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Abstract Energetic O+ ions (tens of keV) rapidly increase in the inner magnetosphere and contribute
significantly to the ring current during substorms. Previously, two source regions of the energetic O+ ions
have been proposed. The first one is the dayside polar region. Ions from the dayside polar region are
transported to the lobe; then they are injected to the nightside plasma sheet during substorm expansion
phase. The second one is the nightside aurora region. After the substorm onset, energetic O+ ions are
extracted from the ionosphere with the auroral acceleration processes, and the O+ ions are directly supplied
to the nightside plasma sheet. We investigated the relative importance of these two regions on supplying the
energetic O+ ions in the inner magnetosphere. We performed a test particle simulation in global MHD
electromagnetic fields. We obtained the following results. (1) During the substorm growth phase, O+ ions at
tens of eV are extracted from the dayside polar region, resulting in the enhancement of the warm O+ ions
(hundreds of eV) in the lobe. After the substorm onset, the warm O+ ions are nonadiabatically accelerated to
tens of keV and injected to the inner magnetosphere. These O+ ions contribute to most of the O+ ring current.
(2) O+ ions at < a few keVs are supplied from the nightside aurora region to the plasma sheet. However,
their contribution to the O+ ring current remains small. From the results, we concluded that the main source
of the energetic O+ ions is the dayside polar region.

1. Introduction

The ring current is populated by energetic particles (tens keV to a few hundreds of keV) such as H+, O+, He+

ions, and electrons [Gonzalez et al., 1994; Daglis et al., 1999]. During quiet times, the ion pressure in the ring
current region is dominated by H+ ions [e.g., Gloeckler et al., 1985; Krimigis et al., 1985; Hamilton et al., 1988].
However, the contribution of O+ ions to the ring current becomes large with enhanced geomagnetic activity
[e.g., Lundin et al., 1980; Hamilton et al., 1988; Kistler et al., 1989; Roeder et al., 1996; Daglis, 1997; Daglis et al.,
2000; Feldstein et al., 2000; Korth et al., 2000; Greenspan and Hamilton, 2002; Nosé et al., 2005; Kronberg et al.,
2012]. It is accepted that the O+ energization occurs on two different time scales: the storm time scale
(>hours) and on the substorm time scale (<30 min) [Keika et al., 2013].

During magnetic storms, convective transport is caused by the electric field induced into the magnetosphere
under southward interplanetary magnetic field (IMF) through solar wind-magnetosphere-ionosphere cou-
pling [e.g., Ebihara and Ejiri, 2000]. Accordingly, the energy density ratio of O+/H+ in the ring current region
is increased [e.g., Hamilton et al., 1988]. Daglis [1997], Nosé et al. [2005], and Keika et al. [2013] have shown
that the ratio has a good correlation with magnetic storm strength represented by the Dst or SYM-H index.
For intense storm events, O+ ions become the dominant ion species [Hamilton et al., 1988; Daglis, 1997;
Roeder et al., 1996; Nosé et al., 2005].

During substorms, the energy flux of O+ ions at tens of keV is rapidly increased in the inner magnetosphere
[Daglis and Axford, 1996; Nosé et al., 2000; Fu et al., 2002]. Based on the Combined Release and Radiation
Effects Satellite observation, Fu et al. [2002] analyzed rapid flux enhancements during around 400 substorm
events under several types of ion composition. They showed that clear increases in the O+ ion flux at>50 keV
were identified in the nightside region in association with substorms. Mitchell et al. [2003] and Keika et al.
[2010] examined global oxygen energetic neutral atom (ENA) data observed by the Imager for
Magnetopause-to-Aurora Global Exploration/High Energy Neutral Atom (IMAGE/HENA). For some events,
the oxygen ENA emitted from the energetic O+ ions between ~50 and ~200 keV showed rapid enhance-
ments almost simultaneously with the sudden brightening of aurora whereas that of hydrogen did not show
clear increases.
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To explain the enhancement of energetic O+ ions during substorms, two processes have been proposed. The
first one is the “nonadiabatic acceleration” process. O+ ions from the dayside polar region are first transported
to the lobe [Vaisberg et al., 1995;Moore et al., 1997]; then they are injected to the nightside plasma sheet and
ring current region during substorm expansion phase undergoing nonadiabatic acceleration [e.g., Nosé et al.,
2000; Fok et al., 2006; Nakayama et al., 2015]. The second one is the “direct supply” process. Just after the sub-
storm onset, energetic O+ ions are extracted from the ionosphere with the auroral acceleration processes,
and the O+ ions are directly supplied to the nightside plasma sheet [e.g., Gazey et al., 1996; Sauvaud et al.,
2004; Ohtani et al., 2011; Kistler et al., 2016]. To examine these processes, both observation and modeling stu-
dies have been conducted. Mitchell et al. [2003] investigated population of energetic O+ ions through the
bursts of oxygen ENA observed by IMAGE/HENA. They pointed out that the fast response (~20 min) of the
O+ burst in the inner magnetosphere to the substorm expansion onset is understood by the nonadiabatic
acceleration in the near-Earth plasma sheet. Fok et al. [2006] traced global trajectories of ionospheric O+ ions
to the ring current region in a simulated substorm given by the Lyon-Fedder-Mobarry MHD simulation. From
the test particle simulation result, they suggested that a sudden enhancement of oxygen ENA measured by
IMAGE/HENA can be explained by the nonadiabatic energization rather than the direct supply from the iono-
sphere. Previously, Nosé et al. [2016] and Keika et al. [2016] investigated the magnetic field dipolarization in
the inner magnetosphere and its associated ion flux variations, using the magnetic field and energetic ion
flux data acquired by the Van Allen Probes. They showed that O+ ions at >50 keV are impulsively enhanced
in all pitch angle, which indicates that they are transported from the plasma sheet. They also showed that the
field-aligned and energy-dispersed O+ ions at 0.1–5 keV are enhanced simultaneously to the onset of
the dipolarization.

Previously, a global MHD simulation developed by Tanaka et al. [2010] and Tanaka [2015] succeeded to
demonstrate several observable features that emerge during a substorm such as the current system that
can be interpreted as a current wedge [Tanaka et al., 2010], dipolarization with the energetic particle injection
[Ebihara and Tanaka, 2013], westward traveling surge [Tanaka, 2015; Ebihara and Tanaka, 2015], quiet arc
[Ebihara and Tanaka, 2016], and the magnetic disturbance at auroral latitudes [Tanaka et al., 2010] as well
as magnetic equator [Ebihara et al., 2014]. In this paper, we traced guiding centers of test particles in the elec-
tromagnetic fields provided by the global MHD simulation and investigated impacts of the two processes
(nonadiabatic acceleration and direct supply) to the O+ ring current enhancement in a short time scale
(<~30min). To simulate a substorm time variation of O+ outflow, we launched O+ ions from the topside iono-
sphere with initial parameters calculated by the same method introduced by Fok et al. [2006] but in the dif-
ferent MHD system. In addition, we traced a sufficient number of O+ ions to reproduce distribution function
with high energy and time resolution. For O+ ions which transported to the inner magnetosphere by way of
the lobe, we extended a study of Nakayama et al. [2015]. Nakayama et al. [2015] calculated the full motion of
O+ ions from the lobe region to the inner magnetosphere. The distribution function in the lobe was assumed
to be a kappa distribution with constant parameters during the substorm. In this study, we calculated a sub-
sequent change of the O+ distribution in the lobe and simulated the flux enhancement in the inner magneto-
sphere using the result as the initial condition of the simulation of Nakayama et al. [2015].

2. Simulations
2.1. Global MHD Simulation

We used a global MHD simulation developed by Tanaka et al. [2010] and Tanaka [2015] to derive the electric
andmagnetic fields associatedwith a substorm and to determine initial parameters of test particles. The simu-
lation solves the ideal MHD equations by applying a finite volume total variation diminishing scheme in a grid
system based on a dodecahedron [Moriguchi et al., 2008]. The inner boundary is located at 2.6 RE and a dipole
magnetic field is assumed inside of the boundary. In this study, the interplanetary magnetic field (IMF) is
turned from (0, 2.5, 5.0) to (0, 2.5, �5.0) nT to trigger a substorm. At the same time, the solar wind speed
was increased from 372 to 500 km/s. The solar wind density was set to a constant value of 5 cm�3. All simula-
tion settings, grid system, and ionospheric conductivities are the same as those used by Ebihara et al. [2014],
Ebihara and Tanaka [2015] and Nakayama et al. [2015]. The simulation result showed that the calculated AL
index is rapidly decreased after 57 min from an arrival of the southward IMF at the bow shock. The minimum
AL reaches �800 nT [Ebihara et al., 2014] for this setting. When the AL is decreased, the dawn to dusk electric
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field is enhanced to ~13 mV/m at between ~6.5 RE and ~11.5 RE in longitudinally narrow regions in the pre-
midnight and postmidnight [Nakayama et al., 2015]. In this study, the onset of substorm expansion phase is
defined as the moment at which the AL index suddenly decreases, and hereinafter referred to as T = 0 min.

2.2. Test Particle Simulation for O+ Outflow

We traced O+ ions’ trajectories from the ionosphere in the time-varying global MHD electromagnetic fields by
using the guiding center approximation. We released the O+ ions by the same manner introduced by Fok
et al. [2006]. Source region was set as the topside ionosphere at 1000 km altitude and between 60° and
90° latitude in both hemispheres. O+ ions were launched from the source region every 1 min. Initial velocity
was randomly given in the thermal energy ranges between 0 and 1 keV, pitch angle ranges between 0° and
90°, and gyrophase angle ranges between 0° and 360°. In total, around 100 billion test particles were traced
from the source region. The thermal energy and parallel potential drop at their source positions were calcu-
lated by using the results from the MHD simulation as follows:

Eth eVð Þ ¼ 0:1 eVþ 1:6S1:261K (1)

Φ∣∣ Vð Þ ¼ 1500 J∣∣ � 0:2ð Þ2 if J∣∣ > 0:2μA=m2 (2)

Φ∣∣ Vð Þ ¼ 0 if J∣∣ < 0:2μA=m2 ; (3)

where S1K is the global Joule heating in the ionosphere provided in mW/m2 mapped to 1000 km altitude and
Φ∣∣ is the upward potential drop along the magnetic field line. The description of the ion heating shown in
equation (1) is based on observational studies of Strangeway et al. [2005] and Zheng et al. [2005]. Following
these studies, we took the two primary energy sources of ion outflow, soft electron precipitation, and
dissipation of downward Poynting flux, into consideration. A relationship between the upward field-aligned
current at the ionosphere and the parallel potential drop in equations (2) and (3) is estimated from the
Knight-like relation introduced in Lyons [1981]. We used a smaller threshold current density of 0.2 μA/m2 than
the value of 0.33 μA/m2 which is used in Fok et al. [2006].

Figure 1 shows the MHD parameters and the corresponding O+ outflow parameters at 1000 km altitude at
T = �15 min, 0 min, and 15 min (positive upward). Large-scale field-aligned currents (FACs), which are con-
sistent with those known as regions 1 and 2 current systems [Iijima and Potemra, 1976], are clearly shown.
During the growth phase (left column), the intensity of the upward FAC and downward FAC is increased to
0.2 μA/m2 in the regions 1 and 2. Eth is large in the dayside polar region where midday part of region 1
FAC is increased and in the dawn-midnight sector at ~70magnetic latitude (MLAT). Due to the upward region
1 FAC, potential drop is increased to 10 V at ~75 MLAT and at ~13–15 MLT. At the substorm onset (middle
column), sudden intensification of upward FAC, which may be regarded as the initial brightening of one of
the quiet arcs, emerges at ~67 MLAT and at ~23 MLT. The potential drop is increased to ~3 eV by primarily
the initial brightening. Eth is increased in the broad region in the dawn-midnight sector at ~65–~70 MLAT.
After the substorm onset (right column), FAC is increased to ~0.4 μA/m2 in the dusk sector at ~70 MLAT.
The value fairly agrees with typical observations by the Active Magnetosphere and Planetary
Electrodynamics Response Experiment satellite [Anderson et al., 2014].

High Eth and potential drop is established in the dusk-midnight at ~65–70 MLT and dawn-midnight sector at
~70 MLT, respectively.

By using the O+ outflow parameters above, we calculated the real number of particles ΔN for ith test particle:

ΔNi ¼ f iΔ3riΔ3vi; (4)

where Δ3ri and Δ3vi are the volumes in configuration space and velocity space. Distribution function in the
source region was slightly modified from the original Kappa distribution [Vasyliunas, 1968; Summers and
Thorne, 1991] in this study, which is given as

f i ¼ n

π3=2θκ3
Γ κ þ 1ð Þ

κ3=2Γ κ � 1=2ð Þ 1þ v� B
B

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2eΦ∣∣=m

p� �2
κθκ2

 !� κþ1ð Þ

: (5)

and
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θκ ¼ 2κ � 3
κ

Eth
m

; (6)

where n, κ, k, m, and v are the density of O+, the spectral index, the Boltzmann constant, the mass, and the
velocity of O+. In this study, the density n was assumed as n = 0.1 cm�3 based on Ebihara et al. [2006].
Ebihara et al. [2006] developed a statistical model of outflowing suprathermal ions from the long-term data
from the suprathermal ionmass spectrometer on board the Akebono satellite. Themodel shows that an aver-
age of the number density of O+ outflow is around 10�1 cm�3 under a solar minimum condition (the sunspot
number is 20). In addition, we set the kappa parameter κ as 4.5. After tracing particles, the real numbers of test
particles were summed up in small bins in the six-dimensional space, and the distribution function was cal-
culated as

f ¼ ∑ΔN
Δ3rΔ3v

: (7)

Detailed calculations of the phase space mapping are explained in Ebihara et al. [2006] and Nakayama
et al. [2015].

Figure 1. MHD conditions and auroral outflow parameters at 1000 km altitude at T = �15, 0, and 15 min.
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3. Simulation Result
3.1. Substorm Time Variation of
the O+ Outflow

Figure 2 shows temporal variations of
the distribution function at (�6, 0, 2)
RE, (�8, 0, 2) RE, and (�10, 0, 2) RE,
which are located in the plasma
sheet, near the plasma sheet-lobe
boundary, and in the lobe, respec-
tively. Black dashed line shows a
kappa distribution which is used as
a distribution function of the O+ ion
flowing into the lobe region in
Nakayama et al. [2015]. Before the
substorm onset, for all the three posi-
tions, the distribution function is
almost flat at <100 eV, but the value
abruptly decreases at >100 eV. The
feature does not change before the
substorm onset (before T = �5 min).
After the substorm onset, the distri-
bution function is increased at all
energy. In particular, the increase at
>100 eV is notable, and the value
exceeds that of the kappa distribu-
tion (black dashed line). For example,
at �10, 0, and 2 RE, the distribution
function is lower than 10�18 at
300 eV at T = 0 min, and the value
increases by 6 orders (~10�12)
at T = 20 min.

We focused on the enhancement of
the warm (>~300 eV) ions emerging
at (�10, 0, 2) RE and (�6, 0, 2) RE after
the substorm onset at T = 20 min.
Figures 3a and 3b show launched
positions of the warm ions. For the
lobe ions, the main source is
restricted in the dayside polar region
(between 83 and 87 MLAT, and 12
MLT and 18 MLT). For the plasma
sheet ions, there are two main source
regions. The first one is found in a
broad region in noon-dusk sector
(between 70 and 90 MLAT, and 12
MLT and 18 MLT), and the second
one is found in the nightside aurora
region (between 65 and 70 MLAT,
and 00 MLT and 01 MLT).
Figures 3c–3f show the time of
departure from the source and the
initial energy of the lobe and plasma
sheet ions. Black lines show the total

Figure 2. Temporal variations of the distribution function at (�6, 0, 2) RE,
(�8, 0, 2) RE, and (�10, 0, 2) RE, which located at plasma sheet, plasma
sheet-lobe boundary, and plasma lobe, respectively. Black dashed line shows
a Kappa distribution (n = 0.1 cm�3, κ = 4.5, and kT = 10 eV), which is used as a
distribution function of the O+ ion flowing into the lobe region in Nakayama
et al. [2015]. The distribution function is increased after the substorm onset,
particularly, that in high-energy range (>100 eV) is significant.
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value, and red lines show the value for the O+ ion launched from the nightside aurora region. The lobe ions
depart the dayside polar region with tens of eV (Figure 3e) during the substorm growth phase mainly
between at T = �35 min and T = �10 min (Figure 3c). As shown in Figure 1d, O+ ions from the dayside
polar region are thermalized to ~10 eV due to the midday part of region 1 field-aligned current during the
substorm growth phase. Therefore, a significant amount of O+ ions at tens of eV are extracted from the
region, results in the enhancement of the warm O+ ions in the plasma lobe. The plasma sheet O+ ions
originated in the dayside region are launched during the substorm growth phase mainly between at

Figure 3. (a, b) Initial positions of the ions which flow into the lobe (at (�10, 0, 2) RE) and the plasma sheet (at (�6, 0, 2) RE)
with >300 eV at T = 20 min. The distribution function as a function of (c, d) the time of departure from the source and
(e, f) the initial energy.
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T =�40 min and T =�20 min (Figure 3d). Their initial energy is between 1 eV and 40 eV. Plasma sheet O+ ions
originated in the nightside aurora region are launched after the substorm onset (red line in Figure 3d). The
initial energy is between 200 eV and 600 eV and it has a peak around at 400 eV. As shown in Figures 2e
and 2f, the thermal energy in the nightside aurora region is increased (tens of eV) after the substorm onset
due to the initial brightening of aurora. Although the thermal energy is increased only to tens of eV, the result
indicates that a substantial amount of O+ ions at hundreds of eV are directly supplied from the aurora region
to the plasma sheet. In particular, the enhancement of plasma sheet O+ ions at>1 keV is contributed only by
the auroral O+ ions (not shown).

Figure 4 shows trajectories and kinetic energy of the 20 typical test particles that flow from the dayside polar
region into the vicinity of the point of �10, 0, and 2 RE. The kinetic energy of the ions is indicated by color.
Black circles in Figures 4a and 4b indicate the inner boundary of the global MHD simulation. Inside of the
inner boundary, dipole magnetic field and no electric field are assumed. The O+ ions depart at T = �18 to
�17 min with initial energy of around 200 eV. After the departure, the O+ ions move tailward and toward
the equatorial plane. The kinetic energy is gradually increased from ~200 eV to ~400 eV. During the energy
increase, the ions follow adiabatic motion because the energy is low (a few hundreds of eV), and magnetic
field lines are not distorted before the substorm onset. Under the adiabatic motion, the energy gain of
charged particle is given by

dK
dt

¼ qV•Eþ μ
∂B
∂t

;

where K, V, E, μ, and B are kinetic energy of the particle, velocity vector of the guiding center, electric field,
magnetic moment, and magnetic field. Terms on the right-hand side are known as the gyrobetatron accel-
eration, and the drift betatron acceleration. Figure 4d shows energy gain rate of one typical O+ ion of them.
The red color indicates the energy gain rate due to the drift betatron, and the blue one indicates the energy
gain rate due to the gyrobetatron. During the transport, the drift betatron contributes to the energy increase.
This indicates that the O+ ions are transported to the lobe region with the adiabatic acceleration under the
influence of the large-scale convection electric field.

Figure 5 shows trajectories of the 20 typical test particles that contribute to the O+ ions near the point of �6,
0, and 2 RE. The O

+ ions are launched at T = 7–9 min with initial energy of at ~500–~1000 eV. After the depar-
ture, the O+ ions move along the field line and flow into the vicinity of the point of�6, 0, and 2 RE. During the
transport, the kinetic energy is gradually increased and they gain ~200 eV. Again, the ion acceleration is due
to the drift betatron and the gyrobetatron contributes little to it.

3.2. Flux Enhancement in the Inner Magnetosphere

The O+ ions flow into the lobe region (Figure 2c) will be transported to the plasma sheet and ring current
region with a significant acceleration due to the dawn to dusk electric field. The injection process is simulated
by Nakayama et al. [2015], in which the same global MHD simulation result is used. In the simulation, O+ ions
were launched at z = ±2 RE, ranging from x =�7 to�17 RE and from y =�10 to 10 RE. The distribution of the
O+ was assumed as a kappa distribution with constant parameters. In this paper, we used the result of the O+

outflow simulation above (Figure 2) to specify the distribution function at the source plane of the
injection simulation.

Figure 6 shows energy versus time spectrograms of the differential flux of the O+ ions at fixed positions
(at 6.0 RE and at 00, 23, and 22 MLTs and in the equatorial plane). At 00 MALT, the flux increases almost simul-
taneously at all energies below 80 keV at T = 0 min, which is known as dispersionless structure [e.g., Fu et al.,
2002; Keika et al., 2010; Gkioulidou et al., 2015]. A lack of the energetic O+ at<30 keV starting at T = ~10 min is
called as a void structure [Nakayama et al., 2016]. At 23 MLT, the flux enhancement appears first between
~80 keV and ~100 keV at T = 1 min and spreads to both higher and lower energies as time passes, which
is known as a nose structure [Smith and Hoffman, 1974; Ejiri et al., 1980]. At 22 MLT, the flux enhancement
shows the similar structure at 23 MLT, but the energy time dispersion becomes more significant.

3.3. Contribution to the Ring Current

We investigated a magnetic perturbation on the Earth driven by the energetic O+ ions enhanced in the inner
magnetosphere. For the O+ ions at the radial distance r< 10 RE, we calculated the z component of ΔB which
is written by below:
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ΔB ¼ �
X

ΔNi
μ0ev
4π

� r
r3
;

where μ0 is the magnetic permeability. Figure 7 shows the magnetic perturbation on the ground as a func-
tion of time. To clarify their source regions, we divided the O+ ions to three groups. First group (Group A) con-
sists of O+ ions passed through the lobe region with>300 eV (red line) and second one (Group B) consists of
those with<300 eV (blue line). Third group (Group C) consists of O+ ions directly supplied from the nightside
aurora region (green line). The total value (black line) starts to show a sharp decrease at T = ~10 min and has

Figure 4. (a, b) Trajectories of the ions which flow into the lobe region from the dayside polar region, projected on the x-y
and x-z plane. The kinetic energy of the ions is indicated by color. Black line indicates the inner boundary of the global MHD
simulation. (c) Kinetic energy of the ions as a function of time. (d) Energy gain rate of one typical O+ ion of them. The
red color indicates the energy gain rate due to the drift betatron, and the blue one indicates the energy gain rate due to the
gyrobetatron.
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two dips at T = 17 and 32 min. The minimum ΔB value is�7.2 nT at T = 32 min. Group A ions contribute most
of the magnetic perturbation. For example, at T = 32 min, they decrease the Earth’s magnetic field to�7.0 nT
and the value reaches ~97% of total. Contributions of Groups B and C at the time are ~2% and ~1%,
respectively. The result indicates that the enhancement of warm O+ ions (hundreds of eV) in the lobe
during substorm has a large impact on the ring current intensity.

4. Discussion

Observation studies reported an enhancement of the O+ outflow during substorm growth phase. A statistical
study by Daglis and Axford [1996] suggested that enhancements of O+ outflow during the growth phase of
substorms based on the O+ measurements by Active Magnetospheric Particle Tracer Explorers/CCE. Some
studies suggested that the enhancement takes place in the dayside polar region [e.g., Moore et al., 1999;

Figure 5. Same figure as Figure 4 for the O+ ions, which are directly supplied to the plasma sheet from the night side aurora
region.
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Peroomian et al., 2006; Zhang et al., 2011]. Our simulation result identified a specific region and a process of
the enhancement. During the substorm growth phase, themidday part of region 1 FAC is increased (Figure 1a),
resulting in the increase in the convection and Joule heating in the ionosphere. Consequently, the outflow of
thermal O+ ions (tens of eV) from this region is increased.

We also showed that the thermal O+ ions from the dayside polar region are transported to the plasma lobe
region in ~30min (Figure 4). During the transport, the O+ ions gain a few hundreds of eV due to the drift beta-
tron acceleration. Accordingly, warm O+ ions (hundreds of eV) are enhanced in the lobe region. This process
works as a “preconditioning” of the O+ ions transported to the inner magnetosphere with the nonadiabatic
acceleration in the near-Earth neutral region. Some studies reported the preconditioning process on a storm
time scale (a few hours). Kistler et al. [2010, 2016] showed that thermal O+ ions originated in the cusp region
are significantly enhanced in the near-Earth plasma sheet and the lobe on a storm time scale, and the O+ ions
enter the plasma sheet with the acceleration when reconnection occurs in the nightside region. Our simula-
tion result suggests that the process can take places even in a short time scale (a substorm time scale).

On the other hand, some studies reported that O+ ions at few hundreds of eV are extracted from the aurora
region during substorms [Sauvaud et al., 2004; Andersson et al., 2005; Moore et al., 2005; Peroomian et al.,
2006]. Our simulation result showed that after the substorm onset, the thermal energy in the nightside aurora
region is increased due to the initial brightening of aurora. The thermal O+ ions at hundreds of eV are

Figure 6. Energy versus time spectrograms of the differential flux of the O+ ions at fixed positions (6.0 RE; 00, 23, and 22
MLTs; the equatorial plane) simulated by the coupled simulation. The simulated flux shows rapid increase after substorm
onset with a realistic dispersion.
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extracted from the region and directly supplied to the plasma sheet (Figure 4b). For auroral O+ ions, a time
delay between a substorm onset and an O+ enhancement in the inner magnetosphere is known as an
important factor. Many studies pointed out that the time delay is too short (<30 min) so that auroral O+

ions extracted after the substorm onset cannot contribute to the enhancement [e.g., Fu et al., 2002;
Mitchell et al., 2003]. However, previous Van Allen Probes observation revealed that O+ ions at 0.1–10 keV
in magnetic field-aligned directions are enhanced in a short time scale [Keika et al., 2016; Nosé et al., 2016].
Nosé et al. [2016] investigated their traveling time by a simple numerical calculation. They assumed the
dipole magnetic field with no electric field and computed the transit time of O+ ions from the ionosphere
to the inner magnetosphere. The result showed that the auroral O+ ion at ~1 keV reaches at L = 6 RE and
GMLAT = 15° in ~5 min. Our test particle simulation in the global MHD fields showed a similar result. The
auroral O+ ions with hundreds of eV can flow into the plasma sheet region in ~10 min (Figure 5). It
suggests that the auroral O+ ion is observable in the inner magnetosphere even in a short time scale.
However, as we stated, their contribution to the ring current is small. This may be because their energy is
low (< few keVs) compare with the O+ ions accelerated by the dawn to dusk electric field.

We have calculated the magnetic perturbation induced by the O+ ions from two different sources by using
numerical simulations. Our simulation result showed that in a short time scale (<~30min), the O+ ring current
is dominated by the O+ ions originated in the dayside polar region. Particularly, the O+ ions pass through the
lobe region at >300 eV contribute most of the total O+ ring current intensity. It indicates that an

Figure 7. Magnetic perturbation on the ground due to the several groups of O+ ion. The magnetic perturbation is induced
after the substorm onset and reaches ~�7.2 nT at T = 32 min.
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enhancement of the warm O+ ions in the lobe is a key phenomenon for the O+ ring current enhancements
often observed by in situ observations. On the other hand, the contribution of the auroral O+ ions to the O+

ring current is small in the short time scale from the beginning of the substorm expansion onset. However, it
should be noted that the contribution may increases with additional acceleration processes. Some studies
reported that the dipolarization is observed even in the inner magnetosphere (<6 RE) [Ohtani et al., 2007;
Nosé et al., 2016]. The auroral O+ ions supplied to L < ~6 RE can be accelerated to tens of keV or a few
hundreds of keV due to the local electric field induced by the dipolarization. On a long time scale, these ions
(0.1–10 keV) can be further transported into the inner magnetosphere more easily than the injected high-
energy O+ ions (> ~10 keV) with an adiabatic acceleration due to the convection electric field. This is because
the earthward E×B drift can be higher than the westward gradient and curvature drifts even in the deep
inner magnetosphere. After the penetration due to the storm time convection electric field, the auroral O+

ions may be a nonnegligible population to O+ pressure and O+ ring current. To simulate the storm time
processes of the O+ ions is our future study.

5. Conclusion

We traced O+ ions from the ionosphere to the magnetosphere during a MHD substorm. We identified two
source regions of lobe and plasma sheet plasmas. (1) During the substorm growth phase, O+ ions at tens
of eV are extracted from the dayside polar region. The O+ ions convect to the lobe with the adiabatic accel-
eration, results in the enhancement of the warm O+ ions (few hundreds of eV). After the substorm onset, the
warm O+ ions are nonadiabatically accelerated to tens of keV by the dawn to dusk electric field and injected
to the inner magnetosphere. Finally, the ions contribute significantly to the ring current enhancement. (2)
After the substorm onset, O+ ions at hundreds of eV are extracted from the nightside aurora region, and they
are directly supplied to the plasma sheet in a short time scale. However, their contribution to the ring current
remains small.
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