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Abstract Based on comprehensive measurements from Helium, Oxygen, Proton, and Electron Mass
Spectrometer Ion Spectrometer, Relativistic Electron-Proton Telescope, and Radiation Belt Storm Probes Ion
Composition Experiment instruments on the Van Allen Probes, comparative studies of ring current electrons and
ions are performed and the role of energetic electrons in the ring current dynamics is investigated. The deep
injections of tens to hundreds of keV electrons and tens of keV protons into the inner magnetosphere occur
frequently; after the injections the electrons decay slowly in the inner belt but protons in the low L region decay
very fast. Intriguing similarities between lower energy protons and higher-energy electrons are also found. The
evolution of ring current electron and ion energy densities and energy content are examined in detail during
two geomagnetic storms, onemoderate and one intense. The results show that the contribution of ring current
electrons to the ring current energy content is much smaller than that of ring current ions (up to ~12% for the
moderate storm and ~7% for the intense storm), and <35 keV electrons dominate the ring current electron
energy content at the storm main phases. Though the electron energy content is usually much smaller than
that of ions, the enhancement of ring current electron energy content during the moderate storm can get to
~30% of that of ring current ions, indicating a more dynamic feature of ring current electrons and important
role of electrons in the ring current buildup. The ring current electron energy density is also shown to be higher
at midnight and dawn while lower at noon and dusk.

1. Introduction

The geomagnetic storm is defined as an enhancement of the ring current, a toroidal electric current flowing
around the Earth. The enhancement of this current is responsible for worldwide depressions in the horizontal
component of Earth’s surface magnetic field near the magnetic equator. Such a depression in the magnetic
field is indicated by the Dst index [Sugiura and Kamei, 1991], which is calculated based on the measurements
from four magnetometers near the Earth’s equator, and is shown to be correlated with the total kinetic energy
of ring current particles. The correlation, known as the Dessler-Parker-Sckopke (DPS) relation [Dessler and Parker,
1959; Sckopke, 1966], is given as

ΔB
BS

¼� 2E
3EM

whereΔB is themagnetic field perturbation near the Earth’s equator, Bs is the equatorial magnetic field strength
at Earth’s surface, EM is the total energy in the Earth’s dipole field outside the surface of the Earth, and E is the
total kinetic energy carried by the charged particles drifting around the Earth. The Dst index is also strongly
correlated with and predictable based on the solar wind conditions [Temerin and Li, 2002, 2006].

The storm time ring current mainly consists of ions with energies of a few keV to hundreds of keV. Electrons
with similar energies flowing around the Earth also contribute to the ring current and are responsible for
the generation of whistler mode chorus waves, which play important roles in the acceleration and loss of
relativistic electrons (~MeV) [e.g., Horne and Thorne, 1998]. Some of these ring current electrons can also
be transported inward and become part of the radiation belt electrons at lower L region [e.g., Barker et al., 2005;
Zhao and Li, 2013]. Many previous studies have studied the dynamics of ring current ions and their contribution
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to the magnetic field perturbation near the equator at the surface of the Earth [e.g., Smith and Hoffman, 1973;
Berko et al., 1975;Williams, 1981;Gloeckler et al., 1985; Krimigis et al., 1985;Hamilton et al., 1988;Daglis et al., 1993;
Gerrard et al., 2014a, 2014b; Gkioulidou et al., 2014, 2015; Zhao et al., 2015]. However, limited studies have been
conducted on the dynamics of the ring current electrons during geomagnetic storms using either satellites’
observations [e.g., Frank, 1967; DeForest and McIlwain, 1971; Liu et al., 2005] or simulations [e.g., Jordanova
and Miyoshi, 2005].

Frank [1967] studied the evolution of 200 eV to 50 keV ring current protons and electrons and calculated the
energy densities and energy content of ring current particles during two moderate geomagnetic storms using
data from OGO 3. The results indicated that according to the DPS relation, the Earth’s surface magnetic field
depression can be fully accounted for by the total energy content of ring current protons and electrons, while
the contribution of ring current electrons to the storm time ring current energy content was ~25%.DeForest and
McIlwain [1971], using ~50 eV to 50 keV proton and electronmeasurements from the geostationary satellite ATS
5, found that during an injection of plasma the particle pressure at geosynchronous orbit was usually domi-
nated by protons, while the contribution from electrons was also important and occasionally was even domi-
nant (twice as the proton pressure). Liu et al. [2005] evaluated the importance of electrons in the ring current
during storm times using both observations from Explorer 45 (digitalized from Lyons and Williams [1975,
1976, 1980] and Lyons [1976]) and simulation. The observations showed that at L=2.5–5, 1–50 keV electrons
contribute the most to the electron ring current energy content, and during an intense storm (minimum
Dst=�171nT) on 17 December 1971 the ring current electrons contributed ~8% of the ring current energy
content at this L range. However, their simulation results showed that the contribution from ring current elec-
trons can reach ~19% of the ring current energy content during storm time. Jordanova and Miyoshi [2005] also
investigated the role of ring current electrons during an intense geomagnetic storm using their global drift loss
model. They found that the contribution of electrons to the ring current energy content varies from~2% during
quiet times to ~10% near the main phase of the storm. Significant discrepancy exists among those previous
studies regarding the role of ring current electrons and their contribution to the total ring current buildup.

Due to the limitations of previous measurements, electron data with limited energy ranges and limited L shells
have been used in previous studies of ring current electrons’ energy content calculation, which could lead to
significant errors. With the launch of Van Allen Probes, the study of the role of ring current electrons is enabled
by the comprehensive measurements of both electrons and ions (including composition). Launched on 30
August 2012, the Van Allen Probes operate in ~600 km × 5.8 RE elliptical orbits with ~10° inclination, providing
comprehensive particle and field measurements in the inner magnetosphere [Mauk et al., 2012]. The Helium
Oxygen Proton Electron mass spectrometer (HOPE), Magnetic Electron Ion Spectrometer (MagEIS) and
Relativistic Electron-Proton Telescope (REPT) of RBSP-Energetic Particle Composition and Thermal Plasma
(ECT) suite provide electron flux data with energy range of approximately eV to tens of MeV [Baker et al.,
2013; Blake et al., 2013; Funsten et al., 2013; Spence et al., 2013]; HOPE and Radiation Belt Storm Probes Ion
Composition Experiment (RBSPICE) [Mitchell et al., 2013] on the Van Allen Probes provide data of H+, O+, and
He+ with energy range of approximately eV toMeV, while MagEIS provides ion fluxmeasurements with energies
of ~60 keV to MeV with no composition discrimination (and in this study we assume that all the particles
measured byMagEIS are protons). In this study, electron data from HOPE, MagEIS, and REPT and ion data from
HOPE, MagEIS, and RBSPICE are used to investigate the role of electrons in ring current dynamics.

Daily averaged fluxes of protons (Figure 1, left column) and electrons (Figure 1, right column) with different
energies, measured by HOPE, MagEIS, and REPT on the Van Allen Probe A, are shown in Figure 1 for the time
period November 2012 to October 2013. The L shell used in this paper is for the dipole field only. As for the
electrons, since the background-corrected electron flux data from MagEIS are not available at some times
during this period, the data used here may contain some background contamination at low L (<2.5), which
is mainly caused by very high energy protons in the inner belt and in regions where multi-MeV electrons are
present [Claudepierre et al., 2015], which, however, will not affect the results discussed below.

The similarities of long-term behaviors of protons and electrons are clearly shown in Figure 1. Both electron
and proton fluxes exhibited great changes during geomagnetic active times. For both electrons and protons,
the flux enhancements of lower energy particles occurredmuchmore frequently than those of higher-energy
ones and the lower energy particles also penetrated deeper into the inner magnetosphere. This confirms
some previous observations [e.g., Reeves et al., 2016] and might be explained by the drift pattern of different
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energy electrons and protons as a result of a combination of convection, gradient and curvature drift, and cor-
otation, which shows that in the energy range of ~keV to tens of keV, newly injected lower energy electrons and
protons can drift to lower L shells than higher-energy particles [e.g., Smith and Hoffman, 1974; Ejiri, 1978; Korth
et al., 1999]. In the outer radiation belt, after the initial enhancements the lower energy particles also decayed
much faster than those at higher energies.

However, the differences in the long-term behaviors of protons and electrons are more prominent. Tens to
hundreds of keV electrons penetrated deep into the low L region frequently, and once present in the inner
zone, those electrons decayed slowly, persisting for a long time. Hundreds of keV protons rarely penetrated
into the low L region. Though tens of keV protons also penetrated into L< 3 frequently, they decayed much
faster and only existed for a short time period in the low L region. As the top four plots of Figure 1 show,
abundant ~20 and 140 keV electrons commonly exist in the low L region, while ~20 and 120 keV proton fluxes
at L< 3 are low. The short lifetime of protons in the low L region could be caused by proton charge exchange
loss [e.g., Smith et al., 1981]; while for the electrons, wave scattering due to plasmaspheric hiss waves,
lightning-generated VLF waves, and VLF waves from transmitters is not efficient enough to rapidly reduce
the tens to hundreds of keV electron fluxes in the inner belt [e.g., Abel and Thorne, 1998]. Another major
difference between the long-term behaviors of protons and electrons is that the lifetime of hundreds of
keV protons is much longer than that of electrons with similar or even higher energies in the outer belt region
(L>~4). It is obvious that ~230 and ~350 keV protons only exhibited significant enhancements during
intense geomagnetic storms and decayed slowly afterward; while hundreds of keV electrons decayed much
faster than protons with similar energies. This could be due to the limited charge exchange loss for the high-
energy protons in the outer belt and efficient loss of these electrons by wave-particle interactions. The long-
lasting high-energy protons contribute a background depression of the surface geomagnetic field at the
equator, which is consistent with the recent finding on a constant background ring current [e.g., Burton
et al., 1975; Jordanova et al., 2001; Temerin and Li, 2015].

Figure 1. Daily averaged fluxes of (left column) ~20, 120, 230, and 350 keV protons and (right column) ~20, 140, 900 keV, and 4.2MeV electrons during November 2012
toOctober 2013, measured by HOPE, MagEIS, and REPT instruments on the Van Allen ProbeA.Dst and AE indices are also shown in the bottompanels for this timeperiod.
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On the other hand, the intriguing similar behaviors between protons and electrons with different energies
can also be seen in Figure 1. For example, ~900 keV electrons behaved similarly to ~120 keV protons, though
the lifetime of electrons was a little bit shorter; while from November 2012 to March 2013, ~4.2MeV electrons
and ~350 keV protons also behaved similarly as their fluxes both decayed slowly, though their total flux levels
were very different. Protons and electrons are subject to different physical processes in the inner magnetosphere,
and it is possible that such kind of similar behaviors between lower energy protons and higher-energy electrons
is just a coincidence, while it is still not clear what kind of underlying physical reasons are responsible for the
exhibited similarities.

In this study, we will focus on the role of electrons in the ring current dynamics during geomagnetic storms
based on the observations from Van Allen Probes. Two storms—one moderate and one intense—will be
examined in detail in the following section. Calculations of the ring current electron and ion energy content
and energy densities will be shown, and the contribution of electrons to the ring current energy content will
be investigated. The magnetic local time (MLT) dependence of ring current electron distribution will also be
examined through a statistical study.

2. Observations and Analysis
2.1. The Ring Current Evolution During the 29 March 2013 Geomagnetic Storm

The 29March 2013 storm is amoderate stormwith aminimumDst of�61 nT and an AE up to ~1000 nT. During
this storm, the apogee of the Van Allen Probes was located around local midnight. The evolution of the ring
current ions during this storm has been investigated in detail by Zhao et al. [2015]. Here we mainly focus on
the dynamics of the ring current electrons during this moderate storm and show the contribution of electrons
to the ring current energy content.

Figure 2. The spin-averaged fluxes of (left column) protons and (right column) electrons with various energies during 26 March to 10 April 2013 as a function of L and
time. The energies of protons and electrons are the same as those in Figure 1. Provisional Dst and AE indices are also shown in the bottom panels. The detailed ring
current electron and ion energy densities and content are calculated and shown in Figure 3 for the time between two vertical dashed lines. The red bar indicates the
main phase of the storm and the grey bar indicates the recovery phase of the storm, during which the detailed energy density and content distribution of electrons are
calculated and shown (Figure 4).
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Figure 2 shows the spin-averaged fluxes of protons and electrons of different energies during 26 March to 10
April 2013 based on the measurements from HOPE, MagEIS, and REPT on the Van Allen Probe A. During this
time, the background-corrected electron flux data fromMagEIS are available and thus are used. One clear dif-
ference here comparing with the 900 keV electron fluxes shown in Figure 1 is that no measurable >900 keV
electrons exist in the inner radiation belt during Van Allen Probes era [Li et al., 2015; Fennell et al., 2015].
During this moderate storm, ~20 and 120 keV proton fluxes enhanced significantly, while higher-energy
proton fluxes did not change much; however, for electrons of all energies shown here, the flux variations
can be clearly seen during this storm, though MeV electron fluxes enhanced during the late recovery phase,
later than the enhancements of tens to hundreds of keV electrons.

The energy density for a single species of ions can be calculated using the following equation:

ε ¼ ∫ Efdv3 ¼ 2π ∫
∞

0
v2E ∫

π

0
f sinαdα

 !
dv ¼ π ∫

∞

0

ffiffiffiffiffiffiffiffiffi
2mE

p
∫
π

0
j α; Eð Þ sinαdα

 !
dE ≈ 2π ∫
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ffiffiffiffiffiffiffiffiffi
2mE

p
j Eð ÞdE

wherem is the ring current ion mass, E is the kinetic energy, f is the distribution function (f ¼ dN
dx3dv3 ¼ m

v2 j), and
j(α, E) is the differential flux of ions with pitch angle α and energy E. In this study, we use the assumption that
the pitch angle distributions are isotropic to simplify the calculation. Thus, spin-averaged differential fluxes j
(E) instead of j(α, E) are used.

For electrons, the relativistic equation is needed:

ε ≈ 4π ∫
Emax

Emin

Ek Ek þm0c2ð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2kc

2 þ 2m0c4Ek
q j Ekð ÞdEk

where m0 and Ek are the rest mass and kinetic energy of the electrons, and c is the speed of light. Since the
contribution from electrons and ions with energies higher than MeV to the total ring current energy content
is negligible according to our calculation, Emin = 0.2 keV and Emax = 1000 keV are used in this study unless
otherwise noted. Similarly, the isotropic pitch angle distributions are also assumed for electrons.

Assuming the ring current energy densities as a function of L are constant at all MLT, the ring current energy
content can be calculated using the following equations:

E ¼ ∫ εdx3 ≈
XLmax

L¼Lmin

ε Lð ÞΔV Lð Þ

and

V Lð Þ ¼ VE L3 1� 1
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where V(L) is the volume between the dipole L shell and the Earth’s surface. This equation is derived using
dipole magnetic field line equation r= r0cos

2λ, where r is the radial distance of a point on a dipole magnetic
field line, r0 is the radial distance of the point where the field line intersects with the magnetic equator, and
λ is the geomagnetic latitude. We use ΔV(L) = V(L+ 0.05)� V(L� 0.05) here. Lmin = 2 and Lmax = 6 are used
based on the Van Allen Probes’ orbits.

In this study, to show the dynamics of ring current electrons during geomagnetic storms and compare them
with the ring current ions, the energy densities of electrons, protons, O+, and He+ are calculated based on the
HOPE, MagEIS, and RBSPICE measurements. The energy densities of ~0.2–35 keV electrons and ~0.2–50 keV
protons, O+, and He+ are calculated using spin-averaged flux data from HOPE instrument on the Van Allen
Probe A; those of ~35–1000 keV electrons and ~50–1000 keV protons are calculated using data from
MagEIS on the Van Allen Probe A. For ~50–1000 keV O+ and He+, RBSPICE data are used. However, the
measurements from RBSPICE on the Van Allen Probe A are relatively sparse compared to those from
RBSPICE on the Van Allen Probe B. Since the Van Allen Probes were very close to each other during the time
period of interest, the O+ and He+ spin-averaged fluxes from RBSPICE on the Van Allen Probe B are used in the
calculation. Also, during this 29 March 2013 storm, He+ measurements from RBSPICE only covered energies
up to ~520 keV, thus for this moderate storm only ~0.2–500 keV He+ are included in the calculation. It is worth
mentioning that the L range of RBSPICE measurements is limited to above ~2.5–3. It has been demonstrated
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that the error caused by using the spin-averaged fluxes rather than pitch angle-resolved fluxes is quite small,
especially for low-energy particles whose pitch angle distributions are close to isotropic [e.g., Zhao et al.,
2015]. And the error introduced by using the dipole field instead of dynamic magnetic field models has also
been shown to be small [Zhao et al., 2015]. The MLT dependence of the ring current ions and electrons has
potential impact on the calculation shown here, and the influence will be discussed later in this section.

Figure 3 shows the evolution of the ring current energy densities of both electrons and ions with different
energies using data from HOPE, MagEIS, and RBSPICE instruments. The energy content of electrons and ions
and their ratio are also shown in the bottom of each panel. Overall, the energy densities of electrons were
much smaller than those of ions during this moderate storm. During quiet times, the ring current electron
energy content was just ~1% of that of ions, and the ring current energy content was greatly dominated
by the higher-energy ions. As the geomagnetic storm developed, the energy densities of both electrons and
ions greatly increased, but the enhancement of electrons energy densities was more significant (percentage
wise). Comparing the ring current electron and ion energy densities and energy content before the storm
and at the time of minimum Dst, the energy densities of ions at L> 4 increased by a factor of ~2–3, while those
of electrons enhanced bymore than 1 order of magnitude; the total energy content of ions increased by ~50%,
while that of electrons increased by more than 1 order of magnitude. The contribution of electrons to the ring
current energy content increased from ~1% of ion contribution during quiet times to ~11% of ion contribution
at the time of minimum Dst (the 9h orbit period of Van Allen Probe A corresponding to the minimum Dst).
Spence et al. [1989], using data from the ISEE 2 fast plasma experiment, studied the plasma pressure in the
midnight local time sector of the near-Earth magnetotail plasma sheet and found that throughout the
near-tail plasma sheet, the ion pressure dominates the electron pressure by about an order of magnitude,
which is similar to the ion to electron energy content ratio that we calculated here at the storm main phase.

Figure 3. The evolution of ring current energy densities of electrons and ions using data from HOPE and MagEIS on the Van Allen Probe A and RBSPICE on the Van
Allen Probe B, for every other orbit of Van Allen Probe A during 26 March to 1 April 2013. The energy densities of electrons are shown as red lines and symbols, while
those of ions are shown as black ones. The solid lines show the energy densities of particles with energies of ~0.2–1000 keV, the circles are for particles of E ~ 0.
2–35 keV, and the cross signs are for particles with energies of ~35–1000 keV. The energy content of electrons and ions and the ratio of the two are shown in the text
at the bottom of each panel. Two Dst minima of the 29 March 2013 storm are shown in the corresponding panels.
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However, if we only focus on the enhancement of the energy content of electrons and ions, which is the
enhancement of the absolute value of energy content of electrons or ions compared to the quiet time values,
the energy content enhancement of electrons is ~30% of ion energy content enhancement during the storm
main phase, showing a more dynamic feature of ring current electrons. This indicates that during quiet times,
the electrons are not an important carrier of ring current energy; while at the main phase of the storm,
electrons contribute an important amount to the overall enhancement of the ring current energy content
and thus play an important role in the ring current buildup.

It can also be seen from Figure 3 that as the storm progressed, the lower energy electrons enhanced first and
dominated the electron energy density at the stormmain phase. Later, these lower energy electrons decayed
quickly and high-energy electrons gradually enhanced. Since the decay of those high-energy electrons was
relatively slow compared to that of low-energy electrons, during the recovery phase the high-energy
electrons became dominant. This behavior is consistent with ring current ions [e.g., Zhao et al., 2015] and
the delayed enhancement of high-energy electrons could be caused by the inward radial diffusion and/or
local acceleration.

The behaviors of different energy electrons during different phases of the storm can also be seen from Figure 4.
Figure 4 shows the cumulative distribution functions of ring current electron energy content (Figure 4, left) and
energy densities (Figure 4, right) at different L, for the main phase and recovery phase of 29 March 2013 storm,
respectively. As shown in Figure 4 (left), during the main phase the ring current electron energy content was
greatly dominated by lower energy electrons: the electrons with energies <~30 keV accounted for ~80% of
the total ring current electron energy content and the medium point in energy of the accumulated energy
content was only ~10 keV. These lower energy electrons decayed quickly while the higher-energy ones
enhanced during the recovery phase of the storm, so that the high-energy electrons dominated the electron
energy content during the recovery phase (>100 keV electrons accounted for ~60% of the total electron
energy content and the medium point of energy content in energy was ~200 keV). Though the ring current
protons also have similar behaviors [e.g.,Williams, 1981; Zhao et al., 2015], the difference here between lower
and higher-energy electrons is more prominent.

Comparing the energy densities at different L shells (Figure 4, right), generally at lower L shells the higher-
energy electrons accounted for a large portion of the electron energy densities, while at higher L shells the
energy densities were greatly dominated by those lower energy electrons at the storm main phase. This
could be caused by the adiabatic energization of ring current electrons as they move to lower L shells. At
L=5.8,<~100 keV electrons accounted for almost all of the ring current electron energy density at the storm
main phase of this 29 March storm.

Figure 4. The cumulative distribution functions of (left) ring current electron energy content and (right) energy densities at
different L shells for the main phase and recovery phase of 29 March 2013 storm, respectively. The orbits of main phase and
recovery phase are identified in Figure 2.
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Based on the DPS relation, the depression of near-equator geomagnetic field at Earth’s surface caused by the
ring current particles is calculated. Figures 5 (first panel) and 5 (second panel) show the calculated ΔB according
to the DPS relation using ring current ion and electron energy content, respectively. The ratio of the electron
energy content to ion energy content is also shown in Figure 5 (third panel). Overall, the calculated ΔB using
ring current ion energy content followed the Dst index profile well, while the enhancement of calculated ΔB
using ring current electron energy content is also very similar to that of the Dst index, but the recovery is faster
than the Dst. The contribution of electrons to the ring current energy content is small during this storm. As
shown in Figure 5 (third panel), the ratio of electron’s contribution to ion’s contribution to the total ring current
energy content got to its maximum value (~12%) at the storm main phase right before Dst reached its mini-
mum. And compared to the Dst index, the calculated ΔB using ring current electron energy content accounted
for ~6% of the Dst depression at the time of minimum Dst (the Dst index is averaged over the corresponding
orbital period to match the Van Allen Probes’ measurements).

Also, similar to the ring current ions, the lower energy electrons enhanced faster than the higher-energy electrons
during the main phase and also decayed faster during the recovery phase of the storm. At the main phase of

Figure 5. From top to bottom, (first panel) The calculated ΔB using ring current ion energy content and the DPS relation;
(second panel) the calculated ΔB using ring current electron energy content and the DPS relation; (third panel) the ratio of
electron energy content to ion energy content; (fourth panel)Dst and (fifth panel) AE indices during the 29 March 2013 storm.
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the storm, those lower energy electrons greatly dominated the electron ring current energy content. The
higher-energy electron energy content reached its maximum at early recovery phase of the storm and decayed
slowly afterward, thus, the higher-energy electrons dominated the ring current electron energy content during
the recovery phase.

2.2. The Ring Current Evolution During the 17 March 2015 Intense Storm

In the previous subsection, we focused on the ring current electron dynamics during a moderate storm. In
this subsection, we will show the evolution of the ring current energy content during an intense storm of
17 March 2015. The 17March 2015 storm had aminimum Dst of�223 nT. This is the most intense storm since
the launch of the Van Allen Probes, while during this storm the Van Allen Probes’ apogees were also located
close to local midnight. During this storm, because of the degradation of MagEIS proton telescope, which
influenced the lower energy proton measurements the most, data from RBSPICE are used for ~50–600 keV
protons and MagEIS data are used for protons with higher energies. Again, data from HOPE and MagEIS
on the Van Allen Probe A and RBSPICE on the Van Allen Probe B are used in the calculation.

Figure 6 shows the calculated ΔB using the ring current ion and electron energy content during the 17 March
2015 storm, which has a similar format with Figure 5. Compared to moderate storms, the ring current ion
energy content during this intense storm is much higher. During this intense storm, the contribution from
higher-energy ions greatly dominated the ring current energy, and lower energy ions contributed little
throughout the storm. Comparing ions of different species, the contribution from O+ greatly enhanced
during the main phase of the storm and dominated the ring current energy content around the time of
minimum Dst, which is expected for intense storms [e.g., Daglis et al., 1999; Greenspan and Hamilton, 2002],
while He+ also contributed to the ring current energy content. At the time of minimum Dst, H+, O+, and
He+ accounted for ~45%, ~49%, and ~6% of the ring current ion energy content, respectively. In the recovery
phase, the O+ energy content decreased much faster than that of protons, thus protons gradually dominated
again as the ring current decayed. This is most likely to be caused by different charge exchange lifetimes of
O+ and protons [e.g., Smith and Bewtra, 1978; Hamilton et al., 1988; Ebihara and Ejiri, 2003] and also drift-bounce
resonance interaction of O+ with ULF waves [Li et al., 1993]. It should be noted that ~50–140 keV O+ measure-
ments from RBSPICE during this intense stormmay be contaminated and should be treated as an upper limit.
But even if we exclude data of ~50–140 keV O+, O+ still contributed significantly at the time of minimum Dst
(~40% of the ring current ion energy content, compared to protons which contributed ~52% of the ring
current ion energy content). Also note that the small-scale variations in Figure 6 (first panel) are due to varia-
tions of spacecraft geomagnetic latitude. At the time of minimum Dst, for this intense storm, the calculated
ΔB based on total ring current energy content accounts for ~43% of the depression of Dst index (the Dst
index is averaged over 9 h to match the Van Allen Probe’s measurements), which is also expected since
the contribution from other current systems, e.g., ground-induced current and magnetotail currents, can
be significant [e.g., Dessler and Parker, 1959; Langel and Estes, 1985; Turner et al., 2000; Ganushkina et al., 2004;
Tsyganenko and Sitnov, 2005].

The evolution of ring current electron and ion energy densities and energy content during this intense storm is
also shown in Figure 7 for the time period between two vertical dashed lines in Figure 6. Similar to themoderate
storm, the energy densities of electrons were much smaller than those of ions during this intense storm. While
the high-energy ions dominate the ring current ion energy densities and content almost throughout this
intense storm, those low-energy electrons dominate the ring current electron energy densities and content
during the storm main phase and high-energy electrons were dominant during the recovery phase.

Figure 8 shows the cumulative distribution functions of ring current electron energy content (Figure 8, left)
and energy densities at different L shells (Figure 8, right) for the main phase and recovery phase of 17 March
2015 storm as identified in Figure 6. It still clearly shows that during the main phase of this intense storm,
the ring current electron energy content was greatly dominated by low-energy electrons, and higher-energy
electrons accounted for a large portion of electron energy densities and content during the recovery phase
and at higher L shells. Though the ring current ion energy content during this intense storm ismuch higher than
during moderate storms, interestingly, the ring current electron energy content during this intense storm is
comparable to themoderate storm shown in the previous subsection, and at the stormmain phase themajority
of ring current electron energy content also comes from<35 keV electrons as Figure 8 shows. This indicates the
dominant role of low-energy electrons in the electron ring current dynamics regardless of the storm intensity.
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The electrons’ relative contribution to the ring current energy content during this intense storm is smaller than
that during the moderate storm, with the ratio of electron energy content to ion energy content up to ~7%
during this storm. Also, the direct contribution of ring current electrons to the depression of Dst index was
~2% at the storm main phase, which is smaller than the moderate storm shown in the previous subsection.

Over the past decades, many studies have focused on the dynamics of ring current ions during geomagnetic
storms; however, only few studies showed the contribution of electrons to the ring current based on the
observations. Frank [1967], using data of ~200 eV to 50 keV protons and electrons from OGO 3, showed that
the contribution of ring current electrons to the storm time ring current energy content is significant (~25%).
But the contribution of electrons in this study could have been overestimated because of the limited energy
range: >50 keV protons are believed to be a very important carrier of storm time ring current [e.g., Williams,
1981; Daglis et al., 1999], which were not included in the study. The study of Liu et al. [2005] covered a wider
range of energy (~1 keV–400 keV) using data from Explorer 45. The results showed that during an intense
storm with minimum Dst of ~�171 nT, the contribution of ring current electrons to the ring current energy
content is ~7.5% of the contribution of ring current protons. However, their results may contain significant

Figure 6. Similar format as Figure 5 but for the 17March 2015 intense storm. The ring current electron and ion energy densities
and content are shown in Figure 7 for the time between two vertical dashed lines. The red bar indicates the main phase of
the storm and the grey bar indicates the recovery phase of the storm, duringwhich the energy density and content distribution
of electrons are shown in Figure 8.

Journal of Geophysical Research: Space Physics 10.1002/2016JA022358

ZHAO ET AL. RING CURRENT ELECTRONS 3342



uncertainties since all the data they used were digitalized from Lyons and Williams [1975, 1980], and Lyon
[1976] as well as interpolated and extrapolated across the L shells and energies. Furthermore, their data only
cover L shells from ~2.5 to 5, which is not sufficient for ring current study since the contribution of ring cur-
rent particles at L> 5 can be significant. Using Van Allen Probes data, we investigated the role of ring current
electrons with more comprehensive measurements. All major ring current particle species, e�, H+, O+, and
He+, are included in our study to improve the accuracy of the calculation. Wider energy range of ~0.2–

Figure 8. Similar format as Figure 4 but for the 17 March 2015 intense storm.

Figure 7. The evolution of ring current electron and ion energy densities using data from HOPE and MagEIS on the Van Allen Probe A and RBSPICE on the Van Allen
Probe B, for every orbit of Van Allen Probe A during the 17 March 2015 intense storm. The format is similar to Figure 3.
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1000 keV and L shell range of 2–6 are
also used. Compared to results from
previous studies, our results regarding
the contribution of electrons to the ring
current energy content are much lower
than that from Frank [1967] and com-
parable to the result from Liu et al.
[2005]. While our results also show the
dominant role of low-energy electrons
in the electron ring current and signifi-
cant enhancement of ring current elec-
tron energy content during storm
times compared to ring current ions.

And interestingly, comparison of our results during the moderate storm and the intense storm show that
the electron energy content has no significant dependence on the storm intensity.

2.3. The Contribution of Ring Current Electrons to the Dst Index: The Statistics and MLT Dependence

In sections 2.1 and 2.2, the electrons’ energy contents were calculated during two geomagnetic storms, one
moderate and one intense storm. For the 29 March 2013 moderate storm, the contribution of electrons to the
Dst index was ~6% at the time of minimum Dst; while for the 17 March 2015 storm, the contribution of elec-
trons was ~2%. In this subsection, we examine the ring current electron energy content during 50 moderate
storms with minimum Dst of �50 to �100 nT using Van Allen Probes’ data from November 2012 to
November 2015. The ring current electron energy contents are calculated assuming that the ring current
electron distribution is MLT symmetric.

Figure 9 shows the ratio of calculatedΔB using electron energy content to theDst index at the time ofminimum
Dst and at the storm recovery phases during 50 moderate storms (with minimum Dst of �50 to �100 nT) as a
function of MLT of Van Allen Probe’s apogee. The Dst index used here is averaged over the corresponding Van
Allen Probe’s orbit period. As for these 50moderate storms, the ring current electrons accounted for up to ~9%
of the Dst index at the time of minimum Dst, while for the majority of these storms, the ring current electrons
only accounted for ~1–6% of theDst index at the time ofminimumDst. Since theDst index is also influenced by
other current systems, e.g., ground-induced currents and magnetotail currents, the contribution of electrons to
the total ring current energy content should be higher. But still the contribution of electrons to the depression
of Earth’s surface magnetic field is small.

On the other hand, the ring current energy content was calculated assuming that the ring current is MLT
symmetric. This assumption may not be valid especially during the main phase of the storm. It is clear from
Figure 9a that the distribution of ring current electrons at the time of minimum Dst is MLT asymmetric: the
calculated electrons’ energy content is generally higher when Van Allen Probe’s apogee was located at dawn
and midnight sectors, while much lower when the apogee was at noon and dusk sectors. The result indicates
that the ring current electron energy densities are generally higher at dawn andmidnight sectors while lower
at noon and dusk sectors, which is consistent with the drift patterns of the energetic electrons after being
injected from the plasma sheet on the nightside. For the early recovery phases of the storms (~18h after the
time of minimum Dst), Figure 9b shows that the distribution of ring current electrons is much more symmetric.

The statistical analysis shown here is formoderate storms only since in the Van Allen Probe era only a few intense
geomagnetic storms occurred. But just based on limited statistics, by examining the Van Allen Probes’ mea-
surements during all storms over 3 years, we found that though there is a clear dependence of ring current
ion energy content on the storm intensity, the ring current electron energy content is not very sensitive to the
storm intensity.

3. Summary

In this study, using comprehensivemeasurements fromVan Allen Probes, the dynamics of ring current electrons
during storm times is examined with comparison to ions. The evolution of ring current electrons is shown in
detail during two storms with different intensities, while the MLT dependence of ring current electrons is also
investigated. The main conclusions are as follows:

Figure 9. The ratio of calculated ΔB using ring current electron energy
content to the Dst index (a) at the time of minimum Dst and (b) at the
storm recovery phases (~18 h after the time of minimum Dst) during 50
moderate geomagnetic storms with minimum Dst of ~�50 to�100 nT, as
a function of MLT of Van Allen Probe’s apogee.
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1. Significant differences exist in the long-term behaviors of ring current protons and electrons. Tens to
hundreds of keV electrons penetrate deep into the inner magnetosphere frequently and stay in the low
L region for a long time, while the deep penetration of hundreds of keV protons is rare. Though tens of
keV protons also penetrate deep into the inner magnetosphere, the loss of these protons in the low
L region is much faster. Intriguing similarities also exit between lower energy protons and higher-energy
electrons, though the underlying physical mechanism is still not clear.

2. The ring current electron energy content is much smaller than the ring current ion energy content. During
the 29 March 2013 moderate storm, the ratio of ring current electron energy content to that of proton is
up to ~12%; while for the 17 March 2015 intense storm the value is ~8%. But the enhancement of ring
current electron energy content during the 29 March 2013 storm is ~30% of that of ring current protons,
indicating a more dynamic feature of the ring current electrons and the important role of electrons in the
ring current buildup during moderate storms.

3. Unlike the ring current ions for which the higher-energy ions dominate the ring current ion energy
content during storm times, the lower energy electrons (<35 keV) significantly dominate the ring current
electron energy content at the storm main phases, regardless of the storm intensity based on the analysis
of one moderate and one intense geomagnetic storm. Furthermore, the total ring current electron energy
content has no significant dependence on the storm intensity.

4. By examining 50 moderate storms with minimum Dst of�50 to�100 nT, the contributions of ring current
electrons to the Dst index were generally ~1–6%, with the maximum of ~9%. It was shown that the
distribution of ring current electron energy density is highly asymmetric at the storm main phases, with
higher-energy densities at midnight and dawn sectors while lower energy densities at noon and dusk
sectors, which is consistent with the drift pattern of the electrons after having been injected from the
plasma sheet on the nightside.
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