
1.  Introduction
Earth's inner magnetospheric region is composed of trapped electron and ion populations injected from the 
magnetotail. The longitudinal drift motion of the ions creates a large-scale current system, known as the 
ring current (RC). While comparison with in-situ data provides a localized view of the RCs, comparison 
with RC models like Comprehensive Inner Magnetosphere-Ionosphere (CIMI) (Fok et al., 2014) provide an 
expanded picture whereby comparisons between the data and simulation lead to an enhanced understand-
ing of the key global processes. The effects of particle injections from the plasma sheet on the formation and 
decay of RC ions are crucial toward the understanding of RC dynamics.

It is known that the RC pressure exhibits strong asymmetry during the main phase of a storm and in in-si-
tu data and RC models, bulk of the RC pressure has been found to be concentrated in the dusk sector 
(Anderson et al., 2005; Ebihara et al., 2002; Jorgensen et al., 2004; Le et al., 2004; Shi et al., 2006). How-
ever, energetic neutral atom (ENA) images from IMAGE/HENA and Two wide-angle Imaging Neutral-at-
om Spectrometers (TWINS) have shown that ion fluxes during the main phase of storms may peak near 
midnight and sometimes near the postmidnight sector (Cson Brandt et al., 2002; Perez et al., 2018). Cson 
Brandt et al. (2002) proposed shielding electric fields created by the RC and the IMF By effect (twisting of 
the convection pattern due to By) to explain the eastward skewing of ion intensities. Recently, in a study by 
Perez et al. (2018), the dynamics of a geomagnetic storm extending through 4 days (September 7–10, 2015) 
were investigated through comparisons between TWINS data and CIMI model results. General features of 
the RC were mostly found to be in good agreement, but as expected, consistent indications of enhanced 
electric shielding and short-time injections from the plasma sheet were not seen in the simulations while 
they were present in the observations. Further, previous studies such as those by Buzulukova et al. (2010) 
and Fok et al. (2010) studied the effects of electric shielding on RC morphology through comparisons be-
tween in-situ and ENA observations and CIMI simulation results. They found that the eastward skewness 
of the pressure peak could be explained due to electric shielding effects.
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Several studies have investigated the role of electric potentials and mag-
netic fields on the RC dynamics. De Michelis et  al.  (1999) studied the 
changes of pressure anisotropy with local time and the noon-midnight 
pressure asymmetry using 2 years averages of proton distributions meas-
ured by (Active Magnetospheric Particle Tracer Explorers) AMPTE/CCE-
CHEM (Gloeckler et al., 1985) and correlated them to the current systems 
out of the equatorial plane completing the closure circuits. They located 
two different current systems for the quiet period (the RC and the inner 
portion of the quiet time cross-tail current) and three different current 
structures for the active period (the RC, the partial RC, and the region 
2 current). Kistler and Larson  (2000) compared in-situ measurements 
from AMPTE (Gloeckler et al., 1985) with ion paths obtained from dipole 
and Tsy04 (Tsyganenko, 1989) magnetic field models with Volland-Stern 
(Stern, 1975; Volland, 1973) and Weimer96 (Weimer, 1996) electric po-
tential models. They found that the Weimer96 model resulted in better 
agreement with the features of the ion energy spectra, indicating that in 
the inner magnetosphere, the electric field may have had a strong influ-
ence on particle paths. However, the energies at which closed drift paths 
were observed were not in agreement with those obtained from simula-
tions. In their analysis, induction electric fields were not included. Ange-
lopoulos et al. (2002) added corotation electric fields and modified Vol-
land-Stern, Weimer96, and Weimer2000 for small-timescale electric field 
variations from POLAR/HYDRA (Scudder et  al.,  1995), EQUATOR-S 
(Kistler et al., 1999), and FAST (Carlson et al., 2001), and found that the 
simulations showed inconsistencies which could be explained through 
particle injections and inductive electric fields.

Many features of RC have been studied through CIMI and TWINS com-
parisons. The first direct comparisons between CIMI (using self-consist-
ent RCM electric field and Weimer2k empirical model) and TWINS ion 
pressure and anisotropy were made by Perez et al. (2018). Fok et al. (2014) 
compared CIMI results with TWINS ENA images and Akebono satellites 
to investigate the dominant energization and loss processes for the RC 
and radiation belts. Fok et al. (2010) compared CIMI results with TWINS 
ENA images and in-situ ion data from a THEMIS satellite to study shield-
ing effects. Elfritz et al. (2014) applied TWINS ion temperature boundary 
conditions to the CIMI model. In this study, we examine the dynamics 
of global ion spectra and compare the observations with simulation re-
sults from the CIMI model during a moderate geomagnetic storm on 
June 28 and 29, 2013. In Section 2, we describe the evolution of the solar 
wind conditions during the storm, followed by a description of TWINS 
image analysis techniques in Section 3, CIMI simulation parameters in 
Section 4, and calculations of ion pressure, ion pressure anisotropy, and 
ion spectra in Section 5. In Section 6, we describe the observations and 
conclusions are discussed in Section 7.

2.  Solar Wind Conditions
The 2-day period of the geomagnetic storm (June 28 and 29, 2013) is interesting as the solar wind parame-
ters show both fast and slow variation. Figure 1 shows solar wind conditions from 18:00 UT on June 27 to 
00:00 UT on June 30, 2013 (source: omniweb.gsfc.nasa.gov) since the CIMI simulations performed in this 
study were started at 18:00 UT on June 27. The top six panels show IMF By, IMF Bz, solar wind speed, den-
sity, Sym H, and AE indices, respectively. The bottom two panels show the inputs to the CIMI simulations as 
described in Section 4. In the highlighted green box, it can be seen that solar wind density ( SWn ) and IMF By 
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Figure 1.  Solar Wind Conditions on June 28 and 29, 2013. IMF By, Bz, 
Solar wind speed ( SWv ), density ( SWn ), Sym/H, AE index, density (n), and 
temperature (T) at the plasma sheet are plotted versus time (from top to 
bottom). The first and the second black vertical lines mark the beginning 
of June 28 and 29, respectively. In the last two panels, an approximate 
delay of 2 h is assumed for the solar wind effects to reach the inner plasma 
sheet. In the highlighted green box, it can be seen that solar wind density 
( SWn ) and IMF By have a large peak while the solar wind speed ( SWv ) is 
nearly constant. The density peak is followed by rapid northward IMF 
Bz gradually turning southward. This indicates that the geomagnetic 
disturbance was likely initiated by corotation interaction regions (CIRs). 
The times where detailed analyses are described in Section 6.1 are marked 
in red.
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have a large peak while the solar wind speed ( SWv ) is nearly constant. The density peak is followed by rapid 
northward IMF Bz gradually turning southward. This indicates that the geomagnetic disturbance was likely 
initiated by corotation interaction regions (CIRs).

On June 28, 2013, between 02:00 and 03:00 UT, IMF By and IMF Bz changed directions rapidly while the 
AE index showed little variation. Around noon UT, Sym/H began to gradually dip to negative values and 
by early morning on June 29, 2013 roughly around 06:30 UT, reached as low as −100 nT. IMF Bz remained 
southward throughout the main phase of the geomagnetic storm. IMF By was negative during the onset of 
the storm but by the end of main phase, gradually shifted to 0 values. During the recovery phase starting 
at 07:00 UT on June 29 and continuing until the end of the day, IMF Bz remained southward and IMF By 
remained positive. At around 11:00 a.m. on June 29, an isolated large AE peak occurred indicating substorm 
injections. A couple of hours later, IMF Bz fluctuated through negative values as the Sym/H index contin-
ued to gradually rise while the AE index showed less variations. The solar wind speed remained nearly 
constant throughout the storm varying between 360 and 460 km/s.

3.  TWINS ENA Images Analysis
NASA TWINS Mission, launched in 2008, enable three-dimensional visualization of the RC dynamics. A 
pair of identical spacecrafts in two widely separated Molniya orbits with inclinations of 63.4o, perigee al-
titudes of 1,000 km, and apogees in the Northern Hemisphere at 7.2 RE, each spacecraft is three-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 4o o) and temporal 
(about 1-min) resolution.

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 180o in 1 min and then taking 22 s to orient in the opposite 
direction roughly over an Earth-centered viewing cone, scanning 180o in another 1 min (Goldstein & Mc-
Comas, 2013). A detailed description of TWINS instruments is given in McComas et al. (2009). The images 
are integrated over 15–16 sweeps which imply that data is integrated over 15 min over a 20-min time period. 
Images are enhanced through statistical smoothening 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 ( centralE ) 
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 [
2

centralE
, 

3
2

centralE
], thus the energy ranges partially overlap to each other. 

For example, Figures 2a and 2b show global ENA fluxes at a central energy of 10 keV (i.e., flux integrated 
over energies of 5–15 keV) at 11:00 UT on June 28 and 11:00 UT on June 29, 2013, respectively.

Ion pressure can be extracted from the ENA images from TWINS. For each ENA image, two sources have 
to be considered. First is the ENAs created by charge exchange of plasma ions with the extended relatively 
rarefied hydrogen geocorona surrounding the Earth above the ionosphere called high-altitude emissions 
(HAEs). Second are those created by charge exchange of plasma ions with neutrals in the dense ionosphere, 
called low-altitude emissions (LAEs). Each pixel in the ENA image represents the number of ENAs per unit 
time, energy, area, and steradians. The ENAs originating from the geocorona (HAE) can be treated as opti-
cally thin while a thick target approximation developed by Bazell et al. (2010) and validated by comparison 
with DMSP precipitation data is used for the LAE.

For HAE, the value in each pixel in the image array can be expressed as a line-of-sight integration of the 
ENA intensity in the field-of-view of the pixel defined as the solid angle viewed by the designated pixel (the 
volume from which the ENAs can enter that pixel of the instrument).

Combining both the contributions from LAE and HAE and then deconvolving the value in the pixel pro-
vides ion intensity as a function of three space variables giving the spatial location (three variables) of 
the source and two angles (two variables) denoting the direction of the velocity of the ENA. However, a 
line-of-sight integration only contains information about one velocity value in the ion intensity at each 
spatial point. Hence, the ions are taken to be gyrotropic and assumed to move along magnetic field lines 
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conserving their magnetic moments and energies. This allows us to reduce spatial variables to two as each 
point in three-dimensional space can be mapped to the equator along magnetic field lines using a magnetic 
field model. Similarly, the pitch angle obtained through constraining the ion to enter the specific pixel can 
be mapped to the equator. Hence equatorial pitch angle distributions can be extracted. These are then ex-
panded in terms of tri-cubic splines (R & de Boor, 1980). The sum of normalized chi-squared and a penalty 
function from Wahba (1990) is minimized to fit the data and obtain a smooth solution, respectively. The 
ion pressure at each spatial point can then be calculated using Equation 1. This is explained in detail in 
Appendix A of Perez et al. (2012).

From the equatorial ion intensities reconstructed from observed ENA by TWINS at 13 different energies 
for any spatial point, a singular value decomposition (SVD) fit is obtained. When integrated and proper-

ly weighted with the energy-dependent charge exchange cross section, 
the energy spectrum resembles the SVD fit, is the resulting ion energy 
spectrum (shown in red in Figure 3). The method is explained in detail 
in Appendix B of Perez et al. (2012). Hydrogen and Oxygen ENAs can be 
separated based on mass-dependent differences in the pulse height distri-
butions (Valek et al., 2013). However, deconvolution method can only be 
applied to the combined ENA to obtain ion spectra for ion energies/atom-
ic mass unit (keV/amu). As such, ion species are not differentiated. In a 
recent study by Shekhar et al. (2021), TWINS RC ion spectra were com-
pared with RBSP for the main phase of two storms and it was concluded 
that when O  ions were significant, the low energy peaks (<25 keV/amu) 
in the RC ion spectra were found to be more intense than the high energy 
peaks (25 keV/amu). Hence, the energy at the ion spectra peak could be 
used to infer the nature of the ion species.

4.  The CIMI Model
The CIMI model is a combination of bounce-averaged kinetic mod-
el of the RC known as Comprehensive Ring Current Model (CRCM) 
(Fok et  al.,  2001) and radiation belt environment (RBE) model (Fok 
et  al.,  2008), which also considers charge exchange loss, energy, and 
pitch-angle diffusion due to whistler-mode chorus waves and plasmas-
pheric hiss. Details of the model are available in Fok et al. (2014). In this 
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Figure 2.  Global energetic neutral atom fluxes from Two wide-angle Imaging Neutral-atom Spectrometers 2 at a central energy of 10 keV (i.e., flux integrated 
over energies of 5–15 keV) at (a) 11:00 UT on June 28 and (b) 11:00 UT on June 29, 2013. The white circle in the center represents Earth with the magnetic field 
lines plotted at L shells of 4 and 8. Pink and yellow colors of the magnetic field lines represent noon and dusk magnetic local time sectors, respectively.

Figure 3.  Two wide-angle Imaging Neutral-atom Spectrometers (TWINS) 
and Comprehensive Inner Magnetosphere-Ionosphere (CIMI) ion spectra 
at 06:00 UT on June 28 at L = 3.8, MLT = 08 h. CIMI flux was readjusted 
to be comparable with TWINS. TWINS shows two ion flux local maxima 
and has better energy resolution compared with CIMI since it is obtained 
as a smooth function through mathematical inversion. The red and blue 
vertical lines mark the ion energy at the peak of the ion energy spectra for 
TWINS and CIMI, respectively, in this case 10–11 keV.
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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 con-
ductance which is used for the RCM calculation of the electric field. The 
electron precipitation is also used to modify the ionosphere conductance 
and thus the convection potential calculation.

In this study, CIMI simulations were performed for the geomagnetic con-
ditions on June 28 and 29, 2013 to compare the spatial profiles of ion pres-
sures, anisotropies, ion intensities, and peak energies. The RC is assumed 
to be comprised of H  ions. The simulation was started 5 h before 00:00 
UT on June 28, 2013. The distribution of the incoming particles injected 
into the inner magnetosphere along the outer boundary of the simulation 
(∼10 ER ) is taken to be isotropic, Maxwellian, and uniform over local time 
with density (n) and temperature (T) (Fok et al., 2003) at any given time 
t determined by a linear relationship to the solar wind density ( SWn ) and 
velocity ( SWv ), respectively (Borovsky et al., 1998; Ebihara & Ejiri, 2000) 
given by:

   
   

3( )[ ] 0.395 0.025 ( )
( )[ ] 3 0.03 ( )

SW

SW

n t cm n t delay
T t keV v t delay

�

where delay (taken to be 2 h in this study) is an approximation of the time 
for the solar wind effects to reach the inner plasma sheet from locations 
of Ace and Wind at L1 where the solar wind parameters are observed. 
The convection electric field starts to trigger the storm just after. These 
quantities are plotted in the bottom two panels of Figure  1. It is to be 
noted that the input from the plasma sheet is relatively smooth. Thus, 
differences in comparison with TWINS observations emphasize the ef-
fects of time-dependent and spatial-dependent injections into the inner 
magnetosphere.

5.  Calculations of Ion Pressure, Anisotropy, and 
Energy Spectrum
The ion pressure at each spatial point is calculated as given in Equation 1.

   


  
12

2

11

4 2 ( , , ) (1 )
3

E

E
P dE mE F E n cos dcos cos� (1)

Where   is the ion pitch angle, E is the ion energy, n is the ion density, m 
is the ion mass and F(E, n, cos) is the number flux per unit area, energy, 
time, and steradian. The CIMI ion pressure in this study are calculated 
over an energy range of 1E  = 1 to 2E  = 121 keV, slightly different from 
TWINS ( 1E  = 2.5 and 2E  = 97.5 keV).

5.1.  Ion Pressure Anisotropy

Ion pressure anisotropy is calculated as in Equation 2.













P P
A

P P� (2)

with
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Figure 4.  Equatorial profiles of ion pressure, anisotropy, intensity, 
energies at which intensity peaks were observed are shown from top to 
bottom at 11:00 UT, June 28, 2013. CIMI simulation results are shown on 
the left (a–d) while TWINS observations are shown on the right (e–h). The 
sun is located to the left and the azimuthal coordinates represent MLT. The 
radial coordinates represent the radial locations mapped to SM equator. 
Location of maximum ion pressure is marked with black star in TWINS 
and black asterisk in CIMI. In a and b the concentric radial circles mark 
radial locations of 3 ER , 5 ER  and 7 ER . The ion intensities and ion energies 
refer to the peaks in RC ion intensities and related energy in the spectra, as 
shown in Figure 3.
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   

   










 

 



12
2

11
12

2

11

2 2 ( , , )( )

2 2 ( , , )( )2

E

E
E

E

P dE mE F E n cos dcos sin

P dE mE F E n cos dcos cos
�

where symbols mean the same as Equation 1.

5.2.  Ion Energy Spectra

TWINS ion spectra were obtained as explained in the last paragraph 
of Section  3. Figure  3 shows the energy resolution difference between 
TWINS and CIMI ion spectra. TWINS ion spectra is a smooth function 
since it is obtained through mathematical inversion. Even though both 
TWINS and CIMI have a global maxima at the same energy, TWINS ob-
serves another local maxima. In such cases where TWINS ion energy 
spectra had local energy maxima at multiple energies, we only consider 
the largest ion intensity peak at a given location and the energy at which 
the maxima was observed. These are referred to as ion intensity and ion 
energy, respectively, in Figures 4–10.

6.  Observations
6.1.  Comparisons at Specific Times

Each of Figures  4–10 show spatial profiles of ion pressure, anisotropy, 
intensity, and energy of the spectral peak from TWINS and CIMI simu-
lations at specific times at which geomagnetic conditions showed fast or 
slow variations starting with the onset of the storm at 11:00 UT on June 
28 to almost the end of the recovery phase at 23:00 UT on June 29.

6.1.1.  11:00 UT on June 28

At this time (marked as Figure 4 in Figure 1), IMF Bz gradually turned 
southward and IMF By had been negative for several hours. The AE index 
is flat indicating that there may not have been particle injections from 
the plasma sheet. Sym/H has gradually dropped to −10 nT and steeply 
dropped to lower values post 11:00 UT. Hence, this was the onset of the 
geomagnetic storm. Figures  4a and  4e show that TWINS ion pressure 
peak is shifted duskward in MLT and less than 1 ER  further radially com-
pared to CIMI.

Figures 4b and 4f show that a region of parallel pressure anisotropy is 
observed for radial distances >6 ER  on the midnight side for CIMI, where-
as in TWINS data, perpendicular pressure anisotropy is observed at all 
locations. This band of parallel anisotropy on the nightside in the CIMI 
simulations may come from drift shell splitting. The drift shells of per-
pendicular ions follow the magnetic field iso-contours, so the drift shells 
are further away from the Earth on the dayside than on the night side. 

The drift shells of parallel ions are relatively circular. Therefore, the drift shells of perpendicular ions at r 
 6 ER  on the nightside may encounter the magnetopause on the dayside, so ions are lost on the dayside. On 
the other hand, parallel ions drift to the dayside with similar distance inside the magnetopause and drift 
back to the nightside. Therefore, more parallel ions are found on the nightside at higher radial distances. 
In addition, at this time, flux/pressure is low and the anisotropy would easily go extreme in the simulation 
results, which might be the reason for the differences. Both CIMI and TWINS show perpendicular pressure 
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Figure 5.  Same as Figure 4 at 21:00 UT on June 28, 2013. A secondary ion 
pressure peak in Two wide-angle Imaging Neutral-atom Spectrometers is 
marked as a black plus.
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at the peak flux/pressure of the RC where the flux is large enough for 
better anisotropy calculations.

Figures 4c and 4g show the spatial distributions of maximum intensities 
of ions from CIMI and TWINS. Radially, TWINS data shows RC inten-
sities between 4 and 7 ER  whereas CIMI shows majority of it between 3 
and 5 ER . They are located on the night side between MLT 6 and 18 h for 
TWINS and CIMI. The differences in the calculations of modeled iono-
spheric electric fields may produce these results as they shield the ions 
from penetrating deeper into the inner magnetosphere. We also found 
that when electron precipitation was not used to modify the convection 
potential calculation, the ions were found to penetrate deeper radially. 
This indicates that the inclusion of electron precipitation improved elec-
tric field shielding as the radial distributions of ions agree better with 
TWINS.

Figures  4d and  4h show the spatial distributions of energies at which 
ion spectra had maximum intensities from CIMI and TWINS. This dis-
tribution is representative of particle drift paths. For CIMI and TWINS, 
higher energy ions (35 keV) are located on the noon side at lower radial 
distances, whereas ions with energies between 20 and 35 keV are located 
on the midnight side. This is expected as the solar wind parameter vari-
ations had been varying gradually for several hours conserving the first 
adiabatic invariant ().

6.1.2.  21:00 UT on June 28

At 21:00 UT on June 28 (marked as Figure 5 in Figure 1), the storm is 
in the main phase. IMF By is gradually recovering to near 0 values and 
Sym/H is dropping steeply to a minima at −100 nT. IMF Bz has been 
steadily southward for several hours and AE index shows some fluctu-
ations indicating substorm ion injections due to enhanced convection. 
Figures 5a and 5e show that that the two ion pressure peaks were ob-
served for TWINS, whereas a single pressure peak was obtained in CIMI 
simulation results.

The regions of parallel anisotropy (Figures 5b and 5f) are located between 
6 and 8 ER  in both TWINS and CIMI but skewed toward the morning sec-
tor for CIMI. The differences in the observations may arise from the ex-
clusion of ion injections in CIMI simulations and drift shell splitting as 
explained for 11:00 UT in the previous subsection. The region of parallel 
anisotropy near the midnight sector in TWINS indicates ion injections 
(Perez et al., 2018) which were not included in the CIMI simulations.

TWINS and CIMI ion intensity distributions are mostly located near 3–5
ER  and around the midnight sector (see Figures 5c and 5g). Figures 5d 

and 5h show that compared to CIMI where RC ion peaks are observed 
at 30–35 keV in the regions of maximum ion intensity, TWINS observed 
peaks at very low energies (10 keV). Since TWINS measures energies 
using velocity measurements, very low energy peaks in the ion spectrum 

often indicate the presence of heavy ions. For example, 80 keV oxygen ions will be observed as 80 keV/16 
amu = 5 keV/amu in TWINS ion spectrum. Hence, such low energies observed in TWINS ion spectra are 
often a result of O  ions (Valek et al., 2013; Shekhar et al., 2021) and may indicate convective transport from 
a plasma sheet abundant in oxygen.

SHEKHAR ET AL.

10.1029/2020JA028388

7 of 14

Figure 6.  Same as Figure 4 at 06:00 UT on June 29, 2013. A secondary ion 
pressure peak in Two wide-angle Imaging Neutral-atom Spectrometers is 
marked as a black plus.
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6.1.3.  6:00 UT on June 29

At 6:00 UT on June 29 (marked as Figure 6 in Figure 1), IMF By is positive 
and IMF Bz has been steadily southward for several hours. The storm is 
at about the minimum Sym/H and AE index is fluctuating rapidly. Fig-
ures 6a and 6e show that TWINS observes two ion pressure peaks while 
CIMI ion pressure profile is similar to the previous times with a single 
peak.

Further, Figures 6b and 6f indicate regions of parallel anisotropy in the 
dusk sectors at radial locations >5 ER  in TWINS observations not observed 
in CIMI. The spatial profiles of maximum ion intensities are similar for 
TWINS and CIMI (Figures 6c and 6g), but TWINS RC energies are lower 
(10 keV) compared to CIMI (30 keV) as seen in Figures 6d and 6h. The 
low energy of ions from TWINS observations at times between 21:00 on 
June 28 and 06:00 UT on June 29, 2013 (see Figures 5 and 6h) indicate 
convective transport O  ions throughout the main phase of the storm.

6.1.4.  11:00 UT on June 29

IMF By is positive and IMF Bz has been steadily southward for several 
hours, it is well into the recovery phase and sharp spike in AE index is 
observed at 11:00 UT on June 29, indicating substorm particle injections 
(marked as Figure 7 in Figure 1). Figures 7a and 7e show that multiple 
ion pressure peaks are located in the TWINS pressure profile, whereas 
CIMI ion pressure profile has not varied much from previous observa-
tions. Figures 7b and 7f indicate regions of parallel anisotropy between 6 
and 8 ER  in the pre-midnight sector in TWINS observations not observed 
in CIMI. This is expected since the simulations do not account for particle 
injections. The ion intensities in Figures 7c and 7g are similar for TWINS 
and CIMI. The spatial profiles of ion peak energies shown in Figures 7d 
and 7g are very different for TWINS and CIMI. This is expected as the 
timescales of particle injections may have violated the first adiabatic in-
variant, whereas CIMI simulations conserve the first adiabatic invariant. 
The ion energies at RC peak intensities is 15–20 keV for TWINS where-
as it is 30–35 keV for CIMI. Since, the ion energies for TWINS are still 
25 keV, it may imply an abundance of O  ions (Shekhar et al., 2021).

6.1.5.  14:00 UT on June 29

At 14:00 UT on June 29 (marked as Figure 8 in Figure 1) is an interesting 
time as this is 1 h after IMF Bz rapidly turned northward again and IMF 
By was at its peak (10 nT). Also, it is about 3 h from the large jump in 
AE observed at 11:00 UT. Figures 8a and 8e show that CIMI and TWINS 
seem to agree with the peak in the dusk/midnight sector at about 4 ER , but 
TWINS sees another larger peak near noon at ∼6.5 ER . This could be due 
to the fact that the input to CIMI, plasma sheet density changes relatively 
slowly compared to solar wind density (Figure 1, fourth and seventh pan-
el). Figures 8b and 8f show that both TWINS and CIMI pressures have 
perpendicular anisotropy at pressure peaks. Since IMF Bz rapidly turned 

northward here, shielding electric fields may have contributed to the differences between CIMI and TWINS 
ion pressure peaks. Further, high positive values of IMF By skew the high-latitude ionospheric potential 
pattern (Weimer, 1995) and may have contributed to the observed shift in the TWINS ion pressure peak. 
Spatial profiles of the maximum ion intensities from TWINS and CIMI are similar (Figures 8c and 8g). 
The spatial profiles of ion energies at spectral peaks differ (Figures 8d and 8h). CIMI simulations show the 
partial RC consisting of ions ∼30 keV whereas in TWINS, ions in the pre-midnight and midnight sector  
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Figure 7.  Same as Figure 4 at 11:00 UT on June 29, 2013. A secondary ion 
pressure peak in Two wide-angle Imaging Neutral-atom Spectrometers is 
marked as a black plus.
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(where ion intensities peak) have energies 5–25 keV. This could be due 
to the presence of heavy ions.

6.1.6.  18:00 UT on June 29

Around 18:00 UT on June 29 (marked as Figure 9 in Figure 1), Sym/H has 
recovered to 50 nT, AE index is flat and it is almost 12 h into the recov-
ery phase of the storm. TWINS observations show that the ion pressure 
is more ring-like and has single pressure peak in agreement with CIMI 
(Figures 9a and 9e). However, CIMI pressure profile seems to be radially 
compressed relative to TWINS. Figures 9b and 9f indicate bands of par-
allel anisotropy between 6 and 8 ER  around midnight sector in CIMI not 
observed in TWINS observations which has been a constant feature in 
the CIMI simulations at all times attributed to drift shell splitting. Both 
TWINS and CIMI pressures are nearly isotropic at pressure peaks (Fig-
ures 8b and 8f). The spatial distributions of maximum intensities of ions 
from TWINS and CIMI show that the RC has moved away radially com-
pared to 14:00 UT (Compare Figures 8c and 9c; 8g and 9g). This could 
be due to changing ionospheric electric field patterns as convection rates 
slow down.

The spatial profiles of ion peak energies (Figures 9d and 9h) are different 
for TWINS and CIMI. For TWINS, the low energy ions seem to arrange 
themselves in the pre-midnight sector whereas higher energy ions ar-
range themselves in the post-midnight sector. Since geomagnetic activity 
has calmed down around 14:00 UT on June 29, it is expected as the RC is 
mostly composed of ions that have been drifting for a few hours. As H  
ions (where ion energies 30 keV) drift faster than O  ions (where ion 
energies 10 keV), they may have been able to drift from midnight-noon-
post midnight sectors faster resulting in the observed distribution in Fig-
ure 9h. In the CIMI simulations, RCs are assumed to be only composed of 

H  ions, which are getting energized as they drift from midnight to post 
noon sectors and thrown out of drift orbit as the gyroradius gets larger 
due to energization (Figure 9d).

6.1.7.  23:00 UT on June 29

At 23:00 UT on June 29 (marked as Figure 10 in Figure  1), the recov-
ery phase continues with no rapid variations in the AE index for several 
hours prior indicating no particle injections. In Figures 10a and 10e, it 
can be seen that TWINS pressure peak is located radially outward com-
pared to CIMI.This could be a result of differences in the modeled and 
observed shielding electric fields. At the ion pressure peak, nearly iso-
tropic pressure is observed for TWINS and CIMI (Figures 10b and 10f). 
The peak ion intensity profile is similar but radially expanded in TWINS 
compared to CIMI as seen in Figures 9g and 10c.

The spatial profiles of ion energies at spectral peak show a partial RC 
comprising of 25–45 keV ions in CIMI simulations whereas 35–40 keV 
ions in TWINS (Figures 10d and 10h). It is also interesting that most of 
the O  ions, represented by ion energies 10 keV, have been scattered out 

in Figure 10h. This is expected as at this time, RCs mostly comprise of remnant ions drifting for a few hours 
and since O  ions will have larger gyroradii, it is likely that they will scatter before the H  ions.
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Figure 8.  Same as Figure 4 at 14:00 UT on June 29, 2013. A secondary ion 
pressure peak in Two wide-angle Imaging Neutral-atom Spectrometers is 
marked as a black plus.
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6.2.  Variations in Ion Pressure Peaks

Figure 11 shows the radial (top plot) and MLT (bottom plot) variations 
in the ion pressure peak locations for June 28 and 29, 2013. The largest 
peaks in the ion pressure profiles at each hour are referred to as prima-
ry peaks whereas the second largest peaks are referred to as secondary 
peaks. The times at which detailed observations were made are marked 
and correspond to the times marked in Figure 1. TWINS observed mul-
tiple ion pressure peaks between 21:00 UT on June 28, a few hours after 
IMF Bz turned southward to 15:00 UT on June 29, a few hours after IMF 
Bz turned northward. This was also the period when AE index showed 
several short-duration fluctuations. Further, CIMI simulations were una-
ble to capture multiple ion pressure peaks.

Radially, CIMI ion pressure peaks show less variability than TWINS. 
Comparisons between Figure 11 top plot and Figure 1 show that as IMF 
Bz gradually turned southward between 09:00 and 18:00 UT on June 28, 
CIMI ion pressure peaks moved closer from 5.5 ER  to 4 ER , while in the 
recovery phase starting at 06:00 UT on June 29, remained around 4 ER . 
TWINS ion pressure peaks show a similar trend until almost the end of 
recovery phase at 16:00 UT on June 29, after which ion pressure peaks are 
located around 6 ER .

From the time of the main phase of the storm (12:00 UT June 28), there 
is less variability and good agreement in the MLT locations of the ion 
pressure peaks in TWINS observations and CIMI simulations (Figure 11 
bottom plot). For times before the onset of the storm, comparisons of 
Figure 11 bottom plot with solar wind data (Figure 1) shows that between 
02:00 and 03:00 UT on June 28, 2013, when IMF By rapidly changed di-
rection from positive to negative and IMF Bz turned northward, MLT 
location of ion pressure peak was observed to shift eastward in TWINS 
data. In contrast, CIMI obtained locations of ion pressure peaks did not 
vary much and stayed mostly around pre-midnight to midnight sectors 
which could be due to the fact that compared to solar wind density, input 
from the plasma sheet density is relatively smooth.

Between 13:00 and 14:00 UT on June 29 (Figure 11 bottom plot), TWINS 
ion pressure peaks are seen to be shifted westward to almost noon. As 
seen in Figure 8e, at 14:00 UT, TWINS observed two ion pressure peaks 
with the primary peak in the noon sector and a secondary peak around 
pre-midnight closer to the MLT location observed by CIMI. It is to be 
noted that IMF By at this time rapidly jumped to values 5 nT. It is known 
that high positive values of IMF By skew the high-latitude ionospher-
ic potential pattern (Weimer, 1995). However, the role of IMF By in the 
skewing of the ion pressure peak is still an open question and while it 
may have led to the observed noon skewing of TWINS ion pressure peak 
post 13:00 UT on June 29, 2013, more work is needed to explore these 
phenomena.

7.  Discussions and Conclusions
In this study, we simulated a geomagnetic storm (SymH −100 nT) from June 28 to 29, 2013 using the CIMI 
CRCM model and compared the results with TWINS observations of global ion pressure, anisotropy, inten-
sity and ion energies at spectral peaks. In general, the CIMI pressure and flux are about one order of magni-
tude higher than those from TWINS. Further, during geomagnetically quiet times, spatial profiles of TWINS 
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Figure 9.  Same as Figure 4 at 18:00 UT on June 29, 2013.
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ion intensities and ion energies at spectral peak are radially expanded 
compared to CIMI simulations. During the times of enhanced convec-
tion and rapid AE index fluctuations, indicating substorm injections, 
TWINS observed two ion pressure peaks whereas CIMI observed only 
one ion pressure peak. Further, regions of parallel pressure anisotropy 
were observed near pre-midnight at most of these times in TWINS data 
but absent in CIMI simulations. Since CIMI simulations did not include 
ion injections, it could be concluded that multiple ion pressure peaks and 
parallel ion anisotropies in TWINS data were correlated with ion injec-
tions. This is also in agreement with results from Perez et al. (2015) and 
Perez et al. (2018), where multiple TWINS ion pressure peaks were found 
to be associated with particle injections.

The convection electric field transporting the particles from the plasma 
sheet to the magnetosphere map along open field lines in the polar ion-
osphere. The radial current density at the ionosphere can be determined 
from the equatorial pressure (Heinemann, 1990). The azimuthal shifts in 
the ion pressure peaks represent the variations in the Birkeland region 
2 currents which are field-aligned currents coupling the magnetosphere 
to the ionosphere. Most of the field-aligned current closure takes place 
through local Pedersen currents within the auroral zone flowing between 
the upward and downward Birkeland region 1 and region 2 currents. 
During geomagnetic storms, when IMF Bz turns northward rapidly, the 
electric fields in the ionosphere can shield the ions from penetrating 
further into the inner magnetosphere (Perez et  al.,  2018). The RC can 
also be influenced by the morphological features of the auroral electron 
precipitation and solar radiation (Ebihara et al., 2004). Before the onset 
of the storm, between 08:00 and 11:00 UT on June 28, and way into the 
recovery phase after 18:00 UT on June 29, Figure 11 top plot shows that 
ion pressure peaks were located radially further in TWINS observations 
compared to CIMI. Comparison between Figures 8c and 8g; 9c and 9g, 
show that the ion intensities radially expanded for CIMI and TWINS but 
more prominently in TWINS. This could be due to the variations in IMF 
Bz rapidly turning northward (see Figure 1) affecting the shielding elec-
tric fields which in turn could shield the ions from penetrating further 
into the inner magnetosphere. However, between 11:00 and 21:00 UT on 
June 28, TWINS observed ion intensities radially contracting (Figures 4 
and 5g), whereas CIMI ion intensities do not follow a similar trend (Fig-
ures 4c and 5c). Geomagnetic conditions are quiet at 11:00 UT on June 28 
and AE index is observed to be flat (see Figure 1). Since shielding electric 
fields are influenced by several factors other than solar wind conditions, 
CIMI modeled electric fields may not have captured this feature.

Figure 11 bottom plot and Figure 1 show that between 02:00 and 03:00 
UT on June 28, IMF Bz rapidly turned northward causing a westward 
(post-midnight) shift in the location of TWINS RC ion pressure peak 
which remained for 2 h. Further, at 13:00 UT IMF By is 10 nT and IMF 

Bz rapidly jumps to 0. At these times, TWINS observed skewing of the RC ion pressure peak to almost noon 
lasting for 4 h. The CIMI RC ion pressure peaks were located in the pre-midnight sector throughout the 
storm. This indicates that shielding electric fields and/or twisting of the convection due to large IMF By 
(Cson Brandt et al., 2002; Weimer, 1995) may have led to the observed azimuthal shifts in the TWINS RC 
ion pressure peaks.

Spatial distributions of energies at which ion intensities peaked showed that during slow variation of solar 
wind parameters ion drift patterns between TWINS and CIMI agreed well as seen at 11:00 UT on June 28 
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Figure 10.  Same as Figure 4 at 23:00 UT on June 29, 2013.
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(Figures 4d and 4h). This is expected as CIMI traces ion drift paths with 
the assumption that the first adiabatic invariant () is conserved which 
will hold true when variations are slow. Between 21:00 UT on June 28 
and 06:00 UT on June 29, TWINS RC consisted of ions with energies 
10 keV (Figures 5 and 6h) and TWINS RC intensities peak at lower ra-
dial distances compared to 11:00 UT on June 28 when these low energy 
ions were not observed in TWINS (compare Figures 4 and 5g). These low 
energy ions penetrating deeper into the magnetosphere suggest an abun-
dance of O  ions due to their transport either from the plasma sheet or 
the ionosphere as they will be trapped at lower radial distances (Shek-
har et al., 2021). Further, solar wind data indicate that this encompassed 
the main phase of the storm (see Figure  1) and previous studies have 
shown that O  ions are more likely to be abundant during the main phase 
(Daglis, 1996; Greenspan & Hamilton, 2002; Hamilton et al., 1988; Valek 
et al., 2015). This might explain why TWINS observed ions at such low 
energies since it does not differentiate between ion species. Even though 

H  and O  ENAs can be separated, they cannot be deconvolved with the 
current tools available (Perez et al., 2012; Valek et al., 2013). At the high-
est AE peak (2,500 nT) at 11:00 UT on June 29, TWINS RC consists of 
ions with energies 15–25 keV whereas CIMI RC consists of ions with 
energies 30–35 keV (Figures 7d and 7h). Also, ions from substorm in-
jections begin to fill into the dusk-midnight-early morning sectors and 
CIMI and TWINS drift patterns are completely different. This is expect-
ed as particle injections will violate the conservation of . Note that ion 
energies in TWINS are 25 keV and so the RC may still be abundant in 
O  ions (Shekhar et al., 2021). From 18:00 to 23:00 UT, TWINS and CIMI 

RC mostly comprise of remnant ions drifting for a few hours. As such, 
TWINS gradually observed reduction of low energy ions implying that 
O  ions might be getting scattered before H  ions as they will have a larg-

er gyroradius. CIMI observed partial RC initially distributed in the mid-
night-dusk-noon sector drifting to post noon-morning-midnight sector 
indicating drifting trapped ions.

TWINS and CIMI results were found to agree on the general features of the RC. However, the effects of 
shielding electric fields appear to be underestimated in CIMI simulations during quiet times. The presence 
of O  ions and particle injections were prominent in TWINS observations but did not appear in CIMI sim-
ulations. This was expected as CIMI simulations assume RC to be composed of only H  ions and do not 
include ion injections. While previous studies such as those by Perez et al. (2018) have found similar results 
through comparison with simulations, in this study, we also investigated the spatial profiles of ion peak 
energies which are associated with particle drift paths. This allowed us to directly compare drift patterns 
of ions from TWINS with CIMI, which had not been explored before. In future, it would be interesting to 
examine such comparisons for more geomagnetic storms with inclusions of particle injections in the CIMI 
model so that global RC dynamics can be understood better.

Data Availability Statement
TWINS data are accessible from the Coordinated Data Analysis Web (CDAWeb) (https://cdaweb.gsfc.nasa.
gov). All simulations in this study were performed on the Auburn University High Performance and Parallel 
Computing Facility (https://hpc.auburn.edu/hpc/index.php). The CIMI simulation data are available for 
download at http://doi.org/10.5281/zenodo.5047408.
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Figure 11.  Top: Radial locations of ion pressure peaks are plotted versus 
time from 00:00 UT on June 28, 2013 to 00:00 UT on June 30, 2013 for 
Comprehensive Inner Magnetosphere-Ionosphere (CIMI) and Two 
wide-angle Imaging Neutral-atom Spectrometers (TWINS). Bottom: MLT 
locations of ion pressure peaks are plotted versus time from 00:00 UT on 
June 28, 2013 to 00:00 UT on June 30, 2013 for CIMI and TWINS. The 
times where detailed analyses are described in Section 6.1 are marked as 
blue vertical lines. TW—Primary shows the locations of the largest ion 
pressure peak and TW—Secondary shows the locations of the second-
largest ion pressure peak in TWINS data.
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