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Abstract Simultaneous observations of the magnetic field and plasma waves made by the Arase and Van
Allen Probe A satellites at different magnetic local time (MLT) enable us to deduce the longitudinal structure
of an oxygen torus for the first time. During 04:00–07:10 UT on 24 April 2017, Arase flew from L = 6.2 to 2.0 in
the morning sector and detected an enhancement of the average plasma mass up to ~3.5 amu around
L = 4.9–5.2 andMLT = 5.0 hr, implying that the plasma consists of approximately 15%O+ ions. Probe Amoved
outbound from L = 2.0 to 6.2 in the afternoon sector during 04:10–07:30 UT and observed no clear
enhancements in the average plasma mass. For this event, the O+ density enhancement in the inner
magnetosphere (i.e., oxygen torus) does not extend over all MLT but is skewed toward the dawn, being
described more precisely as a crescent-shaped torus or a pinched torus.

Plain Language Summary In the early 1980s, it was discovered that the O+ ion density is
sometimes enhanced in a limited range of altitude in the deep inner magnetosphere (approximately
10,000-km to 30,000-km altitude). This O+ density enhancement was originally named the oxygen torus,
which implies azimuthal symmetry of the density enhancement. However, its longitudinal structure remains
poorly known. This study investigates the longitudinal structure of the oxygen torus for the first time using
simultaneous observations from the Arase and Van Allen Probe A satellites. We find that the oxygen torus
does not extend over all longitudes but is localized to the dawn sector, indicating a crescent-shaped torus.

1. Introduction

Chappell (1982) examined data from the retarding ion mass spectrometer (RIMS) instrument carried by the
Dynamic Explorer (DE) 1 satellite and discovered that the O+ ion density is sometimes enhanced in a limited range
of L shell in the deep innermagnetosphere. This O+ density enhancementwas originally called the oxygen torus by
Chappell (1982) and Horwitz et al. (1984). Since then, some studies confirmed the oxygen torus around L = 3–5
during a storm recovery phase with a direct measurement by using the DE-1/RIMS data (Comfort et al., 1988;
Horwitz et al., 1986; Roberts et al., 1987) andwith an indirectmeasurement by combining observations of standing
Alfvén waves (i.e., ULF waves) and plasma waves in the VLF/LF bands (Fraser et al., 2005; Grew et al., 2007; Maeda
et al., 2009; Nosé et al., 2015, 2011; Obana et al., 2010; Takahashi et al., 2006, 2008).

Although the term oxygen torus implies azimuthal symmetry of the O+ density enhancement, there has been
only one statistical study about magnetic local time (MLT) distribution of the oxygen torus by Roberts et al.
(1987) who found broad peaks of the occurrence distribution in the premidnight and morning sectors. No
simultaneous observations of the oxygen torus at different MLT by multiple satellites have been
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performed. Now is a good time to investigate the MLT distribution of the
oxygen torus, because two missions are currently making observations
in the deep inner magnetosphere, at radial distances below 6.0 RE, and
at widely spaced MLT. The first is the Exploration of energization and
Radiation in Geospace (ERG) Arase satellite (Miyoshi et al., 2018), and the
second is the Van Allen Probes (Mauk et al., 2013). Both satellites carry
instruments to measure magnetic field and plasma waves. From the reso-
nant frequencies of standing Alfvén waves and the upper hybrid reso-
nance (UHR) band, we can estimate the plasma mass density (ρ) and the
electron number density (ne), respectively. The average ion mass (M) is cal-
culated by M = (ρ � neme)/ni ~ ρ/ni ~ ρ/ne under the assumption of quasi-
neutrality of the plasma, where me is the electron mass and ni is the ion
number density.

This study reports simultaneous observations of M when both the Arase
satellite and the Van Allen Probe A satellite traversed L = 2.0–6.2 around
04–08 UT on 24 April 2017. Arase was flying from predawn to morning,
while Probe A moved from noon to dusk. We will examine if M was
increased in a limited range of L on the dawn and/or dusk sides and reveal
the longitudinal structure of oxygen torus for the first time on the basis of
the simultaneous measurements at different longitudes.

2. Simultaneous Observations by Arase and Van Allen
Probe A
2.1. Satellite Orbits and Geomagnetic Conditions

Figure 1a shows the orbital segments of Arase and Van Allen Probe A during
the interval of interest. During 04:00–07:10 UT on 24 April 2017, Arase was fly-
ing along an inbound path from (L, MLT) = (6.2, 3.4 hr) to (2.0, 9.5 hr). Probe A
was outbound from (L, MLT) = (2.0, 12.3 hr) to (6.2, 17.7 hr) at the almost same
interval from 04:10 to 07:30 UT. Figure 1b displays the SYM-H index (Iyemori

et al., 1992) for 21–27 April 2017. A horizontal blue bar indicates the time interval of 04:00–07:30 UT on 24 April
2017 when the Arase and Probe A observations were made. We found that a magnetic storm started around
18 UT on 21 April, and disturbances continued for approximately 2 days, followed by a gradual recovery from
24 to 27 April. This storm is considered to be a CIR (Corotating Interaction Regions) storm. The simultaneous obser-
vations were made when the strong disturbances ceased and the storm started to recover.

2.2. ULF Waves and UHR Waves

Figures 2a–2d compile the Arase observations during 04:00–07:10 UT on 24 April 2017. The top three panels
are the dynamic power spectra of the magnetic field variations in the frequency range of 0–50 mHz in local
magnetic (LMG) coordinates. The magnetic field data are obtained by Magnetic Field Experiment (MGF)
(Matsuoka et al., 2018) and averaged over the spin period (~8 s). In LMG coordinates, the local magnetic field
is defined by the combination of the International Geomagnetic Reference Field (IGRF)-12 internal model
(Thébault et al., 2015) and the Tsyganenko, 1989 (T89) external model with Kp = 0 (Tsyganenko, 1989). The
bottom panel shows the plasma wave spectrogram for the electric field in the frequency range of 5–
600 kHz measured by the onboard frequency analyzer (OFA) and the high-frequency analyzer (HFA) of the
Plasma Wave Experiment (PWE) (Kasahara et al., 2018; Kumamoto et al., 2018; Matsuda et al., 2018). In this
spectrogram, data below and above 20 kHz come from OFA and HFA, respectively, resulting in appearance
of a subtle change in the background emission level at 20 kHz. A white line delineates the local cyclotron fre-
quency of electrons (fce) calculated from the MGF data.

No clear ULF wave signatures are identified in the radial and compressional components (Figures 2a and 2c),
while there is a standing wave signature in the azimuthal component (Figure 2b); that is, the wave frequency
becomes higher as the Arase satellite moves closer to the Earth. Strong wave power running until 06:40 UT at
~39 and ~49 mHz is due to artificial noises, which will be removed in future calibration. It is noteworthy that

Figure 1. (a) Orbits of the Arase satellite during 04:00–07:10 UT and the Van
Allen Probe A satellite during 04:10–07:30 UT on 24 April 2017 in the L-MLT
plane. (b) The SYM-H index for 21–27 April 2017. A horizontal blue bar indi-
cates the time interval of 04:00–07:30 UT on 24 April 2017 when the Arase
and Probe A observations were made. MLT = magnetic local time.
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the wave frequency does not monotonically increase but temporary drops at 05:40–05:50 UT as indicated by
a white arrow. This implies that heavy ions are loaded, and the average plasma mass is increased, resulting in
decreases of the Alfvén velocity and the standing wave frequency. In Figure 2d, we found clear emissions of
UHR waves increasing gradually from<10 to ~150 kHz during 04:00–07:00 UT and showing a sudden jump to
~300 kHz around 07:00 UT. The jump in frequency of the UHR (fUHR) is due to an enhancement of ne.

Figures 2e–2h show the dynamic power spectra of the magnetic field variations and the plasma wave spec-
trogram of the electric field oscillation for Probe A. The format is the same as Figures 2a–2d except that the
time interval is 04:10–07:30 UT and the plasma wave spectrogram covers the frequency range of 10–500 kHz.
These data were measured by the Electric and Magnetic Field Instrument Suite and Integrated Science
(EMFISIS) instrumentation suite (Kletzing et al., 2013). We found the standing wave signature in the azimuthal
component (Figure 2f) of the magnetic field which is similar to that observed by Arase. Since Probe A was in
an outbound pass, the wave frequency gradually decreases. In the radial and compressional components
(Figures 2e and 2g), we recognize no standing wave signatures. In Figure 2h, UHR waves can be seen.
Their frequency dropped at 04:15 UT, decreased smoothly during 04:15–06:00 UT, and showed irregular
changes during 06:00–06:50 UT.

2.3. Mass Density, Electron Density, and Average Plasma Mass

From the dynamic power spectra of Figures 2b and 2f, we selected peak frequencies of the toroidal waves (fT)
to infer ρ. Selection criteria are similar to those used by Nosé et al. (2011, 2015). The selected frequencies are

Figure 2. (a–d) Arase observations during 04:00–07:10 UT on 24 April 2017. The top three panels are the dynamic power spectra of the magnetic field variations in
the radial, azimuthal, and compressional components measured by MGF. A white arrow indicates a time interval when toroidal wave frequency temporarily dropped.
The bottom panel shows the plasma wave spectrogram for the electric field measured by PWE-OFA (<20 kHz) and PWE-HFA (≥20 kHz). A white line delineates the
local cyclotron frequency of electrons. (e–h) Probe A observations during 04:10–07:30 UT on 24 April 2017. The format is the same as Figures 2a–2d except that data
are obtained by EMFISIS. PWE = Plasma Wave Experiment; OFA = Onboard Frequency Analyzer; HFA = High-Frequency Analyzer; EMFISIS = Electric and Magnetic
Field Instrument Suite and Integrated Science; MLT = magnetic local time; MGF = Magnetic Field Experiment.
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plotted with black circles over the dynamic power spectrum as shown in Figures 3a for Arase and Figure 3g
for Probe A. Since these toroidal waves were clearly observed off the equatorial plane (absolute values of
geomagnetic latitude ~10°–30°), they are considered to be fundamental mode waves. The
magnetohydrodynamic wave equation in an arbitrary magnetic field geometry, which was introduced by
Singer et al. (1981), was numerically solved to estimate ρ from fT. The numerical calculation was made with
the IGRF-12 and T89 (Kp = 4) magnetic field models and the power law model of the field-aligned

Figure 3. Arase observations of (a) the dynamic power spectrum of the magnetic field variations in the azimuthal component with selected peak frequency, (b) mass
density, (c) electron density, and (d) average plasma mass, during 04:00–07:10 UT on 24 April 2017. (e and f) Electron density and average plasma mass as a function
of L. (g–l) Same as in Figures 3a–3f but for the Probe A observations during 04:10–07:30 UT on 24 April 2017. PWE = Plasma Wave Experiment; OFA = Onboard
Frequency Analyzer; HFA = High-Frequency Analyzer; EMFISIS = Electric andMagnetic Field Instrument Suite and Integrated Science; MLT =magnetic local time; MGF
= Magnetic Field Experiment.
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distribution of ρ (the power law index of 0.5); more details are given by Nosé et al. (2011, 2015). The estima-
tion of ρ at satellite positions (ρL) is shown in Figure 3b for Arase and Figure 3h for Probe A.

We estimated the electron density at satellite positions (neL) from fUHR and fce that appears in Figures 2d and
2h, using the equation neL = 4π2ε0me(fUHR

2 � fce
2)/e2, where e is the electron charge and ε0 is the vacuum

permittivity. Results are shown in Figure 3c for Arase and Figure 3i for Probe A. The Arase satellite flying in
the dawn flank found a steep inner gradient at 07:00 UT at (L, MLT) ~ (2.6, 8.2 hr). This is considered to be
a recently eroded plasmapause. However, it should be noted that there is another change in the gradient
of neL around 06:00 UT at (L, MLT) ~ (4.9, 5.2 hr); that is, as highlighted by a red dotted line, neL shows an
upward shift after ~06:00 UT. Value of neL is less than a few cm�3 at 04:00–06:00 UT, while it is 5–
200 cm�3 at 06:00–07:00 UT. These observations can be interpreted that the plasmatrough was at L > 4.9,
and a partial refilling of plasma after erosion was taking place in the region at L = 2.6–4.9 (between the plas-
mapause and the plasmatrough). In the dusk flank, Probe A observed a possible plasmapause following an
erosion event at 04:15 UT at (L, MLT) ~ (2.2, 13.0 hr). There are small temporal enhancements in neL during
06:00–06:50 UT, which can be considered to be the narrowing plume that appears often in the afternoon sec-
tor during storm recovery (e.g., Goldstein et al., 2004; Grebowsky, 1970). Between the plasmapause and the
plume, neL was gradually falling but stayed at a rather large value of 20–500 cm�3. This may reflect that the
region was partially refilled. After 0650 UT, neL became a few cm�3, indicating that Probe A was located in
the plasmatrough.

Using the values of ρL and neL, we finally calculated M (~ρL/neL) as displayed in Figure 2d for Arase and
Figure 2j for Probe A. It is found from Figure 2d that M was enhanced to 3.0–3.5 amu at 05:40–06:00 UT in
a limited range of L (i.e., L = 4.9–5.2) at dawn (MLT ~ 5.0 hr). M was about 1–2 amu in the surrounding time
periods, although it became as high as 2.5–3 amu at 04:00–04:30 UT. On the other hand, from the results in
the afternoon sector (Figure 3j), no clear enhancements in M appeared. M stays generally at about 1–2 amu.

To investigate a relation between the variations of M and the structures of the plasma density, neL and M are
plotted as a function of L in Figures 3e and 3f for Arase and in Figures 3k and 3l for Probe A. At dawn, we
found the plasmapause at L ~ 2.6, the partially refilling region between L = 2.6 and 4.9, and the plasmatrough
at L > 4.9 (Figure 3e). The enhancement of M up to 3.5 amu was located around L ~ 5.1 and just outside the
plasmaspheric refilling region (Figure 3f). In the afternoon, however, there are the plasmapause at L ~ 2.1, the
partially refilling region between L = 2.1 and 5.1, the plume at L = 5.1–5.8, and the plasmatrough at L > 5.8
(Figure 3k). M was 1–2 amu throughout L = 2.5–6.2 (Figure 3l).

3. Discussion
3.1. Interpretation of Enhancement of M

Although M is a parameter representing a degree of concentration of heavy ions (i.e., He+, He++, and O+), it
does not give information about their composition. If we assume that the observed enhancement ofM up to
3.5 amu is created only by He+, the plasma should consist of 17% H+ and 83% He+. Such plasma has an unrea-
listic composition of n(He+)/n(H+) ~ 5, where n(A) is the number density of ion species A, because previous
studies (Comfort et al., 1988; Horwitz et al., 1984) reported that n(He+)/n(H+) at L < 6 is in the range of
0.01–1.0 and its typical value is 0.2–0.5.

Therefore, we need to consider the existence of O+ ions. When we assume that a plasma consists of H+, He+,
and O+ ions as well as n(He+) = n(O+), a plasma of 72% H+, 14% He+, and 14% O+ hasM ~ 3.5 amu and n(He+)/
n(H+) ~ 0.19. When a two-component plasma (i.e., H+ and O+) is considered, we find 83% H+ and 17% O+ to
yieldM ~ 3.5 amu. It is concluded that the plasma included ~15% of O+ ions, and the Arase satellite detected
the so-called oxygen torus around (L, MLT) ~ (5.1, 5.0 hr).

3.2. Generation Mechanism of Oxygen Torus and Its Longitudinal Structure

Previous studies (Comfort et al., 1988; Horwitz et al., 1986, 1990; Roberts et al., 1987) have proposed that iono-
spheric O+ ions are extracted and supplied into a limited range of L in the inner magnetosphere to form the
oxygen torus. This generation mechanism is as follows: the plasmasphere expands during the storm recovery
phase; an interaction occurs between the ring current energetic ions and the plasmaspheric cold electrons in
the limited L range; the plasmaspheric electrons are energized and precipitated into the underlying
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ionosphere; it increases the ionospheric temperature and the scale height
of ionospheric plasma, and then a large number of O+ ions are extracted
into the high altitude. With this mechanism we expect that an oxygen
torus is formed in all MLT or preferentially near dusk, because during the
storm recovery phase, the ring current becomes more axis-symmetric
and the plasmasphere usually has a bulge at dusk. This is inconsistent with
the present observational results (Figures 3f and 3l).

In another generation scenario proposed by Roberts et al. (1987), iono-
spheric O+ ions are extracted from the dayside polar cusp during the initial
or main phase of magnetic storms and transported into the near-Earth
magnetosphere on the nightside. Then the plasmapause expands during
the storm recovery phase and some parts of the ionospheric O+ ions in
the magnetosphere are trapped within the plasmasphere, resulting in for-
mation of the oxygen torus. Recently, Nosé et al. (2015) performed numer-
ical calculation of thermal O+ ion trajectories in the inner magnetosphere
during the storm recovery phase and revealed that O+ ions are not only
trapped within the plasmasphere but also draped around the plasma-
pause on the dawn and morning sides. The longitudinal structure of an
oxygen torus expected from this mechanism is consistent with Figures 3f
and 3l.

3.3. Longitudinal Structure of Oxygen Torus for the 24 April
2017 Event

Based on the analysis results of the Arase and Probe A data as well as the generation scenario suggested by
previous studies (Nosé et al., 2015; Roberts et al., 1987), we draw in Figure 4 a schematic figure of the struc-
tures of the plasmasphere and the oxygen torus at 0400–0730 UT on 24 April 2017. The observations were
made during the early phase of the storm recovery which was preceded by a long-lasting (~2 days) storm
main phase (Figure 1b). Geomagnetic disturbances caused an erosion of the plasmasphere and a drainage
plasma plume on the dayside. Because of the long-lasting main phase, the plasmasphere may shrink down
to L ~ 2.5. The drainage plasma plume became narrow in longitude and moved to eastward in the afternoon
during the following recovery phase (e.g., Goldstein et al., 2004; Grebowsky, 1970). This plasmaspheric struc-
ture is represented as a dark green region in Figure 4.

During the recovery phase, the convection electric field becomes weak and the open/closed separatrix for
cold plasma (i.e., the boundary between a sunward convecting region and a corotating region) is expanded
outward. Then the expanded closed region starts to be refilled with plasma of ionospheric origin and/or cor-
otating plasmaspheric plasma. Partially refilling regions during the recovery phase are found by the IMAGE
extreme ultraviolet (EUV) imager (Goldsten & Sandel, 2005). In Figure 4, such region is displayed with
light green.

The oxygen torus is shown with a yellow region. It was found only by Arase in the dawn and just outside the
partially refilling region. The present observations suggested that the oxygen torus does not extend over all
MLT for the 24 April 2017 event. Its longitudinal structure would not be described by a torus but a crescent-
shaped torus or a pinched torus, although its longitudinal extent is still unrevealed. Exploring this issue is left
for future studies that employ multiple (more than three) satellites carrying magnetic field and plasma wave
instruments or a satellite equipped with an EUV camera to image a global distribution of O+ ions (Goldstein
et al., 2018).

3.4. Other Issues About Structure of Oxygen Torus

It is worth briefly mentioning here the latitudinal extension of the oxygen torus. In the present study, we
assume that M is constant at an L shell, which indicates that the oxygen torus uniformly extends along the
geomagnetic field line. However, this may not be true in the actual inner magnetosphere. From the CRRES
and IMAGE satellite data, Takahashi et al. (2004) and Denton et al. (2004, 2006) concluded that heavy ions
are preferentially concentrated near the magnetic equator.

Figure 4. A schematic figure of the structures of the plasmasphere and the
oxygen torus at 04:00–07:30 UT on 24 April 2017 inferred from the analysis
results of the Arase and Probe A data as well as the generation scenario
suggested by previous studies. MLT = magnetic local time.
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We should consider that the longitudinal extension of the oxygen torus would be temporally variable. In the
time intervals before/after 04:00–07:30 UT on 24 April 2017, the oxygen torus may happen to be more axi-
symmetric (i.e., really torus shaped).

Thus, the latitudinal structure and temporal variation of the oxygen torus are also important issues to be
examined in future studies. An EUV camera to capture the glow fromO+ ions will provide a global distribution
of the oxygen torus and its temporal variations, if it is carried by satellites orbiting the Earth at 8–20 RE
(Goldstein et al., 2018). Such satellite mission will help solve these issues.

4. Conclusions

We examined the longitudinal structure of the oxygen torus for the first time, based on the simultaneous
observations of the magnetic field and the plasma wave made by the Arase and Van Allen Probe A satellites
at different MLT around 04:00–07:00 UT on 24 April 2017. Arase was flying along an inbound path from (L,
MLT) = (6.2, 3.4 hr) to (2.0, 9.5 hr) during 04:00–07:10 UT, and Probe A was outbound from (L, MLT) = (2.0,
12.3 hr) to (6.2, 17.7 hr) at the almost same interval from 04:10 to 07:30 UT. Both satellites observed clear tor-
oidal mode ULF oscillations and UHRwaves. From their frequencies (fT and fUHR), we respectively estimated ρL
and neL and consequently calculated M under the assumption of quasi-neutrality of plasma (i.e., M ~ ρL/neL).

Arase found an enhancement of M up to ~3.5 amu in a limited range of L (i.e., L = 4.9–5.2) at dawn
(MLT ~ 5.0 hr), while M was about 1–2 amu in the neighboring region. This enhancement of M implies that
the plasma includes approximately 15% of O+ ions around L = 5 at dawn, suggesting an oxygen torus.
From the results in the afternoon sector by Probe A, however, M showed no clear enhancements and stayed
generally at about 1–2 amu. These observational results led us to make a sketch of the plasmasphere and the
oxygen torus as shown in Figure 4. It seems that for the 24 April 2017 event the oxygen torus does not extend
over all MLT but is skewed toward the dawn, being described more precisely as a crescent-shaped torus or a
pinched torus.
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