 1973; Tsurutani et al., 1975), which contribute to the depletion of the radiation belt electrons
through cyclotron resonance (Breneman et al., 2015; Horne & Thorne, 1998; Li et al., 2007; Lyons et al., 1972;
Meredith et al., 2007; Ni et al., 2014; Su et al., 2011; Summers et al., 1998; Thorne et al., 2013).

There have been two competing classes of hiss generation mechanisms proposed since the 1970s (Bortnik,
Thorne, & Meredith, 2009). One envisions that energetic electrons directly amplify thermal noises into hiss
waves just inside the plasmapause and further spread within the entire plasmasphere (He et al., 2019, 2020;
Li et al., 2013; Liu et al., 2020; Thorne et al., 1973). In the framework of linear instability of energetic elec-
trons, hiss waves experience the cyclic amplification in the outer plasmaspheric core (Chen et al., 2014; Thorne
et al., 1973, 1979). Inspired by observations (Summers et al., 2014) that a seemingly noisy hiss wave band
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was composed of coherent rising and falling tone elements of 10-100 ms, Omura et al. (2015) proposed the
nonlinear growth of hiss waves. The nonlinear growth rate of hiss waves is much larger than the linear one
(Nakamura et al., 2016; Omura et al., 2015). Su et al. (2018a, 2018b) and Liu et al. (2020) suggested the local
generation of hiss waves of tens of Hz to several kHz through a combination of linear and nonlinear instabilities
of energetic electrons in the plasmaspheric plume and core on both dayside and nightside. The other envisions
that lightening-generated whistler-mode waves in the atmosphere (Green et al., 2005; Sonwalkar & Inan, 1989)
and whistler-mode chorus waves outside the plasmasphere (Bortnik et al., 2008; Bortnik, Li, et al., 2009; Chen,
Bortnik, et al., 2012; Chen, Li, et al., 2012; Li et al., 2015; Meredith et al., 2013; Wang et al., 2011) can enter the
plasmasphere and be further amplified by energetic electrons into hiss waves (Church & Thorne, 1983). There
is no consensus on the relative importance of internal excitation and external origination mechanisms, although
several proposals such as dependence on the magnetic local time (MLT) (Tsurutani et al., 2015) and the wave
frequency (Meredith et al., 2021) exist.

Compared to the plasmaspheric core, the plasmaspheric plume usually sustains stronger hiss waves (Chan
et al., 1974; Nakamura et al., 2018; Su et al., 2018a; Summers et al., 2008; Zhang et al., 2019). In contrast to
the hiss waves typically with unordered Poynting fluxes in the plasmaspheric core, the plasmaspheric plume
hiss waves usually propagate quasi-parallel away from the magnetic equator (Hayakawa et al., 1986; Kim &
Shprits, 2019; Laakso et al., 2015; Nakamura et al., 2018; Shi et al., 2019; Su et al., 2018a; Yu et al., 2018).
Whether the hiss waves inside the plasmaspheric core and plume are related to each other remains unclear. On
the basis of observations of hiss wave Poynting fluxes in the plasmaspheric plume and core, Laakso et al. (2015)
speculated that the hiss waves inside the plasmaspheric core originate from the equatorial region of the plas-
maspheric plume. However, experimentally assessing this hypothesis is challenging because of the technical
difficulty in identifying the complex, time-varying morphological structures of the plasmasphere from in-situ
measurements and the rigorous requirement of simultaneously observing waves inside both the plasmaspheric
plume and the plasmaspheric core along the same propagation path. In this letter, we present complete observa-
tions from the global positioning system (GPS), the Time History of Events and Macroscale Interactions during
Substorms (THEMIS) mission (Angelopoulos, 2008) and the Van Allen Probes (formerly known as the Radi-
ation Belt Storm Probes (RBSP)) mission (Mauk et al., 2013) of the dynamic evolution of the plasmaspheric
morphology, the generation of hiss waves inside the plasmaspheric plume, and the propagation of hiss waves into
the plasmaspheric core. Furthermore, our modeling results reasonably explain the frequency-dependence and
propagation direction and timing of hiss waves in the plasmaspheric core and plume.

2. Identification of Plasmaspheric Structures and Waves

We use the total electron content (TEC) maps of the GPS mission to identify the strong plasmaspheric plume
emerged initially on the dayside (Foster et al., 2004; Goldstein et al., 2004). The GPS mission consists of a ground
station network and a satellite constellation in circular orbits of an altitude of approximately 20,200 km. The
phase delays of radio signals sent by satellites to ground stations allow the total content of free electrons in the
upper atmosphere to be inferred. The original TEC maps possess a temporal resolution of 15 min and a spatial
resolution of 2.5° latitude and 5.0° longitude in the geographical coordinate system. We project the TEC meas-
urements to the equatorial plane of the geocentric solar magnetic coordinate system along the magnetic field lines
of the combined International Geomagnetic Reference Field (IGRF) (Alken et al., 2021) and TS04 (Tsyganenko
& Sitnov, 2005) model.

We use the THEMIS and RBSP missions to locally measure waves and particles in the plasmaspheric core
and plume. Both the THEMIS and RBSP missions orbit around Earth's equatorial region. Three satellites
of the THEMIS mission, TH-A, TH-D, and TH-E have perigee altitudes of ~470 km and apogee altitudes
of ~87,330 km. The twin satellites composing the RBSP mission, RBSP-A and RBSP-B, have perigee alti-
tudes of ~600 km and apogee altitudes of ~38,000 km. The three-axis electric field instrument (EFI) (Bonnell
et al., 2008) and the electrostatic analyzer (ESA) (McFadden et al., 2008) of the THEMIS mission and the electric
field and wave (EFW) instrument (Wygant et al., 2013) of the RBSP mission measured the satellite potential as
a high-resolution proxy of the cold electron density. A less negative electric potential corresponds to a higher
electron density. The high frequency receiver (HFR) of the Electric and Magnetic Field Instrument and Integrated
Science (EMFISIS) suite (Kletzing et al., 2013) of the RBSP mission measured the wave electric spectra in the
frequency range of ~10 to ~500 kHz, from which we can identify the upper hybrid resonance frequency band and
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then determine the cold electron density following the previously proposed procedure (Kurth et al., 2014). Under-
standing these density structures measured in-situ requires the global contextual information provided by the
plasmapause test particle (PTP) model (Goldstein et al., 2014). The tri-axial fluxgate magnetometer (MAG) of
the EMFISIS suite onboard the RBSP mission measured the background magnetic field. The Waveform Receiver
of the EMFISIS suite and the EFW instrument onboard the RBSP mission provided the wave electromagnetic
spectral matrix in the frequency range from ~3 Hz to ~10 kHz. Using the techniques proposed by early studies
(Santolik et al., 2002, 2003, 2010), we determine the wave normal angles and Poynting fluxes from onboard
spectral matrix. The Helium Oxygen Proton Electron (HOPE) instrument (Funsten et al., 2013) of the Energetic
particle, Composition and the Thermal plasma (ECT) suite (Spence et al., 2013), and the Radiation Belt Storm
Probes Ion Composition Experiment (RBSPICE) onboard the RBSP mission measured the electron fluxes in the
energy ranges from 1 eV to 54 keV and from 25 keV to 1 MeV.

From 12 to 13 February 2015, the plasmasphere was disturbed mainly by a strong, prolonged substorm (Figure 1a).
At approximately 16:00 UT on 12 February, the newly formed plasmaspheric plume was detected by the GPS
mission. The enhancement of the TEC at latitudes >60° (Figure 1b) signified the presence of the plasmaspheric
plume (Figure 1c) projected to the upper atmosphere (Foster et al., 2002). As predicted by the PTP simulation
run for this event (Movie S1), in the following tens of hours, the plume narrowed with the ongoing loss of plasma
through the magnetopause and wrapped itself around the core with the rotation of Earth (Figures 1g—1j). Previ-
ous observations indicated that as plumes narrow with time, their density decreases (Borovsky & Denton, 2008;
Goldstein et al., 2004). Presumably because of this density decrease, the weakened plume became undetectable
to the GPS mission with limited sensitivity. Fortunately, on 13 February, the THEMIS and the RBSP missions
traversed the residual plume, which was characterized as a region with large density fluctuations (Borovsky &
Denton, 2008; Nishimura et al., 2022).

In the three-dimensional space, the plasmaspheric core and plume were connected to each other. We differentiate
the plasmaspheric plume from the plasmaspheric core in two steps: (a) preliminarily determine the relative timing
for the satellite entry into the different plasmaspheric structures predicted by the PTP simulation (Movie S1);
(b) visually identify the fluctuating high-density region as the plume and the smooth high-density region as
the core. During 12:00-15:00 UT, TH-A, TH-E, and TH-D successively crossed the far end of the residual
plume on the duskside (with the magnetic local time MLT ~ 18-19 hr) at altitudes of approximately 50,000 km
(Figures 1d-1f). TH-A probably happened to avoid the channel between the plume and the core and went through
the base of the plume into the core. The subsequent plasmaspheric rotation allowed TH-E and TH-D to sample the
low-density channel. The boundary of the plasmaspheric core sampled by TH-D around 17:25 UT was sharper
than that by TH-E around 16:15 UT, perhaps reflecting the temporal evolution or azimuthal asymmetry of the
plasmasphere. During 14:00-18:00 UT, RBSP-A and RBSP-B sampled the base of the residual plume near the
midnight (MLT = 0-1 hr) at altitudes of approximately 30,000 km (Figures 2a—2c and 2h). Because of the tempo-
ral evolution of the plasmasphere, the twin RBSP satellites in nearly identical orbits detected highly different
density profiles. RBSP-B moved from the smooth core through the plume's base to the rotating, lumpy plume
during 13:00-18:10 UT, crossed the channel during 18:10-18:50 UT, and reentered the core after 18:50 UT; in
contrast, RBSP-A successively crossed the high-density core and plume and the low-density trough before 15:50
UT, passed through the lumpy plume during 15:50-16:45 UT, and through the plume's base reentered the smooth
core after 16:45 UT.

During 17:40-17:50 UT, RBSP-B and RBSP-A were inside the midnight plasmaspheric plume and core, respec-
tively. The observed energetic (tens of keV) electron fluxes in the plasmaspheric plume were approximately one
order of magnitude higher than those in the plasmaspheric core (Figures 2d and 2i). Meanwhile, the hiss waves of
these two regions had similar spectral behaviors from about 100 to 500 Hz but opposite propagation directions. In
the lumpy plasmaspheric plume (RBSP-B), the hiss waves propagating at normal angles of 120°~180° toward the
South Pole were modulated by the local cold electron density (Figures 2e—2g). In the smooth plasmaspheric core
(RBSP-A), the hiss waves exhibited a similar modulation feature, although they propagated toward the equator
at normal angles of 0°-60° (Figures 2j—21). From the plume to the core, the hiss intensity decreased by approx-
imately one order of magnitude. To infer the potential lag correlation between hiss signals in the plasmaspheric
plume and core, we calculate the cross-correlation coefficients between them during 17:40 UT and 17:50 UT
(Figure 3). There are totally 100 samples in signals during this period. RBSP-A started measuring 4.85 s later than
RBSP-B, and both satellites made measurements at a cadence of 6 s. Through the entire frequency band, when the
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Figure 1. Plasmaspheric structures monitored by the global positioning system (GPS) and Time History of Events and
Macroscale Interactions during Substorms (THEMIS) missions from 12 to 13 February 2015. (a) Geomagnetic indices
SYM-H (black) and AE (green). (b and c) total electron content (TEC) maps of the GPS mission in the longitude-latitude
plane of the geographic coordinate system and in the equatorial plane of the geocentric solar magnetospheric coordinate
system overlain by the modeled magnetopause (the black line). (d—f) Electric potentials of three satellites of the THEMIS
mission. (g—j) Speculated plasmaspheric structures (green shadows) at four different moments. The plasmaspheric outlines
predicted by the plasmapause test particle model have been adjusted artificially to match better the in situ measurements at
the specific moments. The lines represent the orbits of the three THEMIS satellites, and the dots mark the locations of the
satellites at specific moments. The colors of the lines and dots help differentiate the satellites. The vertical dashed lines in
Figures 1d—1f denote the time stamps of Figures 1h-1j.
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Figure 2. Plasmaspheric structures and waves monitored by the Radiation Belt Storm Probes (RBSP) mission on 13
February 2015. (a and b) Speculated plasmaspheric structures at two different moments in the same format as Figures 1g—1j,
except that the orbits and locations of the twin RBSP satellites are overlain. (c and h) Electric potentials and electron densities
from 13:00 UT to 19:00 UT. The gray shadow marks the period from 17:30 to 18:00 UT for the magnified plots (e—g and
j-1) of the wave characteristics. (d and i) Omnidirectional electron differential flux. (e and j) Wave magnetic power spectral
densities. The black lines represent the fluctuations of electric potentials relative to their 10 min running averaged values,
with the plotted bar indicating the scale. The vertical dotted lines mark the period during which the twin RBSP satellites
observed hiss waves with similar spectral behaviors. The arrows indicate two prominent enhancements of the hiss to facilitate
the intercomparison between the twin RBSP satellites. (f and k) Wave normal angles. (g and 1) Signs of wave Poynting flux
components along the magnetic fields. In Southern Hemisphere, positive values (orange) indicate the propagation of waves
toward the equator, and negative values (green) indicate the propagation of waves toward the South Pole.
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Figure 3. Cross-correlation analysis between waves from RBSP-A and RBSP-B. (a) Cross-correlation coefficients of the
common logarithms of magnetic power spectral density data series from RBSP-B and RBSP-A as a function of the wave
frequency and time lag. Positive (negative) time lag values represent the lagging (leading) of RBSP-A data with respect to
RBSP-B data. (b) Data series of magnetic power spectral densities at 178.4 Hz from RBSP-B (green) and RBSP-A (black)
during 17:30-18:00 UT. The gray shadow marks the time range from 17:40 UT to 17:50 UT for the cross-correlation
evaluation. (c) Magnified view of the data series, with 100 samples (dots) for each satellite. Four pairs of dots of larger sizes
and horizontal dashed lines help identify the lagging correlation between the data of the twin satellites.

core signals lag behind the plume signals by 4.85-10.85 s, their cross-correlation coefficients peak (Figure 3a).
Specifically, the highest cross-correlation coefficient of 0.91 emerges at 178.4 Hz with a time lag of 4.85 s. Such
a significant lagging correlation can be visually recognized from the measured wave signals (Figures 3b and 3c).
These observations support the spontaneous generation of hiss waves within the plasmaspheric plume and their
subsequent propagation into the plasmaspheric core.

3. Modeling of Hiss Wave Generation and Migration

Based on the observation of RBSP-B at 17:41 UT on 12 February 2015, we use the previously developed code
(Liu et al., 2018a, 2018b; Su et al., 2018a) to calculate the wave linear growth rate (C. Kennel, 1966; C. F. Kennel
& Petschek, 1966; Chen et al., 2010) at the equator which is widely considered the wave source region in the
inner magnetosphere (Chen et al., 2014; Church & Thorne, 1983; Thorne et al., 1973). There are mainly three
inputs of this linear instability code: background magnetic field magnitude, cold electron density, and energetic
electron phase space density at equator. We scale the observed magnetic field magnitude B, to obtain the equato-
rial magnetic field magnitude B, = B, - B with the scaling factor ‘B determined by the combined IGRF (Alken
et al., 2021) and TS04 (Tsyganenko & Sitnov, 2005) model. Following the previous study (Denton et al., 2002),
we scale the observed cold electron density N, to obtain the equatorial cold electron density

Neg = Necos®’MLAT, ey

with the magnetic latitude MLAT and the latitudinal variation index n = 2.5 (Denton et al., 2002) for the specific
calculation. Because the off-equatorial measurements do not allow us to determine the equatorial electron distri-
bution near the pitch angle of 90°, we expediently use the local electron phase space density in the linear growth
rate calculation. Considering that the growth of whistler-mode hiss waves is primarily driven by >10 keV elec-
trons (Chen, Li, et al., 2012; Chen, Thorne, et al., 2012; Church & Thorne, 1983; Omura et al., 2015), we use
the electron measurements from HOPE and RBSPICE at energy channels of 1.05-232.36 keV. In the overlap-
ping energy range of HOPE and RBSPICE, we select the RBSPICE measurements with a higher pitch-angle
resolution. To match the HOPE data at the high energy end, we scale up the RBSPICE data by a factor of 5
(Figure S1 in Supporting Information S1). For the HOPE data with significant fluctuations (Figure 4a), we
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Figure 4.

. o
approximate the electron pitch-angle distribution in the form of F (Ex, a) = F (Ex, a = 90°) (m%) at each
energy channel, with the pitch angle index o = 2. This approximation appears to overestimate the measured elec-
tron temperature anisotropy, more or less offsetting the underestimation bias of the equatorial anisotropy by the

mid-latitude measurements. For the RBSPICE data (Figure 4a), we use a smooth cubic spline (Reinsch, 1967) to
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fit the electron pitch angle distribution at each energy channel. The linear theoretical model of the spontaneous
instability of energetic electrons at the equator qualitatively explains the frequency-dependence of the observed
wave intensities in the plume (Figure 4b). Specifically, both wave intensities and growth rates at normal angles
of 150°-180° steeply increase from the low-frequency end, peak near 160 Hz, plateau within 200-280 Hz, and
gradually decrease toward the high-frequency end. However, given the limited linear gain, additional nonlinear
amplification (Omura et al., 2015) could be involved for waves to reach the observable level.

We use the ray-tracing code developed by Kimura (1966) to understand the propagation of hiss waves. For the
simulation period without both storm and substorm activities in the inner magnetosphere (L < 7), we approximate
the background magnetic field as a pure dipole. On the basis of the available density observations and the global
PTP modeling results (Figures 1 and 2), we have constructed an analytical model of the cold electron density
distribution

Ne(L, ®, MLAT) = Ney(L, ®)cos >"MLAT, 2)

MLT-12

TR The equatorial

where N, is the equatorial density depending on magnetic shell L and longitude ® =
plasmaspheric outline (Figure 4c) consists of the boundary of the plasmaspheric core

-

Lpo 0<D< D,
(I) - (Dcn ?
Ly —0.1 = (La — 0.1 — Lyo) 1—(—)2 Dcy < P < Doy,
ch =3 , ((Dchz - q)cn) (3)
(@ — Dyy)
2
Ly + 1.7¢ (e = 7) Oy < D < 27,

and the inner and outer boundaries of the plasmaspheric plume

. @ + 1.397)°
Ly = Lo+ 8= Ly 41 - 2 LD @
(D2 + 1.397[)

8.08e 0052 Dy <D < Dy,

Lo = (@ - @)’ )

2
Lo+ 1.7¢ (®o = ) Dpy < O < .

Here, @, = 0.677 and @, = 1.067 characterize the western and eastern termination of the channel between the
plume and the core, @, = 0.78x characterizes the transition between the trough and the channel, ®,, = 1.25z
characterizes the center of the bulge connected to the plume, @, = 1.48x characterizes the eastern foot of the
plume, L; = 5.65 separates the plume's base from the core, and L, = 4.95 is the duskside boundary of the core.
The equatorial density is assumed to be

Neo(L, @) = No(L) - Na(L, @) - Nu(L, ®) - Nen(L, D). (6

Figure 4. Modeling of the generation and propagation of waves. (a) Modeled (lines) and observed (circles) electron phase space density around 17:41 UT. (b)
Frequency-dependence of the whistler-mode wave linear growth rates at different normal angles (black lines), in comparison with that of the wave magnetic power
spectral densities (green circles) during 17:40:30-17:41:30 UT. (c) Modeled equatorial densities scaled by the magnitude of green saturation, the plasmaspheric outline
(lines), and the mapped Radiation Belt Storm Probes (RBSP) locations at 17:41 UT (symbols). (d) Comparison between modeled (line) and observed (circles) densities
along the RBSP-B orbit. The density fluctuation is visible in magnified view of modeled density profile. (e¢) Comparison between modeled (black) and observed (blue)
density fluctuations in the plasmaspheric plume. By fitting the low-resolution HFR density data, the high-resolution density is calculated from the spacecraft potential
measured by EFW: N, = A;e’Y + A,eU withA| = 90.73 cm—, A, =43.11 cm~3, A; = 0.55 V~!, and A, = 0.30 V~!. (f) Three-dimensional path of the 178.4 Hz ray
from the plume to the core within 40 s. The axis indicator of the geomagnetic coordinate system reflects the orientation of the current view. The ray path is color-
coded according to time, and the background electron densities in the equatorial and meridional planes are scaled by the magnitude of green saturation. The gray lines
represent the dipolar magnetic field lines rooted in the Earth. The two cartoon satellites indicate the positions of RBSP-B (blue) and RBSP-A (red) at 17:41 UT. (g)
Temporal evolution of the normal angle (black), magnetic shell (red), magnetic latitude (blue), and magnetic local time (green) of the 178.4 Hz ray within 20 s.
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where N is a high-density basis, ‘Nit, Ny, and Ny, are three scaling factors to help create the density fluctuations
of the plasmaspheric plume, the trough outside the plasmaspheric core, and the channel between plume and core,
respectively. Following the early models (Chappell, 1974; Moldwin et al., 1994; Sheeley et al., 2001), we specify
the density basis as

No =co(%)cz, )

with C; =125 cm=, C, =5, and C, = 5.5 based on the observations of RBSP-A and RBSP-B (Figure 4d). We set
the density fluctuation factor in an ad-hoc way

[1 + Spcos(@07L)] [1 + Sqcos(800®)] D < @ < Dy,

®)

fl
1 otherwise,
with

~(1Lnia)’
Sip =0.05e  ar° - &)

characterizing the fluctuation amplitude and

0.5 (L, + Lon)  ®ent < @ < Do,
Lmid = (10)
05 (Li+ Lpn)  ®a < @ < Py,

pm

and

0.5 (L — Lpy)  @ent < @ < Para,

L= (11)
0.5 (Lom — Li)  @ap < ® < Py,

characterizing the radial coverage of fluctuations. The modeled lumps are distributed in checkerboard configu-
ration. They have a peak amplitude of ~0.1N, and are spaced by ~0.05 in L, comparable to the observations by
RBSP-B (Figure 4e). We set the trough factor as

L- L,
(0.5 — 0.5Ry) cos [M +0.5+05R, Ly<L<LytW,
P
Ny = R, L> Lo+ W,, (12)
1 otherwise,

with the boundary location

Lf,“m‘ Dy < D < Dy,
= (13)
L, otherwise,

the transition width W, = 0.2, and the density ratio between trough and plasmasphere R, = 0.04. We set the
channel factor as
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in __

pm

7 (L
(0.5 - O.SRch)COS [%] +054+05Ry Doy < P < Py
ch

L — Wy <L < L

pm pm>

Ren Dy < O < Dy

Nen = < Lpc + Wan < L < Lin, — W, (14)

7 (L—Ly)

ch

(0.5 — 0.5Ra) cos [ ] +05405Rs Dy < P < Doy

Lpe <L < Lyc + W,

1 otherwise,

where W is the width of the transition layer

(D - (I)cn
———— (Wenz = Went) + Went @en < @ < Deyr,
W = { Penz = Pen 15)
Woni Dt < D < Dy,

with W, = 0.2 and W_, = 0.04, and R, is the density ratio between the channel and plasmasphere

D - chn
- m logjo Ry +logo Ry
Rch — 10 ch2 L (Dcn <o < (DChZa (16)

er q)chl < (D S <I)cn-

Our analytical model has well reproduced the large-scale plasmaspheric core, channel and plume structures and
qualitatively included the small-scale lumps embedded within the plasmaspheric plume (Figures 4d and 4e).
Because the rays propagate far beyond the upper atmosphere, the electron density enhancement near the upper
atmosphere is not taken into account.

We launch rays of 178.4 Hz from RBSP-B at the normal angles y € [120°, 180°] with 1° spacing and at the
azimuthal angles ¢ € [0°, 360°] with 1.5° spacing. Note that the azimuthal angle is defined in the plane perpen-
dicular to the magnetic field, with 0° and 90° for the projected wavevectors pointing anti-earthward and eastward
directions, respectively. We record the rays that can reach the locations less than 0.2 R, away from RBSP-A.
By backward tracing from RBSP-B toward the equator, we can determine the equatorial source locations and
angles of the rays that are able to propagate from RBSP-B to RBSP-A (Figure S2 in Supporting Information S1).
Figures 4f and 4g present the results for a representative ray with the equatorial y = 154.6° and ¢ = 49.1° in the
plasmaspheric plume. Because of the large-scale density enhancement of the plume and the small-scale density
fluctuation embedded within the plume, this ray winds to RBSP-B at 1.86 s with its normal angle changed to
135°. In the subsequent 4.12 s, this ray refracts into the plasmaspheric core and propagates equatorward to
RBSP-A with a normal angle of 58°. Therefore, our model effectively explains the wave propagation directions
and timings deduced from the data (Figures 2 and 3). The hiss waves will disperse once they propagate into the
plasmaspheric core with a larger volume. As a result, the hiss intensity decreased by approximately one order of
magnitude from the plume to the core (Figures 2e and 2j). Inside the plasmaspheric core, hiss waves typically
experience little Landau damping (Bortnik et al., 2008, 2011; Chen et al., 2009; Liu et al., 2020) and could spread
over a broad range of L and MLT (Figures 4f and 4g). During the course of propagation, the repeated magneto-
spheric reflections could eventually disorder the Poynting flux directions of the hiss wave band.

4. Conclusion and Discussion

On the basis of data from three ground and space missions and detailed numerical modeling, we show that the
plasmaspheric plume can act as an “engine” for the global plasmaspheric hiss, not only facilitating the local
conversion of energy from energetic electrons to waves but also supplying waves to the plasmaspheric core.
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Following a strong substorm, the GPS, THEMIS, and RBSP missions observed the rotating plasmaspheric plume
on the dayside, duskside, and nightside, respectively. The hiss waves inside the plasmaspheric plume and core
were observed by the RBSP mission to have opposite Poynting fluxes and highly correlate with each other at a
time lag of 4.85-10.85 s. Furthermore, our linear instability calculations and ray-tracing simulations explain the
frequency-dependence and propagation direction and timing of hiss waves inside the plasmaspheric plume and
core.

Although we have made detailed observations for only a nightside residual plasmaspheric plume associated
with a substorm, this depiction of the plume's role could be generalized over a broad spatiotemporal context.
The plasmaspheric plume forms on the dayside in response to the enhanced magnetospheric convection during
both substorms and storms and sweeps across all local times before disappearing (Borovsky & Denton, 2008;
Darrouzet et al., 2009; Goldstein et al., 2004). As the plumes gradually become narrow and tenuous during the
rotation, they are observed more frequently in the afternoon-dusk sector than in the other MLTs (Chappell, 1974;
Goldstein et al., 2004; Kim & Shprits, 2019; Lee et al., 2016; Moldwin et al., 2004; Shi et al., 2019). Stronger
magnetospheric convection would impel energetic electrons closer to Earth but erode the plasmasphere more
deeply. Compared to the plasmaspheric core, the plasmaspheric plume extending outward is more accessible
for energetic electrons and thus more favorable for wave growth (Kim & Shprits, 2019; Shi et al., 2019; Su
et al., 2018a; Zhang et al., 2019). Other than the seemly structureless hiss waves reported here, whistler-mode
waves with rising tones lasting ~1 s also exist in the plasmaspheric plume (Shi et al., 2019; Woodrofte et al., 2017,
Yu et al., 2018). Probably because of the eastward drift of energetic electrons, the plume whistler waves (Shi
et al., 2019) statistically have higher amplitudes in the night-dawn-noon sector (on the order of 100 pT) than
in the dusk sector (on the order of 50 pT) following strong substorms. With intense electron injections, the
afternoon-dusk plumes have been reported to sustain the large-amplitude (up to 1.5 nT) whistler waves (Su
et al., 2018a). Moreover, the plasmaspheric plume consisting of cold plasma lumps of enhanced density can
guide both the structureless and structured whistler waves into the plasmaspheric core and allow these waves to
evolve into the plasmaspheric hiss after mixing (Bortnik et al., 2008; Bortnik, Li, et al., 2009). Analogously, other
plasmaspheric structures (Darrouzet et al., 2009) extending outward such as the plasmaspheric bulge, fingers, and
crenulations could also become engines for plasmaspheric hiss (Tsurutani et al., 2015).

Data Availability Statement

Van Allen Probes data are available at https://spdf.gsfc.nasa.gov/pub/data/rbsp/. THEMIS data are available at
http://themis.ssl.berkeley.edu/data/themis/. GPS TEC maps are available at https://cdaweb.gsfc.nasa.gov/pub/
data/. SYM-H, AE and Kp data are available at http://wdc.kugi.kyoto-u.ac.jp/wdc/Sec3.html. Ray-tracing code
is available at http://waves.is.t.kanazawa-u.ac.jp/. The Plasmapause Test Particle simulation data is available at
https://enarc.space.swri.edu/PTP/ or https://rbsp-ect.newmexicoconsortium.org/.
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