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Abstract Our studies report the first observation of L-value and energy sorted correlation of differential
fluxes of 0.1-50 keV O*, He*, and H* ions with different geophysical parameters for 29 Coronal Mass Ejected
(CME) and 40 Corotating Interaction Region (CIR)-driven geomagnetic storms during the entire Van Allen
Probes era. For both solar wind drivers, ions with >1 keV energies show more variability in response to the
solar wind changes, while the lower energy (<1 keV) ions are relatively stable. During the in-storm interval, O*
ions show maximum flux enhancement and become further prominent during CME storms. O* ion (>10 keV)
fluxes show good correlation with — V B , and Sym-H index during CME-driven storms in the L ~2.5-5.5.
Apart from this, the average duration of persistence ((At)) for enhanced fluxes is higher for CIR-driven

storms with (At)o+>(At) ye+>(At) y+ at E < 50 keV in the L ~2.5-5.5. Moreover, the observed value of (At),
(where i is O, H* or He") increases with the increasing L. We discuss the plausible mechanisms to provide

a comprehensive overview of L-values and energy sorted O*, He* and H* ion dynamics for two different
categories of solar wind drivers.

Plain Language Summary O*, He™, and H* ions having energies ranging from ~10 eV to 50 keV
contribute to a majority of the ring current density that provides significant information about the important
processes in the inner magnetosphere. In this study, we acquire high-resolution data over the entire Van Allen
Probes era to understand storm time dynamics of ion fluxes for the two different categories of solar wind
drivers. We find a characteristic difference upon correlating the ion flux enhancement during the storm main
phase with the solar wind parameters and strength of the magnetic storm at different L-values and energies

for both the category of solar wind drivers. Not all the energies and L-values respond in a similar manner.
Moreover, O, He™, and H* do not appear at the spacecraft location for the same duration of time. The time
duration for which the ion fluxes remain at high is more for Corotating Interaction Region (CIR)-driven storms
than Coronal Mass Ejected (CME) ones. Our studies give a comprehensive overview of spatio-temporal
characteristics of the inner magnetospheric O, He*, and H* ions at different energies using a long-term data
set for CME and CIR-driven geomagnetic storms.

1. Introduction

The variation of energetic ion composition in the ring current during geomagnetically disturbed intervals has
been extensively studied in various aspects since the 1980s. The ring current primarily comprises of ~1-200 keV
ions (mainly O*, He*, and H*) and electrons in the region of ~2-7 R (Daglis et al., 1999; Gonzalez et al., 1994,
Hamilton et al., 1988). The energy density of O* ions is usually comparable to the H* ions and sometimes
dominates the H* ions during the geomagnetic storms (Daglis et al., 1998; Gloeckler et al., 1985; Hamilton
et al., 1988). Earth's plasma sheet is the main region for transporting ions from solar wind and ionospheric
origin to the inner magnetosphere, where O* and He™ ions increase in comparison with that of H* ions (Nosé
et al., 2001).

The structure and dynamics of the ring current are determined by these particle populations, which are largely
controlled by the time-varying magnetic and electric fields depending on solar wind conditions. Mainly, two
types of solar wind drivers are responsible for magnetic storms, that is, Coronal Mass Ejection (CME) and Coro-
tating Interaction Region (CIR) (Borovsky & Denton, 2006; Gonzalez et al., 1999).
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The response of the ring current ion composition is very different for both the geomagnetic solar wind drivers
(Cramer et al., 2013; Katus et al., 2015; Liemohn & Katus, 2012; Mouikis et al., 2019). As compared with
CME-driven storms, the CIR-driven storms show the larger energy deposit in the inner magnetosphere than the
input energy (Turner et al., 2009), which can be attributed to the characteristic difference in the solar wind driving
conditions during CME and CIR events.

The immediate cause for the buildup of ring current is the accumulation of hot plasmas, in particular ions that
are primarily transported by the magnetospheric convection associated with the reconnection of IMF with Earth's
magnetic field (Ebihara & Ejiri, 2003 and references therein). In that sense, the ring current is thought to be built
well when the magnetospheric convection is strong, and the plasma sheet density is high (Ebihara & Ejiri, 2000;
Kozyra, Fok, et al., 1998; Thomsen et al., 1998). The strength of the convection depends on the solar wind
velocity (V) and the southward component of the interplanetary magnetic field (IMF) (e.g., Boyle et al., 1997,
Siscoe, 2002; Weimer, 2001). The enhancement of the convection gives rise to an earthward adiabatic transport
of the nightside plasma sheet ions deep into the inner magnetosphere (A. J. Chen, 1970), leading to the ring
current development (M. W. Chen et al., 1998; Ebihara & Ejiri, 2000; Fok et al., 2001; Jordanova et al., 1998;
Kistler et al., 1989; Lee et al., 1983; Takahashi et al., 1990). Indeed, the Dst variations during the storm main and
recovery phases are well reproduced by an empirical model depending on V, and the southward component of

IMF (Burton et al., 1975).

In the keV-range, H*, He*, He**, O*, O**, O>*3, and C®* ions are known to coexist in the inner magnetosphere,
implying that the ions originate in the solar wind and the ionosphere (Allen et al., 2016; Ebihara et al., 2009;
Fennell et al., 1996; Gloeckler et al., 1985; Kremser et al., 1987; Krimigis et al., 1985). For the ions originating
in the solar wind (Kremser et al., 1987), the plasma sheet density (NPS) is known to be correlated with the solar
wind density (V) (Borovsky et al., 1998; Ebihara & Ejiri, 2000; Terasawa et al., 1997) although the entry
process is not well known. Nosé et al. (2005) correlated the number density of 9—135 keV O™, He*, and H*
ions in the plasma sheet with the solar wind number density. They found that the plasma sheet H* ion number
density shows good correlation with N, while the O* and He* number density had no correlation with the N_.
High-charge state oxygen ions, which are believed to be the solar wind origin, are observed to increase in the
inner magnetosphere during magnetic storms (Allen et al., 2016; Ebihara et al., 2009). For the ions originating
from the ionosphere, numerous studies have demonstrated that O*/H™ ratio of ion flux increases as the strength
of geomagnetic activity increases (e.g., Kistler et al., 1989; Kronberg et al., 2012; Lundin et al., 1980; Nose
et al., 2005; Roeder et al., 1996). Kronberg et al. (2012) performed a statistical study of ions having energies
>275 keV, and showed that higher O*/H* intensity ratio for lower AE-index (200-300 nT) and its standard
deviation gradually increased with increasing AE-index. The O* number density in the plasma sheet is well
correlated with the solar wind kinetic energy flux, which is the product of solar wind dynamic pressure (P,)
and V_ (Lennartsson, 1995). Moore et al. (2001), Moore et al. (1999), and Elliott et al. (2001) have shown
that ionospheric plasma outflow responds to the P, which can be a source of the ions in the near-Earth plasma
sheet. Elliott et al. (2001) also found a good correlation between the density of outflowing O* and P ;. Kronberg
et al. (2014) showed that the O ions are best correlated with P 1, and the z-component of the IMF B.. Most of the
previous studies have used integrated values, such as number density, energy density, plasma pressure, and flux
integrated over energy to demonstrate the response of energetic ion composition in the Earth's inner magneto-
sphere to disturbed conditions. Energy and L dependence of the energetic ion composition on the solar wind and

the magnetospheric conditions are not well known.

The decay of these energetic particle population developed in the Earth's inner magnetosphere occurs due to loss
mechanisms like, charge exchange (e.g., Dessler & Parker, 1959; Ebihara & Ejiri, 2003; Kistler et al., 1989),
Coulomb collision (e.g., Fok et al., 1991, 1993), wave-particle interaction (e.g., Jordanova et al., 2001;
Usanova et al., 2010). In addition to the charge exchange and Coulomb collision (e.g., Daglis et al., 1999; Fok
et al., 1991, 1993), the precipitation loss (Kozyra, Jordanova, et al., 1998; Walt & Voss, 2001) and ion escape
through the magnetopause (Keika et al., 2005; Zong et al., 2001) also acts as a major mechanism for the loss of
O*, He*, and H* ions in the ring current region. The different times for buildup and disappearance of each ion
species in this energy range (10-500 eV) can be explained by showing the difference in their decay lifetimes.

In the present studies, we provide an understanding of the impact of both the solar wind drivers on O*, He*, and
H™ at different energies, L-values and storm phases of statistically significant number of geomagnetic storms that
occurred over the entire Van Allen Probes era. The energy and L-value sorted correlation of O, He*, and H* ion
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differential flux with various geophysical parameters for both the solar wind drivers is reported for the first time.
We also compare the average duration of persistence ((Af),, where i is the ion species) of O*, He*, and H* ions
during storm recovery phase for CME and CIR-driven storms by using the observations from Van Allen Probes
that cover a wide range of energy and L-values.

2. Data and Methodology

We used omnidirectional-averaged fluxes of O*, He*, and H* over the entire Van Allen Probes era (i.e., from
October 2012 to 2019), and characterized their dependence on the geomagnetic activity. The solar wind param-
eters and 1-min resolution symmetric component of ring current (Sym-H) are taken from OMNI data set. We
selected the geomagnetic storms with minimum Sym-H being less than —50 nT, and divided them, in terms
of the driver, namely, CME and CIR. The list of CME and CIR-driven magnetic storms is verified by Pandya
et al. (2019) and CCMC Space Weather Database Of Notifications, Knowledge, Information (DONKI) database.
This paper closely follows the data selection and methodology described in Pandya et al. (2019) but for keV
ions. The ion fluxes taken from Helium, Oxygen, Proton, and Electron (HOPE) instrument (Funsten et al., 2013)
on-board NASA's Van Allen Probes mission were used. For each magnetic storm, the ion fluxes are separated
during each inbound and outbound passages of Van Allen Probes-A and B orbit and averaged over each storm
phase. For identifying each storm phase, we follow the procedure as shown in Pandya et al. (2019). They defined
“at-storm” interval as the duration from the time the Dst index begins to decrease after sudden commencement
until the Dst minimum. “Pre-storm” interval is defined as the interval 1-3 days before the sudden commence-
ment, while the “post-storm” interval is defined as the duration 1-5 days after the Ds-minimum. We replace the
word “at-storm” defined by Pandya et al. (2019) with “in-storm” keeping the methodology same for the identifi-
cation of the in-storm interval. Thus, in-storm interval includes only the main phase of the storm. Hence, we have
two observations of ion fluxes at a given L-value and energy during each orbit of the Van Allen Probes A and B.

Here, we emphasize that the L-value used in this study is Roederer's L-parameter (L*) (Roederer, 1970). It is
given by the following equation:

_ 27l'ko
~ ®Rg

L )]

where k is the dipole moment, ® is the magnetic flux enclosed by ion's drift contour.

Since, the ion's drift contour depends on the magnetic field configuration, the OP77Q external field model (Olson
& Pfitzer, 1979) and IGRF internal field model (Finlay et al., 2010) have been obtained from the LANLGeoMag
library and invoked in the calculation of L*. During a geomagnetic storm, the azimuthal asymmetry in the magne-
tospheric magnetic field increases and attains a non-dipolar like configuration (Koskinen & Kilpua, 2022). When
the guiding center of a stably trapped ion drifts around the Earth in a non-dipolar magnetic field configuration,
it traces a drift shell which is asymmetric around the dipole axis. Hence, it is valid to utilize Roederer's L-value
while comparing the ion fluxes between different storm phases.

The Van Allen Probes mission consists of two identically instrumented spacecraft (probes A and B) that were
launched into near-equatorial orbit (10° inclination) with the orbital period of ~9 hr, a perigee at ~1.1 R, and an
apogee at ~5.8 R, (Mauk et al., 2012). Here, we perform the statistical analysis by using level-2 spin-averaged
measurements obtained at nearly every 24 s with 72 logarithmically spaced energy channels ranging from 1 eV
to 50 keV (Funsten et al., 2013).

For the better identification of maximum flux variations, we calculate j, (L, K), which is the maximum value of
the spin-averaged differential flux over a specified storm phase at a given L-value and kinetic energy K.

The O*, He*, and H* ion fluxes are averaged over bins in L-values with bin-width 0.05 and at every 0.25 L-value.
The HOPE energies are logarithmically spaced and are shifted upwards during its passage on perigee; hence,
we cannot directly consider all the available energies in the HOPE instrument for long-term studies. To easily
represent and understand the impact of different solar wind drivers on the variability of ions that belongs to the
different plasma populations, we restrict our studies to the selected seven bands of kinetic energies (K), namely
0.1, 1, 10, 20, 30, 40, and 50 keV. The energy bin width is <+5% of each measured energy. Following Reeves
et al. (2003), Temporin and Ebihara (2011), and Pandya et al. (2019), we employ the change in fluxes with a
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Figure 1. Trajectories of the Van Allen Probes-A in the X-Y plane during (a) CME and CIR storms, (b) CIR storms, and (¢) CME storms.

factor of 2, at a particular energy and L-value, for the pre-, in-, and post-storm characterization of enhancement,
depletion, or no-change. During the main phase of the storm, overall ring current enhances and hence the popula-
tion of keV ions rises up for most of the events. Hence, we focus only on the enhancement events for our studies.
We calculate the ratio of flux taken during the storm interval (“in-storm”) to that taken during the pre-storm
interval (“pre-storm”) as,

jmax(L, K)lin—.\'torm

Ri(L,K) = ———— 2
l Jmax(L, K)lpre-smrm )

For most of the events, R, (L, K) continuous to remain at high (>2) and does not cease so easily just after the main
phase of the geomagnetic storm has passed. Sometimes R, (L, K) >2 for an extended period in the early recovery
phase. The early recovery phase is considered to cease when 60% of the minimum Sym-H is recovered for a given
geomagnetic storm. Hence, the ratio of fluxes from the main phase and early recovery phase of the storm interval
to the pre-storm interval is calculated as:

jmax(Lv K)linfsrorm and early recovery phase of the storm

Ry(L,K) =
2( ) jmax(L, K)'[Ire-srorm (3)

We define the enhancement of fluxes when the absolute value of ratio (i.e., R, or R,) increases by a factor of 2
or above. The distribution of ion fluxes is not axisymmetric with respect to the Earth's dipole moment. Thus,
we compile a robust data set of 40 CIR-driven and 29 CME-driven geomagnetic storms sorted according to its
inbound/outbound passage, energies, L-value and phases of the geomagnetic storm that occurred during the entire
Van Allen Probes era. Figure 1 gives the passages of Van Allen probes-A spacecraft for the (a) CME and CIR
geomagnetic storms, (b) 40 CIR-driven, and (c) 29 CME-driven geomagnetic storms.

3. Observation and Analysis

Figure 2 summarizes the statistical distribution of enhancement events across the different energies and L-value.
Left half of Figure 2 shows the percentage of total flux enhancement events during CIR-driven storms, while the
right half corresponds to the CME-driven storms as a function of L-value and energy. Panels al-a2, bl-b2, and
cl—c2 show the percentage of total events with R, > 2 for O*, He*, and H* ions, respectively. The open boxes
indicate the total number of events being <3 at a given energy and L-value, which are excluded from our analysis.

The distribution of percentage of events with R, > 2 is very similar for CME and CIR-driven geomagnetic storms.
However, the percentage number of the CME-driven geomagnetic storms is higher down to the lower L-values
for all the energies and ion species. Also, there are relatively higher percentage of O* ion enhancement events
(panels (al-a2)) than He* and H* in the L ~3.5-5.5 for >20 keV. These observations in Figure 2 are consistent
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Figure 2. Statistical distribution of R, > 2 occurrences. The CIR-driven storms are shown on the left half, while CME-driven
storms are on the right. Each panel shows the percentage of all events in color that result in an enhancement of O* (al-a2),
He* (b1-b2), and H* (c1-¢2) ions as a function of L-value and ion energy.

with the previous studies by several researchers like Daglis et al. (1998), Gloeckler et al. (1985), and Hamilton
et al. (1988), where they showed events with higher O* ion flux than He* and H* with energy higher than 50 keV.

3.1. Estimation of Ion Flux Enhancement

Figure 3 provides the quantitative examination of the nature of O*, He* and H* ion flux variability across
different energies and L-values. R;(L, K) is the averaged value of R (L, K), which is a ratio of flux taken in the
“in-storm” time to that in “pre-storm” time.

The two columns from the left end show R; (L, K) for O* (al-a2), He* (b1-b2), and H* (c1—c2) ions as a function
of L-value and ion energy for CIR (al-bl—c1) and CME (a2-b2—¢2) driven storms. Color indicates R;(L, K).
The size of each diamond represents the percentage of all events with R, > 2 (shown by color in Figure 1). The
y-axis is broken so as to shrink the empty space between 1 and 10 keV and enhance the readability for the smaller
segments of 0.1 and 1 keV. The two columns from the right end show its significance in statistical terms. To eval-
uate the significance of R;(L, K) we calculate two important statistical parameters. The first is the interquartile
range (IQR) of the distribution.

It gives the measure of spread that is obtained by calculating the range of the middle 50% of scores in an ordered
set of data (Clark-Carter, 2005). In other words, the difference between the upper quartile (Q3) and the lower
quartile (Q1) gives the IQR. It is calculated as

IOR=03-01 “4)
where,

01 = nj‘-lterm %)

3 1
03=2%D (©)
4
Here, n is the total number of data points falling into a bin. Thus, Q1 (or O3) represents the value under which
25% (or 75%) of data points are found when they are arranged in increasing order. The second important statisti-
cal quantity is skewness (Sk) of the distribution. It is calculated as follows:
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Figure 3. The black dashed vertical line separates R, (L, K) (left) from its significance in statistical terms (right). The R;(L, K) for O* (al-a2), He* (b1-b2), and

H* (c1-c2) ion as a function of L-value and ion energy for CIR (al-bl—c1) and CME (a2-b2-c2) driven storms is shown. Color on the left half gives R, (L, K). The
percentage of all events with R, > 2 is represented by the size of each diamond (same as colorbar in Figure 1). A reference bin scale at 100% size is shown at the bottom
of the figure. The y-axis is broken and adjusted such that it covers all the bands of selected energies. The right half of the panel representation is same as left half,
except for the colorbar. Color gives the interquartile range of R;(L, K), while gray-color scale gives the skewness of the distribution.

i Z (xi — #)3
i=1

o3

Sk = @)

where 7 is the number of data points falling into a bin, x; is the ith observation, y is the mean of all the obser-
vations, and o is the standard deviation. Skewness describes the amount by which a distribution deviates from
Gaussian distribution. There are equal number of measurements above and below the mean in a Gaussian distri-
bution with the same value of mean, median, and mode. For such a distribution, the skewness is 0. If the values
of mean, median, and mode are not same, then the distribution is more stretched out on the either side and the
distribution may be skewed. If the peak of the distribution is shifted on the right side from a normal distribution
then it is called negatively skewed, while the distribution is said to be positively skewed if its peak is shifted to the
left side from a normal distribution. Two columns on the right end of Figure 3 give the IQR and Sk for the CIR and
CME storms. The color scale gives the IQR of R, (L, K), while the gray-color scale gives Sk of the distribution.

Panels al-a2 show that the R, (L, K) is similar for O* ions regardless of the solar wind driver. However, at L < 3,

E >20keV R|(L, K) for CME is higher than CIR. To test the reliability of R;(L, K) we utilize statistical meth-
ods like /QR and Sk shown on the right half of Figure 3. Panels al’—a2’ show a significant difference in the /QR
(indicated by color) for L ~2.5-4 at >1 keV. Here, IQR for CME storms is much larger than CIR storms indicating
higher contribution in R;(L, K) from the extreme values during CME storms. As skewness of the distribution
is positive (gray-scale), the extreme values indicate the fluxes observed on the higher end. Moreover, we have
calculated an additional statistical property of the distribution called kurtosis, which describes the measure of
peakedness of a distribution (Chissom, 1970). Kurtosis is calculated as:

_ e -p
" ot

k ®)
The value of k represents whether the data are heavy-tailed or light-tailed relative to a Gaussian distribution. For
a Gaussian distribution, the value of & turns out to be 3. For our studies, we found that kurtosis is >3 for the entire
analysis (not shown). Hence, the distribution in our analysis is heavy-tailed and we can say that Ot ion fluxes
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have enhanced to a greater value for CME-driven storms than CIR-ones for L ~2.5-4.25 at >1 keV. For L > 4.25
at >1 keV R|(L, K) is nearly in the same range (panels al-a2) and IQR is also nearly same, but Sk < ~2 in al’,

while Sk ~3—4 in a2’. So, CIR-driven storms have more symmetric distribution around R;(L, K) than CME
storms, while there exists very few events with extreme fluxes in CME-driven storms. The lower energy (<1 keV)
O* R|(L, K) (al-a2) does not vary a lot with L-values or solar wind drivers. Also, O ion enhancement is maxi-
mum in panel a2 than in any other panels (al, bl—c2) in Figure 3. This indicates that the O* ion shows maximum
increase during CME storms panels b1-b2 show that an overall distribution of R;(L, K) is nearly same for CME

and CIR storms but a slight increase in R, (L, K) is observed at L = 2.75-3. Though, the distribution of enhanced
He * ion fluxes looks the same for CME and CIR-driven storms (b1-b2), increased fluxes with higher /OR and
more symmetric distributions (Sk) are observed for CME-driven storms (panels b1'-b2").

Similarly, in panels c1-c2, we find that R, (L, K) for H* has enhanced to a greater amount for CME-driven storms
(c2) than CIR-ones (c1) for L ~2-3 at >30 keV with the L-values extending up to 3.5. The H* ion fluxes with
energies 1-10 keV also enhance for L < 4. In both the energy bands, panel c2’ indicates that there exists more
symmetric distribution (Sk) about extreme values (/QR) than panel cl’, indicating that the H* ion fluxes are
more enhanced for CME-driven storms than CIR-ones. Comparing the overall picture, panels c1—c2 show that
R\ (L, K) is greater for H* ions than corresponding He* ions band (b1-b2). Nevertheless, O* ion fluxes (al-a2)

show the highest R, (L, K). For >1 keV O*, He*, and H* ions at L > 4, the R (L, K), Sk and IQR show not much
difference for CME and CIR storms, indicating similar behavior of all the ion flux increase for CME and CIR
storms. This is the same case across all the L-values having energies <1 keV.

3.2. Relationship of Ion Fluxes With Various Geophysical Parameters

To investigate the dependence of various parameters on the inner magnetospheric ions, we present Figure 4. It
gives the correlation between O*, He*, and H* ion fluxes with V times —IMF B, (panels al-a2-a3, al’—a2'—
a3’), P, (panels bl-b2-b3, b1’-b2'-b3"), N, (panels c1-c2—c3, c1’—c2'-c3’), — Sym-H (panels d1-d2-d3, d1'-
d2'-d3’) and AE-index (panels el—e2—e3, el’—e2'—e3’) as a function of energy and L-value. Here, we calculate
linear correlation coefficients (CC) between various parameters and the logarithm of ion fluxes. To avoid the
inaccuracy in our statistics, bins with number of data points <3 are shown in the open boxes. Black-dashed hori-
zontal line separates the CIR-driven storms (upper half) from the CME-driven storms (lower half). The range of

the color bar is same for solar wind parameters and geomagnetic index for both the category of solar wind drivers.

For CME storms, the -V,,B. has high correlation with ion fluxes over L ~2.5-5 and >10 keV with CC of O ion
fluxes being greater than He* ion fluxes which is, in turn, greater than H* ion fluxes (panels al’—a2'-a3’), while
CIR storms have relatively lower CC with —V_ B_ (panels al-a2-a3). In panel bl’, O* ion flux and P, show a
high correlation over much wider energy and L-value, while for He*, H* ion fluxes, a fairly good correlation with
P, is observed over restricted energies and L-value (panels b2'-b3"). N is observed to show poor correlation
with fluxes of O* ions for any L-value and energy band for both CME and CIR-driven storms (c1—c1’), while CC
of ~0.5 is observed for He*and H™ ion fluxes for both the solar wind drivers (c2—c3, c2'—c3’). Comparing panels
d1-d2—d3 with d1'—d2'-d3’, we find that O*, He*, and H* ion fluxes have greater correlation with — Sym-H
index for CME-driven storm than CIR ones covering the entire band of L-values and energies > ~1 keV. Though
CIR-driven storms show greater correlation in d1-d2-d3 but it is limited to a spatial extent <3.5, while for CME
storms, the enhancement is observed across all the L-values. The AE-index shows a greater correlation with the
fluxes of O*, He* and H* ions for CME storms (panels e1’—e2’—e3’) than CIR storms (panels el-e2—e3). The
correlation with AE-index is higher at L > 3 for O* ion fluxes with >10 keV for CME and CIR storms (el-el’),
while a high CC is observed for He* and H* ion fluxes at lower L-values for >10 keV. For low-energy ions, a poor

correlation is observed with the solar wind parameters and geomagnetic index.

3.3. Duration of Flux Enhancement
Figure 5 shows the average duration of persistence time ((Az)), which is defined as follows.

At a given L-value and energy, we calculated the duration for which R, > 2 in successive orbits, and referred to
as At. Thus, (Af) is calculated by taking the summation of Af and dividing it by the number of storms falling into
the bin. The central black dashed vertical line divides the figure into two parts. Left half shows (A¢) as a function
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Figure 4. The correlation of various solar wind parameters and geomagnetic index with the fluxes of O*, He*, and H* ions as a function of L-value and energies is
shown. Correlation coefficient (CC) is shown in colorbar. Black-dashed horizontal line separates the CIR-driven storms (upper half) from the CME-driven storms
(lower half). The top-middle-bottom panels in each upper and lower half correspond to the CC of fluxes of O*, He*, and H* ions with different geophysical parameters.
The open boxes represent the number of events being <3.

of both energies and L-value. The y-scale is adjusted such that it shows all the bands of selected energies. The
distribution of the number of available cases is shown by the size of pixel (diamond). We separate (At) of O,
He*, and H* ion for CIR (al-bl—c1) and CME storms (a2-b2—c2). Panels al—-a2 show that the (Af)o+ generally
increase with the increasing L-value and energy, and that CIR storms have higher (Af)o+ than CME storms.
Panels b1-b2 show that (At?) .+ increases with increase in L-value and energy. In panels c1-c2, we can see that
(At) y+ is relatively low at lower L-values for 0.1 keV to tens of keV and it is relatively high at L > 4 and energy
>30 keV. (At) 4+ is higher for CIR storms than CME storms, but (At) 4+ is much lower than (At)o+ for both the
solar wind drivers. The results showing increasing tendency of (At)o+ and (At)y+ ions with L-value are well
consistent with the study of A. Chen et al. (2021). A general tendency is found that considering each L-value and
energy, (At)o+ >(At) .+ >(At)y+ and that CIR storms show greater (Ar) than CME storms at a given L-value
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Figure 5. Central black dashed vertical line separates the figure into two. The left half shows the average duration of the persistence ((At)) for R, > 2. Panels al-bl—c1
show CIR storms while panels a2-b2—c2 show CME storms. The top-middle-bottom panels show the results of O*, He*, and H* ions, respectively. Number of available
cases in every pixel of Energy and L-value is given by size of diamond. The y-scale is broken and adjusted such that it can show all the bands of selected energies. Right
half of panel representation is same as the left half except for the colorbar that shows the standard deviation of (Af).

and energy. To confirm the reliability of the results, we show the right half of Figure 5, which shows the standard
deviation of (Ar). For every panel in the right half, we see that the standard deviation over a given pixel is <8 hr.
Thus, it is reliable to consider (At) observations shown on the left half of Figure 5.

4. Discussion and Summary

We focused on 0.1-50 keV O+, He*, and H* ion variations in 2 < L < 6 for 40 CIR and 29 CME-driven geomag-
netic storms. The fluxes of all the measured ion species increased during the in-storm interval of the geomag-
netic storm, but O* increased much more than He* and H*. Storm-time variations of each ion species have also
been investigated by many researchers (e.g., Daglis et al., 1999), but they do not distinguish driver of geomag-
netic storms. A distinct characteristic difference is observed in the solar wind parameters between the CME and
CIR-driven magnetic storms and their impacts on the Earth's magnetosphere. Hence, we statistically analyze the
response of O*, He*, and H* ions in terms of L-value, energy, storm phase, and solar wind driver. Quantification
of the ion fluxes is made by calculating the ratios of the fluxes taken during the in-storm interval to the pre-storm
interval (i.e., R)) and the ratios of the fluxes taken during the in-storm interval and the early recovery phase to
the pre-storm interval (i.e., R,).

At a given (L, K) bin, a very similar (but not identical) percentage of events is observed for CIR and CME storms.
For the CME storms R; >2 at L > 2 for all energies and species. This could be attributed to the nearly continu-
ous plasma injection during the in-storm interval of the CME-driven storms. Ions with energy between ~1 and
~100 keV contribute most to the plasma pressure during storms (Smith & Hoffman, 1973). Recently, Mouikis
et al. (2019) performed a statistical study using Van Allen Probes data to investigate the development and distri-
bution of ring current plasma pressure for CME and CIR-driven storms. They presented the L-MLT distributions
of partial pressure of O*, He*, and H™ ions, but three classes of partial pressure are calculated for wide energy
ranges of 0.1-55, 60-120, and 120-600 keV. Our analysis clarifies the details of L-shell and energy distributions
of O*, Het, and H* ions fluxes at seven energy bins between 0.1 and 50 keV. Moreover, they found that the ring
current pressure is mainly dominated by < ~55 keV O* ions during the CME-driven storms which are consistent
with our results showing enhanced O™ ion fluxes observed during the CME-driven storms.

The R;(L, K) for O* ion flux is observed to be higher than He* and H* ions during the main phase of the CME
storms. This is consistent with the observations at geosynchronous orbit, showing that the inferred O* density
increases for CME storms in comparison with CIR storms (Denton et al., 2006). This is also relatable to Ogawa
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et al. (2019), which show a larger upward ionospheric flux outflow during CME-driven storms than those under
CIR-driven storms.

Moreover we find that almost equivalent percentage of the events show R,(L, K) >2 for <50 keV O* and
H* ions for CME and CIR-driven geomagnetic storms. This agrees well with the studies by Keika, Kasahara,
et al. (2018), where they examined the energy spectra of O and H* ions during three-CME driven and three-CIR
driven geomagnetic storms that occurred in the year 2017. They showed that the O* and H* ions with <50 keV
contributes equally to the ring current energy density below L = 5, indicating the adiabatic transport of the
low-energy ions from the plasma sheet by enhanced convection.

The O* and H* ions with 10-50 keV energies play an important role in the energy-dependent dynamics of Earth's
inner magnetosphere. In Figure 3, we showed that the O* and H* ions with energies <50 keV are observed
to enhance significantly during the main phase of the storm, with higher R;(L, K) values for O* ions. This is
consistent with the results by Zhao et al. (2015), where they studied the geomagnetic storm of March 29, 2013
and found that the low energy (<50 keV) ionospheric O* ions become a significant contributor to the ring current
energy content during the main phase of the storm.

In addition, Denton et al. (2016) also showed that the O* ions with ~10 eV to >50 keV energies permeate L < 6
during June 2015 geomagnetic storm and become the dominant species during the storm main phase.

Yue et al. (2018) performed a statistical survey of equatorial plasma pressure distribution and showed that the
ring current O* ion with 10< E < 50 keV is the dominant component of the plasma pressure during active times.
Our results show that the dynamics of the proton fluxes is highly energy dependent. This is consistent with the
studies by Gkioulidou et al. (2015) and Yi et al. (2021).

Gkioulidou et al. (2016) studied the H* ion pressure evolution using Van Allen Probes data and found that the
convection process is mainly responsible or the transport and acceleration of <80 keV H* ion, while the radial
diffusion is more dominant for (>100 keV) H* ion.

Keika, Seki, et al. (2018) examined the spatio-temporal variation of O* and H* energy density for March 17,
2015 geomagnetic storm and found that the ion energy ranges that contribute to the ring current evolve into three
steps depending on the ion energies. During the first step, 20-80 keV ions dominate at L ~3.5, which then starts
to penetrate deeper to L ~2.5 during the second step. As a last step, the energy ranges contributing to the energy
density broadens close to the Sym-H minimum. Our results showed that the H* ion fluxes increased with increas-
ing energies, consistent with the results reported by Yi et al. (2021), where they showed a global distribution of
the proton energy spectra over 2013-2019 RBSPICE data set. They found that peculiar flux minima at low energy
(50-100 keV) and flux maxima at higher energies (200—400 keV). However, charge exchange mechanism could
not account for the loss of energy H* ions with 50-100 keV energies and hence the mechanism for the observed
trend stands inconsistent with our results.

Menz et al. (2017) studied the ring current pressure buildup and the ion composition changes during the March
17, 2013 geomagnetic storm. They proposed that the enhanced convective transport from L > 5.5 to the inner
magnetosphere could account for the enhanced O* ion pressure during the storm main phase at L < 4. However,
the dominance of <45 keV O* ions over H* ions could be attributed to the low charge exchange rate of O ions
than H* ions below L = 4. This is consistent with our results showing (At)o+ >(At) 4+ (Figure 5).

The role of loss processes at specific values of the magnetic moment () for the O* ions is also addressed in the
recent studies by Yue et al. (2021), where they showed the reduced fluxes of O* ions to form gap structures.
They postulated that O* ion gaps resulting at specific u values are the consequence of low drift speed leading to
significant losses via charge exchange, Coulomb collision, or wave-particle interactions.

For better understanding, we characterize the relationship with various parameters on ion dynamics by correlat-
ing it with the fluxes of O*, He*, and H* ions as a function of L-value and energy, during the in-storm interval
(Figure 4). A good correlation of O*, He* and H* ion fluxes with =V B could be associated with the fact that
southward driving of IMF is continuous in CME storms, while CIR storms tend to have fluctuation of south-
ward component IMF for longer periods of time (Ebihara et al., 2002). This gives the strong correlation of ion
fluxes with different solar wind parameters in CME storms. Moreover, during the main phase of the CME-driven
storms, the solar wind velocity enhances that induces ULF waves in the Earth's inner magnetosphere that supports

the growth of O ions in the ring current region (Mitani et al., 2019; Tsurutani et al., 2006). Mitani et al. (2019)
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showed that the ULF activity persists for a longer duration due to the high-speed solar wind stream during the
recovery phase of CIR storms. This leads to a longer duration for the resonance and hence enhances the O* ion
phase space density. Compression of the Earth's magnetosphere due to sudden increase in solar wind dynamic
pressure leads to the outflow of ionospheric ions. For a particular event, Kronberg et al. (2012) showed that
>274 keV O" ions show ~40 times flux enhancement with the change of about 1.25 nPa. Moreover, Elliott
et al. (2001) and Cully et al. (2003) statistically showed that the escape of O* ions from the cusp region is well
correlated with P_.

Figure 4 also provides new insight into the relationship between N and the ring current, which has been argued

(O’Brien & McPherron, 2000; Smith et al., 1999; Thomsen et al., 1998). N, may have two roles in the devel-
opment of the ring current, (a) an energy driver that is responsible to the transport of the plasma sheet ions deep
into the inner magnetosphere and (b) a mass driver that is responsible to the density of the seed ion population in
the plasma sheet. Some energy coupling functions describing the rate of energy penetrating the magnetosphere
depend on N, (Temerin & Li, 2006; Wang et al., 2014). The simulation study performed by Lin et al. (2017)

shows that the polar cap potential decreases with decreasing N_ . This implies that the magnetospheric convection

is supposed to increase with N, and transport the plasma sheet ions deeper inward. If N acts as the energy
driver of the ring current, CCs will be high independent of ionic species. This occurs when the Earth's magneto-
sphere undergoes a compression on the dayside which leads to an enhancement of the number density of all the
ionic species irrespective of their masses. The ring current is also suggested to be intensified when the plasma
sheet ions are high (Ebihara & Ejiri, 2000; Kozyra, Fok, et al., 1998). In that case, N, acts as a mass driver of
the ring current. If N acts as the mass driver of the ring current, CCs will be high for the solar wind-originated
ions. Figure 4 clearly shows that CCs between H* and N, are much larger than those between He* (O*) and N ,.
This result is preferentially explained by the mass driver, rather than the transport driver since O* and He™* are the
ionospheric origin. Recently, Glocer et al. (2020) presented a simulation study to model the contribution of solar
wind and ionospheric O* and H™ to the ring current. They showed that during a geomagnetic storm, ionospheric
protons can contribute as a dominant species to the ring current. Gloeckler and Hamilton (1987) estimated that
65% of the H* ion population is ionospheric origin during the storm main phase. Thus, N,, may also act as the

transport driver, but its contribution would be small because of the fairly low CCs between O* (He*) and NV ,.

Sym-H is more correlated with the ion fluxes, in particular, at 10-50 keV, likely suggesting that these ions are
responsible for enhancing the storm-tine ring current, and changing the Sym-H index. This is consistent with
the results by Gkioulidou et al. (2016), where they showed a high correlation between the Sym-H index and
partial proton pressure (<80 keV). However, they do not investigate the dependence on ion species and solar
wind parameters. We observed that the CCs between the AE index and the ion fluxes are also high, in particular,
at 10-50 keV. It is likely that the enhancement of 10-50 keV ion fluxes is associated with the global reconfigu-
ration of the magnetic field lines through depolarization or strong magnetic field line fluctuations (Gkioulidou
et al., 2015; Keika et al., 2013). It is suggested that AE is high during the magnetic storms because the magnetic
storms and substorms share the common solar wind parameters, namely, southward component of IMF and the
fast solar wind (Kamide, 1992). To isolate the contribution from the substorms, further studies are necessary.

We show that (Ar)o+ >(At) g+ >(At)y+ with CIR storms showing greater (Ar) than CME storms at a given
L-value and energy. During the CIR-driven storms, the long-duration ULF waves are observed during the recov-
ery phase; this leads to discrete injections and slow recovery even after the main phase of the geomagnetic storms
(Mitani et al., 2019; Tsurutani et al., 2006). Three major loss mechanisms that have been suggested for the decay
of the ring current are (a) charge exchange with the neutrals, (b) Coulomb collisions with thermal plasma in the
plasmasphere, and (c) wave-particle interactions. The charge exchange with neutral atoms is thought to be a major
loss process for ring current ions (e.g Kistler et al., 1989; Smith & Bewtra, 1978; Swisher & Frank, 1968). Our
result shown in Figure 5 is partly consistent with the charge exchange loss: (a) (At)o+ >(At) y+ for 0.1 to ~50 keV,
(b) (At)o+ and (At) 4+ are shown to increase with the increasing L-value. This could be attributed to the decrease
in neutral number density with the increasing L. However, (At) .+ is shorter than (Az)o+, which is inconsistent
with expected charge exchange lifetime (cf. fig. 5 of Ebihara and Ejiri (2003)).

Our studies make a comprehensive analysis of the O*, He*, and H* ion dynamics in response to the varying
solar wind conditions at different L-values and energies. The previous studies could not focus on the wide range
of energies and L-values due to limited spatial coverage by the satellite and energy channels. Our new analy-
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sis reports the relationship of 0.1-50 keV ions to different solar wind and geomagnetic conditions. The major
outcomes of our studies are summarized as:

1. We provide the information on the skewness of the distribution, in addition to the averaged values of fluxes
for each (L, K) bin. Such analysis has not been addressed in previous studies.

2. Prolonged southward IMF leads to a continuous injection of charged particles in the Earth's inner magneto-
sphere. Thus, =V, B_ shows the highest CC with O ion fluxes for CME-driven storms than CIR storms at
>1 keV energies.

3. P, shows a good correlation (CC ~0.8) for O* ions during CME storms for >10 keV across L ~2-5.5. This
could be attributed to compression of the magnetosphere during enhanced P, leading to the outflow of iono-
spheric ions. Beyond L = 5.5, the lower correlation could be attributed to the open drift trajectories of the ions
that allows the access of fresh plasma sheet material (cf. Figure 2, Korth et al., 1999). Thus, H* and He* ions
might persist always at L > 5.5 irrespective of the changes in P_.

4. The intensification of ring current is the major cause for strengthening of the geomagnetic storm. For CME
and CIR-driven storms, O*, H*, and He" ion fluxes have higher CCs (0.6-0.9) with the intensity of the
geomagnetic storms, measured by Sym-H and AE-index.

5. AsN,,

O™ ions and N, is poor.

W

6. (Ar); (where iis OF, H*, or He") increases as L-value and energy increase. This is relatable with the decrease

acts as a mass driver of the ring current, CC between H* ions and N, is ~0.5, whereas CC between

in number density and decrease in loss mechanisms with increasing L-value.
7. (At)o+>(At)y+>(At)y+ for CIR storms which are greater than CME storms for ~<50 keV.

We highlight some of the main features that could be expected from the previous studies but also reveals some
new relationships that are unexpected and not yet well-understood. The magnetic field lines undergo a significant
distortion during the ring current formation due to the conservation of the first two adiabatic invariants (Ebihara
et al., 2008). These newly discovered correlations show the need for future, more detailed, from the perspective
of pitch angle distributions to further understand about the storm-time dynamics of ions in the inner magneto-
sphere. In addition, the variation of the ions with energy of the order of keV is known to depend on magnetic local
time (MLT) during magnetic storms (Ebihara et al., 2002; Greenspan & Hamilton, 2000; Mouikis et al., 2019;
Temporin & Ebihara, 2011). The MLT dependence is also an interesting topic to be studied in the future.

Data Availability Statement
LANLGeoMag is downloadable at https://github.com/drsteve/LANLGeoMag.
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