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Comparisons of TWINS Observations with CIMI
Calculations during ion injections on 29th June 2013
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Key Points:

« TWINS global ring current observations and results from CIMI simulations were
compared for a geomagnetic storm on 28-29 June 2013.

 In the recovery phase, CIMI produced two ion pressure peaks and electric field shield-
ing effects in agreement with TWINS observations.

« TWINS ring current ion pressure profiles were more sensitive to AE fluctuations
than CIMI simulations.
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Abstract

In a recent study by Shekhar et. al. 2021, a moderate geomagnetic storm (sym-H~-100
nT) during 28th-29th June 2013 was studied using CIMI (Comprehensive Inner Magnetosphere-
Tonosphere) simulations and results were compared with TWINS (Two wide-angle Imag-
ing Neutral-atom Spectrometers) observations. The CIMI simulations did not include

ion injections. As a result, TWINS and CIMI results were found to disagree on the num-
ber and locations of ion pressure peaks and ion drift patterns. In this study, CIMI sim-
ulations were performed with the inclusion of ion injections using the geosynchronous
particle flux data from 6 LANL satellites as boundary conditions. Comparisons of the
spatial and temporal evolution of ring current (RC) ions including ion pressure, anisotropy,
intensity and median energy, the ion spectrum at the ion pressure peak locations show
improved agreements with TWINS observations, specifically in the recovery phase post

06 UT on 29th June, when rapid AE index fluctuations were observed.

Plain Language Summary

The Sun emits solar wind particles that enter the inner magnetosphere mostly from the
nightside due to the interactions with Earth’s magnetic fields. These charged particles
drift azimuthally around the Earth, in directions dependent on the charge of the par-
ticle, hence driving a net current around the Earth, called ring currents (RC). In this
study, the spatial and temporal evolution of RC during a geomagnetic storm between
28-29 June 2013 are explored through a comparison of results from a physics based model
(CIMI) with observed imager data from TWINS. The CIMI model also includes ion flux
data from 6 LANL satellites to account for incoming ions from the simulation bound-
ary (~ 6.6 Rg) around the Earth, which were not included in the simulations performed
by Shekhar et. al. 2021 for the same time period. The various spatial and temporal RC
profiles compared in this study show an improved agreement with TWINS observations
relative to Shekhar et al. 2021.

1 Introduction

Ring currents (RC) are a system of large scale currents formed by the longitudi-
nal drift motion of the trapped electrons and ions injected from the magnetotail into Earth’s
inner magnetosphere. Electrons and ions with energies less than 100 keV are significant
constituents of RC though particle pressure is mostly contributed by ions. The convec-
tion electric field transports these particles from the plasmasheet to the magnetosphere.
The radial current density at the ionosphere can be determined from the equatorial pres-
sure (Heinemann, 1990) and hence the azimuthal shifts in the ion pressure peaks rep-
resent the variations in the Birkeland region 2 currents which are field aligned currents
coupling the magnetosphere to the ionosphere.

The first direct comparisons between CIMI (using self consistent RCM electric field
and Weimer2k empirical model) and TWINS ion pressure and anisotropy were made by
Perez et al. (2018) for a 4-day period, 7-10 September 2015. They found that there were
cases in which TWINS equatorial ion pressure showed multiple peaks that were not seen
in the simulations, occuring mostly during periods of intense AE index, suggesting time
and spatially dependent injections from the plasma sheet. A similar comparison was made
by Shekhar et al. (2021) for a moderate geomagnetic storm (SymH~-100 nT) for a 2-
day period, 28-29 June 2013. The distribution of the incoming particles injected into the
inner magnetosphere along the outer boundary of the CIMI simulation (~10Rg) was taken
to be isotropic, Maxwellian and uniform over local time with density and temperature
(Fok et al., 2003) at any given time determined by a linear relationship to the solar wind
density and velocity with a time delay of 2 hours for the solar wind effects to reach the
inner plasmasheet from location of subsolar point, where the solar wind parameters were
obtained. Since it was assumed to be uniform over local time, it could not capture ef-
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fects due to substorm ion injections which were observed during the recovery phase of
the storm starting from 06 UT on 29th June.

In this study, we have re-examined the 28-29 June 2013 storm with comparisons
between TWINS observations and CIMI simulations using geosynchronous ion flux data
from 6 LANL satellites at 6.6Rg to account for incoming particles injected into the in-
ner magnetosphere in the simulation. Certain times during the recovery phase of the storm
have been studied in detail.

2 TWINS ENA (Enegetic Neutral-atoms) Images Analysis

NASA TWINS Mission (Two wide—angle Imaging Neutral-atom Spectrometers),
a pair of identical spacecrafts in two widely separated Molniya orbits with inclinations
of 63.4°, perigee altitudes of ~1000 km, and apogees in the Northern Hemisphere at ~7.2
RE, were launched in 2008 and enable 3-dimensional visualization of the RC dynamics.
Each spacecraft is 3-axis stabilized and approximately nadir pointing and provide nearly
continuous coverage of magnetospheric ENA emissions, over a broad energy range (1—
100 keV/amu) with high angular (4°x4°) and temporal (about 1-minute) resolution.

Each TWINS instrument has sensor heads that are mounted together on a rotat-
ing actuator, which sweeps back and forth, scanning 180° in 1 minute and then taking
22 seconds to orient in the opposite direction roughly over an Earth—centered viewing
cone, scanning 180° in another 1 minute (Goldstein & McComas, 2013) to construct a
full image (Detailed description of TWINS instruments is given in McComas et al. (2009)).
The images are integrated over 1516 sweeps which implies that data is integrated over
15 minutes over a 20 minutes time period. Images are enhanced through statistical smoothen-
ing and background suppression algorithms (McComas et al., 2012). TWINS measures
the time of flight of ENA thus from the velocity, the energy/amu can be derived, in the
following we will refer simply to energy. ENA images are centered at ion energies (Ecentral)
from 5 to 65 keV in 5 keV steps (i.e.13 images). The lower and upper energy range of
each data point at a given central energy is given by [E“g”‘” , SE“Q"”‘“’], thus the energy
ranges partially overlap to each other.

From the ENA images at 13 different energies any spatial point, equatorial distri-
butions of ion pressure, anisotropy, pitch angle distributions and ion spectra can be ob-
tained using a deconvolution and singular value decomposition method (Details of the
method are given in Appendix A and B of Perez et al. (2012)).

3 The CIMI Model

The CIMI model is a combination of bounce-averaged kinetic model of the ring cur-
rent known as Comprehensive Ring Current Model (CRCM) (Fok et al., 2001) and ra-
diation belt environment (RBE) model (Fok et al., 2008). It takes into account charge
exchange loss, energy and pitch-angle diffusion due to Whistler mode chorus waves and
plasmaspheric hiss (Details of the model are available in (Fok et al., 2014)).

In this study, Fok kinetic model solves the bounce averaged Boltzmann equation
with a self consistent Rice Convection model (RCM) (Harel et al., 1981) electric field.
The Hardy model (Hardy et al., 1987) provides auroral conductance which is used to for
the RCM calculation of the electric field. The convection potential calculation includes
the modifications to the ionosphere conductance due to electron precipitation. The RC
is assumed to be comprised of HT ions.

The distribution of the incoming particles injected into the inner magnetosphere
along the outer boundary of the simulation (~6.6Rg) is taken from the geosynchronous
ion fluxes from the 6 LANL satellites available for the duration of the simulation (Shown
in right column of Figure 1).



114 4 Solar Wind Conditions

115 The 6 panels in the left column of Figure 1 show IMF By, IMF Bz, solar wind speed,
116 density, sym-H and AE indices (from top to bottom) respectively. The highlighted green
17 box shows that solar wind density (ngw) and IMF By have a large peak followed by rapid

us northward rise in IMF Bz which gradually turns southward while the solar wind speed
119 (vsw) is nearly constant. This indicates that the geomagnetic disturbance were likely
120 initiated by corotation interaction regions (CIR). The 2 day period can be divided into
121 3 sections: 1) Main phase, 2) Recovery phase I and 3) Recovery phase II, where the so-
122 lar wind conditions fluctuated slowly within a section but rapidly from one section to
123 another.

124 The time period between 12:00 UT on 28th June to 06:00 UT on 29th June was
125 the main phase of the storm. In this time, IMF By slowly changed direction from neg-
126 ative to positive, IMF Bz gradually turned southward. This indicates enhanced convec-
127 tion of ions from the plasmasheet. A sharp increase in solar wind density is observed around
128 04:00 UT on 28th June soon after which the AE index started showing rapid fluctua-
129 tions. We will be refering to this time period as the Main phase.

130 The recovery phase of the storm started around 06:00 UT on 29th June. Between
131 06:00-12:00 UT on 29th June, IMF Bz remained constantly southward indicating con-
132 tinued enhanced convection and an increase in solar wind velocity and density was ob-

133 served. A large peak in the AE index was observed around 11:00 UT on 29th June in-
134 dicating substorm ion injections. We will be refering to this time period (06:00-12:00 UT
135 on 29th June) as the Recovery phase I.

136 The recovery phase continued till the end of the day on 29th June. During the time
137 period post 12:00 UT on 29th June, IMF Bz turned northward between 12:00-14:00 UT
138 after being southward for ~24 hours. A rapid increase in solar wind velocity, IMF By

139 and a rapid drop in solar wind density was also observed between 12:00-14:00 UT. We
140 will be refering to this time period (12:00-14:00 UT on 29th June) as the Recovery phase
141 II

102 5 Comparison of Spatial Profiles

143 The distributions of TWINS ion pressure, anisotropy, ion intensity and peak ion
144 spectra energy were compared with CIMI simulations during the Recovery phase I and
145 IT of the geomagnetic storm. Ion pressure and anisotropy were calculated using Equa-

146 tions 1 and 2 in Shekhar et al. (2021). The energy range for calculations were 2.5-97.5
147 keV for TWINS observations and 1-121 keV for CIMI simulations. The largest ion pres-

148 sure is referred to as the primary peak and the second largest distinguishable peak is re-
149 ferred to as the secondary peak. The second largest peak was determined through close
150 visual inspection of the contours of ion pressure profiles. A few interesting time periods
151 are studied in detail in this Section.

152 5.1 Ion Pressure, Anisotropy and Spectrum at Pressure Peak

153 The time evolution of spatial profiles of TWINS and CIMI ion pressure, anisotropy,
154 and the spectrum at pressure peak are shown in Figure 2 and spatial profiles of ion in-

155 tensities and energy at spectral peak are shown in Figure 3 at 06:00, 11:00, 13:00 and
156 14:00 UT on 29th June. In general, the CIMI distributions were found to be radially com-
157 pressed relative to TWINS for all times during the storm. This is due to the fact that

158 CIMI tends to overestimate the strength of convection at larger L shells and as a result,
159 the penetration of particles. One possibility is that the background conductivity may
160 be too low.
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161 Figure 1 (Left column) shows that at the start of the recovery phase I (~06:00 UT),
162 there had been convective transport of ions from the plasmasheet for ~12 hours during
163 the Main phase. The AE index had started showing rapid fluctuations from 04:00 UT

164 indicating substorm ion injections.

165 Figure 2a (top) shows that CIMI and TWINS both have two distinguishable ion

166 pressure peaks. The TWINS peaks are less than 2 hours apart in MLT and ~ 2Rg apart

167 radially, from the CIMI peaks. Around 11:00 UT, CIMI produced a single ion pressure

168 peak approximately at similar MLT location as TWINS largest ion pressue peak but missed
169 out TWINS secondary ion pressure peak which is observed in the morning sector at ~7

170 RE (Figure 2a, second row from top). This is likely due to the outer boundary of CIMI

171 simulation being ~6.6 Rg beyond which it is unlikely to capture any features. At 13:00

172 UT (Figure 2a, third row from top), even though CIMI produced ion pressure peak in

173 the post noon MLT sector and TWINS observed the peak in the midnight sector, CIMI

174 ion pressure profiles had some fine structures that are similar to TWINS but radially com-
175 pressed. At 14:00 UT (Figure 2a, last row), CIMI and TWINS primary and secondary

176 ion pressure peaks are less than 2 hours apart in MLT showing good agreement both in
177 the number and locations of ion pressure peaks.

178 Figure 2b (left column) shows that a region of parallel pressure anisotropy is ob-

179 served for radial distances >5Rg on the midnight side for CIMI at all times. This band
180 of parallel anisotropy on the nightside in the CIMI simulations may come from drift shell
181 splitting. The drift shells of perpendicular ions follow the magnetic field iso-contours,

182 so the drift shells are further away from the Earth on the dayside than on the nightside.
183 The drift shells of parallel ions are relatively circular. Therefore, the drift shells of per-

184 pendicular ions at r >5Rg on the nightside may encounter the magnetopause on the day-
185 side, so ions are lost on the dayside. On the other hand, parallel ions drift to the day-

186 side with similar distance inside the magnetopause and drift back to the nightside. There-
187 fore, more parallel ions are found on the nightside at higher radial distances. Further,

188 when the flux/pressure is low, the anisotropy could easily reach extreme values in the

189 simulation results, leading to deviations from TWINS observed profiles.

190 Figure 2b shows that the time evolution of CIMI and TWINS ion anisotropies are

101 similar. At 06 and 11 UT(Figure 2b top two rows), IMF Bz is southward and AE indices
102 were high, a region of parallel anisotropy is observed in TWINS in the dusk to midnight

103 sectors for radial distances >6 Rg indicating freshly injected ions. For the time periods
194 13 and 14 UT (Figure 2b last two rows), the AE indices were low and IMF Bz was turn-
195 ing northward and TWINS observed perpendicular anisotropy at all locations consistent
196 with no substorm ion injections. CIMI also observe fewer parallel anisotropy ions at 13:00

107 and 14:00 UT compared to 06:00 and 11:00 UT, but as expained earlier, due to effects

108 of drift shell splitting >5 Rg, CIMI and TWINS profiles are slightly different at larger

199 radial locations. Figure 2c shows the CIMI and TWINS ion energy spectrum at primary
200 ion pressure peak locations at 06:00, 11:00, 13:00 and 14:00 UT on 29th June (top to bot-
201 tom). TWINS and CIMI ion spectra were mostly in agreement. TWINS median ener-

202 gies were found to be lower compared to CIMI.
203 5.2 Ton Intensity, Energy at Ion Spectral Peak
204 The time evolution of spatial profiles of TWINS and CIMI ion intensity and peak

205 ion spectra energy are shown in Figure 3 at 06:00, 11:00, 13:00 and 14:00 UT on 29th
206 June (top to bottom). The energy at spectra peak is defined as the energy at which ion
207 energy spectra fluxes peak or median ion energy (Also defined in Shekhar et al. (2021)).

208

200 CIMI profiles were radially compressed relative to TWINS at all times but the MLT
210 distributions were found to be similar. At 06:00 UT (Figure 3a top row), bulk of the RC
an ions are located between MLT's of 15 to 6 hours for both CIMI and TWINS and com-
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a. and b. show Equatorial spatial profiles of TWINS (right) and CIMI (left) ion

intensity and median ion energy respectively at 06:00, 11:00, 13:00 and 14:00 UT on 29th June
(top to bottom).The sun is located to the left and the azimuthal coordinates represent MLT. The

radial coordinates represent the radial locations mapped to SM equator. The concentric radial
circles mark radial locations of 2Rg, 4Rg and 6 Rg in CIMIL.
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prise of ions with peak energies at ~35-45 keV whereas in TWINS it is ~10-15 keV (Fig-
ure 3b top row). This could be due to the differences in the ion populations of two peaked
energy spectra shown in Figure 2¢ (top row). At 11:00 UT (Figure 3a second row), the
RC ions were more localized in MLT and were concentrated between MLTs of 18-3 hours
in TWINS observations and 18-6 hours in CIMI simulations. In these MLT sectors the
distributions of energies at peak of ion spectra shows that ion energies increase with lo-
cation from morning-midnight-noon sectors in both CIMI and TWINS (Figure 3b sec-
ond row). This is expected as the higher energy ions will drift faster and reach the noon
sector before lower energy ions. Further, comparison of Figure 3a top row with second
row shows that the RC was found to shift slightly radially inward from 06:00 UT in both
CIMI and TWINS profiles.

At 13:00 UT (Figure 3a third row), the ion intensity distributions for CIMI and
TWINS are mostly in agreement with each other with the bulk of the RC being located
in the morning-midnight-dusk sectors. Another thing to note here is that compared to
11 UT (Figure 3a second row), the ring current intensity distributions have moved ra-
dially outward for both CIMI and TWINS at 13 UT. This indicates that inclusion of ion
injections in CIMI simulations captures the effects of shielding electric fields better as
in the study by Shekhar et al. (2021), this effect was not observed in CIMI. The distri-
butions of ion energies at peak of ion spectra shown in Figure 3b third row show that
where the bulk of the ring current ions are located, i.e. between 15-3 MLT, 3-5 Rg in
TWINS and 13-6 MLT, 3.5-4.5 Rg in CIMI, the ion energies increase from 15-45 keV
in CIMI and 15-35 keV in TWINS. At 14:00 UT (Figure 3a last row), the bulk of the
ring current ions are located between 15-5 hours MLT sectors for both CIMI and TWINS.
The spatial distibution of ion energies at peak ion spectra in Figure 3b last row are very
different for CIMI and TWINS. This is likely due to TWINS ion spectra being two peaked
compared to CIMI as shown in Figure 2¢ last row.

5.3 Comparisons with Shekhar et al. (2021)

The full evolution of TWINS and CIMI ion pressure peak locations (radial and az-
imuthal) are plotted in Figure 4a and b respectively. CIMI simulation results from Shekhar
et al. (2021) (CIMI-old) are also plotted for comparison. Figure 4a shows that in gen-
eral, CIMI ion pressure peaks are located radially inward compared to TWINS and show
lesser fluctuations. Radial locations of CIMI ion pressure peaks from Shekhar et al. (2021)
agree better with TWINS than the CIMI simulations performed in this study. This ra-
dial compresion is likely due to the fact that the outer boundary of CIMI simulations
in Shekhar et al. (2021) was ~10R g whereas in this study it was ~6.6Rg due to the lo-
cations of the LANL satellites. As such most distributions from the CIMI simulations
performed in this study are radially compressed compared to CIMI-old.

The MLT locations of ion pressure peaks from CIMI-old, CIMI and TWINS are
plotted in Figure 4b. From the onset of magnetospheric convection starting at noon on
28th June to the recovery phase of the storm starting at 06 UT on 29th June, both CIMI-
old and CIMI produce ion pressure peaks located near midnight which are also mostly
in agreement with TWINS. In the recovery phase and a couple of hours before, CIMI
simulations incuding ion injections produce multiple ion pressure peaks which had not
been observed in CIMI simulations performed by Shekhar et al. (2021).

6 Conclusions

In a recent study by Shekhar et al. (2021), a moderate geomagnetic storm (sym-
H~-100 nT) during 28th-29th June 2013 was examined using CIMI simulations results
and global ring current observations from TWINS. However, the CIMI simulations (CIMI-
old) did not include ion injections. We re-examined the same storm using CIMI simu-
lations coupled with geosynchronous ion fluxes at 6.6 Rg from 6 LANL satellites provid-
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Figure 4. a: Radial locations of ion pressure peaks are plotted vs time from 00:00 UT on
06/28/2013 to 00:00 UT on 06/30/2013 for CIMI and TWINS. b: MLT locations of ion pres-
sure peaks are plotted vs time from 00:00 UT on 06/28/2013 to 00:00 UT on 06/30/2013 for
CIMI and TWINS. The times where detailed analysis are described in Section 5 are marked
as blue vertical lines. TW-P/CIMI-P shows the locations of the largest ion pressure peak and
TW-S/CIMI-S shows the locations of second largest ion pressure peak in TWINS data/ CIMI

simulations. CIMI-old shows simulation results from Shekhar et al. (2021).
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ing good MLT coverage, to account for ion injections. These new results were then com-
pared with TWINS observations, including ion pressure, anisotropy, intensity and me-

dian energy, the ion spectrum at the ion pressure peak location. The locations of ion pres-
sure peaks were also compared with the CIMI simulation results from Shekhar et al. (2021).
Overall, CIMI produced distributions which were radially compressed relative to TWINS
for all times during the storm. This is due to the fact that CIMI tends to overestimate

the strength of convection at larger L shells and as a result, the penetration of particles.
One possibility is that the background conductivity may be too low. Ion pressure and

ion intensity profiles were an order of magnitude larger in CIMI compared to TWINS.

1. From the onset of magnetospheric convection starting at noon on 28th June to the
recovery phase of the storm starting at 06 UT on 29th June, both CIMI-old and
CIMI produce ion pressure peaks located near midnight which are also mostly in
agreement with TWINS.

2. At the start of the recovery phase (06 UT on 29th June), the ion pressure distri-
butions produced by CIMI showed two distinguishable ion pressure peaks at MLT
locations in agreement with TWINS observations. Further, a double peaked ion
energy spectrum was observed at the biggest ion pressure peak location for both
CIMI and TWINS.

3. Between 11-13 UT IMF Bz turned northward after being constantly southward
for ~ 13 hours. The RC ion intensity profiles in both CIMI and TWINS were seen
to shift radially outward at 13 UT compared to 11 UT. This indicates that both
CIMI and TWINS may have observed effects of electric field shielding on the RC
intensity distributions.

4. Between 13-14 UT, the ion intensity profile is seen to shift radially inward and slightly
westward compared to 13 UT in TWINS observations. At this time IMF By was
>5 nT, IMF Bz ~-2 nT and v, ~440 km/s. This indicates that shielding elec-
tric fields and/or twisting of the convection due to large IMF By (Weimer, 1995;
Cson Brandt et al., 2002) may have led to the observed westward azimuthal shifts
in proton intensities.

In several previous in—situ data and RC models, bulk of the RC pressure has been found
to be concentrated in the dusk sector (Ebihara et al., 2002; Le et al., 2004; Jorgensen

et al., 2004; Anderson et al., 2005; Shi et al., 2006; Perez et al., 2018; Shekhar et al., 2021).
In our study, we found that including the effects of ion injections in CIMI simulations
captured the shifts in the ion pressure peaks which were in agreement with TWINS global
observations. Further, it also improved the model results for electric field shielding ef-
fects and TWINS and CIMI results were found to agree on the general features of the
ring current. However, TWINS spatial profiles was more sensitive to fluctuations in the
AE index compared to CIMI simulations. In future, it would be interesting to examine
such comparisons for more geomagnetic storms so that global RC dynamics can be un-
derstood better.
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