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Space weather is an old branch of space physics that is 
currently experiencing explosive growth, because its 
effects on human technologies have become increasingly 
diverse [1]. The field of space weather concerns the 
variability of solar processes that cause interplanetary, 
magnetospheric, ionospheric, atmospheric and ground 
level effects [2]. Geomagnetic storms are one of the most 
important space weather phenomena, as many effects 
and impacts are closely related to the occurrence of 
geomagnetic storms. During geomagnetic storms, plasma 
populations from the solar wind and from the ionosphere 
(including oxygen ions) are energized up to a few 
hundred keV and form a torus-shape current flowing 
around the Earth. This current is called the ‘ring current’. 
The diamagnetic disturbance from the ring current 
detected by the ground-based magnetometers signals the 
appearance of a geomagnetic storms. In order to 
understand the dynamics of the geomagnetic storms and 
the ring current plasma, we need to simulate the global 
response of the Earth’s magnetosphere to external 
driving conditions. This is a nontrivial task, since the 
near-Earth plasma environment is a mixture of different 
plasmas in different regimes, from highly collisional 
ionospheric plasma to collisionless magnetospheric 
plasma. All these populations are coupled; therefore, a 
complex solution is required which allows the coupling 
of different plasma models. We review approaches to 
simulate geomagnetic storms and the ring current 

plasma, including bounce-averaged kinetic models, 
coupled global MHD-bounce-averaged codes, and hybrid 
global codes. An important question is how to verify 
global model results. We present the imaging of the ring 
current in Energetic Neutral Atoms (ENA) as a technique 
to diagnose the global plasma dynamics in the Earth's 
magnetosphere. Published work demonstrates that ENA 
imaging allows to restore the underlying plasma 
population of the ring current, its pitch-angle 
distributions and 3D dynamics. Figure 1 shows an 
example from NASA IMAGE mission, as well as model 
results. It is anticipated that future ENA detectors with 
better resolution and sensitivity will be able to resolve 
plasma dynamics in the near-Earth tail region. Finally, 
we describe space weather effects related to geomagnetic 
storms and outline the challenges of modeling and 
predicting these effects with global models. In 
conclusion, we review future developments, showing 
examples of data assimilation, tomography and machine 
learning techniques to study magnetospheric plasmas, 
and the ring current region in particular. This work was 
supported by NASA grant 80NSSC19K0085. 
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Figure 1. Energetic Neutral Atom (ENA) flux from NASA IMAGE s/c (top row) and corresponding synthetic ENA images 
generated with 3D MHD BATSRUS model coupled with the ring current model (bottom row). ENA images are taken 
during the main phase of a large geomagnetic storm of August 12, 2000. Thin white lines show dipole magnetic lines 
drawn for 4 different local time sectors, midnight (00 h), noon (12 h), dawn (06 h), and dusk (18 h). Note a strong 
asymmetry in ENA emissions indicating a strong asymmetry in the underlying plasma distribution. This asymmetry has 
important implications for the dynamics of the Earth's magnetosphere. Modified from Figure 11 in [3]. 

this is very natural behavior of RC ions and is explained by
the combined effect of electric field shielding and the sharp
conductivity gradient near the terminator. By modeling of
ENA emissions and comparing with IMAGE/HENA data,
we check the validity of CRCM–BATS‐R‐US and FokRC–
BATS‐R‐US models.
[65] We consider ENA emissions from RC as optically

thin. In this case ENA intensity can be obtained from line of
sight integrals [Roelof, 1987]: jENA,s = ss

R
nH jsdr, where ss

is charge‐exchange cross section; nH – geocorona H density,
js is the ion (H+ or O+) intensity. The details of the ENA
calculations are given by Ebihara and Fok [2004].
[66] Figure 11 shows the IMAGE/HENA data at two

snapshots during the main phase of the storm (at t = 0700 UT
and t = 0800 UT) together with modeled ENA emissions
and equatorial differential H+ flux for FokRC–BATS‐R‐US

and CRCM–BATS‐R‐US runs. Figure 11 shows IMAGE/
HENA flux integrated in the energy range 27–39 keV.
Strong emissions between MLT 0000 and 0600 h with a
taillike structure in the evening sector is a clear example of
postmidnight RC enhancement at the storm’s main phase
[Brandt et al., 2002; Ebihara and Fok, 2004]. The CRCM–
BATS‐R‐US modeled emissions (Figure 11) show a good
agreement with the data, both in spatial distribution and
intensity. RC ENA emissions shown here are a reasonably
good representation of the local time distribution of the
underlying ring current ion distribution which has clear
enhancement in the postmidnight sector and tail in the
evening sector.
[67] The modeled ENAs (Figure 11) for the FokRC–

BATS‐R‐US run are completely different from the HENA
data in terms of spatial distribution. The reason for this
discrepancy is the effect of ionospheric feedback and
shielding effects of RC‐imposed electric field. In the
absence of shielding (FokRC–BATS‐R‐US run), induction
electric field pushes particles closer to the Earth. After some
time the RC becomes more symmetric (Figure 11). ENAs
are “reflected” from the symmetric RC and form a ring
around the Earth.
[68] The overestimation of fluxes by FokRC–BATS‐R‐

US is also seen from comparison of modeled SYMH* with
pressure‐corrected Kyoto SYMH index (Figure 12). There is
a good agreement between CRCM–BATS‐R‐US and cor-
rected SYMH. FokRC–BATS‐R‐US SYMH* shows qual-
itatively the same behavior but the absolute value is
considerably larger both for CRCM–BATS‐R‐US SYMH*
and Kyoto SYMH*.
[69] It should be noted that optically thick low‐altitude

emissions from the exosphere are not modeled properly
here. We can only estimate a possible location of such an
emissions by including an exospheric oxygen component in
the ENA calculations. From the modeled ENA images, these
emissions can be seen as dark red pixels near the Earth’s
limb. These pixels probably correspond to low‐altitude
emission in the data. More precise calculations of low‐
altitude emissions are under the way.
[70] Because ENA production depends from pitch angle

distribution, it is interesting to see how large the anisotropy
becomes in the inner magnetosphere. Figure 13 shows the
anisotropy of CRCM–BATS‐R‐US equatorial fluxes cal-
culated at 0800 UT at 27–39 H+ keV and 60–120 H+ keV;

Figure 11. The postmidnight enhancement of the ring
current during the main phase of the 12 August 2000 storm
at (left) 0700 UT and (right) 0800 UT. (top to bottom)
IMAGE/HENA 27–39 keV H ENA flux (/sm2/sr/s);
CRCM–BATS‐R‐US simulated H ENA flux (/sm2/sr/s);
CRCM–BATS‐R‐US equatorial differential 27–39 keV H+

flux (/keV/sm2/sr/); FokRC–BATS‐R‐US simulated
H ENA flux; FokRC–BATS‐R‐US equatorial differential
27–39 keV H+ flux. A logarithmic scale is used.

Figure 12. Pressure‐corrected Kyoto SYMH, CRCM–
BATS‐R‐US SYMH*, and FokRC–BATS‐R‐US SYMH*
for 11–12 August 2000.
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discrepancy is the effect of ionospheric feedback and
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absence of shielding (FokRC–BATS‐R‐US run), induction
electric field pushes particles closer to the Earth. After some
time the RC becomes more symmetric (Figure 11). ENAs
are “reflected” from the symmetric RC and form a ring
around the Earth.
[68] The overestimation of fluxes by FokRC–BATS‐R‐

US is also seen from comparison of modeled SYMH* with
pressure‐corrected Kyoto SYMH index (Figure 12). There is
a good agreement between CRCM–BATS‐R‐US and cor-
rected SYMH. FokRC–BATS‐R‐US SYMH* shows qual-
itatively the same behavior but the absolute value is
considerably larger both for CRCM–BATS‐R‐US SYMH*
and Kyoto SYMH*.
[69] It should be noted that optically thick low‐altitude
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here. We can only estimate a possible location of such an
emissions by including an exospheric oxygen component in
the ENA calculations. From the modeled ENA images, these
emissions can be seen as dark red pixels near the Earth’s
limb. These pixels probably correspond to low‐altitude
emission in the data. More precise calculations of low‐
altitude emissions are under the way.
[70] Because ENA production depends from pitch angle
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becomes in the inner magnetosphere. Figure 13 shows the
anisotropy of CRCM–BATS‐R‐US equatorial fluxes cal-
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Figure 11. The postmidnight enhancement of the ring
current during the main phase of the 12 August 2000 storm
at (left) 0700 UT and (right) 0800 UT. (top to bottom)
IMAGE/HENA 27–39 keV H ENA flux (/sm2/sr/s);
CRCM–BATS‐R‐US simulated H ENA flux (/sm2/sr/s);
CRCM–BATS‐R‐US equatorial differential 27–39 keV H+

flux (/keV/sm2/sr/); FokRC–BATS‐R‐US simulated
H ENA flux; FokRC–BATS‐R‐US equatorial differential
27–39 keV H+ flux. A logarithmic scale is used.

Figure 12. Pressure‐corrected Kyoto SYMH, CRCM–
BATS‐R‐US SYMH*, and FokRC–BATS‐R‐US SYMH*
for 11–12 August 2000.
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