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Abstract We examined the average meridional distribution of middle-energy protons (10–180 keV)
and pressure-driven currents in the nightside (20–04 hr magnetic local time) ring current region during
moderately disturbed times using the Arase satellite's data. Because the Arase satellite has a large
inclination orbit of 31◦, it covers the magnetic latitude (MLAT) in the range of −40◦ to 40◦ and a radial
distance of < 6RE. We found that the plasma pressure decreased significantly with increasing MLAT. The
plasma pressure on the same L* shell at 30◦ < MLAT < 40◦ was ∼10–60% of that at 0◦ < 4 MLAT < 10◦, and
the rate of decrease was larger on lower L* shells. The pressure anisotropy, derived as the perpendicular
pressure divided by the parallel pressure minus 1, decreased with radial distance and showed a weak
dependence on MLAT. The magnitude of the plasma beta at 30◦< MLAT < 40◦ was 1 or 2 orders smaller
than that at 0◦< MLAT < 10◦. The plasma pressure normalized by the value at 0◦< MLAT < 10◦ estimated
from the magnetic strength and anisotropy was roughly consistent with the observed plasma pressure for
L* = 3.5–5.5. The azimuthal pressure-gradient current derived from the plasma pressure was distributed
over MLAT ∼ 0–20◦ , while the curvature current was limited within MLAT ∼ 0–10◦ . We suggest that the
latitudinal dependence should be taken into account in interpretations of plasma parameters in successive
orbits during magnetic storms.

1. Introduction
The inner magnetosphere is the region where the plasma thermal pressure is highest in the near-Earth
space during magnetic storms. The plasma pressure is mainly contributed by protons in an energy range of
10 to 300 keV (e.g., Daglis et al., 1993; Jordanova & Miyoshi, 2005; Williams, 1981; Zhao et al., 2015). Peak
plasma pressure is usually located at ∼3–4 RE, depending on the energy range of the instruments used and
geomagnetic activities (e.g., De Michelis et al., 1999; Lui et al., 1987). Plasma pressure drives large-scale
azimuthal currents both inside and outside of the peak, the so-called ring current. Enhancement of the ring
current is a typical feature of magnetic storms which is characterized by the large depression of ground
magnetic fields. The ring current also distorts the background magnetic field in the magnetosphere, resulting
in the modification of plasma parameters, such as plasma pressure, plasma anisotropy, and plasma beta.
Changes in the magnetic field and plasma parameters modify not only the ring current itself but also the
characteristics of plasma instabilities and waves. For example, the plasma beta is an important factor for the
growth rate of the mirror instability (e.g., Chandrasekhar et al., 1958), and plasma anisotropy determines the
occurrence of electromagnetic ion cyclotron waves (e.g., Cornwall et al., 1970). Therefore, the distribution
of background magnetic fields, currents, and plasma have an impact on studies of various phenomena in
the inner magnetosphere.

The L value (or radial distance) dependence of the plasma pressure (or energy density) has been examined
by numerous studies since early in situ observations (see review by Williams, 1981). The average distribu-
tions of plasma parameters in the L-MLT (L-magnetic local time) plane near the magnetic equator have been
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investigated by using data from the Active Magnetospheric Particle Tracer Explorer/Charge Composition
Explorer satellite. De Michelis et al. (1999) investigated average L-MLT distributions of proton plasma pres-
sure and anisotropy in the energy range of 1–300 keV obtained by the Charge-Energy-Mass spectrometer.
Lui (2003) combined the particle measurements from two instruments, the Charge-Energy-Mass spectrom-
eter and Medium Energy Particle Analyzer, with an energy range of 1 keV to 4 MeV, and presented the
average L-MLT distributions of proton and oxygen plasma pressures. Ebihara et al. (2002) examined L-MLT
distributions near the equatorial plane of proton energy density in the energy range of 1–200 keV for storm
stages, using data from the Polar satellite; they found a strong day-night asymmetry in energy density during
the main phase. Energetic neutral atom imaging on board the Imager for Magnetopause-to-Aurora Global
Exploration satellite captured the global plasma pressure distribution at a specific time, although the energy
range (10–120 keV) and spatial resolution were limited (C:son Brandt et al., 2004; Roelof, 1989; Roelof et al.,
2004). Recently, Yue et al. (2018) conducted a comprehensive study of the L-MLT distribution of plasma
pressures for each species, energy range, and AE index level using data from the Van Allen Probes. The satel-
lites used in these previous studies had low-inclination orbits (< 10◦), and their magnetic latitudes (MLATs)
were within ±20◦ except for the Polar satellite. There is little information available on plasma parameters in
the inner magnetosphere at |MLAT| higher than 20◦.

Although the L-MLT distributions of plasma parameters have been well studied, little attention has been
paid to their meridional or latitudinal distributions. When particle pitch angle (𝛼) distributions have a peak
at 90◦ at the magnetic equator, the so-called pancake distribution, such anisotropy is typical in the inner
magnetosphere (Garcia & Spjeldvik, 1985; Shi et al., 2016; Sibeck et al., 1987); some of these particles cannot
reach satellites located in the off-equatorial plane. This means that the measured particle flux and pressure
becomes smaller as the MLAT of a satellite increases. The pancake distribution is often modeled by the
function sin𝛾

𝛼 (e.g., Shi et al., 2016; Summers & Shi, 2015), where 𝛾 is a power index to show the plasma
anisotropy. According to the theory of field-aligned particle distribution in static equilibrium (Parker, 1957),
when the pitch angle distribution can be expressed by sin𝛾

𝛼, the particle flux decreases with [B∕Beq]
− 𝛾−1

2

along the field line, where B∕Beq is the magnetic strength normalized by its value at the magnetic equator.
This can affect the distribution of plasma parameters as a function of L value if they vary significantly with
MLAT. Because the angle between the Earth's rotational axis and the magnetic dipole axis is ∼ 10◦, the
MLAT of medium Earth orbit satellites can vary by∼ 20◦ at most from orbit to orbit. To examine the temporal
evolution of ring current particles during magnetic storms, many previous studies have examined the time
sequence of L value distributions in successive orbits. Therefore, how the MLAT of a satellite affects the
measured plasma parameters is an important issue for the study of magnetic storms.

The meridional distribution of currents in the inner magnetosphere has been examined using the curl of
the average distribution of the measured magnetic field (Jorgensen et al., 2004; Le et al., 2004). These stud-
ies showed that the ring current extends to the off-equatorial regions. The L-MLT distribution of the ring
current has also been derived from the plasma pressure distribution (De Michelis et al., 1997, 1999; Imajo
et al., 2018; Lui et al., 1987; Lui & Hamilton, 1992; McEntire et al., 1985); however, its meridional distribu-
tion has not been obtained from the plasma pressure since the meridional distribution of plasma pressure
has not yet been investigated. An advantage of using plasma pressure is that we can separately evaluate the
contribution of the pressure-gradient and curvature currents (will be described in the next section). Previ-
ous studies have shown that near the magnetic equator, the curvature current flows eastward around the
pressure peak region, and its magnitude is smaller than that of the pressure-gradient current (e.g., Lui et al.,
1987). However, differences among the meridional distributions of these current components have not been
addressed.

In this study, we investigated the average meridional distributions of proton plasma parameters in the
nightside inner magnetosphere using particle and magnetic field measurements from the Exploration of
Energization and Radiation in Geospace satellite, now known as the Arase satellite. Because the Arase satel-
lite has a large inclination of 31◦, it covers an MLAT range of −40◦ to 40◦ and a radial distance of up to
6 RE. We calculated the meridional distributions of the pressure-gradient and curvature currents from the
observed plasma pressure and magnetic field distributions. In section 4, we compare latitudinal variations
in the plasma pressure using particle measurements with those estimated from the theory of field-aligned
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particle distribution. Based on the observational results, we demonstrate that the MLAT dependence is
significant in spatial distribution of plasma parameters and currents.

2. Analysis
2.1. Data Descriptions
The Arase satellite, launched in December 2016, has an elliptical orbit with a perigee of 400 km, an apogee
of 32,000-km altitude, and an inclination of 31◦ (Miyoshi et al., 2018). The spin period is ∼8 s, and the orbital
period is ∼9.5 hr. We used data from when Arase was located on the nightside of 20–4 hr MLT during the
period from 16 May 2017 to 30 November 2017.

The magnetic field data with the spin-period resolution were obtained by the onboard magnetic field exper-
iment (Matsuoka et al., 2018). The plasma pressure was calculated from proton flux data in the energy
range of 9.6–184.2 keV measured by the medium-energy particle experiments-ion mass analyzer (MEP-i;
Yokota et al., 2017) instrument. The time resolution of differential fluxes was either ∼8 or ∼16 s. We used
data recorded during the normal mode operation, which is basically performed on only inbound passes. In
this operation mode, MEP-i obtains the three-dimensional distribution functions, with 16 spin phases, 16
azimuthal channels, and 16 energy steps within a spin. In the other operation mode, the time of flight (TOF)
mode operation, the MEP-i obtains high-resolution TOF information, but the resolution of the azimuthal
angle is very low (90◦). Data obtained from the TOF operation mode are unsuitable for the calculation of
the anisotropic pressure; therefore, we excluded the data from the TOF operation mode. All the data from
Arase were averaged over 1-min time windows.

We used the SYM-H* index with 1-min resolution as a proxy for ring current intensity. The SYM-H*
index is the SYM-H index corrected for a solar-wind dynamic pressure (PSW ), in the same way as the
Dst* index (Burton et al., 1975). The SYM-H* index here was calculated using the same coefficient as Le
et al. (2004): SYM-H* (nT) = SYM-H (nT) − 13.5

√
PSW (nPa). The typical value of SYM-H* during quiet

times is ∼ −20 nT. In the current study, we analyzed data from moderately disturbed times, defined by
−80 ≤ SYM-H* ≤ −40 nT. Quiet times were excluded for two reasons. First, the energy range of the MEP-i
mostly covered the population of ring current ions during magnetic storms, while protons with an energy ≥
200 keV make a significant contribution to plasma pressure during quiet times (e.g., Williams, 1981; Zhao
et al., 2015). Second, the sensitivity of the MEP-i began to decrease from September 2017 onward, and large
errors in plasma pressure measurements can be made when a count rate is very low. Also, we excluded the
strongly disturbed time SYM-H*≤ −80 nT to weaken the dependence of the geomagnetic activity, which
varies with time. We did not classify the phases of the storms because of the small data coverage. The vol-
ume of data collected during the recovery phase was large for the statistical analysis because the duration
of the recovery phase is much longer than that of the main phase.

2.2. Averaging Process
Meridional distributions were given by averaging the values in each spatial bin. We used two types of bins.

One is a 𝜌-z bin in solar magnetic (SM) coordinates, where the 𝜌 axis is
√

X2
SM + Y 2

SM and the z axis is
ZSM. Since the resulting meridional distribution is given in Cartesian coordinates, this sorting is useful for
two-dimensional visualization in the meridional plane and the calculation of pressure-driven currents. The
satellite was located in the Northern Hemisphere (z > 0) for 93% of the total time of used data, and we used
only data in the Northern Hemisphere. The bin size was 0.5 RE × 0.5 RE except for the region of 𝜌 ≥ 4.5 RE
and 0 ≤ z ≤ 1RE. For this exceptional region, a 0.5 RE bin for the 𝜌 axis and a 1 RE bin for the z axis were
used because the number of data points was very small. Figure 1a shows the distribution of the total time of
the data used for the analysis in the 𝜌-z plane. The data points used in the present study covered an MLAT
range of 0–40◦ and a radial distance of < 6RE. After averaging the data in each bin, we applied a bilinear
interpolation by a 0.25 RE grid, and a simple three-point moving average in each dimension to obtain smooth
distributions: Si,j = (Xi,j−1 + Xi−1,j + Xi,j + Xi+1,j + Xi,j+1)∕5, where Si,j is the smoothed distributions and Xi,j is
the interpolated distributions at ith and jth grid points in 𝜌 and z, respectively.

The other bin is for examining the MLAT distribution in the same L* (Roederer, 1970) defined as L∗ = 2𝜋k0
ΦRE

where k0 is the Earth's magnetic moment and Φ is the third adiabatic invariant. So L* is based on the conser-
vation ofΦ. The Olson-Pfitzer quiet magnetic field model (Olson & Pfitzer, 1977) was used for the calculation
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Figure 1. Distribution of the total time of the data used for the analysis in the (a) 𝜌-z (𝜌 =
√

X2
SM + Y 2

SM, z = ZSM)
plane and (b) the L*-MLAT plane. Black curves show the dipole field lines. Radial grids are drawn at 10◦ intervals.
Regions of MLAT ≥ 45◦ and a dipole L ≤ 2.25 are masked by gray shading. MLAT = magnetic latitude.

of L*, which is included in the Arase level-3 orbit data (https://ergsc.isee.nagoya-u.ac.jp/data/ergsc/satellite/
erg/orb/l3/; Miyoshi et al., 2018). This L* definition was adopted by the Panel for Radiation Belt Environ-
ment Modeling for a model of the Earth's trapped radiation belts. We used L* at a local pitch angle of 90◦ for
simplicity because the flux of middle-energy protons is dominant around 90◦ pitch angle (i.e., pancake dis-
tribution) in the inner magnetosphere for most cases (Garcia & Spjeldvik, 1985; Shi et al., 2016; Sibeck et al.,
1987). The L* is slightly smaller than the dipole L, and its difference increases with increasing L*. At Arase's
orbit in the inner magnetosphere (L* ≤ 6), the difference is ∼0.3 at most. MLAT was calculated with respect
to the dipole axis (ZSM axis). The bin size was 0.5 × 10◦ for L* and MLAT, respectively. Figure 1b shows the
distribution of the total time of the data used for the analysis in the L*-MLAT plane. The total time of the
data was small in the distant region near the equator (L* ≥ 5 and 0◦ ≤ MLAT ≤ 10◦) and the low-altitude
region at a higher latitude (L* ≤ 4 and 30◦ ≤ MLAT ≤ 40◦) compared with other regions.

2.3. Calculation of Plasma Parameters and Pressure-Driven Current Densities
The plasma pressures perpendicular and parallel to the ambient magnetic field (P⟂, P||) were calculated
from the energy (E) and pitch angle (𝛼) distributions of the differential flux J(E, 𝛼) obtained by the following
formulae (e.g., De Michelis et al., 1999; Menz et al., 2017):

P⟂ = 𝜋
∑

E

∑
𝛼

√
2mEJ(E, 𝛼)sin3

𝛼ΔEΔ𝛼,

P|| = 2𝜋
∑

E

∑
𝛼

√
2mEJ(E, 𝛼)cos2𝛼 sin 𝛼ΔEΔ𝛼,

where m is the mass of a particle, ΔE is the energy channel width, and Δ𝛼 is a pitch angle bin width. We
set the pitch angle bin width to 22.5◦, just dividing 180◦ into eight sectors from the magnetic field direction.
This pitch angle bin width is nearly equal to the interval of azimuthal channels and spin phases of MEP-i.
So all pitch angle bins contain at least one flux observation for a spin regardless of the angle between the
spin axis and the magnetic field line. Note that the plasma pressure calculated from the MEP-i was always
underestimated due to the pronounced energy coverage limitation in the region L < 3, in which the contri-
bution of high-energy protons (>∼200 keV) is significant (De Michelis et al., 1999). Nevertheless, it is still
useful to examine pressure distributions in the meridional plane relative to equatorial values.

The plasma pressure anisotropy index (A) is defined here as

A =
P⟂

P|| − 1 ,

meaning that positive values are P⟂ > P||. Anisotropy A is unreliable if P|| is very small; therefore, we
excluded A when P|| was below 0.1 nPa.
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Figure 2. Distributions of (a) perpendicular and (b) parallel plasma pressures in the 𝜌-z plane. Black curves show the dipole field lines, and radial grids are
drawn at 10◦ intervals. The perpendicular and parallel plasma pressures are shown as a function of MLAT for (c) lower L*s (L* = 2.5–4.5) and (d) higher L*s
(L* = 5–7). Solid lines show the perpendicular plasma pressure, and dotted lines show the parallel plasma pressure. Error bars denote the standard errors of the
mean as the sample standard deviation divided by the square root of the sample size. MLAT = magnetic latitude.

The perpendicular and parallel plasma betas (𝛽⟂, 𝛽||) were defined as the ratio between the plasma pressure
and the magnetic pressure, where B2∕2𝜇0: B is the magnetic field, and 𝜇0 is the permeability of free space, as

𝛽⟂ =
2𝜇0P⟂

B2

𝛽|| =
2𝜇0P||

B2 .

The perpendicular current (j⟂) in static equilibrium can be described by the plasma pressure and the
magnetic field in the magnetohydrodynamics approximation (Parker, 1957) as

j⟂ = B
B2 ×

[
∇P⟂ + (P|| − P⟂)

(B
B
· ∇

) B
B

]
. (1)

Note that the magnetic-gradient drift and magnetization currents cancel each other out in this equation. The
first term in equation (1) is the pressure-gradient current (j∇P), which constitutes a significant portion of the
ring current. The second term, including

(
B
B
· ∇

)
B
B

: field-line curvature, is called the curvature current (jc).
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Figure 3. (a) Distribution of the plasma pressure anisotropy in the 𝜌-z plane. Plasma pressure anisotropy as a function
of MLAT for (b) lower L*s and (c) higher L*s. The format is the same as for Figure 2. MLAT = magnetic latitude.

The term including P|| corresponds to the curvature drift current, and the term including P⟂ corresponds
to the curvature magnetization current. Taking the azimuthal component from equation 1, we obtained the
azimuthal currents as

𝑗∇P =
Bz(∇P⟂)𝜌 − B𝜌(∇P⟂)z

B2

𝑗c = (P|| − P⟂)
(

B × (B · ∇)B
B4

)
𝜙

= (P|| − P⟂)
{B𝜌(∇B𝜌)𝜌 + Bz(∇B𝜌)z}Bz − {B𝜌(∇Bz)𝜌 + Bz(∇Bz)z}B𝜌

B4 .

The field-line curvature can be expressed by the curvature radius Rc which is more intuitively understood
as −Rc

R2
c
=
(

B
B
· ∇

)
B
B

. So jc also can be written as

jc = −(P|| − P⟂)
B
B2 ×

Rc

R2
c
.

Taking the azimuthal component, we obtained

𝑗c = −(P|| − P⟂)
1

BRc
.

We calculated the current density in the 𝜌-z plane using the average distributions of the magnetic field and
the plasma pressure. The distribution of Rc was also investigated for an interpretation of the distribution of
the curvature current.
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Figure 4. Distribution of (a) perpendicular and (b) parallel plasma betas in the 𝜌-z plane. Perpendicular and parallel
plasma betas as a function of MLAT for (c) lower L*s and (d) higher L*s. Solid lines show perpendicular plasma beta,
and dotted lines show parallel plasma beta. The format is the same as for Figure 2. MLAT = magnetic latitude.

3. Results
Figure 2 shows the distributions of perpendicular and parallel plasma pressures. In Figures 2a and 2b, the
two-dimensional illustrations indicate that the plasma pressures were distributed in a crescent fashion, to
align with field lines. There is a peak at ∼ 4.3RE on the magnetic equator. Figures 2c and 2d show the
perpendicular and parallel plasma pressures as a function of MLAT for lower L*s (L* = 2.5–4.5) and higher
L*s (L* = 5–7), respectively. The plasma pressures decreased with increasing MLAT; for example, at L* = 4,
P⟂ at 30◦ < MLAT < 40◦ was only 30% of that at 0◦ < MLAT < 10◦. The rate of decrease tended to be large at
lower L*. We discuss the decreasing rate using a model estimation of the field-aligned particle distribution
in a later section. For all L*s, P⟂ is larger than P|| even at higher latitudes.

Figure 3 shows the distributions of the plasma pressure anisotropy (A). As expected from Figure 2, the
plasma anisotropy was positive (P⟂ > P||) in the entire meridional plane. The pressure anisotropy at the mag-
netic equator decreased with radial distance, which is in agreement with previous results (e.g., De Michelis
et al., 1999; Lui & Hamilton, 1992). This feature was also shown in off-equatorial regions (Figure 3a), and
thus, the pressure anisotropy strongly depends on the radial distance. Figures 3b and 3c show that the pres-
sure anisotropy was not changed largely with MLAT, although there were weak minima around 20◦ MLAT
at L* ≤ 5.

Figure 4 shows the distribution of the perpendicular and parallel plasma betas (𝛽⟂, 𝛽||). The plasma betas
drastically decreased with decreasing radial distance, which is consistent with the result at the magnetic
equator (Lui & Hamilton, 1992). An important feature, shown in Figures 4c and 4d, is that the plasma beta
drastically decreased with increasing MLAT. Their magnitude at 30◦ < MLAT < 40◦ was 1 or 2 orders
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Figure 5. Distribution of the partial perpendicular plasma pressure as a function of MLAT and energy for each L*.
MLAT = magnetic latitude.

smaller than that at 0◦ < MLAT < 10◦. This is due to a decrease in the plasma pressure and an increase in
the magnetic strength with increasing MLAT.

We also investigated the energy dependence of the meridional distribution of the partial plasma pressure.
Figure 5 shows the distribution of the partial perpendicular plasma pressure as functions of MLAT and
energy for each L*. The sum of each column corresponds to the total plasma pressure of the MEP-i, as shown
in Figure 2. The main energy range that contributed to the total plasma pressure was higher at the lower L*

near the equator, which is consistent with Van Allen probes observations reported by Yue et al. (2018). This
tendency was also true in the off-equator region. The increase in the main contributing energy is probably
because the perpendicular velocity of protons increases when they are transported inward adiabatically from
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Figure 6. Distributions of (a) pressure-gradient current, (b) curvature current, and (c) total of them in the 𝜌-z plane
(Positive eastward). The format is the same as Figure 2a. MLAT = magnetic latitude.

the magnetotail. The partial plasma pressure decreased monotonically in the energy range of 50–180 keV in
3 ≤ L* ≤ 5. In 3.5 ≤ L* ≤ 5, the partial plasma pressure of 10–50 keV had a peak around 20◦ MLAT. Keika
et al. (2018) showed a similar peak in 10–50 keV during main phases using the data from the Arase satellite.

Figure 6 shows the distribution of pressure-driven currents derived from the pressure and magnetic field
distributions. The pressure-gradient current (j∇P; Figure 6a) flowed westward outside and eastward inside
the pressure peak. The westward current was stronger than the eastward current. The peak current densities
were 4 nA/m2 for the westward current (𝜌 ∼ 5RE) and 1 nA/m2 for the eastward current (𝜌 ∼ 3.5RE).
These features are consistent with the currents derived from the particle data from Active Magnetospheric
Particle Tracer Explorer/Charge Composition Explorer observations (Lui et al., 1987). A large portion of
pressure-gradient current was distributed over ∼ 0–20◦. The curvature current (jc) flows eastward because
of P⟂ > P|| with a smaller magnitude (∼ 1 nA/m2) than the pressure-gradient current (Figure 6b). Contrary
to the pressure-gradient current, the curvature current is limited near the equator within ∼ 0–10◦. The total
pressure-driven current (j∇P + jc) almost reflected the pattern of j∇P (Figure 6c). The main part of the total
pressure-driven current was also distributed over ∼ 0–20◦, which is in agreement with the currents derived
from the curl of the average magnetic fields (Jorgensen et al., 2004; Le et al., 2004).

4. Discussion
4.1. Latitudinal Dependence of Plasma Pressure: Comparison With Theory
As shown in Figure 2, the plasma pressure decreased with increasing MLAT. Based on the theory by Parker
(1957), we expected the decrease in pressure to depend on both the magnetic strength and the pressure
anisotropy, as shown below. Here we consider a simple condition that particles are trapped in the same flux
tube and the particle distribution is in static equilibrium. Parker (1957) demonstrated that the distribution
function f at a location s on the same field line can be expressed by B(s) as

𝑓 (s, 𝛼) = C𝛼

[
B(0)
B(s)

] 𝛾−1
2

sin𝛾
𝛼, (2)

where C𝛼 is a constant, s = 0 is the magnetic equator, and 𝛾 is a power index to show the plasma anisotropy.
This means that the shape of f(s, 𝛼) is conserved along the field line if the pitch-angle distribution is approx-
imated by sin𝛾

𝛼 function but its amplitude varies with the magnetic field change along the field line. Thus,
f relative to the equatorial value becomes 𝑓 (s, 𝛼)∕𝑓 (0, 𝛼) =

[
B(0)∕B(s)

] 𝛾−1
2 . Assuming that f is the distribu-

tion function at the representative energy in the energy range for the calculation of the plasma pressure for
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Figure 7. Comparison of plasma pressure variations with MLAT between the particle measurement and the estimation
from the magnetic field for each anisotropy. Black lines (solid for P⟂ and dashed for P||) show the observed plasma
pressure normalized by the average values in ∼ 0–10◦ MLAT (P(MLAT)∕P(0)). Colored solid lines show the normalized
plasma pressure estimated from the magnetic field for each anisotropy A or corresponding 𝛾 . The observed anisotropies
averaged over each L* bin (A) are shown at the top of each panel. MLAT = magnetic latitude.

simplicity, Sckopke (1966) demonstrated that the anisotropic pressure can be expressed by 𝛾 as

P⟂(s) =
𝛾 + 1
𝛾 + 2

𝜖𝛾 (s)

P||(s) = 2
𝛾 + 2

𝜖𝛾 (s),

where 𝜖𝛾 (s) is the energy density: ∫ dE ∫ 𝜋

0 𝑓 (s, 𝛼)d𝛼. So the relation between A and 𝛾 is given by

A =
P⟂

P|| − 1 = 𝛾 − 1
2

. (3)

IMAJO ET AL. 5728



Journal of Geophysical Research: Space Physics 10.1029/2019JA026682

Figure 8. Time series of (a) plasma pressure, (b) plasma beta, (c) magnetic latitude, (d) magnetic local time, and (e) L*

at 90◦ pitch angle at Arase and (f) SYM-H* between 30 September and 3 October 2017. The plasma pressure and
plasma beta are shown for only the inbound passes. Vertical bars indicate the times of maximum perpendicular plasma
pressures for each orbit. Orange dots indicate the values at these times. MEP-i = medium-energy particle
experiments-ion mass analyzer; MLAT = magnetic latitude; MLT = magnetic local time.

Under the assumptions of Parker's model, if the pitch angle distribution can be expressed by the sin𝛾
𝛼 shape,

the shape of pitch angle distribution does not depend on s but its amplitude is changed. The shape of the
pitch angle distribution is determined by 𝛾 , and this does not depend on s. Thus, equation (3) indicates that
the pressure anisotropy A is constant along the field line under the assumptions.

Since the integral of f(s, 𝛼) by 𝛼 affects only sin𝛾
𝛼, P⟂,||(s) is proportional to f(s, 𝛼). Thus, the relation between

P⟂,||(s) and f(s, 𝛼) is given by

P⟂,||(s)
P⟂,||(0) =

𝑓 (s, 𝛼)
𝑓 (0, 𝛼)

.

Finally, the plasma pressure normalized by the equatorial value is expressed as

P⟂,||(s)
P⟂,||(0) =

[
B(0)
B(s)

]A

. (4)

A similar relation was also derived by Boström (1975).

Figure 7 shows a comparison between the plasma pressures derived from both the measurements and the
theory (equation (4)). The black lines (solid lines for P⟂ and dashed lines for P||) show the observed plasma
pressure normalized by the average values in ∼ 0–10◦ MLAT. The magnetic field averaged over each
L*-MLAT bin was substituted into equation (4). The estimated values were drawn for A = 0–1.5 at 0.25 inter-
vals (or 𝛾 = 1–4 at 0.5 intervals). The measured anisotropy, which was calculated from the MEP-i data and
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Figure 9. Distribution of (a) the curvature radius (Rc) and (b) the difference between perpendicular and parallel
pressures (P⟂ − P||). The format is the same as for Figure 2a. MLAT = magnetic latitude.

averaged over each L* bin (A), is displayed at the top of each panel. The MLAT dependence of the observed
pressure and average anisotropy roughly agreed with the theory at L* = 3.5–5.5. Alternatively, the observed
pressure at L* =2.5–3 and 6 decreased more steeply than the theoretical results with A.

Although the inner magnetosphere is not exactly in static equilibrium, the Grad-Shafranov equilibrium
equation (−∇P + j × B = 0) can be validly assumed because the ring current evolutionary timescale dur-
ing storm times is much longer than the typical Alfvén transit time, and the flow velocity is slower than
Alfvén speed (Voigt & Wolf, 1988; Zaharia et al., 2006). The background magnetic field is determined by the
pressure distribution to ensure the equilibrium, and the magnetic field in the inner magnetosphere could
be distorted by the pressure enhancement during storm times. As a result, the current L* definition did not
always accurately reflect the actual particle drift shells for a specific situation because the Olson-Pfitzer quiet
model does not depend on any inputs associated with particle dynamics in the inner magnetosphere. This
could have been the dominant reason for the discrepancies between the observations and the theoretical
estimation.

The partial plasma pressures with the higher energy tended to decrease rapidly with increasing MLAT, as
shown in Figure 5. This probably occurred because the anisotropy increased with increasing energy (Lui
et al., 1990; Shi et al., 2016). Because the partial pressures with the lower energy were expected to gradually
decrease, this gradual decrease could have been easily obscured by the above mentioned factors of some of
the discrepancies between the observations and the theoretical predictions. In particular, the time variation
of lower-energy protons is large because they are often injected into the inner magnetosphere during sub-
storms and decay rapidly by charge exchange (Smith & Bewtra, 1978). In addition, lower-energy particles
have a larger MLT (longitudinal) variation because the velocity of their magnetic gradient drift is slower.
Thus, the meridional distribution of lower-energy protons can easily be distorted by the MLT variation.

4.2. Latitudinal Dependence of Plasma Parameters in Successive Orbits
The latitudinal dependence of the plasma pressure and plasma beta can affect the interpretation of L* depen-
dences in successive orbits. Figure 8 shows a good example of how the plasma pressure and plasma beta
depended on the magnetic latitude in successive orbits. This example is in the late recovery phase, from 30
September to 3 October 2017, of a storm that started on 27 September 2017. The plasma pressure and plasma
beta are only shown for the inbound passes in the premidnight sector. Although SYM-H* was relatively con-
stant, the plasma pressure and beta significantly varied from orbit to orbit. These changes, which initially
appeared to be random, corresponded to changes in the MLAT of each orbit: There is a one-to-one corre-
spondence between an increase in the peak plasma pressure and a decrease in the MLAT. The plasma beta
was affected more by the MLAT, and the order of magnitude differed from orbit to orbit, depending on the
MLAT. Such variations, due to MLAT, accompanied by the orbital evolution can always overlap the tempo-
ral evolution of ring current particles. The L* at each pressure peak slightly varied with orbits (Figure 8e),
but the L* did not show a one-to-one correspondence to peak pressure values. Therefore, one should be care-
ful to not consider variations due to latitudinal differences as a temporal evolution when examining the L*

dependence of plasma pressure in successive orbits.

4.3. Latitudinal Dependence of Currents
We showed that the latitudinal extent of the curvature current is smaller than that of the pressure-gradient
current (Figure 6). Since the factor of 1∕B is common to both currents, 1∕Rc and P⟂−P|| can contribute to this
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Figure 10. Distribution of the (a) perpendicular plasma pressure of oxygen ions and (b) the total perpendicular plasma
pressure combined with protons and oxygen ions. The format is the same as for Figure 2a. MLAT = magnetic latitude.

difference. Figure 9a shows the distribution of the curvature radius calculated from the average distribution
of the measured magnetic field. The curvature radius is smallest at the magnetic equator. This is a feature of a
dipole magnetic field, and the curvature radius is analytically given by Rc =

r(1+3sin2𝜆)3∕2

3 cos 𝜆(1+sin2𝜆)
, where r is the radial

distance and 𝜆 is the magnetic latitude (Lui et al., 1987). In addition, the current sheet near the magnetic
equator creates a field distortion and decreases the magnetic curvature radius at the equator. Figure 9b shows
that P⟂ −P|| decreases with increasing MLAT. This is because the plasma pressure is largest at the magnetic
equator, and the anisotropy is not changed significantly with MLAT.

Region 2 field-aligned current (R2 FAC) during storms is considered to be connected to the partial ring
current (see review by Ganushkina et al., 2018, and references therein). Imajo et al. (2018) showed that
storm-time R2 FAC is generated mainly in the region below 20–30◦ MLAT, based on the conservation of
the current between the magnetosphere and the ionosphere. The current study's result showed that a large
portion of the azimuthal current is distributed over the region below ∼ 20◦ MLAT (Figure 6c). This indicates
that the storm-time R2 FAC is connected to the azimuthal current in the inner magnetosphere below ∼
20◦ MLAT.

4.4. Contribution of Oxygen Ions to Plasma Pressure
Oxygen ions make a substantial contribution to total plasma pressure and currents in the inner magneto-
sphere during intense storms (see review by Keika et al., 2013). Since the oxygen pressure is highly variable
depending on the geomagnetic activity and storm phases, its spatial distribution is easily affected by tempo-
ral variations. We applied the same analysis to the oxygen pressure as shown in Figure 10a. Its distribution
was not the same as that of the protons, and there were peaks at ∼ 10◦ and ∼ 20◦ MLAT. It was not clear
whether this particular distribution reflected an actual spatial distribution or the effects of large temporal
variations. However, because the magnitude of the oxygen pressure was only on average ∼20% of the pro-
ton pressure, the distribution of the total plasma pressure combined with the proton and oxygen pressure
(Figure 10b) was only similar to that of the proton plasma pressure, as shown in Figure 2a. Therefore, the rel-
ative distributions of the pressure-driven currents were only slightly modified by adding the oxygen plasma
pressure. This indication is in terms of average distributions, and it should be noted that the oxygen plasma
pressure could be dominant if we could obtain a snapshot of the meridional distribution at a specific time.

5. Summary
Plasma pressure, anisotropy, and beta value in the inner magnetosphere have been well examined by pre-
vious studies in terms of L value and MLT distributions; however, their meridional distributions have not
yet been established by observation. Because the Arase satellite has a large inclination of 31◦, it covers
−40◦ ≤ MLAT ≤ 40◦ and a radial distance of < 6RE. We examined the average meridional distribu-
tions of proton plasma parameters and pressure-driven currents in the nightside (20–04 hr MLT) inner
magnetosphere during moderately disturbed times (−80 ≤ SYM-H* ≤ −40 nT) using Arase satellite ion
measurements covering the energy range of 10–180 keV.

We found that the perpendicular and parallel plasma pressures decreased significantly with MLAT. The
plasma pressure on the same L* shell at 30–40◦ MLAT was about 10–60% of that at 0–10◦, and the percentage
of decrease was larger on lower L* shells. The pressure anisotropy ( P⟂

P|| − 1) decreased with radial distance
increases and showed a weak dependence on MLAT. The perpendicular plasma beta decreased rapidly with
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MLAT; its magnitude at 30◦ < MLAT < 40◦ was 1 or 2 orders smaller than that at 0◦ < MLAT < 10◦. These
variations with MLAT also appeared from orbit to orbit in a time series plot. We compared the observed
plasma pressure distribution with the theory of field-aligned particle distribution proposed by Parker (1957).
The plasma pressure normalized by the value at 0◦ < MLAT < 10◦ predicted from the magnetic strength
and anisotropy was roughly consistent with the observed plasma pressure for L* = 3.5–5.5.

We calculated the meridional distribution of a pressure-driven current consisting of a pressure-gradient cur-
rent and a curvature current using the average distributions of the magnetic field and plasma pressure. A
large portion of pressure-gradient current was distributed over ∼ 0–20◦. Contrary to the pressure-gradient
current, the curvature current was limited near the equator within ∼ 0–10◦. This narrow latitudinal extent
occurred because the magnetic curvature is smallest and the magnitude of the plasma pressure is largest
at the magnetic equator. The total distribution of pressure-gradient current and the curvature current was
similar to that of the pressure-gradient current only because the magnitude of the pressure-gradient cur-
rent was much larger than that of the curvature current. The latitudinal extent of the total current derived
from the particle measurements was consistent with that derived from the curl of average magnetic fields
(Jorgensen et al., 2004; Le et al., 2004).

The ring current particle population depends on the MLAT as well as the MLT, L value, and temporal evolu-
tion of geomagnetic activity. We suggest that the MLAT dependence should be considered when examining
the L dependence of plasma parameters and currents in successive orbits.
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