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The Composition of Plasma inside Geostationary Orbit Based
on Van Allen Probes Observations
Chao Yue1 , Jacob Bortnik1 , Wen Li2 , Qianli Ma1,2 , Matina Gkioulidou3 ,
Geoffrey D. Reeves4,5 , Chih-Ping Wang1 , Richard M. Thorne1 , Anthony T. Y. Lui3 ,
Andrew J. Gerrard6 , Harlan E. Spence7 , and Donald G. Mitchell3

1Department of Atmospheric and Oceanic Sciences, UCLA, Los Angeles, CA, USA, 2Center for Space Physics, Boston
University, Boston, MA, USA, 3Johns Hopkins University Applied Physics Laboratory, Laurel, MD, USA, 4Space Science and
Applications Group, Los Alamos National Laboratory, Los Alamos, NM, USA, 5Space Sciences Division, New Mexico
Consortium, Los Alamos, NM, USA, 6Center for Solar-Terrestrial Research at New Jersey Institute of Technology, Newark, NJ,
USA, 7Institute for the Study of Earth, Oceans, and Space, University of New Hampshire, Durham, NH, USA

Abstract The composition of the inner magnetosphere is of great importance for determining the plasma
pressure and thus the currents and magnetic field configuration. In this study, we perform a statistical survey
of equatorial plasma pressure distributions and investigate the relative contributions of ions and electron
with different energies inside of geostationary orbit under two auroral electrojet levels based on over
60 months of observations from the Helium, Oxygen, Proton, and Electron and Radiation Belt Storm Probes
Ion Composition Experiment mass spectrometers onboard Van Allen Probes. We find that the total and partial
pressures of different species increase significantly at high auroral electrojet levels with hydrogen pressure
being dominant in the plasmasphere. The pressures of the heavy ions and electrons increase outside the
plasmapause and develop a strong dawn-dusk asymmetry with ion pressures peaking at dusk and electron
pressure peaking at dawn. In addition, ring current hydrogen with energies ranging from 50 keV up to several
hundred keV is the dominant component of plasma pressure during both quiet (>90%) and active times
(>60%), while oxygen with 10 < E < 50 keV and electrons with 0.1 < E < 40 keV become important during
active times contributing more than 25% and 20% on the nightside, respectively, while the helium
contribution is generally small. The results presented in this study provide a global picture of the equatorial
plasma pressure distributions and the associated contributions from different species with different energy
ranges, which advance our knowledge of wave generation and provide models with a systematic baseline of
plasma composition.

1. Introduction

Plasma pressure is a macroscopic parameter that plays an important role in plasma dynamics and genera-
tion of electric currents. Increasing plasma pressure gradients in the radial direction causes stretching of
magnetic field lines and enhances perpendicular currents flowing azimuthally. On the other hand, the azi-
muthal plasma pressure gradient generates field-aligned currents, resulting in bending of magnetic field
lines. There are many previous reports addressing the plasma pressure distributions in the inner magneto-
sphere. For example, Spence et al. (1989) constructed empirical radial profiles of the plasma pressure from
the midtail to the inner magnetosphere by combining International Sun-Earth Explorer-2 with Active
Magnetospheric Particle Tracer Explorers/Charge Composition Explorer measurements as a function of
magnetic activity. Daglis et al. (1993) and Lui (2003) used Active Magnetospheric Particle Tracer
Explorers/Charge Composition Explorer measurements to construct the equatorial plasma pressure distri-
bution under different geomagnetic disturbance levels. Both Spence et al. (1987) and Lui et al. (1994) used
empirical magnetic field models along with magnetohydrostatic equilibrium principles to infer how
plasma pressure and pressure anisotropy evolves radially from the magnetotail inward to the heart of
the ring current. Most recently, Wang et al. (2011) used Time History of Events and Macroscale
Interactions during Substorms and Geotail data to investigate statistically the distributions of ions and
electrons from the midtail to the inner magnetosphere and compared them with results from the rice
convection model. Wang et al. (2013) and Yue et al. (2015) extended the above work by developing
empirical plasma pressure models based on statistical observations of ion and electron fluxes in the
equatorial region from Time History of Events and Macroscale Interactions during Substorms and
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Geotail. C:son Brandt et al. (2002) utilized energetic neutral atom emissions at low altitude to infer the
evolution of the global plasma pressure distribution during storms and substorms. With low-altitude
measurements from the DMSP satellite and T89 magnetic field model, Wing and Newell (2002) obtained
the two-dimensional plasma pressure distribution near the equator, operationalizing the modeling
approach described earlier by Hirsch et al. (1996) for such use of low-altitude pressure measurements.

The ring current pressure is made up mainly of the hydrogen (H+), oxygen (O+), and helium (He+) ions and
electrons. Systematic dynamic changes in the spatial structure of ring current ions and electrons in the inner
magnetosphere are essential to understand the ring current pressure variation. It is well known that, while
the ion pressure in the inner magnetosphere is dominated by H+ during quiet times, O+ ions make a nonne-
gligible and sometimes dominant contribution to the ion pressure and the strength of the ring current. In situ
observations andmodeling work (e.g., Claudepierre et al., 2016; Daglis et al., 1999; Denton et al., 2005; Ebihara
et al., 2006; Fok et al., 2001; Kistler et al., 2016; Lui, 2003; Yue et al., 2011) have confirmed that singly charged
O+ ions that originate in the Earth’s ionosphere make a significant contribution to the plasma pressure in the
Earth’s inner magnetosphere during active times. There are numerous studies addressing the plasma compo-
sition changes as a function of geomagnetic disturbances, but most studies have focused on geostationary
orbit or beyond (e.g., Forster et al., 2013; Fu et al., 2001; Kistler & Mouikis, 2016; Liu et al., 2005; Maggiolo &
Kistler, 2014) due to a lack of in situ measurements of different species with sufficiently wide energy coverage
and/or satellite orbital coverage at lower L shells (e.g., Keika et al., 2013). However, due to the observations of
the recently launched Van Allen Probes, we are now able to provide a global view of the spatial distribution of
the ring current inside of geosynchronous orbit and the relative contributions from different species. The Van
Allen Probes mission is designed for operation in the radiation belts and provides a comprehensive picture of
the in situ equatorial plasma composition from ~eV to ~MeV energies without significant background
radiation contamination.

There are some case and statistical studies that have investigated the ion composition using Van Allen Probes
under different geomagnetic activities. For example, Zhao et al. (2015) investigated the evolution of ring cur-
rent ion energy density and energy content during geomagnetic storms and concluded that ions with ener-
gies E < 50 keV contribute more significantly to the ring current than those with higher energies during the
storm main phase, while the higher energy protons dominate during the recovery phase and quiet times.
Jahn et al. (2017) studied the relative abundances and absolute densities of warm plasma (>30 eV) measured
by Helium, Oxygen, Proton, and Electron (HOPE) mass spectrometers onboard Van Allen Probes and found
that warm O+ is the most abundant close to the plasmapause, whereas warm H+ dominates at higher L shells.
Denton et al. (2017) performed a survey of 54 calm-to-storm events and 21 active-to-calm events to investi-
gate the ion composition changes using the HOPE instrument and found that H+ is the dominant ion in the
plasma sheet in the calm-to-storm transition while heavy ions (O+ and He+) become increasingly important
during extended calm intervals as charge exchange reactions result in a faster loss of H+ than either O+ or
He+. Fernandes et al. (2017) performed a statistical study to examine the abundances of 0.1–30 keV O+

flux
relative to H+

flux as a function of Kp, L shell, magnetic local time (MLT), and energy by using the HOPE instru-
ment and found that at L = 6 the O+/H+ ratio increases with increasing Kp, whereas at L < 5 the O+/H+ ratio
generally decreases with increasing Kp.

While previous studies based on Van Allen Probes observations have presented important features of the ion
composition changes driven by different geomagnetic disturbances, their studies are either only focused on
one particular plasma population such as the warm plasma cloak or the plasma sheet or ring current particles
(e.g., Denton et al., 2017; Jahn et al., 2017), or limited to a case study at particular MLT (e.g., Zhao et al., 2015).
As shown from our previous study by Yue, Bortnik, Chen, et al. (2017), different populations behave differ-
ently. In order to provide a comprehensive view of the spatial distribution of plasma pressure inside of geos-
tationary orbit and the relative contributions of various species with different energies under different AE
levels, we perform a statistical study by using data from the HOPE and Radiation Belt Storm Probes Ion
Composition Experiment (RBSPICE) instruments onboard both Van Allen Probes. Combining data from these
two instruments, we are able to investigate the energy dependent contributions of ions from 1 eV to ~1 MeV
and electrons from 15 eV to 1 MeV to the plasma pressure inside of geosynchronous orbit.

This paper is organized as follows. In section 2, we briefly describe the particle measurements used in this
study and the methodology of our statistical analysis. The detailed statistical results are presented in
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section 3. In section 4, we discuss the role of ions and electrons with different energy ranges contributing to
the plasma pressure. Section 5 summarizes our results and outlines the main conclusions.

2. Data Set and Methodology

The Van Allen Probes (RBSP) mission, which consists of two identically instrumented spacecraft (probes A and
B), was launched into near-equatorial orbit (10° inclination) on 30 August 2012. They have an orbital period of
~9 hr, a perigee at ~1.1 RE, and an apogee at ~5.8 RE (Mauk et al., 2013). Both satellites are equipped with
comprehensive suites of particles and field measurement instrumentation. Here we perform our statistical
analysis by using the level-3 omnidirectional and unidirectional differential flux measurements from the
HOPE mass spectrometer (Funsten et al., 2013) of the Energetic Particle Composition and Thermal Plasma
Suite (Spence et al., 2013) and the RBSPICE (Mitchell et al., 2013) instrument onboard Van Allen Probes (both
A and B) from October 2012 to December 2017, during which the apogees of the satellites covered all MLT
sectors more than twice near the equator. The combined measurements from both instruments cover the
H+ energy from ~1 eV to 600 keV with 85 energy channels (HOPE: 1 eV–44 keV of 71 channels and
RBSPICE: 45–600 keV of 14 channels), O+ energy from ~1 eV to ~1 MeV with 81 channels (HOPE: 1 eV–
52 keV of 72 channels and RBSPICE: 142 keV–1.1 MeV of 9 channels), He+ energy from ~1 eV to ~500 keV with
81 channels (HOPE: 1 eV–52 keV of 72 channels and RBSPICE: 65–520 keV of 9 channels), and electron (e�)
energy from 15 eV to ~1 MeV with 127 energy channels (HOPE: 15 eV–18 keV of 63 energy channels and
RBSPICE: 20–940 keV of 64 energy channels). It should be noted that there is no charge state separation
for both HOPE and RBSPICE instruments. Here we assume that all the measurements are single charged par-
ticles. HOPE data have 11 pitch angle (PA) bins ranging from 0° to 180° with 18° width, except for the first and
last PA bins that are 9° wide. Meanwhile, the level 3 RBSPICE data are binned into 17 PA bins with 10° width,
but 15° width for the first and last PA bins. The observed flux of each energy channel from the HOPE instru-
ment has been corrected according to the instantaneous spacecraft potential as done in our previous studies
(e.g., Yue, An, et al., 2016; Yue, Bortnik, Chen, et al., 2017; Yue, Bortnik, Thorne, et al., 2017; Yue, Chen, Bortnik,
et al., 2017; Yue, Li, et al., 2016). In addition, we obtain the total electron number density preferentially from
high-frequency receiver spectra of the Electric and Magnetic Field Instrument Suite and Integrated Science
instrument (Kletzing et al., 2013). If it is not available, the electron number density is obtained from the space-
craft potential measured by the electric field and waves instrument (Wygant et al., 2013).

Here we use the unidirectional fluxes to calculate the plasma pressure of four different species in the parallel
and perpendicular directions as well as the total plasma pressure as follows:

Considering relativistic effects, the particle phase space density (PSD) is calculated as PSD ¼ γ3m0f
v2 , where γ is

the relativistic factor, f is the differential energy flux, m0 is the particle’s rest mass, and v is the velocity. The γ
and v are calculated using the relations

E ¼ γ� 1ð Þm0c
2 and

v 2

C2 ¼ 1� 1

E
m0c2

þ 1
� �2

where c is the speed of light and E is the particle’s kinetic energy. By using the PSD, the perpendicular and
parallel plasma pressure P⊥ and P∥ of each species are then calculated as (De Michelis et al., 1999; Siscoe,
1983)

P⊥ ¼ ∫vmax
vmin

∫π0πsin
3 αð Þm0v

4PSDd αdv

P‖ ¼ ∫vmax
vmin

∫π02π sin αð Þcos2 αð Þm0v
4PSDd αdv

where α is the PA. The integral in particle velocity was performed over the entire electron and ion energy
ranges from HOPE and RBSPICE, and vmin and vmax are the minimum and maximum velocities corresponding
to the energy range of the instrument. The partial plasma pressure of different species is P ¼ 2P⊥þP‖

3 , and the
total plasma pressure is the sum of partial plasma pressures from different species including H+, O+, and He+

and electrons.
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In order to investigate how particle injections affect the plasma pressure distributions near the equator, we
binned data into MLT and radial distance according to two different AE levels: AE < 100 nT for quiet times
(e.g., Hsu & McPherron, 2012; Yue et al., 2010) and AE > 300 nT for active times (e.g., Meredith et al., 2003).
These criteria were chosen to include sufficient data for statistically significant results and to provide a clear
separation of the two distinct geomagnetic conditions. In addition, we have constrained our observational
database to periods when the Van Allen Probes were near the equator with magnetic latitudes
|MLAT| < 5° in order to obtain the equatorial plasma pressure distributions, and all data were averaged into
1-min time resolution. We selected data points when both HOPE and RBSPICE data were available without
limiting the L shell value. It should be noted that themedian value was used for our statistical results through-
out the paper since the distribution would not be fully characterized with the mean and the standard devia-
tion alone if the distribution is not a normal one.

3. Results

Comprehensive ionmeasurements from Van Allen Probes enable us to analyze the details of the plasma com-
position and corresponding contributions to the plasma pressure inside of geostationary orbit. In this section,
we first show one case study on 26 to 28 August 2014 to illustrate how the pressure and energy spectra of
different species vary as geomagnetic activity changes. Statistical results of plasma pressure distributions
and energy spectra of different species then follow.

3.1. Case Study

Figure 1 illustrates the plasma pressure as the magnetosphere changes from quiet to active conditions,
occurring on 27 August 2014 and observed by Van Allen Probe B with an apogee near the dawn sector
(Figure 1a). As shown in Figures 1b–1d, the magnetosphere is relatively quiet before 3 UT on 27 August
(red dashed vertical line). Following the strong southward turning of the interplanetary magnetic field
(Figure 1b), there is a typical coronal mass ejection driven storm occurring with a minimum sym-H of
�90 nT around 16:30 UT on 27 August (Figure 1d). Meanwhile, there is substorm activity with several AE
peaks around 1,200 nT (Figure 1c) occurring near the time of minimum sym-H (Figure 1d). Figure 1e shows
the ion and electron pressures and total plasma pressure indicated by different colors with total plasma pres-
sure in black, H+ pressure in blue, O+ pressure in red, He+ pressure in cyan, and electron pressure in green.
During quiet time (the first three full orbits of Van Allen Probe B), the H+ pressure is the dominant contributor
to the plasma pressure. After the onset of geomagnetic activity (the vertical dashed line), especially during
high AE interval and storm main phase, the pressures of the different species increase dramatically and O+

pressure becomes comparable to the H+ pressure.

In order to elucidate which energy range is the dominant contributor from the four different species to the
pressure increase, we plot the omnidirectional energy fluxes of electrons, H+, He+, and O+ as a function of
energy in Figures 1f–1i, respectively. The large missing data points within E< 5 eV shown in ion energy spec-
tra in Figures 1g–1i are due to the spacecraft potential effect that we have corrected. It should be noted that
the discrepancy of flux level around 20 keV of electrons and 50 keV of ions is due to the difference in flux level
between HOPE and RBSPICE. During the quiet time, there is a persistent ring current composed of H+ ions,
with energies ranging from ~50 keV to several hundred keV (depending on L shell), which is the dominant
component to the quiet time plasma pressure. As geomagnetic activity increases, there are clear substorm
injections at high L shells outside the plasmasphere and energy fluxes of electrons, H+, and O+ with energies
of several hundred eV to tens of keV showing dramatic increases.

3.2. Statistical Results

The case shown in Figure 1 is an example of the plasma composition change that occurs in the dawn sector.
In order to understand the systematic distribution of the plasma pressure and its dependence on different
species with energies from different populations at various MLT and L shells under different geomagnetic
conditions, we perform a comprehensive statistical survey based on more than 5 years of Van Allen Probes
observations. Here we separate our database by different AE intervals to examine how substorm injections
affect the ring current pressure distribution on the equatorial plane inside of geostationary orbit.

Figure 2 shows the statistical distributions of the median values of plasma pressure and the relative contribu-
tions from different species on the equatorial plane separated into two AE ranges: AE < 100 nT (columns a
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Figure 1. The plasma pressure variation observed by Van Allen Probe B from 26 to 28 August 2014. (a) Van Allen Probe B orbit projection on solar magnetic X-Y and
X-Z planes; (b) interplanetary magnetic field Bz component; (c) auroral electrojet index; (d) sym-H index; (e) ions and electron plasma pressures and total plasma
pressure with dark blue for H+, red for O+, cyan for He+, green for electron, and black for the total plasma pressure; (f–i) the energy spectrograms of energy flux for
electrons, H+, He+, and O+ ions, respectively.
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and c) and AE> 300 nT (columns b and d). The overplotted black lines are the plasmapause locations defined
as the point where the median value of electron number density is at 80 cm�3. The top panels of Figure 2c
and 2d show the satellite dwell time during these two conditions. Though the data number is smaller during
active times compared with that during quiet times, the absolute values (>100) are still large enough to
represent statistically significant results (the typical range of pressure variations is presented in the
supporting information to demonstrate the significance of our statistical results). The panels from top to
bottom depict total plasma pressure, followed by H+, O+, and He+ and electron pressures in Figures 2a and
2b. It is shown that the total plasma pressure is more or less symmetric at all MLT and peaks around L = 4
inside the plasmasphere during quiet times (Figure 2a), while the total plasma pressure shows a strong

Figure 2. The statistical distributions of median plasma pressure on the equatorial plane under two auroral electrojet (AE) levels: AE < 100 nT and AE > 300 nT.
(a and b) The panels from top to bottom are total plasma pressure; H+, O+, and He+ ions; and electron pressures; (c and d) the panels from top to bottom are the
satellite dwell time; H+, O+, and He+; and electron pressure ratios which are the ratios between the partial plasma pressure of the different species and the total
plasma pressure. The overplotted black lines are the plasmapause locations defined as when the median value of electron number density is at 80 cm�3.
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dawn-dusk asymmetry with pressure peaks around the dusk side during active times (Figure 2b). In addition,
the plasmasphere erodes and H+, O+, and He+ and electron pressures all increase during periods of high AE
levels on the nightside with H+ pressure dominating inside the plasmasphere and heavy ions and electron
pressures increasing outside the plasmapause. This could be due to the fact that during high AE interval,
the plasmapause location is only modestly impacted, while the ions could penetrate fairly deep into the inner
magnetosphere to lower L shells and result in the observed stronger partial pressures. A strong dawn-dusk
asymmetry is also observed with ion pressures peaking from dusk to postmidnight (consistent with drift phy-
sics theoretical models described in a series of papers by Kivelson & Spence, 1988 and Spence & Kivelson,
1990, 1993 and also with the related results of Keesee et al., 2011 based on TWINS energetic neutral atom
observations) while electron pressure peaking around the premidnight to dawn side. This dawn-dusk asym-
metry of ion pressure has also been reported by Kronberg et al. (2015), in which the spatial distributions of
energetic protons and O+ (>274 keV) are established based on 7 years Cluster observations. Regarding the
relative contribution to the total plasma pressure as shown in Figures 2c and 2d (the panels from top to bot-
tom are the dwell time, H+, O+, and He+, and electron pressure ratios which are the ratios between partial
plasma pressure of different species and total plasma pressure), H+ is the dominant contributor to the total
plasma pressure during both quiet (>90% inside the plasmasphere and >70% outside) and active (>80%
inside plasmasphere and >60% outside) times with a larger contribution on the dayside than that on the
nightside in general due to smaller contributions from other species on the dayside. Meanwhile, the contri-
butions from O+ ions and electrons also increase from ~10% and ~5% to 25% and 20%, respectively, at high L

shells outside the plasmasphere on the night side, while the contribution from He+ ions has almost no
change by comparing the active and quiet time states.

In order to investigate more specifically what energy ranges of different species contribute to the pressure
increase and where the biggest changes are located, we plot the omnidirectional energy flux of each species
under two AE levels (AE < 100 nT and AE > 300 nT) and the flux ratio between these two conditions in
Figures 3 to 6. Figure 3a shows the H+ energy flux spectrum from 1 eV to 600 keV as a function of L shell
on the abscissa. The left and right columns represent two different AE levels, and panels from top to bottom
represent different MLT sectors as indicated by the label above each panel. As shown, there is a persistent
MLT-symmetric ring current composed of H+ ions of hundreds of keV depending on L shell, which is the main
contributor to the symmetric ring current pressure during both quiet and active times. In addition, there are
plasma sheet particles with energies from 1 to 20 keV on the nightside at large L shells (L> 4.5) during quiet
times, while the flux becomes much more intense and extends to lower energies of 0.5 keV and smaller L
shells as AE increases with ~10-keV particles moving deeper toward the Earth due to the competition of elec-
tric and magnetic drifts.

Furthermore, the warm plasma cloak population with energies ranging from ~10 to ~500 eV becomes pro-
minent from the premidnight to the dawn sector around 3.5 < L < 5 during active times. Yue, Bortnik,
Thorne, et al. (2017) found that these warm plasma cloak H+ ions are field-aligned, indicating that these H+

ions probably originate from the midlatitude ionosphere. Figure 3b shows the flux ratio between
AE > 300 nT and AE < 100 nT as a function of energy and L shell at different MLTs to (1) better demonstrate
the relative contributions of various populations at different locations and (2) minimize the difference
between HOPE and RBSPICE flux level measurements as shown in energy spectrum plots in Figure 1 and
Figures 3a–6a. The overplotted solid and dashed lines in each panel depict the constant flux ratio of 0.5
and 5 so as to highlight the regions with the most flux reductions and enhancements from quiet time to
active time, respectively. It is shown that both the high-energy portion (10 keV< E< 40 keV) and low-energy
portion (10 eV< E< 10 keV) of H+ energy fluxes increase and peak around 3.5< L< 5 near themidnight (21–
03 MLT) region. Away from the midnight region, the E < 10 keV portion increases dramatically on the dawn
side and E > 10 keV portion increases on the dusk side. This is caused by the different drift paths of particles
with E > ~10 keV H+ drifting toward dusk due to the dominant magnetic gradient and curvature drifts while
E < 10 keV H+ drifting toward the dawn side due to the dominant corotational electric drift.

In contrast to the H+ ions, as shown in Figures 4 and 5, the energy flux of the heavy ions (O+ and He+) peaks
around 10 to 100 keV, which is the main energy range contributing to the total plasma pressure. As AE
increases, the flux of these high-energy (E > 10 keV) heavy ions, especially O+, shows a dramatic increase
on the nightside and injections extending deeper (L = ~3.5) toward the Earth for 10-keV particles around
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Figure 3. (a) The statistical distributions of median H+ energy flux as functions of energy and L shell on the equatorial plane under two auroral electrojet (AE) levels:
AE < 100 nT and AE > 300 nT. (b) The H+ flux ratio between those with AE > 300 nT and AE < 100 nT as functions of energy and L shell on the equatorial
plane. The panels from top to bottom for each column are for different magnetic local time sectors as indicated by the label on top of each panel. The overplotted
solid red and dashed black lines in each panel are the constant flux ratio of 0.5 and 5 to highlight the most flux reductions and enhancements from quiet time
to active time, respectively.
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Figure 4. The energy flux and flux ratio of O+ with the same format as in Figure 3.
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Figure 5. The energy flux and flux ratio of He+ with the same format as in Figure 3.
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Figure 6. The energy flux and flux ratio of electrons with the same format as in Figure 3.
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post midnight. These injected tens of keV O+ drift from the midnight sector toward duskside (Figure 4b) and
form high O+ plasma pressures as shown in Figure 2b. Compared to the O+

flux ratio during active and quiet
time (Figure 4b), the He+ flux ratio (Figure 5b) is much smaller, indicating that the He+ flux has a weaker
dependence on geomagnetic activity. The substantially larger increases of O+ compared to the He+ during
active time are probably related to their different origins where majority of He+ (no charge separation in
HOPE and RBSPICE instruments, so we do not differentiate He+ or He++ in this study) in the magnetosphere
is of solar wind origin while O+ is ionospheric origin. During active time, the ionospheric outflow is enhanced
while the He+ of solar wind origin changes insignificantly (Sharp et al., 1982). It should be noted that the O+

energy spectrum plot presented here has an energy gap over ~50–140 keV. In order to determine the domi-
nant energy range contributing to the O+ pressure increase, we have added the RBSPICE TOFxPH data with
energies from 50 to 140 keV in Figure S10 in the supporting information, even though the measurements
from TOFxPH are contaminated (as shown in Figure S10a that the flux is larger for energies from 50 to
140 keV compared to those of energies below and above, especially at L < 4). It is shown in S10b that the
O+

flux ratio peaks around energies from 10 to 50 keV on the nightside, and the contribution from
50–140 keV is relatively small, which in turn confirms that O+ pressure is unlikely to be affected significantly
by this energy gap (Figures S8 and S9 show the difference of O+ pressure without and with TOFxPH data, and
the O+ pressure is quite similar at L > 4, and O+ pressure is overestimated at L < 4 when it
includes TOFxPH data).

Figure 6 shows the electron energy spectrum in the same format as Figure 3. It is shown in Figure 6a that
there is strong injection of electron fluxes from the tail plasma sheet during high AE interval. The energy
range is from 0.1 to 40 keV in the postmidnight and 0.1 to 8 keV at premidnight, and the postmidnight injec-
tion extends deeper compared with premidnight during high AE interval shown in Figure 6b. In addition, a
strong depletion of electrons from 0.1 to 10 keV in the dusk sector is observed as shown in Figure 6b, which
is probably due to chorus wave scattering loss when electrons drift through the dawn sector (e.g., Li et al.,
2010; Tao et al., 2011) combined with the contraction of the Alfvén layer as AE increases, so that particles
previously on closed drift paths are now on the open drift paths, implying that these particles cannot access
the dusk sector.

4. Discussion

Knowledge of the ion composition in the near-Earth magnetosphere and plasma sheet is essential for the
analysis of magnetospheric processes and related instabilities. In our statistical study focused on the region
within geosynchronous orbit, we find that the total and H+ plasma pressures usually dominate inside the
plasmasphere and ion and electron partial pressures increase as geomagnetic activity increases while the
H+ is the dominant species contributing to the total plasma pressure during both quiet (90%) and active
(60%) time. On the other hand, O+ and electron contributions increase from less than 10% and 5% to more
than 25% and 20% on the nightside at L > 4 outside the plasmapause. However, the He+ contribution has
almost no change. Similar results have been found during storm periods. For example, Greenspan and
Hamilton (2002) statistically investigated H+ and O+ contributions to ring current energy during 67 geomag-
netic storm cases from year 1985 to 1989 around solar minimum and showed that the O+ energy density is
lower than the H+ energy density for 94% of the storm events and that the O+ contributes to less than 23% of
the ring current energy in most of the cases (72% of the storms). In this study, we have used Van Allen Probe
data from October 2012 to December 2017 during which the solar activity is relatively weak, although year
2014 is around solar maximum (solar cycle 24 which started from year 2009 to 2018 is a relatively weak solar
cycle). The low percentage of O+ contribution to the plasma pressure might be related to this relatively quiet
condition on the Sun that changes O+ composition in the topside ionosphere.

The distributions of the equatorial partial plasma pressures provide insight into the potential for wave excita-
tion. For instance, it is shown that electron pressure increases predominantly at the dawn sector outside the
plasmapause during high AE level, which likely corresponds to the excitation region of chorus waves which,
in turn, cause loss of plasma sheet electrons and the acceleration of radiation belt relativistic electrons
(e.g., Baker et al., 2014; Horne et al., 2005; Li et al., 2007; Lorentzen et al., 2001; Ni et al., 2014; Reeves et al.,
2013; Thorne, Li, Ni, Ma, Bortnik, Baker, et al., 2013; Thorne, Li, Ni, Ma, Bortnik, Chen, et al., 2013). In addition,
the ring current H+ pressure increases predominantly inside the plasmasphere on the dusk side during
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geomagnetically active conditions, indicating that EMIC wave excitation probably occurs in the region of
overlap of energetic ions and dense plasmaspheric plasma (e.g., Cornwall et al., 1970), which could lead to
EMIC-driven precipitation.

Regarding the energy range that has themost significant contribution to the ring current pressure, Zhao et al.
(2015) have investigated a moderate storm case in detail by using Van Allen Probes around the midnight
region and found that ions with energies<50 keV contribute more significantly to the ring current than those
with higher energies during the storm main phase and the higher energy protons dominate during the
recovery phase and quiet times. In addition, the contribution from O+ is ~25% of the ring current energy con-
tent during the main phase and the majority of that comes from<50 keV O+. Since their study only separates
the particle energies into two energy levels with low-energy range of 0.2< E< 50 keV and high-energy range
of 50 < E < 1,000 keV, respectively, it cannot resolve the contributions of plasma pressure from different
energies in details. In this study, we have found that the persistent, MLT-symmetric ring current composed
of H+ ions of hundreds of keV (depending on L shell) is the main contribution to the plasma pressure inside
geostationary orbit during quiet time, which is consistent with previous study done by Gkioulidou et al.
(2016). As AE increases, the injection of H+ from plasma sheet is from 0.1 to 40 keV, while the O+ injection
is dominant over 10 < E < 50 keV (which is accelerated by adiabatic and nonadiabatic mechanisms in the
plasma sheet) with 10-keV ions injected deeper toward the Earth. This energy range of ions forms the main
contribution to the pressure increases during active time. The electron injection is from 50 eV to ~10 keV at
premidnight, while the upper limit of injection at postmidnight is around 40 keV and further deep. These
electrons are within the dominant energy range for the dramatic increase of electron pressure during active
time in the dawn sector. Previous studies (e.g., Zhao et al., 2015) have discussed about possible HOPE instru-
ment calibration issue, which could affect the calculated plasma pressure values during active time, since the
pressure enhancement is mainly contributed by the plasmawith energies<50 keV as shown in Figures 3 to 6.
We have checked the results after including an increase in HOPE ion fluxes by a factor of 3 according to Zhao
et al. (2015). As shown in Figure S12, the total pressure increases and the relative contributions from different
species also change with electron contribution to the total plasma pressure becoming smaller (10%) and the
O+ pressure contribution increasing to more than 30% outside plasmapause on the nightside during active
time compared with the results shown in Figure 2. The energy ranges of different species contributing to the
plasma pressure increase and major conclusions, however, are unchanged.

Although we have observed net energy flux increase on the nightside during high AE levels, the loss process
also becomes enhanced under geomagnetically active condition, and ions and electrons can be lost to the
magnetopause depending on their drift paths. In addition, ions can be lost through Coulomb scattering
(e.g., Ebihara et al., 1998), charge exchange (e.g., Tinsley, 1978), and precipitation, while electrons are mainly
subjected to precipitation loss. The Coulomb collision and charge exchange losses are larger at lower L shells
and most effective for particles that are more field-aligned (Fok et al., 1991). The ion precipitation loss is
mainly due to the current sheet scattering depending on the magnetic field configuration (e.g., Sergeev
et al., 1983; Yue et al., 2014) as well as wave-particle scattering (e.g., Liang et al., 2014). The electron precipita-
tion loss is mainly due to wave-particle scattering (e.g., Abel & Thorne, 1998; Ni et al., 2014). As shown in
Figures 3b to 6b indicated by the red solid lines, as AE increases, the ion flux around 10 keV decreases in
the prenoon sector at high L shell, while a depletion of electrons from 0.1 to 10 keV is observed near the dusk
sector at high L shell. These flux decreases are probably due to the strong loss process that intensifies as
AE increases.

5. Summary and Conclusions

In this paper, we have performed a detailed statistical analysis of the equatorial plasma pressure distributions
and the relative contributions from three ion species and electrons with different energies under two AE
levels by using HOPE and RBSPICE measurements onboard both Van Allen Probes A and B from October
2012 to December 2017, in order to understand the characteristics of plasma composition under different
geomagnetic conditions. Our main conclusions are as follows:

1. The ring current plasma pressure is maximized inside the plasmasphere during quiet time. The total and
partial pressures of different species show significant increase at high AE levels on the nightside with H+

pressure increasing inside the plasmasphere whereas heavy ions and electron pressure increasing outside
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the plasmapause, creating a strong dawn-dusk asymmetry that is also observed with total and ion pres-
sures larger toward dusk and electron pressure larger toward dawn.

2. Oxygen and electron contributions increase from less than 10% or 5% to more than 25% or 20% (these
numbers would change if HOPE measurements are lower than real situations as we have discussed
previously), while the H+ ion contribution shows a significant decrease at post midnight to dawn at L> 4.

3. The persistent MLT-symmetric ring current, which is predominantly located inside the plasmasphere in a
statistical sense, is composed of H+ ions of hundreds of keV (depending on L shell) and is the main
contributor to the plasma pressure during geomagnetically quiet (>90%) time.

4. As AE increases, the injection of H+ ions from the plasma sheet is composed of energies extending from
0.1 to 40 keV, while the O+ injection is dominated by 10 < E < 50 keV, with ~10-keV ions injected deeper
toward the Earth. These ions are the main contributors to the ion pressure increases during active time.

5. The electron injection is from 50 eV to ~10 keV at premidnight, while the upper limit of injection at post-
midnight is around 40 keV and deeper to lower L shells (L = 4). These electrons are the dominant compo-
nent for the dramatic increase of electron pressure near the dawn sector at active time.

6. There is a strong depletion of electrons from 0.1 to 10 keV in the dusk sector which is probably due to the
combination of stronger loss of electrons through wave-particle interaction and shrinking of the Alfvén
layer as AE increases, so that particles that were previously on closed drift paths now move on to open
drift paths, and as a result, these particles cannot access the dusk sector.

Accurate knowledge of plasma pressure dependence on different species with different energy popula-
tions in the inner magnetosphere is important since it reflects the source, transport, and loss processes
of electrons and ions of different populations. In this study, we have provided a general picture of the
plasma composition and contributions to the plasma pressure as a function of MLT, L shell, and geomag-
netic activity. To fully understand the dynamic process of plasma pressure inside the geosynchronous
orbit, the time history should also be considered. As shown in Figure 1, the plasma pressure gradually
builds up after geomagnetic activity increases and peaks around the early recovery phase, which is about
18 hr later from the storm sudden commencement. Simultaneously, the ion and electron energy range of
peak energy fluxes also moves to higher energies during this interval. In order to track these changes, the
universal time should be added as another dimension similar to the location, which is left for our future
study of the plasma pressure investigation.
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