LA-UR-23-27371

Accepted Manuscript

Plasma pressure distribution of ions and electrons in the
inner magnetosphere during CIR driven storms observed during

Arase era

Kumar, Sandeep; Miyoshi, Yoshizumi; Jordanova, Vania Koleva; Kistler, L. M.; Park, I.;
Jun, C.; Hori, T.; Asamura, K.; Shreedevi, P. R.; Yokota, S.; Kasahara, S.; Kazama, Y.;
Wang, S.-Y.; Tam, Sunny; Chang, T. F.; Mitani, T.; Higashio, N.; Keika, K.; Matsuoka, A.;
Imajo, S.; Shinohara, |.; et al.

Provided by the author(s) and the Los Alamos National Laboratory (2023-09-08).
To be published in: Journal of Geophysical Research: Space Physics
DOl to publisher's version: 10.1029/2023JA031756

Permalink to record:
https://permalink.lanl.gov/object/view?what=info:lanl-repo/lareport/LA-UR-23-27371

i Los Alamos NIYSH

NATIONAL LABORATORY National Nuclear Security Administration

Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by Triad National Security, LLC for the National Nuclear Security
Administration of U.S. Department of Energy under contract 89233218CNA000001. By approving this article, the publisher recognizes that the U.S. Government
retains nonexclusive, royalty-free license to publish or reproduce the published form of this contribution, or to allow others to do so, for U.S. Government purposes.
Los Alamos National Laboratory requests that the publisher identify this article as work performed under the auspices of the U.S. Department of Energy. Los Alamos
National Laboratory strongly supports academic freedom and a researcher's right to publish; as an institution, however, the Laboratory does not endorse the
viewpoint of a publication or guarantee its technical correctness.



W) Check for updates

Plasma pressure distribution of ions and electrons in the inner magnetosphere during
CIR driven storms observed during Arase era
Sandeep Kumar?, Y. Miyoshi?, V. Jordanova?, L. M. Kistler*3, I. Park?, C. Jun?, T. Hori!, K.
Asamura?, Shreedevi P. R, S. Yokota®, S. Kasahara®, Y. Kazama’, S.-Y. Wang’, Sunny W. Y.
Tam?®, Tzu-Fang Chang®, T. Mitani*, N. Higashio® K. Keika®, A. Matsuoka®, S. Imajo®, I.
Shinohara*

Lnstitute for Space-Earth Environmental Research, Nagoya University, Nagoya, Japan

2 Space Science and Application, Los Alamos National Laboratory, Los Alamos, NM, USA
3University of New Hampshire, Durham, NH, USA,

4 ISAS/JAXA, Sagamihara, Japan,

® Osaka University, Suita, Japan

® University of Tokyo, Tokyo, Japan,

"TASIAA, Taipei, Taiwan,

8Institute of Space and Plasma Sciences, National Cheng Kung University, Taiwan

Kyoto University, Kyoto, Japan

Corresponding author: Sandeep Kumar (sandeepk.iig@gmail.com)

Key Points:

" The first statistical study of both ring current ions (H*, He*, O") and electrons during CIR
driven storms using Arase observations
v' H" is the major contributor to the total pressure with E=20-50 keV while O pressure with
E=10-20 keV contributed more during main phase
v Electron (E <50 keV) contributes ~20% to the total ring current pressure in 03-09 MLT

during main and early recovery phase

This article has been accepted for publication and undergone full peer review but has not been through
the copyediting, typesetting, pagination and proofreading process, which may lead to differences between
this version and the Version of Record. Please cite this article as doi: 10.1029/2023JA031756.

This article is protected by copyright. All rights reserved.


https://doi.org/10.1029/2023JA031756
https://doi.org/10.1029/2023JA031756
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2023JA031756&domain=pdf&date_stamp=2023-09-04

Abstract

Using Arase observations of the inner magnetosphere during 26 CIR-driven geomagnetic
storms with minimum Sym-H between -33 and -86 nT, we investigated ring current pressure
development of ions (H*, He*, O") and electron during prestorm, main, early recovery and late
recovery phases as a function of L-shell and magnetic local time. It is found that during the
main and early recovery phase of the storms the ion pressure is asymmetric in the inner
magnetosphere, leading to a strong partial ring current. The ion pressure becomes symmetric
during the late recovery phase. H™ ions with energies of ~20-50 keV and ~50-100 keV
contribute more to the ring current pressure during the main phase and early/late recovery
phase, respectively. O* ions with energies of ~10-20 keV contribute significantly during main
and early recovery phase. These are consistent with previous studies. The electron pressure was
found to be asymmetric during the main, early recovery and late recovery phase. The electron
pressure peaks from midnight to the dawn sector. Electrons with energy of <50 keV contribute
to the ring current pressure during the main and early recovery phase of the storms. Overall,
the electron contribution to the total ring current is found to be ~11% during the main and early
recovery phases. However, the electron contribution is found to be significant (~22%) in the
03-09 MLT sector during the main and early recovery phase. The results indicate an important

role of electrons in the ring current build up.

1. Introduction

Geomagnetic storms are the magnetic disturbances in the Earth’s magnetic field and cause
different space weather effects on the Earth. Interplanetary coronal mass ejections (ICMES)
and corotating interaction regions (CIRs) are the most common solar wind drivers of
geomagnetic storms (Gonzalez et al., 1994, Echer et al., 2013). ICMEs are transient events
with large clouds of plasma and magnetic fields ejected from the solar atmosphere (Burlaga et
al., 1981; Klein and Burlaga, 1982; Cane and Richardson, 2003). CIRs are the results of high-
speed solar wind streams (HSS) emanating from coronal holes interacting with ambient slow
streams (Gosling and Pizzo, 1999; Alves et al., 2006; Tsurutani et al., 2006 and references
therein). It is well known that ICME-driven and CIR-driven storms have different evolutions
of the Dst index and the ion distributions in the inner magnetosphere (Miyoshi and Kataoka,
2005). It has been reported that the intense storms are mostly caused by the CMEs (Gonzalez
et al.,1999; Miyoshi and Kataoka, 2011). The CIR-driven storms are generally weaker than
CME-driven storms and no super intense storms are driven by CIRs (Borovosky and Denton,
2006; Echer at al., 2013; Tsurutani et al., 2006). It has been found that during CIR driven
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storms, there is effective flux enhancement of relativistic electrons at geosynchronous orbit
(Dmitriev et al., 2005, Miyoshi and Kataoka, 2005, 2008). However, during CME-driven
storms the effective flux enhancements of the radiation belts can be seen at lower L shells (L
< 3) (Miyoshi and Kataoka, 2005).

During geomagnetic storms, the coupling of the solar wind with the Earth's magnetosphere
allows the energy transfer from the solar wind to the Earth’s magnetosphere (Dungey, 1961).
The enhancement of the ring current is one manifestation of this coupling (Daglis et al., 1999).
Singer (1957) was first to suggest the existence of the westward equatorial ring current around
the Earth at 2-9 Re. The ring current is composed of charged particles with energies of few
kilo electron volts (keVs) to a few hundreds of keVs. It is well known that during quiet times,
the ring current is dominated by H", while O" ion contribution increases significantly during
geomagnetically active times and even dominates during very intense storms (Daglis et al.,
1999; Greenspan & Hamilton, 2002; Keika et al., 2013; Nose et al., 2005). It has been showed
using in situ observations and modeling that during storm times, O" ions originating from the
ionosphere contribute significantly to the ring current (Daglis et al., 1999; Ebihara et al., 2006;
Fok et al., 2001; Kistler et al., 2016; Keika et al., 2018).

It has been found through modelling (Jordanova, 2003; Jordanova et al., 2001) and observation
that the ring current is asymmetric during the main and the early recovery phase (Ebihara &
Ejiri, 2000; Liemohn et al.,1999, 2001; Ebihara and Miyoshi, 2011; Kumar et al., 2020). This
asymmetry can be due to the loss of ions through the dayside magnetopause following their
open drift paths, finite drift times and loss processes along the drift paths (Jordanova et al.,
1998; Kozyra and Liemohn, 2003). This asymmetry can be different for different species as
the charge exchange losses are species dependent (Smith et al., 1981; Jordanova et al., 1996).
The ring current is found to be symmetric during the beginning of late recovery phase because

of weakening of convection (Li et al., 2011; Kozyra and Liemohn, 2003).

There are various loss processes influencing the intensity of the ring current. Charge exchange
with neutral hydrogen of geocorona is one of the main loss processes (Daglis et al., 1999).
Other loss processes include, scattering by the plasmaspheric ions and electrons due to
Coulomb collisions (Jordanova et al., 1996), pitch angle scattering, wave particle interaction
with waves, such as Electromagnetic Ion Cyclotron (Jordanova, 2003; Miyoshi et al., 2008;

Summers et al., 2007) and whistler waves (Kozyra et al., 1994). Escape through the dayside
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magnetopause (Jordanova et al., 2003; Keika et al., 2005, 2006) and field line curvature
scattering also contributes to the loss of ring current particles (Young et al., 2002, 2008; Yu et

al., 2020).

There are a variety of geomagnetic indices to measure the geomagnetic activity. Disturbance
storm time (Dst) index is widely used, and it primarily represents changes in the magnetic field
caused by the ring current, magnetopause currents, tail current (Sugiura, 1964; Sugiura and
Kamei, 1991; Daglis and Thorne, 1999; Liemohn et al., 2001). According to the Dessler Parker
Sckopke (DPS) relationship (Dessler and Parker, 1959; Sckopke, 1966), the Dst index indicates
the total energy stored in the inner magnetosphere. It is found that these currents have different

origin and effects at different MLTs (Tsyganenko and Sitnov, 2005).

It is well known that the nightside plasma sheet particles convecting inwards have a significant
contribution to the ring current during the main phase of the storm. Some modeling studies
have shown that the plasma sheet ions on an open drift path have a significant contribution to
the Dst development during the storms (Jordanova et al., 1998, 2003; Ebihara and Ejiri, 1998;
Kozyra et al., 2002). It is found that the ions with an energy of <50 keV contribute more
significantly to the ring current than those with other energies during the main phase and they
even dominate during the late recovery phase and quiet time (Zhao et al., 2015; Keika et al.,
2011, 2018). Some statistical studies have shown that the Sym-H (or Dst) depression during
the main phase of the storm is very well correlated with <80 keV (governed by convective
timescales) particles (Gkioulidou et al., 2016). They also showed that >100 keV protons has
no correlation with Sym-H. Temporin and Ebihara (2011) showed that high energy ion fluxes
decrease during the main phase and increase during the recovery phase and sometimes exceed

the pre-storm level.

It has been shown using observations and modeling that during storm time, O" ions from the
ionosphere contribute significantly to the ring current (Daglis et al., 1999; Ebihara et al., 2006;
Kistler et al., 2016; Yue et al., 2011; Keika et al., 2018). Greenspan and Hamilton (2002)
showed statistically that O" has contribution around 10-30% to the total ring current and even
becomes the dominant species during some intense storms. It was found that the majority of
O" contribution to the ring current is made by those with energies below 50 keV (Zhao et al.,
2015). Yue et al. (2018) found that the ion and electron pressures peak at dusk and dawn,
respectively, during disturbed conditions. In addition, they also found that O" (<50 keV)
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contribute 25% to the pressure on the nightside during the active times. Using Van Allen Probes
observations, Mouikis et al. (2019) performed a comparative statistical study for the ring
current ion development during ICME and CIR driven geomagnetic storms. They found that
the H" pressure variation is similar between ICME and CIR driven geomagnetic storms.
However, they found that O" ion (< 55 keV) response is significantly different for ICME and
CIR driven storms. It was found that O" pressure peaks at lower L-shells than H" and it

increases significantly with decreasing L-shell in ICME driven storms.

The ring current ion composition during active and quiet times is well studied using in situ
observations and modeling (Daglis et al., 1999; Kistler et al., 1989, 2016; Ebihara et al., 2002;
Miyoshi et al., 2006; Jordanova et al., 1996, 1998, 2006, 2012). However, there have been
limited studies on the electron contribution to the ring current. Liu et al. (2005) showed that
the electron contribution to the ring current during quiet times is ~1% and increases during
disturbed times to ~8-19%. Yue et al. (2018) found that electrons with energies of <40 keV
contribute 20% to the pressure in the nightside sector during active times. Recently, Kumar et
al. (2021) has shown that the electron pressure also contributes (~12%) to the total ring current
during a CIR-driven storm, by comparing the Ring current Atmosphere interactions Model
with Self Consistent magnetic field (RAM-SCB) simulation, Arase in-situ plasma/particle, and
ground-based magnetometer data. It was also shown using modeling that the electron
contribution to the ring current reached ~20% during the peak of high-speed stream driven
storm (Jordanova et al., 2012). Modeling study by Jordanova and Miyoshi (2005), which
included the global drift loss of ions and electrons, predicted that the electron contribution
increases to ~10% during active times as compared to quiet times (~1%). It was shown using
Van Allen probes observations that the electron contribution to the ring current was ~12% for
a moderate storm and it decreases to ~7% for an intense storm (Zhao et al., 2016). The previous
studies, however, lacked a detailed statistical examination to demonstrate the electron

contribution to the ring current.

It has been found that CIR driven storms drive geomagnetic activity for a longer period, making
them more geoeffective as the recovery phase is very long and driven by a series of substorms
(Turner et al., 2009; Miyoshi and Kataoka, 2005, 2008; Miyoshi et al., 2013; Tsurutani et al.,
2006). During CIR storms, the prolonged substorm activity appears to play a role in the
energization of the ring current (Cramer et al., 2013; Sandhu et al., 2018; Katus et al., 2015)
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and radiation belts (Miyoshi and Kataoka, 2008). Using geosynchronous observations from
Los Alamos National Laboratory-Magnetospheric Plasma Analyzer (LANL-MPA) it was
found that CIR driven storms produce the plasma sheet with higher temperatures for the longer
period as compared to ICME driven storms (Borovsky and Denton, 2006; Denton et al., 2006).

This difference was attributed to the different solar wind drivers.

Plasma pressure of different species in the inner magnetosphere plays an important role in
plasma dynamics and generation of electric currents. The knowledge of plasma pressure in the
inner magnetosphere is important as it reflects the source, transport and loss of different ion
and electron populations. In this work, we investigate statistically for the first time the ring
current composition during CIR driven storms by separately evaluating the contribution of ions
(H', He", O") and electrons using the Arase observations. We perform a superposed epoch
analysis to investigate the pressure development of the ions and electrons for different energies
during the different phases of storms as well as examine their L-shell and magnetic local time
(MLT) distribution. A special attention is given to the electron contribution to the ring current

during CIR driven geomagnetic storms.

2. Data Set

The Exploration of energization and Radiation in Geospace (ERG) satellite, also known as
Arase, has an elliptical orbit with a perigee of 400 km, an apogee of 32,000 km altitude with
an inclination of 31° (Miyoshi et al., 2018a). In the present analysis, we use ion data (H*, He",
and O") obtained from low-energy particle experiments-ion mass analyzer (LEP-i [10 eV/g—
25 keV/q]) (Asamura et al., 2018, Asamura et al., 2018a, 2018b), medium-energy particle
experiments-ion mass analyser (MEP-i [10-180 keV/q]) (Yokota et al., 2017, Yokota et al.,
2018a, 2018b) and the electron data from low-energy particle experiments-electron analyzer
(LEP-e [19 eV-20 keV]) (Kazama et al., 2017; Wang et al., 2018a, 2018b), medium-energy
particle experiments-electron analyzer (MEP-e [7-87 keV]) (Kasahara et al., 2018; Kasahara

et al., 2018a, 2018b) instruments on board Arase satellite.

3. Results

In this study, we analysed 26 CIR driven storms during the Arase period (2017-2021) with
minimum Sym-H between -33 and -86 nT (shown in Table 1). Figure 1 shows the
interplanetary parameters in Geocentric Solar Magnetospheric coordinates and geomagnetic

indices during 26 CIR storms with 1-minute resolution. The variation of solar wind velocity
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(Vsw), temperature (Tp), solar wind density (Nsw), dynamic pressure (Pdy), the Bz component
of the interplanetary magnetic field, SuperMAG Auroral index (SML), and Sym-H index are
shown in Figure 1 from top to bottom (a—g). The dark blue line represents the mean variation.
Zero epoch represents the minimum Sym-H. It can be seen from Figure 1a, 1b and 1c that the
storms were accompanied by an increase in the solar wind velocity (Vsw), temperature (Tp)
and a decrease in the solar wind density (Nsw) along with enhanced auroral activity shown by
SML index (Figure 1f). These are typical characteristics of CIR-driven storm with a long-
lasting recovery phase (e.g., Miyoshi & Kataoka, 2008; Miyoshi et al., 2013; Tsurutani et al.,
2006). Each storm is divided into different phases based on the Sym-H variation. The shaded
red, purple, and green portions show the main phase, early recovery phase and late recovery
phase, respectively. The main phase is defined as the period of decrease in Sym-H until the
minimum value of Sym-H for each individual storm (t0). The early recovery phase is marked
by t0+1 day (t1) from the minimum Sym-H, whereas the late recovery phase is marked as t1+4
days from the early recovery phase. The prestorm condition refers to geomagnetically quiet
periods (Sym H > -20). In this study storms that have a secondary decrease in Sym-H during
the recovery phase are not included to avoid the events with disturbed pre-conditions. During
the late recovery phase, if Sym-H recovered to the prestorm level before +4 days, the duration

until which Sym-H recovered is used as a late recovery phase.

The orbit of Arase satellite during different phases of the storms used in the present analysis in
the solar magnetic (SM) coordinates is shown in Figure 2. Figure 2a-2d shows the Arase orbit
during the pre-storm, main phase, early recovery phase and late recovery phase periods,
respectively. The different phases of the storms are distributed reasonably over all MLT

sectors.

The average H* partial pressure variation with L shell versus MLT for 26 CIR driven storms
for different energy ranges (a) 0.1-10 keV (b) 10-20 keV (c) 20-50 keV and (d) 50-100 keV is
represented in the Figure 3. The four columns in Figure 3 correspond to the four storm phases:
prestorm, main phase, early-recovery, and late recovery phase. The L shell range coverage is
2 <L <8, with a resolution of 1 L. The L-shell used in this study is Mcllwain’s L-parameter
(Mcllwain, 1961). The MLT resolution is 3 hours in time. The 3-hour MLT resolution was
adopted to ensure the continuous coverage of all magnetic local time sectors. Midnight (0

MLT) is to the bottom in each plot. The average pressure (Pavg) is calculated for each energy
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range from the perpendicular and parallel components of the pressure tensor using a relation
from De Michelis et al. (1999).

P, =m z Z V2mEJ(E, @)sin®a AEAa 1)
E a
P, = ZHZZ\/ZmE](E, a)cos?a sin a AEAa 2)
E «a
Pavg = (2P, +P))/3 (3)

where E is energy, a is the pitch angle of differential flux J (E, o) and m is the mass of species,

AE is the energy channel width, and A« is the pitch angle bin width.

Figure 3a and 3b show the partial pressure from H* ions with energies of 0.1-10 keV and 10-
20 keV respectively, measured by LEP-i onboard Arase. Figure 3c and 3d show H* pressure
from energies 20-50 keV and 50-100 keV respectively, measured by MEP-i.

It can be seen from Figure 3a, during prestorm conditions, the contribution of H* is very small
(< 1 nPa). The contribution increased during the main phase; however, it is still not very large.
Figure 3b shows the H* contribution in the 10-20 keV energy range. There is enhancement in
the pressure from dusk to post-midnight through midnight during the main phase of the storms
in the L-shell range of 4 < L < 6. However, there is not much (< 1 nPa) enhancement during
the early and late recovery phase. Figure 3c shows the pressure contribution from H* with
energies of 20-50 keV. During the storm main phase, due to enhanced convection, ions from
the plasma sheet are transported inward to lower L shells and are adiabatically energized,
contributing to the partial ring current pressure development (Ebihara & Miyoshi, 2011; Kistler
et al., 2016). The pressure enhancement can be seen from dusk through post-midnight. There
is a clear asymmetry in the H* pressure distribution. The pressure enhancement can be seen
during the early recovery phase over almost all the MLTs. In the late recovery phase, the H*
pressure becomes almost symmetric with small enhancements in the 21-03 MLT sector. Figure
3d shows the contribution of H* in an energy range of 50-100 keV. In this energy range H* has
a contribution of ~1 nPa and forms a symmetric distribution in MLT during the prestorm.
During the main phase, the enhanced pressure can be seen in the 15-03 MLT sector and the
ring current is asymmetric. The pressure seems to be more symmetric during the early and late
recovery phase. The dayside MLT sectors do not show as large pressure enhancements as the
nightside sectors (Figure 3), and this is probably because the magnetopause flow-out loss

suppresses the pressure build-up there.
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The pressure contribution from He* to the ring current for different phases of the storm for all
MLTs is shown in Figure 4. Figure 4a and 4b shows the pressure contribution from He"™ with
energies of 0.1-10 keV and 10-20 keV, respectively, measured by LEP-i. Figure 4c and 4d
shows the pressure contribution from higher energy He" ions, 20-50 keV and 50-100 keV,
respectively, measured by MEP-i. The pressure variations of He™ over MLT and L are
qualitatively similar to that of H" in terms of energy and the storm phase. However, the
contribution is very small (~0.1 nPa) over all MLT sectors and L-shell range.

The O pressure distribution for the different storm phases for all local times can be seen in
Figure 5. Figure 5a and 5b show the pressure contribution from O* ions with energies of 0.1-
10 keV and 10-20 keV, respectively. Figure 5¢c and 5d show the contribution from higher
energy O of 20-50 keV and 50-100 keV, respectively. In Figure 5a during prestorm the O*
pressure is very small; however, in the main phase there is a pressure enhancement (~ 1 nPa)
in the 21-00 MLT sector. The small pressure enhancement can also be seen during the early

recovery phase over a wide range of MLT.

As seen from Figure 5b, the O* pressure in the 10-20 keV energy range shows a significant
increase during the main phase as compared to the prestorm level. The increased pressure can
be seen in the 15-06 MLT regions across midnight. The increased pressure is similar to the H*
pressure in the same energy range. O* and H*, if having the same energy, follow the same drift
paths from the source, which is most likely to be the nightside plasma sheet, but with different
charge exchange lifetimes. However, the O pressure enhancement can be seen at lower L
shells (3 < L < 6) as compared to the H* pressure. The O pressure is highly asymmetric during
the main phase. In the early recovery phase, the O* pressure is also spread over prenoon and
afternoon sectors. In the late recovery phase, the O* pressure becomes symmetrical with small
magnitudes. Figure 5¢c shows the O" pressure contribution in the 20-50 keV energy range. The
O* pressure of this energy range is very small during prestorm but in the main phase there is a
pressure enhancement at the lower L shells (3 < L <5) in the 18-24 MLT sector. This pressure
enhancement can be seen also during the early recovery phase with a wider extent in MLT and
L value. The main reason for this enhancement is the convection during the main and early

recovery phase.
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During the late recovery phase, the O" pressure becomes symmetrical with low pressure values
as compared to the main and early recovery phase. Figure 5d shows the O" pressure in the 50-
100 keV energy. The O pressure is asymmetric during the main phase with enhanced pressure
in the dusk to midnight region. The enhanced O pressure can be seen over almost all MLT
sectors during the early recovery phase. However, the O* pressure enhances even more in the
dusk sector. In the late recovery phase, the pressure shows a symmetric distribution in MLT,

but its magnitude is much smaller than the H" pressure in the same energy range.

The electron pressure contribution to the ring current for different phases of the storm for all
MLTSs can be seen in Figure 6. Figure 6a and 6b show the pressure contribution from electrons
with energies of 0.1-10 keV and 10-20 keV, respectively. Figure 6¢ and 6d show the pressure
contribution from electrons in the energy range of 20-50 keV and 50-87 keV, respectively.

During prestorm, there is a weak enhancement of electron pressure at higher L-shells (7 < L <
8) in the 00-06 MLT sector (Figure 6a). The pressure increases and extends in MLT and L
during the main phase. The peak pressure is located around L = 6. The enhanced pressure can
be seen in the dusk to morning sector (00-09 MLT) on the nightside as compared to the
prestorm condition. In the early recovery phase, the pressure enhancement is spread more in
MLT than the main phase. The pressure enhancement can be seen in the 00-12 MLT and 18-
24 MLT sectors. The pressure values are smaller than the main phase. The peak pressure is
seenin L =5.5-6 and MLT ~ 00-03. During the late recovery phase, the pressure enhancements
can be seen in the same MLT sectors as during the early recovery phase but with smaller

magnitudes.

The electron pressure (10-20 keV) is larger at higher L shells during prestorm conditions in the
midnight to dawn sectors (Figure 6b). In the main phase, the enhanced electron pressure is
observed at L = 5-7 in the MLT range of 00-06. There is clear asymmetry in the electron
pressure. This asymmetry can be observed also during the early and late recovery phase.
However, the electron pressure is smaller than that of the main phase, as there is strong

convection during the main phase.

The electron pressure in the 20-50 keV energy range is shown in Figure 6c¢. In the main phase,
the pressure increases significantly as compared to the prestorm. The enhanced pressure can

be seen in the 00-09 MLT sector. In the early recovery phase, the pressure enhancements can
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also be seen in the same sector with some additional enhancements in the 21-24 MLT sector.
In the late recovery phase, high electron pressure is seen in the 00-06 MLT sector, whereas it

looks uniform in the other MLT sectors.

The electron pressure in the 50-87 keV energy range is shown in Figure 6d. There is an increase
in the electron pressure during the main phase of the storm in the 00-09 MLT sector. This
pressure contribution is smaller than those of lower energies (<50 keV). In the early recovery
phase, this enhancement can be seen in the 03-09 MLT sector. In the late recovery phase, the
pressure is small and looks almost uniform in MLT except in 00-06 MLT. Compared to the H*
pressure that becomes almost symmetric during the late recovery (Figure 3), the electron

pressure remains asymmetric even during the late recovery phase.

The total pressure of ions (H*, He*, O%) and electrons summed over all the energies shown in
Figures 3-6 is calculated and is shown in Figure 7. Figure 7a shows the pressure of H* for
different phases of the storm. The H* pressure is symmetric during the prestorm. In the main
phase the pressure is asymmetric with high pressure values in the dusk to midnight sector. The
pressure becomes symmetric during the early and late recovery phase. In the late recovery

phase, the dayside pressure is smaller than the other sectors.

The He" pressure (Figure 7b) is much smaller than the H" pressure for all the phases of the
storm. During the main phase, there are small pressure enhancements in the dusk sector. The

He* pressure is not significant in the early and late recovery phases.

There is a significant increase in the O™ pressure (Figure 7c) in the main phase as compared to
prestorm. Later in the main phase, the O pressure becomes asymmetric. The dusk to midnight
sector has the highest-pressure enhancements among all MLT sectors. In the early recovery
phase, the O" pressure looks symmetric and continues to be so even during the late recovery

phase, unlike the H* pressure.

In the prestorm condition, the electron pressure (Figure 7d) is very small, and a relatively high
pressure is confined to the midnight to dawn sector at higher L shells (L > 7). In the main phase,
electron pressure enhancements can be seen over the 00-09 MLT sector and even in the pre-
midnight sector. The high-pressure region expands also toward lower L shells (L ~ 6). The

electron pressure is highly asymmetric during the main phase. The electron pressure is
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asymmetric during the early recovery phase. Compared to the main phase, the electron pressure
distribution is extended in MLT through 12 MLT sector, whereas the pressure magnitude is
lower. The electron pressure remains highly asymmetric even during the late recovery phase,
and the pressure enhancement is found in the 00-06 MLT sectors.

3.1 Energy dependence of ions and electrons in total pressure

The histograms in the left panels of Figure 8 shows the relative contribution for four energy
ranges to the energy integrated pressure of (i) H*, (ii) O, (iii) He* and (iv) electron for the
main (blue color), early (red color) and late recovery phase (yellow color) of the storm. Table
2 shows the energy wise contribution of ions and electrons shown in Figure 8. During the main
phase, the total H* pressure has ~35% contribution from those in the 20-50 keV range. On the
other hand, during the early and late recovery phase, the highest contribution comes from those
in the 50-100 keV range with a fraction to the total pressure of ~44% and ~54%, respectively.

The total O pressure is dominated by O" ions with energies of 10-20 keV, which shows ~42%
contribution during the main phase. In the early recovery phase, 20-50 keV O* has more
contribution (~29%), and in the late recovery phase, again 10-20 keV, O* has highest

contribution (~44%) to the total O* pressure.

The He" pressure is mostly dominated by those ions with energies of 50-100 keV for all the
phases of the storm (see Table 2). The low energy 0.1-10 keV electrons have the major
contribution (~32%) to the total electron pressure during the main phase. The electrons with
energies of 20-50 keV dominate the total electron pressure during the early recovery and late

recovery phases, with a relative contribution of ~32%.

3.2 MLT and L dependence of the total pressure

The MLT dependence of the total pressure for H*, He™, O and electrons during the main, early
recovery and late recovery phase is depicted in Figure 9 a-c. The rows in Figure 9 (i-iv) show
the different MLT sectors. Table 3 summarizes the MLT dependence of the total pressure for

ions and electrons during different phases of the storm.

Table 3 shows that H™ has the highest contribution to the total pressure in all MLTs during all
the phases of the storm. In 03-09 MLT, during the main phase, H* has ~69% contribution to

the total pressure, which is the least in all the MLTs. The H* contribution increased
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significantly during the late recovery phase in all MLTs. The O has the maximum contribution
to the total pressure in the 15-21 MLT sector, ~14% and ~16% in the main and early recovery
phase respectively. In the late recovery phase, O contribution decreases in the 15-21 MLT
sector to ~7%. The He™ pressure has very little contribution to the total pressure ~2% during

all MLTs and all the phases of the storm.

Interestingly, electrons have a significant contribution to the total pressure in 03-09 MLT
sector: ~22% during the main phase and ~20% during the early recovery phase (Table 3). In
this sector, the electron still has ~13% contribution even in the late recovery phase. In addition,
electron has non-negligible contribution ~11%, ~12% during main and early recovery phase

respectively in the 21-03 MLT sector.

The average pressure variation of H*, He™, O" and electrons with L-value and MLTSs is shown
in Figure 10. Figure 10a shows the H* pressure variation with L-value. The prestorm pressure
(black dotted lines) peaks around the L = 5-6. The pressure peaks at lower L shells between 4
and 5 during the main, early recovery and late recovery phase. Figure 10b shows the He"
pressure variation with L value. It shows a similar variation to H" pressure with a peak in L =
4-5 during storm time. Figure 10c shows the O pressure variation with L value. The pressure
during the prestorm time is very small as compared to the storm time. However, pressure peaks
at lower shells between 3 and 4 during the main and early recovery phase. Figure 10d shows
the electron pressure variation with L-shell. The prestorm electron pressure peaks at a higher
L shell around 7. The electron pressure peaks in L = 5-6 during the main, early recovery and
late recovery phase. Figure 10 e-g shows the average pressure variation of H*, He™, O* with
MLT. The ions have pressure peaks in the dusk sector (15-21 MLT) during the main, early
recovery and late recovery phase. Figure 10h shows the average electron pressure variation

with MLT. The electron pressure peaks in the pre-dawn sector (03 MLT).

4. Summary and Discussion

In this study, we performed a superposed epoch analysis to investigate the average profile of
the pressure contribution of the ions (H*, He* and O*) and electrons as a function of MLT and
L-shell in the ring current development during CIR driven storms. The storm was divided into
three different phases: the main, early recovery and late recovery phase. The period when there
was no storm is referred to as a prestorm. We used 26 CIR driven storms with minimum Sym-
H between -33 and -86 nT.
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The prestorm H* (>20keV) average pressure is found to be symmetric in MLTs and the peak
isseenat L > 5 (Figure 3). It is found that the H* pressure is highly asymmetric during the main
phase. The H* with energies of 20-50 keV has a significant contribution during the main phase
(Figure 8). The H* pressure was asymmetric even during the early recovery phase except for
50-100 keV energy. In the late recovery phase, H" pressure decreases to the prestorm level for
< 50keV energy. In the late recovery phase, high energy (50-100 keV) H* contributed more to
the total pressure. Due to enhanced convection, the pressure enhancements can be seen at a
lower L shell (L = 4) in the pre-midnight to dusk sector during main and early recovery phase.
The nightside plasma sheet is the source of these particles. The dayside shows smaller pressure
enhancements as compared to other MLT sectors. This is due to the magnetopause flow-out
losses (Keika et al., 2005, 2006 and references therein). The 50-100 keV energy H* pressure
seems to be symmetric during the late recovery phase (Figure 3). It is found that the high energy
ions, especially H pressure contribution to the ring current is fully symmetric during recovery
phase and quiet days (Mouikis et al., 2019, Zhang et al., 2011; Temporin and Ebihara, 2011).
H" is the major contributor to the total ring current during all phases of the storm (Figure 8 and
9). H has the highest contribution to the total ring current ~80% in the 09-21 MLT sector. The

dominant contribution of H' to the total ring current is consistent with the previous studies.

The He" average pressure contribution to the ring current is found to be very small. The low
energy (<50 keV) He" contribution is ~0.1 nPa during all phases of the storm. The He" pressure
in the 50-100 keV range has a peak contribution around ~0.4 nPa during the main and early
recovery phase. The average He" pressure shows similar enhancements spatially in L/MLT as
the H' pressure enhancements. However, He" pressure contribution to the total ring current is
found to be very small (~2%) during all the phases of the storm across all MLTs (Figures 8 and
9). Van Allen Probes observations also have shown that the He" contribution to the total ring

current pressure is generally very small (Yue at al., 2018).

The average O" pressure during prestorm is very small. The O pressure increases during the
magnetic storms. A significant enhancement is seen in the O ions with energies of 10-20 keV
in 06-21 MLT sectors during the main and early recovery phase. In the late recovery phase, O*
with energies of 10-20 keV contribute more as compared to other energies (Figure 8). It is also
to be noted that the O" pressure enhancement is different in L-shell as compared to the H

pressure enhancements. O pressure enhancements during the main and early recovery phase
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can be seen at L < 4. Jahn et al. (2017) found that warm O" ions dominate closer to the
plasmapause and warm H" ions are the primary contributor to the ring current pressure at higher
L-shells. The O" pressure enhancement at lower L-shells may suggest an inner source of O as
the drift trajectory depends on energy not on the mass. Menz et al., (2017) found that during a
particular storm two effects occurred: firstly, when convection increases the O in the plasma
sheet is most enhanced, secondly if the O"/H" ratio at lower energies is higher in the plasma
sheet, O" gets energized as they drift inwards, and its pressure enhances for lower energies.
The O" pressure contribution to the total ring current pressure is ~10% during the main and
early recovery phase (Figure 8). This contribution increases to ~16% in the 15-21 MLT sector
(Figure 9). The O" contribution is found to be larger during the intense storms driven by ICMEs
(Daglis et al., 1999; Ebihara et al., 2006; Kistler et al., 2016; Keika et al., 2018, Greenspan and
Hamilton, 2002).

The average electron pressure shows significant enhancement during main, early recovery and
late recovery phase. The low energy electrons 0.1-10 keV show enhancement from evening
through morning (Figure 6). During the main and early recovery phase, the electron pressure
enhancements can be seen in 00-09 MLT sectors. Interestingly, electron enhancement can still
be seen during the late recovery phase in the 00-06 MLT sector. It is well known that CIR
driven storms can drive geomagnetic activity over several days due to Alfvén waves associated
with the CIRs (Turner et al, 2009; Tsurutani et al., 2006; Miyoshi et al., 2013) and continuous

injections are expected during the prolonged substorms (Tsurutani et al., 2006).

The electrons with energies of 0.1-10 keV contribute more to the total electron pressure during
the main phase (Figure 8). The electron with energy 20-50 keV has more contribution during
the early recovery and late recovery phase. The electron pressure shows asymmetry during all
the phases of the storm. As the geomagnetic activity increases, electrons can be lost through
the magnetopause depending on drift paths and precipitation to the atmosphere through wave
particle interaction (Fok et al., 1991; Ebihara and Miyoshi, 2011; Ni et al., 2014; Jordanova et
al., 2012). The electron contribution to the total ring current is found to be ~11% during the
main and early recovery phase. In the late recovery phase, the electron contribution is ~9% to
the total pressure summed over all species (Figure 8). However, the electron contribution
increases significantly in the pre-dawn to morning sector (03-09 MLT) to ~22% during the

main and early recovery phase.
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The electrons exhibit a non-negligible contribution of ~13% even during the late recovery
phase in this sector. Previous studies using Van Allen Probes have shown electrons with 0.1-
40 keV contribute ~20% to the total pressure on the nightside during active times (Yue et al.,
2018). Zhao et al., 2016 has shown that electrons with < 35 keV contribute around ~30% to the
total ring current pressure during a moderate storm. Zhao et al. (2016) also reported that the
electron pressure was higher from midnight to dawn as compared to the noon and dusk sectors.
Kumar et al. (2021) has also shown that the electron contribution to the total pressure during a

particular CIR driven storm was ~18% in the dawn sector.

Previous studies lack of detailed statistical analysis of electron contribution as a function of
energy, radial distance and MLT. This study provides for the first time the comprehensive
analysis of the electron contribution to the ring current as a function of L-shell, MLT and
energy during different phases of the CIR driven storm. In future, we will conduct the similar

investigations for the intense storms driven by CMEs.

5. Conclusions

In this paper we have performed a detailed statistical study of plasma pressure distribution and

the relative contributions from ions (H', He" and O") and electrons with different energies

during CIR driven magnetic storms using Arase satellite. We divided the storm into three
different phases: the main, early recovery and late recovery phase. Our main conclusions from
this study are as follows:

1. In agreement with previous studies, the pressure of ions and electrons increases during the
main phase of the storm compared to prestorm. The pressure of the ion species peak in the
dusk sector whereas the electron pressure peaks in the dawn sector. Therefore, a strong
dawn dusk asymmetry can be seen during the main and early recovery phase of the storm.

2. H is the major contributor (~80%) to the total pressure during all phases of the storm. H"
with energy 20-50 keV has a significant contribution during the main phase. The high
energy H" (50-100 keV) contributed more during the early and late recovery phase of the
storm.

3. O ions with energy 10-20 keV contributed more during the main phase and late recovery

phase of the storm. The O™ contributed ~10% to the total pressure during the main and early
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recovery phase. In the dusk sector (15-21 MLT) O" contribution increases to ~16%. He"
contribution is found to be very small (~2%) during all the phases of the storm.

4. The electrons with energy 0.1-10 keV and 20-50 keV contributed more during the main
phase and early recovery phase. The electron contribution to the total pressure is found to
be ~11% during the main and early recovery phase. This contribution is found to be ~22%
at 03-09 MLT sector during the main and early recovery phase. This shows the electrons
play an important role in the buildup of the ring current in the dawn to morning sector
during the main phase and the early recovery phase when many injections occur.

5. The H" and He" pressure peaks between L=4 to 5 during the active time. O" pressure peaks

at lower L shell (L=3 to 4). Electron pressure peaks around L=5 and 6.

In this paper we presented the plasma pressure distribution of various ions and electrons as a
function of L shell, MLT for different phases of the storm. It is found that electrons contribute
significantly (~22%) to the total pressure in 03-09 MLT sector during CIR driven storms.
Therefore, in addition to the ion pressure, storm time electron pressure contributes to the build-

up of ring current.
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Table 1. List of CIR-Driven Magnetic Storms used in the present analysis.

Sr no. Storm date Main phase onset Sym-H
1 2017-03-27 01:04 -86
2 2017-08-31 06:45 -57
3 2017-09-27 06:36 -74
4 2017-11-07 04:37 -89
5 2017-11-20 17:34 -60
6 2017-12-04 16:17 -47
7 2018-04-20 00:28 -86
8 2018-05-05 14:18 -66
9 2018-06-25 09:15 -48
10 2018-09-10 10:52 -64
11 2018-09-21 21:51 -49
12 2018-10-07 10:45 -56
13 2018-11-04 09:55 -66
14 2019-02-27 10:44 -45
15 2019-08-05 03:15 -64
16 2019-08-30 21:36 -63
17 2019-09-27 10:42 -61
18 2019-10-24 09:24 -55
19 2020-02-17 16:26 -46
20 2020-09-24 05:19 -66
21 2020-10-23 17:44 -49
22 2021-01-11 13:59 -54
23 2021-02-06 23:59 -39
24 2021-02-28 23:59 -79
25 2021-03-20 04:55 -59
26 2021-06-15 12:37 -33
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Table 2. Energy wise percentage contribution of ions (H*, O*, He™) and electrons to the total

storms

pressure of that species during the main phase, early recovery, and late recovery phases of the

Energy wise % contribution to the total pressure of each species

Phase of the Energy range (keV) H* o He* electron
storm

0.1-10 10 10 13 32
10-20 25 42 29 21
Main phase 20-50 35 25 22 26
50-100 / 50-87 30 23 36 21
0.1-10 10 15 17 23
10-20 16 28 24 21
Early recovery 20-50 30 29 20 32
50-100 / 50-87 44 28 39 24
0.1-10 6 17 11 21
10-20 14 44 24 22
Late recovery 20-50 26 22 19 32
50-100 / 50-87 54 17 46 25
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Table 3. MLT wise percentage contribution of ions (H*, O, He") and electrons to the total

pressure during the main phase, early recovery, and late recovery phases of the storms

MLT wise % contribution to the total pressure

Phase of the MLT H* o* He* electron
storm

03-09 69 7 2 22
09-15 85 7 2 6
Main phase 15-21 80 14 2 4
21-03 76 11 2 11
03-09 70 9 1 20
09-15 77 12 2 9
Early recovery 15-21 78 16 2 4
21-03 78 9 1 12
03-09 80 6 2 13
09-15 86 6 2 6
Late recovery 15-21 88 7 1 4
21-03 84 6 1 9
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Figure 1. Superposed epoch analysis of 26 CIR storms observed during March 2017-December
2021. (a) solar wind velocity (Vsw), (b) solar wind temperature (T), (c) solar wind density
(Nsw) (d) solar wind dynamic pressure (Psw), (e) interplanetary magnetic field Bz, (f)
SuperMAG Auroral Electrojet index (SML), and (g) Sym-H. Zero epoch represents the
minimum of Sym-H. Blue lines are the mean of 26 storms. Red, purple and green shaded

portions show the main phase, early recovery phase and late recovery phase respectively.
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Figure 2. Orbit of the Arase satellite in solar magnetic (SM) coordinates during different

phases of the storms (a) Prestorm (b) Main phase (c) Early recovery phase and (d) Late recovery

phase.
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Figure 3. Average variation of H* pressure with L-shell and MLT for different energies (a)
0.1-10 keV (b) 10-20 keV (c) 20-50 keV and (d) 50-100 keV during prestorm, main phase,

early recovery phase and late recovery phase.
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Figure 4. Average variation of He* pressure with L-shell and MLT for different energies (a)
0.1-10 keV (b) 10-20 keV (c) 20-50 keV and (d) 50-100 keV during prestorm, main phase,

early recovery phase and late recovery phase.
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Figure 5. Average variation of O" pressure with L-shell and MLT for different energies (a)
0.1-10 keV (b) 10-20 keV (c) 20-50 keV and (d) 50-100 keV during prestorm, main phase,
early recovery phase and late recovery phase.
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Figure 6. Average variation of electron pressure with L-shell and MLT for different energies
(@) 0.1-10 keV (b) 10-20 keV (c) 20-50 keV and (d) 50-100 keV during prestorm, main phase,
early recovery phase and late recovery phase.
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Figure 7. Average variation of total pressure with L-shell and MLT for all different energies

during prestorm, main phase, early recovery phase and late recovery phase.
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Figure 8. Left panel (i-iv) shows the energy dependence of H*, He*™, O" and electron pressure

during main phase, early and late recovery phases of the storm. Right panel (a-c) shows the

contribution of H*, He™, O™ and electron pressure to the total pressure during main, early, and

late recovery phase.
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(d) shows the pressure variation with L- values for H*, He*, O*

Figure 10. Left panel from (a)

and electron respectively. Right panel shows the pressure variation with MLT for H*, He*, O"

and electron respectively.
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