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Abstract Cold oxygen ions escaping from the ionosphere and temporarily trapped near the plasmapause
form the oxygen torus. Mass-loading by these oxygen ions significantly affects magnetospheric plasma
processes. However, due to the technical challenges in measuring cold oxygen ions and the limited spatial and
temporal coverage of space missions within the magnetosphere-ionosphere coupling system, the generation
mechanism of oxygen torus remains unclear. Here, we propose a novel approach to determine the ion
abundances from the observable polarization and propagation characteristics of electromagnetic ion cyclotron
(EMIC) waves and identify a narrow oxygen torus near the noonside plasmapause during a geomagnetically
quiet period. Our data and theoretical calculations suggest that the formation of this oxygen torus involved
excitation of EMIC waves by ring current protons, wave-driven Landau heating of plasmaspheric electrons, heat
conduction from the magnetosphere to the ionosphere, and upwelling of ionospheric oxygen ions into the
magnetosphere.

Plain Language Summary The Earth's plasmasphere serves as a large reservoir of cold electrons and
ions that escape from the ionosphere. The outer region, enriched with oxygen ions, is known as the “oxygen
torus.” Although discovered in the 1980s, the mechanisms responsible for generating the oxygen torus have
remained unclear. One challenge is the extremely low energy of oxygen ions, which makes them difficult to
detect with typical plasma instruments. Another challenge is the limited spatial and temporal coverage of space
missions within the magnetosphere-ionosphere coupling system. Here, we propose a novel approach to
determine the ion abundances using the observable polarization and propagation characteristics of
electromagnetic ion cyclotron (EMIC) waves. For an oxygen torus identified through this approach, we attribute
its formation to the excitation of EMIC waves by ring current protons, followed by wave-driven Landau heating
of plasmaspheric electrons, heat conduction by the electrons from the magnetosphere to the ionosphere, and
finally, the upwelling of ionospheric oxygen ions into the magnetosphere.

1. Introduction

The Earth's plasmasphere serves as a vast reservoir of cold electrons and ions that escape from the ionosphere
(Lemaire & Gringauz, 1998). Low-energy (0.1-10 eV) oxygen ions can become temporarily trapped in a toroidal
region near the plasmapause, known as the “oxygen torus” (Chappell, 1982; Goldstein et al., 2018; Horwitz
etal., 1984). These oxygen ions can circulate within the magnetosphere (Keika et al., 2013; Kronberg et al., 2014;
Yau et al., 2012) and, through mass-loading, affect local plasma processes, such as magnetic reconnections at the
magnetopause or magnetotail (Kronberg et al., 2014; Shay & Swisdak, 2004; Yu & Ridley, 2013), as well as the
generation and propagation of low-frequency waves (Henning & Mace, 2014; Omidi et al., 2013; Takahashi
et al., 2006; X. Yu et al., 2015; M. Zhu et al., 2021). Since the first discovery of the oxygen torus by Chap-
pell (1982), its generation mechanisms have remained unclear.

One challenge is the extremely low energy of oxygen ions. Direct measurements of the oxygen torus were
successfully made by the Retarding Ion Mass Spectrometer (RIMS; Chappell et al., 1981) onboard the Dynamics
Explorer 1 (DE-1). After the DE-1 mission ended in 1989, ion mass spectrometers on subsequent space missions
have normally been unable to measure these cold ions effectively. In recent decades, the location of the oxygen
torus has been inferred using the magnetoseismology technique (Fraser et al., 2005; Nosé et al., 2015, 2018;
Takahashi et al., 2006), which involves determining the average ion mass from the measured eigenfrequencies of
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standing Alfvén waves on closed field lines. However, this technique (Takahashi et al., 2015) cannot differentiate
the abundances of different ions and, due to the regional distribution of waves, cannot provide a comprehensive
view of the spatiotemporal morphology of the oxygen torus.

Another challenge is the large-scale magnetosphere-ionosphere coupling. The enrichment of oxygen ions in the
inner magnetosphere indicates enhanced escape of oxygen ions from the ionosphere, facilitated by increased
energy input from the magnetosphere to the ionosphere. Such energy input is usually prominent during
geomagnetic storms and substorms (Z. Chen et al., 2023; Hull et al., 2019; Roberts et al., 1987; Yau et al., 1985;
Yau & André, 1997). Oxygen ions may either directly flow into the outer plasmasphere along the field lines (Z. Y.
Liu & Zong, 2022; Nosé et al., 2022) or experience significant radial and azimuthal cross-field transport before
becoming trapped near the plasmapause (Nosé et al., 2015; Roberts et al., 1987). Given the limited spatial and
temporal coverages of space missions, accurately identifying the generation mechanism of the oxygen torus has
proven remarkably difficult.

In this letter, we propose a novel approach to determine the ion abundances from the observable polarization and
propagation characteristics of electromagnetic ion cyclotron (EMIC) waves. EMIC waves have been frequently
detected in the inner magnetosphere (e.g., Capannolo et al., 2019; Fraser et al., 1996; Horne & Thorne, 1990; S.
Liu et al., 2019; Miyoshi et al., 2008; Morley et al., 2009; McCollough et al., 2009; Min et al., 2012; Meredith
etal., 2014; Rauch & Roux, 1982; Usanova et al., 2012; Zhang et al., 2016; H. Zhu & Chen, 2019) and particularly
within the oxygen torus (Nosé et al., 2020). The growth rate and cutoff frequency of EMIC waves have been
shown to depend on the ion abundances (Miyoshi et al., 2019; Nosé et al., 2020; Omura et al., 2010). Using the
newly developed approach, we identify a narrow oxygen torus near the noonside plasmapause during a quiescent
period. Our analyses support the hypothesis that this oxygen torus resulted from the upwelling of oxygen ions
from the ionosphere to the outer plasmasphere, facilitated by the magnetosphere-to-ionosphere energy transfer
mediated by EMIC waves.

2. Observable Properties of EMIC Waves

On board the Van Allen Probes mission (Mauk et al., 2013), the Magnetometer (MAG) and the high frequency
receiver (HFR) of the Electric and Magnetic Field Instrument and Integrated Science (EMFISIS) suite (Kletzing
et al., 2013), and the Electric Field and Wave (EFW) instrument (Wygant et al., 2013) provided the data of
magnetic fields of a 64 Hz sampling rate, densities (Kurth et al., 2015), and electric fields of a 32 Hz sampling
rate. We resample the magnetic field vectors to a sampling rate of 32 Hz and estimate the spin-axis-aligned
electric field component based on E-B = 0. We then apply a 1024-point Fast Fourier Transform with a 512-
point overlap to the magnetic and electric field vectors of a 32 Hz sampling rate to generate the power spec-
tral density matrices of waves. The wave normal angles and polarizations are determined by using the singular
value decomposition technique on the magnetic power spectral density matrices (Santolik et al., 2002, 2003). The
wave normal angle is defined as the angle between the wave vector and the background magnetic field. Based
solely on magnetic field data, there is an inherent 180° uncertainty in determining the wave normal angle
(Santolik et al., 2003). Polarization describes the characteristics of the wave's magnetic field in the plane
perpendicular to the background magnetic field. Specifically, positive (negative) polarization occurs when the
magnetic field rotates in a right-handed (left-handed) manner, and the amplitude of polarization is given by the
ratio of the minor to the major axis of the wave magnetic field ellipse. The wave Poynting fluxes are calculated
from the cross-power spectral density matrices (Santolik et al., 2010). The Poynting polar angle is defined as the
angle between the Poynting flux and the background magnetic field.

From 6 to 12 February 2014, there were a series of weak geomagnetic storms and strong substorms (Figure 1a).
The plasmasphere had undergone multiple cycles of erosion (down to L<4) and refilling (up to L>6)
(Figure 1b). During a quiescent period from 05:20 UT to 06:05 UT on 13 February 2014, Van Allen Probe A
observed the intense helium-band ()20 <f< ]QHE) EMIC waves near the noonside plasmapause at mid-latitudes
(A ~ —17°) in the southern hemisphere (Figures Ic and 1d). From the plasmaspheric boundary layer (05:20-
05:29 UT) to the plasmaspheric core (05:29-05:58 UT), the wave power increased by approximately two orders of
magnitude (Figures 1d and le). During this transition, the wave vector directions shifted from highly oblique
directions (x//k > 50°) with respect to the background magnetic field to more field-aligned directions (y/k < 20")
(Figure 1f), and the wave polarizations reversed from positive to negative (Figure 1h). For all these EMIC waves,
the Poynting fluxes were quasi-antiparallel (y/P > 160 °) to the background magnetic field (Figure 1g), supporting
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that these waves were excited by energetic protons near geomagnetic equator (Cao et al., 2020; H. Chen
et al., 2020; Horne & Thorne, 1993; Jordanova et al., 2008; N. Liu et al., 2020; Loto’ Aniu et al., 2005; Teng
etal., 2021; Xiao et al., 2007; Yin et al., 2022). Their frequency chirping characteristic indicates that EMIC waves
experienced nonlinear amplification following a linear growth near the equator (An et al., 2024; Omura
et al., 2010; Pickett et al., 2010; Shoji & Omura, 2011).

3. Inference of Ion Abundances From EMIC Waves
3.1. Fine Analysis of EMIC Waves

The instantaneous wave characteristics are derived from the magnetic field measurements taken at a sampling rate
of 64 Hz. Field-aligned coordinates are defined as follows: b is the unit vector along the background magnetic
field B, determined through a 1000-point moving average, a is the unit vector pointing eastward, and ¥ completes
the right-handed triad (f', a, f)). The magnetic fields of EMIC waves are obtained through an 80-point moving
average minus a 320-point moving average. Within the time period between 05:20 UT and 06:05 UT, we select
the data segments with regular sinusoidal waveforms. Each segment covers approximately one wave period, and
its hodogram in the plane perpendicular to the background magnetic field is fitted to an ellipse using the
Levenberg-Marquardt algorithm (Press, 2007). The hodogram gives the value of polarization, whose magnitude is
defined as the ratio of the minor axis to the major axis of the fitted ellipse and whose sign is defined according to
the rotating direction of the wave magnetic field with respect to the background magnetic field (positive for
clockwise rotation and negative for anti-clockwise rotation). The instantaneous wave frequency is defined as

Ad

— 1
2rwAt’ M

f

where At is the duration of a data segment and A¢ is corresponding net change in the phase angle. Applying the
minimum variance analysis technique (Sonnerup & Cahill, 1967) to a data segment gives the direction of wave

vector k and the wave normal angle

Y = arccos(lA( . 13) 2

3.2. Ion Species

Near the plasmaspheric boundary, the ion species may consist of Ht, He*, O*, and O** (Chappell, 1982;
Gallagher et al., 2016; Roberts et al., 1987). As shown in previous statistical studies (Gallagher et al., 2016;
Roberts et al., 1987), O** is observed more frequently in the late-evening sector, where the plasmasphere
typically exhibits a bulge and intersects most intensely with the ring current. Although the exact cause remains
unknown, a hypothesis suggests that the ring current heats the plasmasphere, enhancing the thermal diffusion of
ionospheric ions, which theoretically favors the presence of O** over O* (Chappell, 1982; Geiss & Young, 1981;
Roberts et al., 1987; Young et al., 1977). For this specific event (Figure 1), the wave power, polarizations, and
normal angles exhibited no observable changes near the O** gyrofrequency (0.4 Hz), implying that O** ions
were probably quite sparse. Therefore, in the following analysis, we assume that only H*, He*, and O* exist.
Their abundances ry = Ny/Ne, rge = Npo/N. and ro = Ng/ N, satisfy the charge neutrality condition

T+ rge+ro=1 3)

Figure 1. Overview of the EMIC wave event observed by Van Allen Probe A on 13 February 2014. (a) Geomagnetic indices SYM-H (black) and AE (blue) and

(b) electron density N, along the orbits of twin spacecraft of Van Allen Probes mission during 05-15 February 2014. The gray shading marks the time period from 05:20

to 06:05 UT on 13 February 2014. The following panels provide a zoomed-in view of the measurements taken by Van Allen Probe A during this interval. (c) Electron
density N,. (d) Magnetic power spectral density Pg. (¢) Poynting flux U. (f) Wave normal angle y,. (g) Poynting polar angle wp. (h) The sign of polarization Sg. Positive
(negative) values correspond to right (left)-hand polarized waves. In panels (c—h), the overlain vertical dotted lines mark the plasmapause. In panels (d-h), the overlain
dashed lines are helium (f.) and oxygen (fo) gyrofrequencies.
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3.3. Polarization of EMIC Waves

We assume that the EMIC waves obey the cold plasma wave dispersion relation inside the high-density plas-
masphere. Previous studies have found that when the temperatures of ions reach hundreds of eV, the EMIC wave
dispersion relations can deviate significantly from the predictions of the cold plasma wave theory (L. Chen
et al., 2013). For this specific event, the composition ratios of hot (>30 eV) ions were below 0.5% (Figure S1 in
Supporting Information S1), which supports the validity of the cold plasma assumption. Given the background
magnetic field strength By, the electron density N,, the wave frequency f, and the wave normal angle vy, , the wave
polarization £y imposes the second constraint on the ion abundances. The magnetic polarization can be written as
(Su et al., 2014; Tao & Bortnik, 2010)

B = D(P— n? sinzl;/k) ’ @
b P(n* ) ’

with the parameter ¢ = 1 or —1 to ensure |Eg| < 1, the wave refractive index n determined by the cold plasma

wave dispersion relation

P(n*—R)(n*-L)
(Sn2 —RL) (n* — P)’

©)

tan’y, =

and the notions R, L, D, S, and P of Stix (1962) depending on By, N, f and (ry, rye, ro)- Figure 2 gives two
examples at 05:26:07 UT in the plasmaspheric boundary layer and at 05:40:22 UT in the plasmaspheric core. The
local wave dispersion curves consist of two branches: Branch I and Branch II. At 05:26:07 UT with
By =200.1 nT, N, =51.9cm™3,f = 0.36 Hz, y;, = 70.3° and Eg = 0.28, the allowed values of O* abundance
ro range from O to 0.1 if the wave belongs to Branch I and from 0.12 to 0.4 if the wave belongs to Branch II. At
05:40:22 UT with By = 211.7 nT, N, = 123.6 cm™, f = 0.27 Hz, y,, = 19.1° and Eg = —0.30, the allowed
values of OF abundance ry range from 0 to 0.05 if the wave belongs to Branch I and from 0 to 0.04 if the wave
belongs to Branch II.

3.4. Propagation of EMIC Waves

The EMIC waves are generated near the geomagnetic equator by anisotropic energetic protons (Cao et al., 2020;
H. Chen et al., 2020; Horne & Thorne, 1993; Jordanova et al., 2008; Loto’ Aniu et al., 2005; N. Liu et al., 2020;
Teng et al., 2021; Xiao et al., 2007; Yin et al., 2022). The wave growth rates typically peak at the parallel direction
(y/k = 0°) and have left-handed polarizations (Eg < 0) . The equatorial parallel wave branches I and II intersect
with each other at the crossover frequency f;, (Figure 3a). The left-handed polarized helium-band waves occur on
Branch I between the cutoff frequency f;, and the crossover frequency f;,, and on Branch II between the crossover
frequency f; and the helium gyrofrequency f;.. As these waves propagate away from the geomagnetic equator,
their wave vectors deviate from the parallel direction due to the bending of magnetic field lines. For the obliquely-
propagating EMIC waves, the dispersion branches I and II do not intersect with each other, and the linear mode
conversion between Branch I and Branch II cannot occur (Horne & Miyoshi, 2016). In other words, without
nonlinear effects, the EMIC waves persist on the same wave branch during their propagation from the
geomagnetic equator to the observer.

These characteristic frequencies fy., fir» and fze depend on the equatorial magnetic field B, and ion abundances.
For this specific event, the background magnetic field can be well modeled as a dipole field (Figure 3b). The
equatorial magnetic field strength is scaled from the observed magnetic field strength to B, = By/B, with the
scaling factor B determined under a dipole assumption. The ion abundances are assumed to be approximately
constant from the equator to the observer. The dispersion branch invariance, that is, the waves always belonging
to the same dispersion branch as they propagate from the equatorial source to the mid-latitude observer, imposes
the third constraint on the ion abundances. Figures 3¢ and 3d present the analysis for the same data segments as
Figures 2a and 2b. The O" abundance 7 is further restricted to 0.24-0.4 at 05:26:07 UT and 0-0.04 at
05:40:22 UT.
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Figure 2. Inference of ion abundances from the polarization of EMIC waves observed at 05:26:07 UT (left column) and 05:40:22 UT (right column). (a and b) B, — B,
hodograms for EMIC waves. (¢ and d) EMIC wave dispersion curves color-coded according to polarization values. At each time moment, the selected ion abundances
represents one of the possible situations determined through the subsequent analysis of wave polarization and propagation characteristics. Wave polarization values
under different ion abundances for (e, f) Branch I and (g, h) Branch II EMIC waves. The red dots mark the selected ion abundances in panels (c, d).
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Figure 3. Inference of ion abundances from the propagation characteristics of EMIC waves. (a) Cold plasma dispersion curves for parallel-propagating EMIC waves,
with the ion abundance ratio ry : 1y, : 7o = 0.7 : 0.2 : 0.1 arbitrarily selected to illustrate the results. The green and pumpkin colors help differentiate between the left-
and right-handed ploarizations, and the solid and dashed line styles help differentiate between the two dispersion branches at the equator. (b) Local and equatorial
background magnetic field. The black circles and blue solid line are observed and dipole-modeled local magnetic fields and the blue dashed line is equatorial magnetic field
estimated based on dipole model. (c, d) Overlap of local and equatorial dispersion branches at 05:26:07 UT and 05:40:22 UT. The brown and cyan shadows represent the
ion abundances corresponding to equatorial Branch I and I EMIC waves. The overlain red and blue lines represent the allowed ion abundances (Figures 2e—2h) on the local
dispersion branches I and II, respectively. The bold portions of these lines represent the matching between the local and equatorial dispersion branches, while the thin
portions represent their mismatching.

4. Formation Mechanism of Oxygen Torus

We have totally selected 25 regular wave segments and obtained the corresponding ion abundances using the
technique described above (Figures 4a and 4b). Within the plasmaspheric core L < 6.11, the inferred Ot abun-
dance is less than 0.08, and the inferred O density is below 9 cm™>. In the plasmaspheric boundary layer, the
inferred O" abundance increases steeply from L = 6.11 to 6.14 and decreases gradually above L = 6.14. The peak
O* abundance is inferred to be in a range of 0.24-0.40, with the corresponding peak O" density in a range of 12—
20 cm™3. Although the azimuthal and latitudinal coverages of this O" enrichment remain unclear due to the
absence of coordinated observations from other satellites, we here still use the traditional term, oxygen torus, to
describe this structure. Previous studies have shown that the oxygen torus primarily occurs near the plasmapause
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Figure 4. Oxygen torus induced by EMIC waves. Inferred O* (a) abundances and (b) densities along the orbit of Van Allen
Probe A during 05:24-05:53 UT. The range bars are color-coded according to the He* abundance and density. (¢, d) Branch
II EMIC wave cold plasma dispersion curves color-coded according to minimum Landau resonant energy of electrons E, ;.
(e, f) Branch II EMIC wave hot plasma dispersion curves color-coded according to normalized wave damping rate y/w.o with
electron and ion temperatures 7, = 7; = 1 eV. The overlain dashed lines are cold plasma dispersion curves. (g) Schematic
diagram depicting the formation of oxygen torus.
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(Chappell, 1982; Gallagher et al., 2016; Goldstein et al., 2018; Horwitz et al., 1984; Nosé et al., 2015, 2018;
Roberts et al., 1987) with a center at L = 3-5 and a radial width of AL = 0.5-1.5. In contrast to most previously
investigated events, which were related to geomagnetic storms, the event reported here occurred during quiescent
times when the plasmasphere had expanded to L = 6. The narrowness of the oxygen torus reported here is
probably related to the peculiarity in its formation mechanism.

Previous studies have proposed three plausible scenarios for the formation of the oxygen torus: (a) the
geomagnetic mass spectrometer effect on the ion outflow from the dayside polar cusp or polar cap region (Roberts
et al., 1987); (b) the direct outflow of O* ions from the nightside auroral or subauroral regions (Z. Y. Liu &
Zong, 2022; Nosé et al., 2022); and (c) the enhanced upwelling of ionospheric O% ions in a plasmaspheric
background heated by the ring current (Cornwall et al., 1971; Horwitz et al., 1984; Strangeway et al., 2005;
Wiltberger, 2015).

In the first two scenarios, the O ion outflow occurs during geomagnetic storms or substorms. For the specific
event reported here, we speculate that the dominant O outflow occurred on 9 February 2014, when the SYM-H
index reached a minimum of —40 nT and the AE index peaked at 1,200 nT (Figure 1a). Previous numerical
calculations have shown that these low-energy (10-103 eV) O ions can be transported from the nightside to the
dayside within approximately 10 hr (Nosé et al., 2015, 2022). During February 10-13, the plasmasphere was
eroded to L <4 multiple times following substorm onsets (Figure 1b). The previously released O ions were
unlikely to be still trapped near L = 6 but more likely to have escaped through the magnetopause. Therefore, the
first two scenarios may not be the primary contributors to the observed oxygen torus in this event.

In the third scenario, the plasmaspheric electrons are envisioned to conduct heat from the ring current to the
ionospheric plasma. The underlying mechanisms include the Coulomb collision between ring current protons and
plasmaspheric electrons (Cole, 1965; Fok et al., 1991), the Landau heating of plasmaspheric electrons by EMIC
waves from the temperature anisotropy instability of ring current protons (Cornwall et al., 1971; Erlandson
et al., 1993; Fu et al., 2018; Khazanov et al., 2007; Thorne & Horne, 1992; Thorne et al., 2006; B. Wang
etal., 2016; G. Wang et al., 2017; Yuan et al., 2014; Zhou et al., 2013), and the Landau heating of plasmaspheric
electrons by hiss waves from the temperature anisotropy instability of ring current electrons (Li et al., 2019;
Thorne & Horne, 1994; Z. Wang et al., 2020). Considering the narrow occurrence of oxygen torus in contrast to
the large-scale overlap of ring current and plasmasphere and the absence of hiss waves in the density dip (not
shown for brevity) where the oxygen torus emerged, we speculate that Coulomb collision and Landau heating by
hiss waves are not the primary contributors to the observed oxygen torus in this event. A remained possibility is
that the Landau heating by EMIC waves was the primary contributor.

The minimum Landau resonant energy of electrons (Summers et al., 2007) for the observed EMIC waves was on
the order of 0.1 eV both in the plasmaspheric core and boundary layer (Figures 4c and 4d). The expected Landau
heating of electrons was not observable due to the limited energy coverage of the Helium Oxygen Proton Electron
Mass Spectrometer (HOPE) instrument (Funsten et al., 2013) on the Van Allen Probes. In the plasmaspheric core,
the EMIC waves were propagating quasi-parallel from the geomagnetic equator to the observer (Figure 1f),
probably caused by the density ducting effect (L. Chen et al., 2009; de Soria-Santacruz et al., 2013; Yue
et al., 2020). In the density dip of the plasmaspheric boundary layer, where the density gradient approached
0 (Figure 1c), the EMIC wave vectors could have significantly deviated from the parallel direction slight away
from the equator (Figure 1f). Figures 4e and 4f show two tests using the Waves in Homogeneous Anisotropic
Magnetized Plasma code (Ronnmark, 1982) for waves at the observer with the inferred ion abundances. In these
tests, only the thermal electron and ion components with the same temperature of 1 eV are included. The wave
Landau damping rate in the plasmaspheric boundary layer is 1-2 orders of magnitude larger than that in the
plasmaspheric core, which qualitatively explains the observed difference of wave power between the plasma-
spheric core and the plasmaspheric boundary layer at mid-latitudes (Figure le). A narrow density dip with
obliquely-propagating EMIC waves naturally caused a narrow oxygen torus.

Enhanced heat conduction by hot electrons from the ring current to the ionosphere results in at least two sig-
nificant outcomes. First, it increases the scale height of ionospheric ions, leading to a closer resemblance between
the ion compositions of the ionosphere and the plasmasphere (Roberts et al., 1987). Second, it strengthens the
ambipolar electric field, which accelerates oxygen ions to overcome Earth's gravity (Collinson et al., 2024; Ma
et al., 2018; Strangeway et al., 2005; Wiltberger, 2015). Given the complexity of these physical processes, a
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detailed quantitative analysis is challenging. Therefore, we here qualitatively estimate whether EMIC waves can
provide enough energy to facilitate the escape of a sufficient number of oxygen ions into the plasmasphere. As
discussed above, the EMIC waves observed inside the density dip had been substantially damped during prop-
agation from the equator to mid-latitudes. Assuming the total Poynting flux of EMIC waves over the entire
frequency band at the equator was comparable to that observed inside the plasmaspheric core, approximately
QO ~5pW/ m?, on the same order as previous measurements (e.g., Loto’ Aniu et al., 2005; Ojha et al., 2021). If
this wave energy were fully transmitted to ionospheric oxygen ions, we can estimate the required duration for
such energy transfer. At L = 6, the magnetic flux tube has a length of H =~ 10 Rg (where Rg = 6376 km is
Earth's radius). Assuming oxygen ions are uniformly distributed along this tube with a density of N = 10 cm™,
and each oxygen ion requires an energy of Eq ~ 10 eV to overcome the Earth's gravity, the necessary duration for
EMIC waves to provide sufficient energy can be calculated as follows

_ HNoEq _

At 200 s. (6)

This calculation ignores the diverse energy dissipation processes within the atmosphere-ionosphere-plasmasphere
coupling system and probably underestimates the actual time required for wave energy input. In the specific event
of Figure 1, EMIC waves were continuously observed for about 0.5 hr near the plasmapause. Although the
duration before the formation of the oxygen torus was unobservable, it is reasonable to infer that the waves
persisted long enough to contribute significantly to the observed oxygen torus formation.

5. Conclusion and Discussion

We have developed a novel approach to infer ion abundances from the polarization and propagation character-
istics of EMIC waves within the framework of cold plasma wave theory. In an inner magnetospheric cold plasma
containing electrons and three types of singly charged ions, three constraints are required to determine the
abundances of these ions. The first constraint ensures the overall charge neutrality in the plasma. The second
constraint is derived from the observed instantaneous polarization value of the quasi-monochromatic EMIC wave.
The third constraint arises from the invariance of the dispersion branch of the EMIC wave. Specifically, the EMIC
wave is initially generated as a left-handed polarized wave with a wave vector parallel to the magnetic field at the
geomagnetic equator. As the wave propagates away from the equator, its wave vector gradually becomes oblique
but it persists on the same dispersion branch.

By applying this approach, we have identified a narrow oxygen torus in the noonside plasmaspheric boundary
layer during a quiet period. This oxygen torus centered around L = 6.14, with a radial width of AL = 0.05. At the
center of this oxygen torus, the O* abundance ranged from 0.24 to 0.40, and the O* density ranged from 12 to 20
cm™3. The large radial distance of this oxygen torus from Earth was related to the expansion of the plasmasphere
during the quiet period. The radial narrowness of the oxygen torus was associated with the spatial structure of the
plasmaspheric boundary layer. A plausible scenario for the formation of this oxygen torus is as follows
(Figure 4g): (a) the ring current protons excited EMIC waves through a combination of linear and nonlinear
processes in the outer plasmasphere at the equator; (b) within the density dip embedded in the plasmaspheric
boundary layer, the EMIC waves propagated away from the equator with their wave vectors gradually becoming
oblique relative to the background magnetic field; (c) the obliquely propagating EMIC waves can cause parallel
heating of cold plasmaspheric electrons, which eventually conducted heat to the ionospheric plasma and pro-
moted the upwelling of ionospheric OF ions into the magnetosphere. However, due to the limitations in
instrumental capability and space mission coverage, the Landau heating of cold plasmaspheric electrons and the
upwelling of oxygen ions were not directly identified. While the exact mechanisms remain complex, qualitative
estimates suggest that EMIC waves could supply sufficient energy over extended periods to promote the escape of
oxygen ions into the plasmasphere.

Compared to the oxygen torus described by Roberts et al. (1987), EMIC waves exhibit a significantly lower
occurrence probability (Meredith et al., 2014; Min et al., 2012; Usanova et al., 2012; Zhang et al., 2016). Two
main possibilities can explain this discrepancy (Horwitz et al., 1984; Roberts et al., 1987; Usanova, 2021; Zhang
et al., 2016). First, the lifetimes of EMIC waves and the oxygen torus differ. EMIC waves may arise within a
relatively short time period but still inject substantial energy into the ionosphere. In contrast, cold oxygen ions
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require 1-2 hr to transport from the ionosphere to the plasmasphere and remain there for extended periods until
the next plasmaspheric reformation. Second, beyond the EMIC-related scenario proposed here, other mechanisms
must also play a role in the formation of the oxygen torus (Cornwall et al., 1971; Horwitz et al., 1984; Z. Y. Liu &
Zong, 2022; Nosé et al., 2022; Roberts et al., 1987; Strangeway et al., 2005; Wiltberger, 2015). Future research
should focus on validating this EMIC wave-related hypothesis for the formation of the oxygen torus and eval-
uating its relative importance compared to alternative processes. This will require the development and utilization
of advanced satellite missions and instruments to provide more comprehensive and detailed observations.
Collaborative efforts across multiple satellite projects will be essential to achieve a deeper understanding of the
processes involved in the formation and evolution of the oxygen torus within the magnetosphere-ionosphere
coupling system.

Data Availability Statement

Van Allen Probes data are available at https://spdf.gsfc.nasa.gov/pub/data/rbsp/; SYM-H (World Data Center for
Geomagnetism, Kyoto et al., 2022) and AE (World Data Center for Geomagnetism, Kyoto et al., 2015) data are
available at https://wdc.kugi.kyoto-u.ac.jp/wdc/Sec3.html. In this work, we have analyzed the following data:
EMFISIS L2 WFR Cross Spectral Matrix data at https://cdaweb.gsfc.nasa.gov/; L3 MAG magnetic field data
(Kletzing, 2022); L4 HFR density data (Kurth et al., 2022); L2 EFW electric field data (Wygant, 2022); ECT L3
HOPE Plasma Moments data (Funsten et al., 2022). WHAMP code is available at https://github.com/irfu/
whamp/.
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