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Abstract Direct comparisons between RBSP (Van Allen Probes or Radiation Belt Storm Probes) and
TWINS (Two Wide-angle Imaging Neutral-atom Spectrometers) for the main phase of two storms, March
17 and October 7, 2015, showed agreement between the in situ ion measurements and the ion spectra
from the deconvolved energetic neutral-atom (ENA) measurements, except when O* ions were significant.
Spatial evolution of individual energy peaks in the ion spectra is studied using TWINS data. O* ions are
seen to result in intense peaks at 5-10 keV/amu in the TWINS ion spectra. These ion populations are
confined to low L shells (L < 5) and localized in the premidnight sector. When H* ions are significant, the
low energy peaks (<25 keV/amu) are found to be less intense than the high energy peaks (>25 keV/amu),
located at L > 4 and localized within the premidnight sector. During times of rapidly varying AE indices,
two spatially distinct peaks, between 3-5Ry and 6-8Rg, are observed for the ions with energies >25 keV/
amu. The outer peak appears for a few hours and fades while the inner peak is more stable. These
structures are found to be consistent with particle injections observed in the RBSP data. When double
peaked structures are swept off, low energy ions accumulate in the premidnight to midnight sectors
whereas high energy ions are located premidnight to postmidnight sectors. Faster drift orbits of >25 keV/
amu ions may cause this kind of distribution.

1. Introduction

Earth's magnetosphere is a highly dynamic region constantly interacting with particles emitted from the
Sun. Processes such as trapping and energization of these particles contribute to the variability of space
weather. Electrons and ions with energies less than 100 keV/amu are significant constituents of ring cur-
rents (RC) formed around Earth and contribute to several space weather effects due to the magnetic and
electric fields produced and modified by it. Though mostly composed of ions, the contribution from elec-
trons may be dependent on geomagnetic activity. A recent study of Van Allen Probe data has shown that
the electrons contributed to almost 10% of the energy content of ions (Zhao et al., 2017). The transport of
ions and electrons from the plasma sheet into the inner magnetosphere are known to be caused by magne-
tospheric convection due to the currentless eastward ExB drift from the large-scale electric fields induced
by the solar wind (Axford, 1969). Energy and charge dependent gradient-curvature drift then put these par-
ticles in drift orbits forming the ring currents which can be symmetric or asymmetric depending on closed
or open drift orbits of the ions, respectively.

In situ observations of RC by Smith and Hoffman (1974) on Explorer 45 first revealed “Nose-like”, “wedge-
like” or “trunk-like” ion spectral structures, named after their shapes as seen in energy-time spectro-
grams. These spectral RC ion structures were later confirmed in several other observations (Buzulukova
et al., 2003, 2002; Dandouras et al., 2009; Ebihara et al., 2004; Ejiri et al., 1980; Ferradas et al., 2016b; Ga-
nushkina et al., 2001; Lennartsson et al., 1979; Li et al., 2000; Peterson et al., 1998; Vallat et al., 2007; Zhang
et al., 2015). Ion spectral nose structures are characterized by absence of certain ion energies and pene-
tration of ions within a narrow energy range as observations are made from higher to lower L shells. The
effects of the transport of the ions and electrons by convection and magnetic drift were first examined by
Chen (1970) in order to explain the nose structure. They assumed a dawn-dusk electric field and calculated
the plasma flow patterns for various magnetic moments and found that a forbidden region on the dusk side
resulted from the corotation of the low-moment ions to the dawn side. Jaggi and Wolf (1973) demonstrated
similar forbidden regions on the dusk side. Further, lower-moment protons would penetrate deeper into
the magnetosphere until gradient drift and corotational forces were comparable. Ion nose structures would

SHEKHAR ET AL.

1of 21

85U801 7 SUOWILLOD 3AIIR.1D 3[cedl (dde U Aq peusenob ke S O ‘88N JO San. 104 Akeiqi8UlIUO A8 ]I UO (SUOPUOD-PUe-SWLBILO0" A3 | 1M ARe.d 1[ouJUO//ScIU) SUORIPUOD PUe SWIB | 8U188S *[2202/0T/92] Uo ARiqiauljuo A(IM ‘seikeiqi] AiseAIUN uinany Aq 95T8Z0VI0202/620T OT/I0p/uoo"A8|im Are.q 1 jput|uosandnfey/sdiy woiy pepeojumod ‘z ‘120z ‘Z0v669T2


https://orcid.org/0000-0002-2815-4998
https://orcid.org/0000-0002-5619-9093
https://orcid.org/0000-0002-6931-1793
https://doi.org/10.1029/2020JA028156
https://doi.org/10.1029/2020JA028156
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2020JA028156&domain=pdf&date_stamp=2021-02-09

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2020JA028156

hence be expected from convection theory (Smith & Hoffman, 1974). On the akebono satellite, ion nose
structures were observed as monoenergetic ion dropoffs or ion spectral gaps were observed at ion energies
~10 keV. Drift path calculations by Shirai et al. (1997) showed that they were consistent with the previously
mentioned forbidden regions. On INTERBALL, similar ion spectral gaps were observed by Kovrazhkin
et al. (1999) and were attributed to magnetospheric residence times well above the ion lifetime.

Multinose structures (multiple ion spectral gaps) have also been observed by Polar (Ebihara et al., 2004; Li
et al., 2000) and Cluster (Vallat et al., 2007). Ebihara et al. (2004) attributed these structures to changes in
the convection electric field and changes in the distribution function of the source through particle trajec-
tory tracings. Vallat et al. (2007) were able to reproduce single and double noses through particle trajectory
tracings but found that the triple noses required a more complex electric field model. Through a case study
of comparison of multiple-nose structures observed by the Helium, Oxygen, Proton, and Electron (HOPE)
instrument on board Van Allen Probe A over one complete orbit on September 28, 2013 with an empirical
electric field model, Ferradas et al. (2016a) found that nose structures showed signatures of ion drift in the
highly dynamic environment of the inner magnetosphere, consistent with Ebihara et al. (2004).

In a recent study by Ferradas et al. (2016b), Van Allen Probes data were used to statistically investigate the
nose structures for the ion species H*, He*, and O*. They found that multiple-nose events occur mostly
in heavy ions and during quiet times. Further, the occurrence probabilities of single nose (single energy
peaked-ion spectra) increased with increasing activity levels while double nose (two energies peaked-ion
spectra) were more common during quiet times. Such in situ observations provide a localized view, howev-
er, energetic neutral atoms (ENA) imagers like TWINS can be used to observe the global RC dynamics. The
ENA imaging of storm-time ring currents was first shown by Roelof (1987) using ISEE one measurements.
Since then, several studies such as those by Polar (Henderson et al., 1997), Astrid (Barabash et al., 1997),
IMAGE (Burch et al., 2001), and TWINS (Two Wide-angle Imaging Neutral-atom Spectrometers) (Goldstein
& McComas, 2013), were conducted where ENA imaging was performed to understand magnetospheric RC
dynamics.

Previous studies such as those by Perez et al. (2015, 2012) have provided a better understanding of ion ener-
gy spectra obtained from TWINS. Perez et al. (2012) showed the presence of non-Maxwellian features in the
TWINS ion energy spectra. They observed a primary maximum in the 15-20 keV/amu range below which
the ion flux was Maxwellian. Sometimes, they also observed a second component with a maximum in the
40-50 keV/amu range occurring at the beginning of the recovery phase of a storm in agreement with in situ
THEMIS observations. Further, Perez et al. (2016) found 30 keV/amu ion flux and pressure anisotropies
obtained from TWINS in agreement with RBSPICE observations for a geomagnetic storm on March 17,
2015. Recent cross-scale observations by Goldstein et al. (2017) involving THEMIS, Van Allen Probes, and
TWINS, studied the variations in the spatial, spectral, and temporal structure of the same storm and found
agreement between their ion spectra. While TWINS ion spectra have shown agreement with in situ data,
the association between “nose-like” ring current ion spectra observed by Ferradas et al. (2016b) and two
peaked-ion spectra observed on TWINS remain unexplored.

The objectives of this study are twofold, (1) comparison between “nose-like” ring current ion spectra ob-
served by Ferradas et al. (2016b) and two peaked-ion spectra observed on TWINS and (2) a study of the spa-
tial and temporal evolution of individual nose energy ion populations. In section 2, we describe the TWINS
and Van Allen Probes dataset, moving on to section 3, where we compared Van Allen Probes H* spectra
with TWINS ion spectra and studied the dynamics of the geomagnetic storms on March 17 and October 7,
2015. The summary is presented in section 4.

2. Datasets Used
2.1. TWINS (Two Wide-angle Imaging Neutral-Atom Spectrometers)

NASA TWINS are a pair of identical imagers in two widely separated Molniya orbits with inclinations of
63.4°, perigee altitudes of ~1,000 km, and apogees in the Northern Hemisphere at ~7.2 RE. Each space-
craft is three-axis stabilized and approximately nadir pointing and provides nearly continuous coverage of
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magnetospheric energetic neutral-atom (ENA) emissions, over a broad energy range (1-100 keV/amu) with
high angular (4° X 4°) and time (about 1 min) resolution.

Electrons from the atoms in the neutral exosphere, through charge exchange collisions with energetic ions,
lead to the creation of energetic neutral atoms. Since these neutrals escape the geomagnetic field, they can
be measured remotely by the ENA imagers and are used to reconstruct the global equatorial ion distribution
as elaborated in Appendix A of Perez et al. (2012). There can be two sources of near-Earth ENA emissions:
(1) High altitude emissions (HAE) and (2) Low altitude emissions (LAE) (Roelof, 1997). The HAEs are
optically thin emissions formed in single collision and charge exchange interactions. These are generated
when magnetospheric plasma undergoes charge exchange with cold neutral hydrogen from the geocorona
and provide information regarding ring current and/or plasma sheet dynamics. The LAEs are often the
brightest emissions in ENA images especially early in a geomagnetic storm (Valek et al., 2010) and are pro-
duced by the multiple-collision interaction of precipitating energetic ions with the atomic oxygen exosphere
at altitudes of a few to several hundred kilometers. They are optically thick and their origin is in particles
mirroring near the Earth with local pitch angles close to 90° (Bazell et al., 2010).

To construct a full image, each TWINS instrument has sensor heads that are mounted together on a rotating
actuator, which sweeps back and forth, scanning 180° in 1 min and then taking 22 s to orient in the opposite
direction roughly over an Earth-centered viewing cone, scanning 180° in another 1 min (Goldstein & Mc-
Comas, 2013). A detailed descriptions of TWINS instruments are given in McComas et al. (2009). The ENA
images used in this study are centered at ion energies (E,.,) from 5 to 65 keV/amu in 5 keV/amu steps (i.e.,

cen 3 ECEH ]

13 energy channels) integrated over [T, to obtain statistically significant ion fluxes. Hence, ENA

flux at a central energy of 65 keV/amu is flux integrated over energies of 32.5-97.5 keV/amu. Typical ENA
images at some energies are shown in Figures 1la-1h and 2a-2j.

In this study, we have used the equatorial ion distributions integrated over all pitch angles obtained from
TWINS ENA images through a deconvolution technique explained in Appendix A of Perez et al. (2012).
TWINS determines ion energies based on ENA velocities (Perez et al., 2012) and the ion species composi-
tion can be determined using the pulse height distribution using a technique similar to that described by
Mitchell et al. (2003) and Valek et al. (2013, 2015). Valek et al. (2018) found that during the main phase of
the March 17, 2015 storm, O*/H" ratio rose to a notably high value of ~1. However, the deconvolution of
O™ ions is complex, especially when the interaction at low altitudes is considered (LAEs). Hence, deconvo-
lutions were performed on the total ENA signal. To obtain the ion energy spectra, the ENA images centered
at ion energies (E.,,) were used. From the deconvolved ion intensities observed by TWINS, a singular value
decomposition (SVD) fit was obtained. The energy spectrum that when integrated and properly weighted
with the energy-dependent charge exchange cross section, resembles the SVD fit, is taken to be physical
energy spectrum. The method is explained in detail in Appendix B of Perez et al. (2012). Figures 1i and 2k
show sample spectra (green) resulting from SVD fit (red) with the actual equatorial ENA intensities inte-
grated over all pitch angles (blue). The energy spectra mostly have a primary maximum in the 10-20 keV/
amu range and a second peak in the 30-50 keV/amu energy range which was also demonstrated by Perez
et al. (2015) for two time periods, May 29, 2010, 13:30-14:30 UT and May 26, 2011, 16:45-17:15 UT.

2.2. RBSP (Radiation Belt Storm Probe) or Van Allen Probe

NASA's Van Allen Probes or Radiation Belt Storm Probes are a network of two identical spacecraft (RBSP
A and B) launched in August 2012. The satellites are in a highly elliptical, near-equatorial (10° inclination)
orbit with perigee at 1.1 RE, apogee at 5.8 RE, orbital period of ~9h, and a spin period of ~11s. The prei-
gee-apogee line precesses in local time at a rate of ~210° per year. Both satellites carry Helium Oxygen Pro-
ton Electron (HOPE) mass spectrometer (Funsten et al., 2013) which measures both ions and electrons over
the ~1 to ~50 keV/amu energy range. The measurements are made in five angular directions coplanar with
the spacecraft spin axis and 72 energy channels with energy resolution AE/E ~ 15%. It also uses a spherical
electrostatic analyzer and a time-of-flight mass spectrometer with channel electron multiplier detectors
to distinguish between the magnetospheric ion species (H*, He*, and O%). The detectors are designed to
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Figure 1. (a-h) ENA images from TWINS on a skymap projection with dipole field lines plotted at McIlwain L shells, L = 4 and 8 RE at 08:44 UT on March

17, 2015. The images are integrated over 15-16 sweeps corresponding to ~15 m of observation time. The red and purple L shells point in the sun and dusk
directions, respectively. (i) Deconvolved ion intensities integrated over pitch angles and energy bands given by the x error bars are plotted in Blue. The energy
spectrum that when integrated and properly weighted with the energy-dependent charge exchange cross section, resembles the SVD fit shown in red, is taken to
be physical energy spectrum and is shown in green. ENA, energetic neutral atom; TWINS, Two Wide-angle Imaging Neutral-atom Spectrometers; SVD, singular

value decomposition.

operate in the harsh environment of the Earth's radiation belts through minimal contamination due to
penetrating relativistic particles.

3. Observations

The observations of each geomagnetic storm (March 17 and October 7, 2015) studied includes two parts,
one is the comparison and validation of TWINS ion spectra with RBSP H* ion spectra, and second is the
study of RC spatial dynamics using TWINS data alone. The spatial dynamics of TWINS ion spectra were
studied at certain times picked to account for the varying geomagnetic conditions through varying solar
wind parameters such as IMF Bz and By, solar wind speed, AE index, and Sym/H, the quality of images
obtained from TWINS and whether deconvolution could be successfully performed. We captured the spatial
distribution of the two ion nose peaks during times of varying convection rates through changing IMF Bz
directions, time varying By and rapidly varying AE index indicative of particle injections. We picked two
storms to account for the variations in TWINS data due to the contributions of O* ions. While on March 17,
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Figure 2. (a—j) Same as Figure 1 for 16:40 UT on March 17, 2015. (k) Same as 1i at L ~ 3.3 and MLT ~18 on 16:40 UT on March 17, 2015.

O™ ions were comparable to H* ions during the main phase, on October 7, O" ions were almost 100 times
less intense than H* ions.

3.1. March 17, 2015
3.1.1. Geomagnetic Conditions

The solar wind conditions and RBSP ion (H*, He*, O") flux data on March 17, 2015 are shown inFigures 3
and 4, respectively. We used RBSP HOPE data to observe the ion spectra on the day. RBSP A and B were
located in the dusk-midnight-morning sectors between 05:00 and 23:00 UT. Figure 4 shows the H', He*,
and O* intensities from RBSP A (left) and B (right), respectively, for the entire day. The times at which RBSP
spectra were compared with TWINS in Figures 5 and 6 are marked by vertical lines and labeled from a to g.
The vertical lines marked from a to i in Figure 3 correspond to times at which TWINS RC spatial dynamics
were studied in Figures 7 and 8.

At 05:13 UT, IMF By and Bz were positive, solar wind speed increased rapidly, AE index was flat and Sym/H
was positive indicating geomagnetically quiet conditions (marked as time a in Figure 3). Around 05:20 UT,
By turned negative while Bz was still positive until 06:00 UT when Sym/H starts dipping to negative values
marking the beginning of the main phase of the geomagnetic storm. RBSP B observed two ion nose struc-
tures in the H* ion spectra (marked as time a in right plot in Figure 4). Note that He* and O" are much less
intense than H* ions at this time.
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Figure 3. Solar wind data on March 17, 2015. The times at which spatial dynamics of ion spectra peak energies were studied are marked in red and labeled as
(a) 05:13 UT, (b) 08:44 UT, (c) 09:14 UT, (d) 10:59 UT, (e) 16:40 UT, (f) 18:14 UT, (g) 19:29 UT, (h) 20:14 UT, and (i) 21:44 UT.
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Figure 4. H*, He*, and O" ion intensities (top to bottom) from RBSP A (left) and B (right), respectively, for the entire day on March 17, 2015. The times at
which RBSP H spectra were compared with TWINS are marked by vertical lines and labeled as (a) 05:13 UT, (b) 08:44 UT, (c) 09:14 UT, (d) 16:40 UT, (¢) 18:14

UT, (f) 20:14 UT, and (g) 21:44 UT. RBSP, Radiation Belt Storm Probes. TWINS, Two Wide-angle Imaging Neutral-atom Spectrometers.

Between 08:44 and 09:14 UT (marked as times b and c in both plots in Figures 4 and 3), IMF By and Bz
were negative, solar wind speed did not vary much from a, some fluctuations were seen in the AE index
and Sym/H dipped to ~ —100 nT. This indicates that convection rates had increased and more ions from
the plasmasheet were injected into the inner magnetosphere. Both RBSP A and B were located in the ring
current region (L ~ 3-8) and the two-nose structure was not as prominent as at 05:13 UT. Around 09:14 UT
(marked as time c in both plots in Figure 4), o* ions have become comparable to H* ions consistent with
fresh O* ion injections.

At 10:59 UT (marked as time d in Figure 3), IMF Bz turned positive while By remained negative indicating
that convection rates had slowed down from 09:14 UT. The AE index was again flat and Sym/H recovered
to ~ —70 nT consistent with slowing of convection. Between 11:00 and 13:00 UT, IMF Bz again turned
southward and RBSP A which was in the ring current region observed a sharp increase in all the ion in-
tensities (see left plot in Figure 4, between times ¢ and d) supporting enhanced plasma transport from the
plasmasheet.

Rapid fluctuations in the AE index were seen from 13:00 UT till the end of the day (Figure 3). TWINS data
were found to be extremely noisy from 13:00to 16:40 UT. Hence, we started our observations from 16:40 UT
(marked as time e in Figure 3), where the AE index peaked and Sym/H dipped to ~ —120 nT indicating that
more ions were injected. IMF Bz continued to stay southward for the rest of the day and AE index showed
rapid fluctuations implying enhanced convection and ion injections. Certain times were picked after 16:40
UT (marked as times f-i in Figure 3) to examine the injections in detail through TWINS spatial ion distri-
butions to be done in later Sections. For the times (d) 16:40 UT, (e) 18:14 UT, (f) 20:14 UT, and (g) 21:44
UT shown in Figure 4, 0" ions are found to be comparable to H* ions which is consistent with enhanced
convective transport from a plasma sheet richer in plasma from an ionospheric source.
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Figure 5. (a.1-c.1) The locations of RBSP A and B on TWINS ion pressure distributions at 05:13, 08:44, and 09:14 UT, respectively. Sun is to the left. Black star
shows the location of ion pressure peak. These were quiet times and O™ intensities were ~100 times lower than H*. (a.2-c.2) Spectra obtained from TWINS
and RBSP A and (a.3-c.3) spectra obtained from TWINS and RBSP B for the same times on March 17, 2015. Both RBSP A and B H" ion fluxes were roughly 10*
times greater than TWINS for all time periods on this day and were rescaled to TWINS maximum ion flux (Scaling factor ~10~*). The plot rows correspond to
the times marked in Figure 4. RBSP, Radiation Belt Storm Probes. TWINS, Two Wide-angle Imaging Neutral-atom Spectrometers.
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Figure 6. (d.1-g.1) The locations of RBSP A and B on TWINS ion pressure distributions at 16:40, 18:14, 20:14, and 21:44 UT, respectively. Sun is to the left.
Black star shows the location of ion pressure peak. These were active times and O* intensities were comparable to H*. (d.2-g.2) Spectra obtained from TWINS
and RBSP A and (d.3-g.3) spectra obtained from TWINS and RBSP B for the same times on March 17, 2015. Both RBSP A and B H* ion fluxes were roughly 10*
times greater than TWINS for all time periods on this day and were rescaled to TWINS maximum ion flux (Scaling factor ~10~*). The plot rows correspond to
the times marked in Figure 4. RBSP, Radiation Belt Storm Probes. TWINS, Two Wide-angle Imaging Neutral-atom Spectrometers.
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Figure 7. (a-i) Spatial distribution of ion intensities for ion energy peaks <25 keV/amu at the labeled times on March 17, 2015. Sun is located to the left. The
ion spectra peaks were observed at L shell increments of 0.5 from L = 3 and MLT increments of 1. The black stars mark the locations at which the ENA pixel
signal was too weak for deconvolution to be successful. The plasmasphere boundary obtained through plasmapause test particle (PTP) simulation model of
Goldstein et al. (2014) is overplotted in black. ENA, energetic neutral atom.

3.1.2. Comparison of TWINS Ion Spectra With RBSP Observations

RBSP spectra observations were compared with TWINS obtained spectra at times for which ENA fluxes
were significant enough so that deconvolution and SVD could be successfully done to obtain ion spectra.
Figure 5 shows ion spectra obtained from TWINS at locations of RBSP A and B at 05:13, 08:44 and 09:14 UT
plotted over ion pressure plots obtained from TWINS. The ion pressure data were integrated over the energy
range 2.5-97.5 keV/amu (Perez et al., 2012).

In order to emphasize the relative spatial and temporal behavior of the RBSP H* and TWINS ion fluxes, the
RBSP H” fluxes are rescaled using equation (1) so that the maximum flux in from each source is the same.

For March 17, the scaling factor (M) was determined to be ~107,

maxrbsp
F _ F, rbsp -F, maxtwins
rbspnew — (1)
F maxrbsp

For H ions in RBSP, Fyygue is the rescaled flux, Fyg, is the observed flux, Fgopsp is the maximum flux
observed in RBSP for that species and Fguins 1S the maximum ion flux observed in TWINS. Also, RBSP
spectra are reported in ion energies of keV and were converted to keV/amu to compare with TWINS ion
spectra. Hence, if 48 keV O™ ions were observed, they were reported as 48 keV/16 amu ~3 keV/amu ions.
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Figure 8. (a-i) Spatial distribution of ion intensities for ion energy peaks >25 keV/amu at the labeled times on March 17, 2015. Sun is located to the left. The
ion spectra peaks were observed at L shell increments of 0.5 from L = 3 and MLT increments of 1. The black stars mark the locations at which the ENA pixel
signal was too weak for deconvolution to be successful. The plasmasphere boundary obtained through plasmapause test particle (PTP) simulation model of
Goldstein et al. (2014) is overplotted in black. ENA, energetic neutral atom.

The question of the lack of agreement between the absolute magnitude fluxes in situ and ENA-derived
measurements has been discussed in several cases: (1) Vallat et al. (2004) compared Cluster-CIS (Escoubet
et al., 1997) and IMAGE-HENA (Mitchell et al., 2000) observations, and found that for weak flux values
the inversion method applied to IMAGE-HENA systematically overestimated the ion flux values (factor of
32) with respect to the CODIF ones, (2) Perez et al. (2012) compared THEMIS ESA (McFadden et al., 2008)
and SST (Angelopoulos, 2008) spectral measurements with TWINS during a CIR storm on July 22, 2009,
(3) Grimes et al. (2013) compared TWINS and THEMIS ion spectra during the May 29, 2010 geomagnetic
storm and found that the TWINS ion fluxes were almost 3 times lower than in situ fluxes from THEMIS,
(4) Perez et al. (2016) compared RBSPICE-A and TWINS during a CME storm on March 17, 2015, and (5)
Goldstein et al. (2017) found differences among THEMIS, RBSPICE (Radiation Belt Storm Probes Ion Com-
position Experiment) ion spectra and TWINS results. While TWINS ion fluxes were found to be almost 50
times smaller than RBSPICE, RBSP HOPE H" fluxes were found to be >20 times that of RBSPICE which are
two different instruments on the same spacecraft. We found that RBSP HOPE H* fluxes were roughly 10*
times greater than TWINS which are in agreement with Goldstein et al. (2017) observations on March 17,
2015. The disagreement between TWINS and in situ measurements can be partially explained by the fun-
damental difference between in situ versus ENA-derived global flux. TWINS measured ENA flux includes
contributions from along a given line of sight (LOS) through the distribution of ENA emission sources thus
representing the average emission from a source volume. This could lead to blurring of fine structures and
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flux extremes resulting in the ENA-derived ion flux at a given location being lower than the in situ meas-
ured values. For a thorough discussion of possible explanations for the differences in absolute values, see
Goldstein et al. (2017).

The plot rows in Figure 5 correspond to the times marked in Figure 4. Row a in Figure 5 corresponds to
the time marked as a (5:13 UT) in Figure 4. RBSP B was located at an L ~ 5 and on the postmidnight sec-
tor (MLT ~ 1 h) close to the maximum pressure peak (Figure 5a.1) and the corresponding H* spectra was
found to be in agreement with TWINS observations with peak intensities at energies ~13 and ~37 keV/
amu (Figure 5a.3). This trend continues with ~ 13 keV/amu ion peak diminishing with time at 08:44 UT
(Figures 5b.2 and 5b.3) and 09:14 UT (Figures 5c.2 and 5c.3) where both RBSP A and B were located away
from the pressure peaks (Figures 5b.1 and 5c.1).

Between 13:00 and 15:00 UT, Bz was negative and AE index increased rapidly indicating that there were
fresh injections of ions from the plasmasheet due to increased convection. RBSP A and B were located in
the premidnight sector close to the pressure maxima which had moved duskward (Figures 6d.1, e.1, f.1,
and g.1). Further, multiple pressure peaks were observed in TWINS data. At all these times post 16:00 UT, a
very low energy peak (5-10 keV/amu) was observed in TWINS ion spectra missing in RBSP H* ion spectra
(Figures 6d.2, 6d.3, 6e.2, 6¢.3, 6f.2, 6.3, 6g.2, and 6g.3). However, as stated previously, RBSP observed O" ion
intensities to be comparable with H* which may have resulted in the low energy peak in TWINS as the total
ENA signal was deconvolved. The low energy peak obtained in TWINS data when O" ions are comparable
may have been a result of ion energies calculated through velocity measurements of O* ions with the as-
sumption of H" ions. Hence, if an ion peak was observed in TWINS at 5 keV/amu, it may have been a result
of 16 amu X 5 keV/amu = 80 keV O™ ions since O* ions are 16 times heavier than H* ion.

3.1.3. Dynamics of Individual Ion Energy Peaks (<25 keV/amu and >25 keV/amu)

We investigated the spatial and temporal evolution of ion populations belonging to each of the ion ener-
gies at which peaks were obtained. As stated in previous Sections, double energy peaks were observed by
TWINS at all times with one peak at energies <25 keV/amu and other at >25 keV/amu. Hence, we studied
the two energies separately. In order to compare our observations with the results obtained by (Goldstein
et al., 2017), we studied the RC ion distributions relative to the plasmasphere boundary obtained through
plasmapause test particle (PTP) simulation model of Goldstein et al. (2014) which assumes that the time-
variable, global plasmapause boundary is an ensemble of ExXB drifting test particles. Figures 7 and 8 show
the L-MLT distribution of ion populations belonging to energies <25 keV/amu and >25 keV/amu, respec-
tively. During deconvolution, sum of normalized chi-squared and a penalty function from Wahba (1990) is
minimized to fit the ENA data and obtain a smooth solution, respectively (Perez et al., 2012). The black stars
mark the regions where a good fit to the ENA data could not be found (high chi-square or penalty function)
resulting in inaccurate observations of ion spectra through SVD.

Spatial distributions of low energy peak (<25 keV/amu) intensities are shown in Figure 7 and high energy
peak (>25 keV/amu) intensities are shown in Figure 8. The spatial distributions at 05:13, 08:44, and 09:14
UT (Figures 7a-7c) show initial asymmetric RC extending from 18 to 09 h in MLT at 05:13 UT and then
slowly accumulating ions on the premidnight sector at 09:14 UT. At 05:13 UT, it was geomagnetically quiet
and AE index was flat so the ion distributions may have been due the remnant ion populations. As seen
in Figures 8a-8c, the distributions of >25 keV/amu ion distributions between 05:13 and 10:59 UT are very
similar to the <25 keV/amu energy ion distributions.

Figures 7a and 8a show that at 05:13 UT, the double-nose structures were present all around the region of
corotating, partially depleted cold plasma. At 0605 UT, southward turning Bz enhanced convection and a
steep increase in RC ion flux (~50%) was observed for the >25 keV/amu ion populations whereas the <
25 keV/amu ion fluxes depleted at 08:44 UT compared to 05:13 UT (Figures 8 and 7b). Between 09:14 and
10:59 UT, both ion energy populations in the RC mostly decay accumulating in the pre-midnight sector
(Figures 8c and 8d and 7c and 7d). After ~1300 UT, when rapid fluctuations in the AE index accompanied
by southward turning IMF Bz were observed, a major buildup of the midnight sector ring current (Fig-
ure 8e) was initiated. TWINS observations of the evolution of the storm are in agreement with Goldstein
et al. (2017) where a similar evolution was observed through in situ data.
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Further, TWINS observations show that sustained convection after ~1300 UT shifted the dusk side partial
RC to lower L shells (L < 4) (Compare partial dusk side RC populations in Figures 8e-8i; and 7e and 7i)
for both ion energies while before 13:00 UT, it was located at L > 5. The TWINS flux increases from 16:40
UT (Figures 7e-7i) supports enhanced ion transport of <25 keV/amu ions (5-10 keV/amu peaks) which
correspond to O* ions. It indicates that these distributions may have been a result of O ions as they will
penetrate deeper in the magnetosphere (Ferradas et al., 2016a).

Globally, the higher energy ions were found to be more dynamic than the low energy ion distributions. At
16:40 UT (Figure 8d), two spatially separated ion intensity peaks are observed. The inner high energy spatial
ion peak remains constant while the outer one appears at the postmidnight MLT sectors at 16:40 UT (Fig-
ure 8d) and then gradually expands eastward into the premidnight sector until 20:14 UT (Figures 8e-8g),
then fades away around 21:44 UT (Figure 8h). They are correlated with rapid fluctuations in the AE index
from 13:00 to 22:00 UT, indicative of convective intermittent injections of >25 keV/amu ions.

3.2. October 7, 2015
3.2.1. Geomagnetic Conditions

Figure 9 shows the solar wind data on October 7, 2015. The commencement of storm began around 03:30
UT and the Sym/H index was negative throughout. At around 03:30 UT, the Sym/H index dips to more nega-
tive values down to —80 nT at 09:00 UT and a second dip is observed at a minimum of —120 nT around 22:30
UT. IMF Bz remains negative from 3:30 to 9:30 UT and fluctuates between positive and negative values until
22:00 UT. A lot of fluctuation is observed in the AE index while the solar wind speed stays ~400 km/s until
14:00 UT increasing to 800 km/s by the end of the day. Figure 10 shows the RBSP ion (H*, He*, O*) flux data
on October 7, 2015. At 2:00 UT (marked as a in Figures 9 and 10), the geomagnetic conditions were quiet
and RBSP B observed double peaked H" ion spectra. Note that He* and O* are almost 100 times less than H*
ions in intensity. Enhanced convection is observed a few hours before 05:00 UT (marked as b in Figures 9
and 10) as IMF Bz turns southward, RBSP A shows a faint low energy peak (~15 keV/amu) and a relatively
intense high energy peak (>30 keV/amu) while RBSP B shows single-nose H* ion spectra. At 11:00 UT
where recovery from the first Sym/H dip was observed and 21:00 UT, which was 1 hour before the second
Sym/H dip (marked as e and i in Figures 9c and 9d in Figure 10), single-nose ion spectra were observed.

3.2.2. Comparison of TWINS Ion Spectra With RBSP Observations

At 02:00 UT on October 7, 2015, RBSP B was located in the noon sector (Figures 11a.1). Though the fluxes in
TWINS are low at noon, we still found a good agreement between RBSP B and TWINS ion spectra. RBSP A
was at perigee. RBSP B observed a double peaked H* ion spectrum which was also observed by TWINS (Fig-
ures 11a.3). This was a relatively quiet time with Sym/H ~ —20 nT and IMF Bz nearly 0. Figures 11b.2 and
11b.3 show TWINS and RBSP A and B ion spectra on 05:00 UT which were located in the postnoon sector (Fig-
ures 11b.1). RBSP A was at L < 5, and observed an H* spectrum with a small low energy peak and a large peak
at 40 keV/amu which was in agreement with TWINS. RBSP B was at L > 5, and the low energy (<25 keV/amu)
peak was observed as a tiny bump whereas TWINS did not observe much variation from the ion spectrum at
L < 5. This is not surprising as the resolution of in-situ measurements are expected to be better (Figures 11b.2
and 11b.3). RBSP A and B were in the noon sector at 11:00 UT and 21:00 UT (Figures 11c.1 and 11d.1). The
ion spectra were found to mostly have single nose at ~40 keV/amu and agreed with TWINS ion spectra (Fig-
ure 11c.3). At 21:00 UT (Figures 11d.2 and 11d.3) both RBSP and TWINS observed a peaked-ion spectra with
peaks at energies between 40 and 50 keV/amu and a bump on tail at around 13 keV/amu.

3.2.3. Dynamics of Individual Ion Energy Peaks (<25 keV/amu and >25 keV/amu)

Figures 12 and 13 show the spatial and temporal dynamics of ion populations belonging to the ion peak at
energy <25 keV/amu and >25 keV/amu, respectively, at the labeled times on October 7, 2015. Plasmapause
boundaries from PTP simulation model are overplotted and were in general contracted on this day. Between
2:00 and 05:00 UT, little variation was observed in the AE index and IMF Bz turned southward around 03:30
UT (Figure 9). The >25 keV/amu ion flux between 2:00 and 05:00 UT increased slightly (seeFigures 13a and
13b) around midnight sector while <25 keV/amu ion populations decreased in flux (see Figures 12a and
12b).
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Figure 9. Solar Wind data on October 7, 2015. The times at which spatial dynamics of ion spectra peak energies were studied are marked in red and labeled as
(a) 02:00 UT, (b) 05:00 UT), (c) 07:00 UT, (d) 10:00 UT, (e) 11:00 UT, (f) 12:00 UT, (g) 14:00 UT, (h) 18:00 UT, and (i) 21:00 UT.
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Figure 10. H*, He*, and O™ ion intensities (top to bottom) from RBSP A (left) and B (right), respectively, for the entire day on October 7, 2015. The times at
which RBSP H spectra were compared with TWINS are marked by vertical lines and labeled as (a) 02:00 UT, (b) 05:00 UT, (c) 11:00 UT, and (d) 21:00 UT.
RBSP, Radiation Belt Storm Probes. TWINS, Two Wide-angle Imaging Neutral-atom Spectrometers.

Around 07:00 UT, sustained convection which began at 03:30 UT further enhanced ion intensities for both
the nose energies in TWINS data and an increase in the <25 keV/amu energy ion fluxes accumulating in
the premidnight sector was observed (Figures 12c and 13c). As IMF Bz turned northward again at 09:30 UT,
slowing the convection rate, ion fluxes were found to steadily decrease between 10:00 and 12:00 UT as seen in
Figures 12d-12f and 13d-13f. At these times, spatial profiles of ion intensities in the two energy ranges (>and
<25 keV/amu) revealed that at some locations double peaked-ion spectra changed to single peaked and ions
with the high energy ions localized themselves in the postmidnight sector (Figures 13e and 13f) whereas low
energy ions were located in the premidnight sector (Figures 12e and 12f). This may have been due to the faster
azimuthal drift of higher energy ions drifting westward from the premidnight to postmidnight sector.

From 14:00 UT, <25 keV/amu ion fluxes were very low (<200 cm™>sr™' s eV™") (Figures 12g-12i). IMF
Bz turned southward between 14:00 and 15:00 UT while the solar wind speed started increasing. The ef-
fect of enhanced convection is seen as a slight increase in the ion flux in the premidnight sector along the
plasmapause boundaries in Figure 13g. At 18:00 (Figure 13h), two spatial peaks were observed in the high
energy ion distribution in the premidnight sector, one between L ~ 4-5, and another one at L ~ 6-7. These
structures occur again at times of high and rapidly varying AE index indicating intermittent ion injections.
However, these were located at L > 4 contrary to the intermittent structures observed in the March 17 storm
which extended to L < 4. Further, the solar wind speed was increasing steeply from 400-800 km/s as the
Sym/H index was approaching its second dip. At 21:00 UT, RC intensity was found to be low but >25 keV/
amu ion distributions were more symmetric.

4. Conclusions and Future Work

We investigated the dynamics of ion spectra from TWINS for the main phase of two geomagnetic storms:
March 17, 2015 (minimum Sym/H ~200 nT) and October 7, 2015 (minimum Sym/H ~120 nT). TWINS ion
spectra were obtained through deconvolution of ENA images to obtain equatorial ion distributions followed
by SVD solution with the best fit to the ion intensities at 13 energy bands between 2.5 and 97.5 keV/amu.
The obtained ion spectra were validated through comparisons with RBSP HOPE H* ion spectra and global
dynamics of the individual peaks in the ion nose spectra were explored with TWINS.
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Figure 11. a.1—day.1 shows the locations of RBSP A and B on TWINS ion pressure distributions at 02:00, 05:00, 11:00, and 21:00 UT, respectively. Black star
marks the location of the ion pressure peak. Sun is to the left. O* intensities were ~100 times lower than H*. a.2—days.2 shows spectra obtained from TWINS
and RBSP A and a.3—days.3 show spectra obtained from TWINS and RBSP B for the same times on October 7, 2015. Both RBSP A and B H" ion fluxes were
roughly 10° times greater than TWINS for all time periods on this day and were rescaled to TWINS maximum ion flux (Scaling factor ~107%). RBSP, Radiation
Belt Storm Probes. TWINS, Two Wide-angle Imaging Neutral-atom Spectrometers.
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Figure 12. (a-i) Spatial distribution of ion intensities for ion energy peaks <25 keV/amu at the labeled times on October 7, 2015. Sun is located to the left. The
ion spectra peaks were observed at L shell increments of 0.5 from L = 3 and MLT increments of 1. The black stars mark the locations at which the ENA pixel
signal was too weak for deconvolution to be successful. The white areas above L = 3 are due to the absence of ion peaks in the energy range <25 keV/amu. The
plasmasphere boundary obtained through plasmapause test particle (PTP) simulation model of Goldstein et al. (2014) is overplotted in brown. ENA, energetic

neutral atom.

Nose-like structures have been previously observed in several in situ observations. In this study, TWINS
double peaked spectra were found to have similarities with RBSP in situ H* ion spectra, except when O*
ions were significant. This is not surprising as the total ENA signal was deconvolved for TWINS and the
ion energies were obtained in keV/amu without any O" and He" ions distinctions. Therefore, the low
energy peak obtained in TWINS data when O* contributions are comparable to H" ions are most likely
to be a result of ion energies/amu calculated through velocity measurements of O* ions. Hence, if an ion
peak was observed in TWINS at 5 keV/amu, it may have been a result of 16 amu X 5 keV/amu = 80 keV
O" ions

. We also studied the spatial and temporal variation of the two ion energy bands, one at energies <25 keV/

amu and another at energies >25 keV/amu, individually. The low energy peaks (<25 keV/amu) were
found to be less intense than the high energy peaks (>25 keV/amu) and localized within the premid-
night sector during geomagnetically active times

Spatially, O" ions will penetrate to lower L shells (L. < 5) which was also observed in the TWINS data
during times when O* ions were significant. When H™ ions were significant, low energy ions were most-
ly located at L > 5

During quite times, the ions in both the energy bands arranged themselves to form an asymmetric
ring current system with ions fluxes lowest around prenoon and postnoon sectors. According to recent
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Figure 13. (a)-i) Spatial distribution of ion intensities for ion energy peaks >25 keV/amu at the labeled times on October 7, 2015. Sun is located to the left. The
ion spectra peaks were observed at L shell increments of 0.5 from L = 3 and MLT increments of 1. The black stars mark the locations at which the ENA pixel
signal was too weak for deconvolution to be successful. The white areas above L = 3 are due to the absence of ion peaks in the energy range >25 keV/amu. The
plasmasphere boundary obtained through plasmapause test particle (PTP) simulation model of Goldstein et al. (2014) is overplotted in brown. ENA, energetic

neutral atom.

cross-scale observations of the March 17, 2015 storm by Goldstein et al. (2017) involving THEMIS, Van
Allen Probes, and TWINS, quiet double-nose proton spectra were observed in the region of corotating
cold plasma which were in agreement with the spatial ion intensities data in TWINS (Figures 7a and 8a)

. During times of rapidly varying AE indices, on March 17, between 16:40 UT to 20:14 UT and on October

7, at 18:00 UT, two spatial peaks were observed for the ions with energies >25 keV/amu. The inner and
outer spatial peaks were located between 3 and 5 Rg and 6-8 R, respectively, on the pre to post midnight
sectors. The outer peak appeared for a few hours and faded while the inner peak was more stable

. On October 7, between 10:00 and 12:00 UT, at several locations, single-nose ion energy spectra were

obtained. At this time IMF Bz had turned northward which may have resulted in slowing down of con-
vection. The ions with energies <25 keV/amu accumulated around pre-midnight to midnight sectors
whereas ions with energies >25 keV/amu were located pre to post midnight sectors. Faster drift orbits of
>25 keV/amu ions may have led to this kind of distribution

Both the storms examined in this study demonstrate that double-nose structures are more common during
quiet times while single-nose structures are more common during geomagnetically active times. This is in
agreement with previous studies by Li et al. (2000), Vallat et al. (2007), and Ferradas et al. (2016b). Energies
of ions injected were mostly found to be >25 keV which drifted into the morning sector within a few hours
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while the low energy ion populations remained mostly in the premidnight sector. This suggests that multi-
ple-nose structures are likely formed after long drifts from the magnetotail into the inner magnetosphere.
Conclusion six directly shows that energy-dependent drift of ring current ions affects the spatial distribu-
tion of nose energies. We also observed that heavy ions like O* penetrated deeper into the magnetosphere,
usually below L ~5. This is somewhat consistent with a study by Lundin et al. (1980) using PROGNOZ-7
spacecraft, where it was shown that the heavy ions were significant inside the L ~4 boundary while H* ions
were often significant outside. Similar results were also obtained by Ferradas et al. (2015) using Cluster Ion
Spectrometry (CIS)/COmposition DIstribution Function (CODIF) instrument onboard Cluster Spacecraft
and Ferradas et al. (2016b) using Van Allen Probes data. Based on 2 years of Van Allen probes observations,
Li et al. (2020) found that higher occurrences of single-nose structures were between 13 and 03 MLT where-
as double-nose structures occurred mostly between 03 and 13 MLT. Our observations from October 7 storm
are in agreement with this whereas such a trend was not observed for the March 17 storm.

During both the storms, we also observed spatial ion peaks for ion energies >25 keV/amu. Conclusion five
shows that these spatial structures are correlated with high and rapidly varying AE indices. This indicates
that these spatial structures may have been due to intermittent substorm injections. This has also been
shown in a study by Perez et al. (2016) for the March 17 storm.

While Goldstein et al. (2017) compared TWINS data to in situ measurements, in our study we found that
TWINS spatial data alone was able to capture these features as well as the differences in the evolution of
RC ion populations in two different nose energy bands. Hence, it could be used to study the spatial and
temporal evolution of different nose energies individually which could not be achieved through in situ
measurements only. This work paves the way toward understanding of the global dynamics of the ion ener-
gy bands through TWINS observations. In future, similar case studies of more storms and comparison with
RC models will be crucial toward understanding of the RC ion dynamics.

Data Availability Statement

All RBSP-ECT data are publicly available at the Web site http://www.RBSP-ect.lanl.gov/. PTP simulations
are available at https://enarc.space.swri.edu/PTP/(October 7, 2015 PTP data attached as supp_info.zip in SI
as website is undergoing maintenance).
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