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Abstract

Oxygen (O") enhancements in the inner magnetosphere are often observed during
geomagnetically active times, such as geomagnetic storms. In this study, we
quantitatively examine the difference in ring current dynamics with and without a
substantial O" ion population based on almost 6 years of Van Allen Probes observations.
Our results have not only confirmed previous finding of the role of O" ions to the ring
current but also found that abundant O" ions are always present during large storms when
sym-H < -60 nT without exception, whilst having the pressure ratio (R) between O and
proton (H®) larger than 0.8 and occasionally even larger than 1 when L < 3.
Simultaneously, the pressure anisotropy decreases with decreasing sym-H and increasing
L shell. The pressure anisotropy decrease during the storm main phase is likely related to
the pitch angle isotropization processes. In addition, we find that R increases during the
storm main phase and then decreases during the storm recovery phase, suggesting faster

buildup and decay of O" pressure compared to H* ions, which are probably associated
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with some species dependent source and/or energization as well as loss processes in the

inner magnetosphere.

Plain Language Summary: The behavior of the ionospheric O ions in the Earth’s ring
current should be carefully examined in order to advance our understanding of the role of
ion composition in ring current dynamics. This problem has been extensively studied
using past spacecraft missions. In this study, we revisit this problem based on almost 6
years of high-quality data from the Van Allen Probes and have confirmed previous
finding about the role of O" ions to the ring current. For example, more O ions
contribute to the ring current as sym-H decreases, and O and total plasma pressures
dramatically build up during storm time. Besides, our statistical results also provide
evidence that without exception, ionospheric O ions make a significant contribution to
the ring current during active time and their relative contribution to the ring current
increases during the storm main phase and then decreases during the storm recovery
phase compared to those of H* ions, suggesting a faster buildup and decay of O" pressure.
In addition, the decrease of pressure anisotropy during the storm main phase is related to
the pitch angle isotropization, which is probably caused by current sheet scattering or

wave-particle interaction.

Key Points:
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1. We quantitatively examine how the total plasma pressure and pressure anisotropy
changes with and without a substantial O" ion population

2. O" ions always make a non-negligible contribution to the ring current when sym-H < -
60 nT with R > 0.8

3. The decrease of pressure anisotropy during storm main phase is related to pitch angle

isotropization.

1. Introduction

The Earth’s ring current, located at an equatorial distance between 2 and 7 Rg, is
greatly intensified during geomagnetic storms when convection is strongly enhanced for
a prolonged period (>a few hours). The main carriers of the ring current are ions of
various species, including light protons (H") and heavy oxygen ions (O") with energies
ranging from one to a few hundred keV [Williams, 1985; Gkioulidou et al., 2016; Yue et

al., 2018; Keika et al., 2018a]. These ions are injected from the Earth’s plasma sheet
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and/or have direct access into the inner magnetosphere from the terrestrial ionosphere
[e.g., Delcourt et al., 1992; Sheldon et al., 1998; Huddleston et al. 2005; Chappell et al.,
1987; 2000; 2008; Kronberg et al., 2014; Keika et al., 2016; 2018b; Gkioulidou et al.,
2019]. As geomagnetic activity increases, a greater variety of ion species are transported
into the inner magnetosphere including the heavier O ions, forming a stronger ring
current. During the transport process, these ions get energized through adiabatic transport
associated with large-scale convection and/or with mesoscale impulsive dipolarizations,
as well as localized nonadiabatic acceleration [e.g., Yang et al, 2011; Zong et al., 2012;
Zhou et al., 2012; Keika et al., 2013]. The dominant energization processes affecting ring
current ions are still under investigation. When the geomagnetic activity diminishes,
these ions (especially O") are lost due to Coulomb collisions and charge exchange
processes with the geocorona [e.g., Fok et al., 1991; Daglis et al., 1999] as well as pitch
angle scattering by electromagnetic ion cyclotron (EMIC) waves [e.g., Kennel and
Petschek, 1966; Jordanova et al., 1997; Meredith et al., 2003; Jordanova, 2007] and/or
current sheet scattering [e.g., Sergeev and Tsyganenko, 1982; Sergeev et al. 1983; 1993;
Donovan et al., 2003; Yue et al., 2014; Liang et al., 2014]. As a result, the ions are
removed and the ring current decays back to quiescent levels.

The quiescent ring current is carried mainly by protons (H") of predominantly
solar wind origin, while both in situ observations and modeling work [e.g., Gloeckler et

al., 1985; Krimigis et al., 1985; Hamilton et al., 1988; Daglis and Axford, 1996; Daglis
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et al., 1999; Fu et al., 2001; Liu, 2003; Fok et al., 2001; 2006; 2011; Denton et al., 2005;
Ebihara et al., 2006; Ohtani et al., 2006; Yue et al., 2011; Kistler et al., 2016;
Claudepierre et al., 2016] have confirmed that singly charged O" ions originating from
the Earth’s ionosphere make a significant contribution to the plasma pressure in the
Earth’s inner magnetosphere during active times. This compositional change can affect
several dynamical processes, such as species- and energy- dependent transport and charge
exchange, wave excitation and propagation, as well as pitch angle scattering loss [e.g.,
Fok et al., 1991; Summers et al., 2007].

Measurements of O" abundance provide an important clue regarding ring current
dynamics during both geomagnetically quiet and active times. A number of studies have
described the OF dynamics by using various observations at different locations [e.g.,
Mitchell et al., 2003; Gloeckler et al., 1985; Kronberg et al., 2015; Kistler and Mouikis,
2016], but only a few comprehensive statistical analyses have been performed to
investigate the O" dynamics near the equator inside L < 7 during active times, where the
ring current is predominately located [e.g., Keika et al. 2016; Kistler et al., 2016;
Fernandes, et al., 2017; Valek et al., 2018]. This deficiency was largely due to the lack of
sufficient in situ O measurements near the magnetic equator in the inner magnetosphere
with high time resolution, wide energy coverage, and broad spatial coverage.

A systematic investigation of the O" ion behavior is critical in order to advance

our understanding of plasma dynamics and wave activities, such as the source and loss
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processes in the Earth’s inner magnetosphere as geomagnetic activity changes. In this
study, we perform a statistical survey to revisit the question of O" ion contribution to the
ring current plasma pressure using almost 6 years of high-quality Van Allen Probes data,
from October 2012 to September 2018. We quantitatively examine how the total plasma

pressure and pressure anisotropy change with and without an abundant O" ion population.

2. Dataset and methodology

The Van Allen Probes (RBSP) mission, which consists of two identically
instrumented spacecraft (probes A and B), orbits near the equator (10° inclination) with a
perigee at ~1.1 Re and an apogee at ~5.8 Rg [Mauk et al., 2013] and a period of ~ 9 hrs.
Both satellites are equipped with comprehensive suites of particles and fields
measurement instrumentation. Here we perform our statistical analysis by using the most
recent level-3 unidirectional differential flux measurements from the Helium, Oxygen,
Proton, and Electron (HOPE) Mass Spectrometer [Funsten et al., 2013] of the Energetic
Particle Composition and Thermal Plasma (ECT) Suite [Spence et al., 2013] and the
Radiation Belt Storm Probes lon Composition Experiment (RBSPICE) [Mitchell et al.,
2013] instrument onboard Van Allen Probes (both A and B). The combined
measurements from both instruments cover the H*, O, helium (He") and electron (&)

energies from several eV to several hundreds of keV.

This article is protected by copyright. All rights reserved.



We use the 1-min time resolution unidirectional fluxes to calculate the plasma

pressures of four different species in the parallel (Py;) and perpendicular (P.;) directions

as well as the total plasma pressure and pressure anisotropy, where subscript “i”

represents the species, i.e., H", O", He" and electrons. The partial plasma pressure (P;) of

different species is Pi= (2 P.i + Py )/3 and the total plasma pressure (Py) is the sum of

partial plasma pressures from different species including H*, O, He" and electrons. The

pressure anisotropy is Azi, where Py and P, are the pressures in parallel and
I

perpendicular directions to the background magnetic field, respectively. More details
about the data processing and pressure calculation could be found in our previous study
[Yue et al., 2018]. Although we neglected the 50-140 keV O® channels from the
RBSPICE instrument because of contamination [e.g., Yue et al., 2018], we adjusted the
energy boundary between the highest HOPE and lowest RBSPICE energy channels so
that the pressure integration covers all energies from 1 eV to 1 MeV. The accuracy of this
approach is demonstrated in S9 in Supporting Information (SI) in Yue et al. [2018].

In this study, we have included the Van Allen Probe observational data from
October 2012 to September 2018, which covers half of the current solar cycle with solar
maximum in 2014 and approaching solar minimum in 2019. The plasma pressure

amplitudes and variation trends are similar during geomagnetic storms of similar
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intensity in different years with different F10.7 values, indicating that the solar cycle
effect should be small in our ring current pressure investigation. Only the data points with
Py > 0.5 nPa, Po > 0.1 nPa and magnetic local time (MLT) from noon to midnight are
used (> 2.8 million data points) in our statistics to ensure that they are taken in the
dominant ring current region to exclude the effects of asymmetry, and are substantially
above the noise level. Here we separate the data into two categories to investigate how O*
behavior may affect the inner magnetospheric plasma dynamics: (1) The O pressure is a
significant component of the total plasma pressure, indicated by having the pressure ratio
of 0" to H" (R= Po/Py) > 0.35; (2) the O pressure is a minor component of total plasma
pressure, with R < 0.15. These criteria are chosen to include a sufficient, and roughly
similar numbers of data in each category to ensure statistical significance (i.e., 25% of the
data points are in category 1 where R > 0.35 and 28% in category 2 where R < 0.15) and
to have a clear separation boundary between these two distinct situations. It should be
noted that the median values are used for our statistical results throughout the paper,
since the distribution would not be fully characterized by the mean and the standard

deviation alone if the distribution is not a normal one.

3. Results

In this section, we present the Van Allen Probe observations by first showing a

typical storm time event that occurred from 05 to 09 March 2016, and then following up
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with a statistical survey. The case study provides an overview of where the Van Allen
Probe measurements are taken and how the plasma pressure and pressure anisotropy vary
as function of L shell and geomagnetic activity to better assist our understanding of the
statistical results.
3.1 Case study

Figure 1 illustrates the plasma pressure and pressure anisotropy variations during
the storm event from 05 to 09 March 2016 observed by Van Allen Probe A with an
apogee near the dawn sector (Figure 1f). Figures 1la-1c show the solar wind interplanetary
magnetic field (IMF) Bz (black line in 1a), the solar wind dynamic pressure (red line in
1a), geomagnetic AE index (1b) and sym-H index (1c). It is shown in Figure 1c that this
is a double dip storm event with sym-H minimum values of ~ -100 nT around 21 UT on
March 6 and around 5 UT on March 7. During the storm main phase from 15 UT on
March 6 to 5 UT on March 7, the IMF was mainly southward (Figure 1a, black line) and
the solar wind dynamic pressure (Figure 1a, red line) was high above 8 nPa, while AE
(Figure 1b) reached over 1400 nT. Figure 1d shows the plasma pressure variation
observed for the total plasma pressure (P, black), H" pressure (Py, blue), and O pressure
(Po, red). It can be seen that the total plasma pressure is mainly contributed by the H”
ions throughout the storm, except the period around the sym-H minimum when the O*
pressure increases dramatically from less than 0.5 nPa to 5 nPa near apogee (a factor of

~10 increase). The O" pressure builds up rapidly during the storm main phase and
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gradually decays as sym-H recovers. In addition, the pressure anisotropy Azi (Figure
I

1e) decreases during the storm main phase but remains >1 most of the time, and it then
gradually increases during the storm recovery phase.

In order to better visualize the spatiotemporal variations of pressure and
anisotropy, Figures 1g to 1j show the total pressure, H" and O pressures, as well as
anisotropy variation as a function of L shell during four different time intervals enclosed
by the vertical lines with different colors in Figures la-1f. These time intervals are all
chosen during Van Allen probe A outbound passes, with very similar magnetic latitude
(MLAT) ranges (Figure 1f) to reduce the variations of pressure and pressure anisotropy
due to the orbital effects. The four time intervals represent the different storm phases as
labeled in the legend of Figure 1h. From the pre-storm time (black line) to storm main
phase (red line), the H*, O" and total pressures increase dramatically, with the total
plasma pressure at L=4 increasing from 3 to 20 nPa (a factor of ~7 increase) and O"
pressure from 0.1 to 10 nPa (a factor of ~100 increase), while the pressure anisotropy
decreases from 2.2 to about 1.2. The pressure anisotropy increases with decreasing L
shell in general which is mainly caused by betatron acceleration and the pre-storm
distribution matches well with the quiet time pressure anisotropy profile from Lui et al.
[1994], demonstrating that this case study is representative. From the storm main phase
(red line) to post-storm time (blue line), the O" and total pressures (Figures 1g and 1i)

decrease at all L shells but the decrease is more evident at low L shells, with the peak
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location moving to higher L shells as sym-H increases, indicating stronger losses at the
lower L shells which may be potentially caused by charge exchange and Coulomb
collisions that predominantly occur at lower L shells [Fok et al., 1991]. Meanwhile, the

pressure anisotropy gradually increases from the main phase to the post-storm time.

3.2 Statistical results

The case presented above demonstrates the strong variations of ion pressures and
pressure anisotropy during storm time at different L shells. In order to better visualize
how O™ ions evolve under different geomagnetic conditions at different locations, Figure
2 shows the statistical distributions of plasma pressures and pressure anisotropy variation
as functions of sym-H and L shell in the two categories that we define in section 2: R >
0.35 (Figures 2a-2f) and R < 0.15 (Figures 2g-2I). The panels shown in Figure 2 from top
to bottom are: the satellite cumulative time spent in the particular L and sym-H bin with
Po > 0.1 nPa, Py > 0.5 nPa and outside the dawn sector with MLT=3-9 under the
conditions R > 0.35 (Figures 2a-2f) and R < 0.15 (Figures 2g-2l); the “probability”,
which is defined as the ratio of the satellite cumulative time under the condition of R >
0.35 or R < 0.15 (shown in Figure 2a or 2g) relative to the total cumulative time without
any R limitation; the median values of the O pressure (Figure 2c and 2i); the total
pressure (Figure 2d and 2j); the pressure anisotropy (Figure 2e and 2k); and the pressure

ratio R (Figure 2f and 2l). It is shown in Figure 2b that the probability of observing R >
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0.35 events is much higher when sym-H is lower, especially when sym-H < -60 nT that
the probability is higher than 80% at all L shells and the ratio R itself is larger than 0.8
and even larger than 1 at L < 3 (Figure 2f). This suggests that without exception, O" ions
make a significant contribution (R > 0.8) to the ring current when sym-H < -60 nT. On
the other hand, the probability without much O* (R < 0.15) is zero at most L shells when
sym-H is less than -60 nT (Figure 2h). In addition, there is strong correlation between the
probability and R when sym-H is above -60 nT in Figure 2h and 2I, the higher the
probability, the lower of the value R and the high probability region is limited at sym-H >
-30 nT and L < 5. All these observational features suggest that O" ions are always absent
during relatively quiet condition, in other words, it further confirms that O" ions are
involved when sym-H is strongly negative (< -60 nT) and no storm events exist without
O" ions being present. Moreover, compared with the situation of R < 0.15 (Figures 2i-2j),
the O™ pressure and total plasma pressure are much larger and the pressure peak moves to
low L shells as sym-H decreases (Figures 2c and 2d) which is consistent with previous
studies [e.g., Krimigis et al., 1985; Greenspan and Hamilton, 2002; Fu et al., 2001].
Meanwhile, the anisotropy in Figure 2e is much smaller than that in Figure 2k but larger
than 1, and the anisotropy decreases with decreasing sym-H and increasing L shell. The
anisotropy decreasing with increasing L shell is consistent with the main cause being due
to betatron acceleration [Cowley and Ashour-Abdalla,1975; Southwood and Kivelson,

1975].
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The statistical results shown in Figure 2 imply that O" ions are always involved
during storm time, and that the abundance of O ions becomes larger as the storm
becomes stronger. In order to investigate statistically the temporal evolution of the ring
current with abundant O" ions during storm time, we have binned all the data points with
R >0.35and Po > 0.1 nPa, Py > 0.5 nPa into a time frame of 12 hrs before to 36 hrs after
the local sym-H minimum (Sp). To establish this relative time frame, for each data point
at time t;, we search the sym-H index in the interval from t-36 hrs to tj+12 hrs and
identify the local sym-H minimum (So), which occurs at some time to. The epoch time
t=ti-to=0 represents the observation time t; that is at the local sym-H minimum Sy, while t
<0 means that the observation data point is collected before the local minimum of sym-H
or during storm main phase, and t > 0 means that the observation data point is collected
after the local sym-H minimum or during storm recovery phase.

The results of the superposed epoch analysis with Sp < -30 nT and 3 <L <5
(roughly the main region of the ring current) and outside MLT= 3-9 are shown in Figure
3. The blue and red lines with 25% and 75% quartiles represent the situations of -70 nT <
Sp < -30 nT and S, < -70 nT, respectively. The x-axis is the time difference (t= ti-to)
between the observational point (t) and the local minimum sym-H (to). Figures 3a-3d
show the satellite cumulative time, sym-H, IMF Bz and AE index, respectively. It is
shown that sym-H minimizes at t=0 with a median value around -40 nT (blue line) and -

80 nT (red line) in Figure 3b, representing weak storms and moderate storms,
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respectively. Meanwhile, IMF Bz (Figure 3c) decreases during the storm main phase with
minimum values of -4 nT (blue line) and -9 nT (red line) around t = 0, and then increases
to zero during most of the time of the storm recovery; AE index (Figure 3d) increases
during storm main phase and peaks around 500 nT (blue line) and 700 nT (red line) at t =
0 and then decreases during the recovery phase. These temporal evolutions of IMF Bz
and AE index suggest strong energy loading and unloading processes during storm main
phase and recovery phase.

In addition, the O and total plasma pressures increase at t < 0, peak around t = 0,
and then gradually decay during storm recovery as shown in Figures 3e and 3f.
Compared with weak storms (blue line), the pressures are larger and variations are
stronger for moderate storms (red line). While these variations are expected during storm
time [e.g., Smith and Hoffman, 1973; Hamilton et al. 1989; Zhao et al., 2015], it is
interesting to find that R (Figure 3h) increases substantially during the main phase of
moderate storms (red line) and becomes largest with a median value of 0.9 aroundt = 0
and then rapidly decays at t > 0, suggesting that O ion buildup and decay rates are much
faster than H™ ions. Moreover, the pressure anisotropy decreases at t < 0 and gradually
increases at t > 0 (Figure 3g), which is consistent with our previous case study shown in
Figure 1.

To investigate further why the pressure anisotropy decreases during the storm

main phase and increases during storm recovery phase, we have plotted in Figure 4 the
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superposed epoch analysis with S <-30 nT, 3 <L <5 and MLT from noon to midnight
of the normalized flux of several different energies (from less than 1 keV to 100s keV) as
a function of pitch angle (PA) and epoch time for H* (Figure 4a and 4b) and O" (Figure
4c and 4d) during weak (-70 nT < S, < -30 nT) (Figure 4a and 4c) and moderate (S, < -70
nT) (Figure 4b and 4d) storms to demonstrate the PA evolution. The normalized flux at
each PA bin is obtained from the statistical result of median number flux divided by the
flux averaged over all the pitch angle bins at that specific epoch time. It is shown that the
previous pancake distributions (i.e., having peaks around 90°) of the 5 and 50 keV H”
ions become more isotropic distribution near t = 0 during weak storms (Figure 4a), and
the higher energy (100 and 400 keV) H" also show isotropic distributions around t = 0
during moderate storms (Figure 4b). Similar results are seen in O PA distributions
(Figure 4c and 4d). These observations suggest that pressure anisotropy decreases during

storm main phase is most likely related to the PA isotropization.

4. Discussion and Conclusions

In this study, we have quantitatively examined the O" ion dynamics that
contribute to the ring current variation in the inner magnetosphere, based on almost 6
years of Van Allen Probes observations. The results presented in this study have largely
confirmed previous findings about the role of O" ions in the ring current dynamics by

using previous spacecraft missions [e.g., Smith and Hoffman, 1973; Krimigis et al., 1985;
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Hamilton et al., 1988; Fu et al., 2001; Greenspan and Hamilton, 2002]. For example,
more O ions always appear in the ring current during active times and the O" and total
plasma pressures dramatically build up during the storm main phase and peak around the
sym-H minimum. They then gradually decay during the storm recovery phase with O*
pressure decaying significantly faster than the total pressure.

In addition, the statistical results also provide evidence that low O contribution
(R < 0.15) only occurs when sym-H > -60 nT, indicating that O ions seldom appear in
the ring current during relatively quiet or moderate geomagnetic conditions. On the other
hand, O" ions (without exception) make a significant contribution to the ring current
when sym-H < -60 nT (probability > 80% with R > 0.35 and R itself is > 0.8 in Figure
2f). The larger contribution of ionospheric O" to the ring current may be related to the
stronger substorm activity during storm times (stronger southward IMF Bz and higher AE
values are shown in Figures 3c and 3d during stronger storm main phase). The generation
of field-aligned currents and particle precipitation during substorms [McPherron et al.,
1968; Hasegawa and Sato, 1979; Liu et al., 2015; Yue et al., 2015] initiate more H" and
O" outflows through the field-aligned currents [e.g., Welling et al., 2015; Zou et al., 2017]
that are then energized during transport from the tail plasma sheet to the inner
magnetosphere and contribute to the storm time ring current.

These O" and H" ions either enter directly into the ring current from the

ionosphere at L < ~ 5, or enter the tail plasma sheet first at much higher L-shells and are
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then transported earthward and energized through conservation of the first two adiabatic
invariants [e.g., Huddleston et al. 2005; Chappell et al., 1987; 2000; 2008]. In our study,
we have found that the pressure anisotropy decreases while both perpendicular and
parallel pressures increase during the storm main phase, which means that there are
stronger pressure variations in the parallel direction than those in the perpendicular
direction. These observations suggest the possible direct access of ionospheric H" and O"
ions into the ring current or an isotropization process (e.g., current sheet scattering and
pitch angle scattering by EMIC waves) that would transfer ion pressure preferentially
from the perpendicular to the parallel direction during active times. Based on energetic
H* and O" PA distributions, we have found that the anisotropy decreases during storm
main phase is related to PA isotropization. As the ring current builds up significantly
during the storm main phase, the magnetic field lines become more stretched, which may
lead to stronger energy-dependent current sheet scattering, especially for heavier O* ions
that have larger gyro-radii [e.g., Sergeev and Tsyganenko, 1982; Sergeev et al. 1983;
1993; Yue et al., 2014]. This scattering helps isotropize the ion PADs and thus the
pressure anisotropy decreases. During storm recovery phase as the ring current gradually
decays and magnetic field lines becomes less stretched, the scattering effect weakens. In
addition, pitch angle scattering caused by EMIC waves may also reduce the pressure
anisotropy. However, the EMIC waves are not considered to be the dominant mechanism

since they are MLT-dependent and wave occurrence rates are generally small [e.g.,
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Saikin et al., 2015; 2016; Zhang et al., 2016; Jun et al., 2019; Yue et al., 2019]. In
addition, the anisotropy increases during storm recovery phase. This may indicate
stronger loss processes in the field-aligned direction than in the perpendicular direction,
possibly due to strong charge exchange and coulomb collisions, which predominantly
occur in the parallel direction during the storm recovery phase [e.g., Fok et al., 1995;
Jordanova et al., 1996].

As shown in Figure 3, the pressure ratio between the O" and H" increases during
the storm main phase and decreases during the storm recovery phase, suggesting that O*
ions buildup and decay rates are much faster than H* ions. The faster buildup of O" ions
is probably related with some species dependent source and/or energization processes in
the inner magnetosphere [Daglis et al., 1999; Sheldon et al., 1998]. On the other hand,
the faster decay of O" ions may be caused by their stronger charge exchange and
Coulomb collision rate [Fok et al., 1991]. Here, we have estimated the decay rates of O"
and H* by fitting the observed O and H* pressure profiles during storm recovery phase
using an exponential decay function f(t)=f*e”(-tt). The decay rates of O" are 0.02/hr
(lifetime of 50 hrs) for weak storms and 0.03/hr (lifetime of 33 hrs) for moderate storms,
and it is 0.012/hr (lifetime of 83 hrs) for H" both during weak and moderate storms,
indicating that O loss processes depend on magnetic activity which may be different

from H" loss processes.
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Based on the work done by Smith and Bewtra [1978], we have also calculated the
decay rates of O" and H" due to charge exchange. We assume that the neutral Hydrogen
density is about 100/cm® at L =4 near the geomagnetic equator. Here we choose 10s keV
H* and O" to calculate their charge exchange lifetimes since they are the main population
of ring current. For O" of 25 and 64 keV, the calculated lifetimes are 100 hrs and 55 hrs,
respectively, and for H® of 38 and 48 keV, the lifetimes are 55 hrs and 83 hrs,
respectively. The observed H lifetime during the storm recovery phase is similar to the
charge exchange estimation, suggesting that charge exchange may be the dominant loss
process for H™ ions. On the other hand, the charge exchange lifetimes of 10s keV O" are
much longer than the observed ones that also depend on the geomagnetic activity,
suggesting that, in addition to charge exchange, other loss processes such as Coulomb
decay and pitch angle scattering may also play important roles in O" loss during the
storm recovery phase.

In conclusion, we perform a statistical survey to revisit the question of the O" ion
contribution to the ring current plasma pressure. We have found that:

(1) Consistent with previous studies, more O" ions contribute to the ring current as sym-
H decreases, and O" and total plasma pressures dramatically build up during the
storm main phase and peak around the sym-H minimum. They then gradually decay
during the storm recovery phase with O" pressure decaying significantly faster than

the total pressure.
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(2) The probability of high pressure ratios of O to H (i.e., R > 0.8) increases to >80%
when sym-H < -60 nT. On the other hand, the possibility of R < 0.15 is zero as
sym-H < -60 nT. These observations indicate that O" ions always make a significant
contribution (R > 0.8) to the ring current when sym-H < -60 nT without exception.

(3) The pressure ratio of O to H" increases during storm main phase and then rapidly
decays during storm recovery phase, suggesting that O* ion buildup and decay rates
are much faster than H* ions. The faster buildup of O" ions is probably related to
some species-dependent source and/or energization processes in the inner
magnetosphere. On the other hand, the faster decay of O" ions may be caused by the
stronger charge exchange and Coulomb collision rates.

(4) The pressure anisotropy decreases with decreasing sym-H and increasing L. The fact
that anisotropy decreases during storm main phase and then gradually increases
during storm recovery phase suggests that there are stronger pressure variations in
the parallel direction than that in the perpendicular direction during storm time.
Based on the energetic H" and O" PA distributions, the anisotropy decreases during

storm main phase is likely related to the PA isotropization process.
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Figure Captions:

Figure 1. The Van Allen Probe A observation of a storm event from 05 to 09 March
2016. (a) IMF B, component (black) and solar wind dynamic pressure (red); (b) AE index;
(c) sym-H index; (d) H* (blue), O" (red) and total (black) plasma pressures; (e) total
pressure anisotropy; (f) the L shell (black) and MLT (red) of satellite trajectory. The
vertical dashed lines mark the outbound pass time intervals represent the pre-storm
(black), storm main phase (red), recovery phase (green) and the post-storm time (blue).
Panel (g) — (j) show total plasma pressure, anisotropy, proton pressure and oxygen
pressure distributions as a function of L shell during these four time intervals to

demonstrate the storm time dynamics.

This article is protected by copyright. All rights reserved.



Figure 2. The statistical distributions of O" and total plasma pressures as functions of
sym-H and L shells under two levels of pressure ratio between O" and H*: (a-f) Po/Py >
0.35 and (g-1) Po/Py < 0.15 with the condition of Py > 0.5 nPa and Po > 0.1 nPa and MLT
from noon to midnight to ensure that the oxygen and total plasma pressures are
significantly above the noise level and to make sure the measurements are taken in the
dominant ring current region. The panels from top to bottom are (a and g) the satellite
cumulative time with Po > 0.1 nPa and Py > 0.5 nPa under the condition of R > 0.35 and
outside MLT=3-9 (Figure 2a) or R < 0.15 (Figure 2g), (b and h) “probability” which is
defined as the ratio of satellite cumulative time under the condition of R > 0.35 or R <
0.15 (shown in Figure 2a or Figure 2g) relative to the total cumulative time without any
R limitation with Po > 0.1 nPa and Py > 0.5 nPa and outside MLT = 3-9, (c and i) the
median values of O pressure, (d and j) total plasma pressure, (¢ and k) pressure

anisotropy and (f and I) R.

Figure 3. The temporal evolution of pressure and anisotropy as a function of time
difference (t=tj - to) between the observational point (t;) and the universal time (t;) of
local sym-H minimum (S,) in the time window of 12 hours before and 36 hours after the
time to. Only the data points of R > 0.35 and Py > 0.5 nPa and Po > 0.1 nPa with S, < -30
nT, 3 <L <5and outside MLT=3-9 are shown in this Figure. The blue and red lines with

25% and 75% quartiles represent the situation of -70 nT < S, <-30 nT and S, < -70 nT,
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respectively. (a) Satellite cumulative time; (b) Sym-H; (c) IMF Bz; (d) AE index; (€) O°

pressure; (f) Total plasma pressure; (g) Pressure anisotropy; (h) R value.

Figure 4. The temporal evolution of proton and oxygen pitch angle distributions as a
function of time difference (t=t; - tp) between the observational point (t;) and the universal
time (tp) of local sym-H minimum (S,) in the time window of 12 hours before and 36
hours after the time t,. Only the data points of R > 0.35 and Py > 0.5 nPa and Po > 0.1
nPa with S, < -30 nT, 3 < L < 5 and outside MLT=3-9 are shown in this Figure. (a-b)
proton normalized flux at various energies under the situation of -70 nT < S, < -30 nT
and S, < -70 nT, respectively; (c-d) oxygen normalized flux at various energies under the

situation of -70 nT < S, <-30 nT and S, < -70 nT, respectively.
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