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Earth’s Electron Radiation Belts
New insights from the Van Allen Probes Era

flux in color as a function of McIlwain L shell (1.5 ≤ L≤ 6.0 on the y axis) and time (x axis) from September 2012
through February 2016. Data from six MagEIS channels (110, 230, 460, and 900 keV, and 2.3 and 3.6MeV) are
shown, highlighting the distinct energy dependencies for radiation belt electron variability, several aspects of
which we will discuss throughout this paper.

2.2. Approach

To study sources of inner radiation belt electrons, we converted the flux observations to phase space densi-
ties (PSD or f) as a function of the three adiabatic invariants:M, K, and L* [e.g., Selesnick and Blake, 2000; Green
and Kivelson, 2004; Taylor et al., 2004; Iles et al., 2006; Chen et al., 2007; Turner and Li, 2008]. By examining f(M,
K, L*), one effectively removes most (accounting for the accuracy of some chosen global field model) of the
adiabatic and fully reversible variations in flux as a function of energy, pitch angle, and physical location that
result from changes in the magnetic field strength and topology. With that done, one can invoke Liouville’s
theorem to interpret significant changes in f(M, K, L*) as the result of irreversible changes due to sources,
losses, and/or transport in the system. Furthermore, L* distributions of f(M, K, L*) (i.e., radial distributions) also
reveal information critical to understanding transport due to radial diffusion [Schulz and Lanzerotti, 1974],
since diffusion will always act proportional to, and in the direction opposite of, gradients of f(M, K, L*) in L*.

Converting from particle flux to f(M, K, L*) is nontrivial, so here, we briefly describe the process employed for
this study, which is based on those described in Turner et al. [2012] and Boyd et al. [2014]. MagEIS and REPT
data from each of the Van Allen Probes spacecraft were first interpolated onto a common time array at 11 s
resolution. Next, fluxes as a function of pitch angle from REPT and the high and low MagEIS instruments at
each time step were interpolated onto a common pitch angle array using the data points from the medium
MagEIS pitch angle distribution. Energy spectra from each of the four instruments per spacecraft were then
combined at each time step ensuring that there are no overlaps between energy channels from the different
instruments. For this entire process, data points with “fill” or null values were converted to not-a-number and
completely excluded from all averages and interpolation.

With the combined energy spectra on a common time axis and pitch angle grid, we then converted flux to
phase spacedensity, f, in units of (c/MeV cm)3 [e.g.,Chenet al., 2005]. Thefirst adiabatic invariant,M (relativistic),

Figure 1. Electron differential fluxes from the MagEIS instruments on the Van Allen Probes spacecraft. Flux here is in units of #/cm2 s sr keV. Data from both RBSP A
and B are shown in color (log10(flux)) binned in time and L shell during the period from launch in September 2012 through February 2016. From top to bottom, each
plot shows results from a different energy channel, as labeled in the top right of each plot.
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Electrons in the Inner Radiation Belt

SPELLS are common but only 
for electrons and they occur 
within the plasmasphere: they 
are not simply a result of 
enhanced global convection

Sudden particle enhancements at low L-shells (SPELLS)

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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Figure from Zhao et al. [JGR, 2016]

Figure updated from Turner et al. [JGR, 2016]
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Electrons in the Inner Radiation Belt

The physical mechanism 
responsible for SPELLS 
remains an open 
question…

Sudden particle enhancements at low L-shells 
(SPELLS)

• Turner et al. [GRL 2015]:
– SPELLS are not the innermost extent of classic substorm injections, but…
– SPELLS injection events are localized in MLT

• See also Zhao et al. [JGR 2017] for species and MLT dependencies

Figures from
 Turner et al. [G

RL, 2015]
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SPELLS Example Case: 08 June 2015
SPELLS are a source of inner belt electrons • Turner et al. [GRL 2015; JGR 2016]: 

– Sudden particle injections at low-L are associated with traditional substorm 
injections but do not result directly from them

– Not just global convection: protons not injected at same energies; injections are 
inside the plasmasphere

– SPELLS are too fast to be from radial diffusion (also not consistent with energies)
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Figure 7. Evolution of electron phase space density distributions in L* for differentM and K = 0.06 G1/2RE before, during, and after the SPELLS event on 07 June 2015.
The three different plots show results from differentM, with 5, 11, and 32MeV/G shown in the left, middle, and right plots, respectively. Distributions from RBSP A are
shown with triangle markers, while those from RBSP B are shown with circle markers. Different colors show distributions from different orbit tracks through the
radiation belts, the time ranges for which are indicated in the corresponding colors on the 5MeV/G plot.

Figure 8. Electron differential fluxes from February and March of 2013 shown in the same format as Figures 1 and 6. Flux
here is in units of #/cm2 s sr keV. The dashed white line on each plot marks L = 2.7.
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Figures from Turner et al. [JGR, 2016]

Again, the physical 
mechanism 
responsible for 
SPELLS remains 
an open question…
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SPELLS and the Dominant Source of Inner Belt Electrons
Comparing to normal conditions

• Turner et al. [JGR 2016]: These low-L injections are the dominant 
source of 10s to 100s of keV electrons in the inner belt

– The PSD distributions of electrons in the inner belt are typically peaked 
during quiet times and normal/average conditions

– Inward radial diffusion can only act in the few days after SPELLS
– SPELLS represent an “on/off” source from higher L, resulting in the 

formation of the peaked distributions [e.g., Chen et al. NatPhys 2007]
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present for electrons at low M and low K: for example, at K= 0.06G1/2RE, the peak is only present for
M< 30MeV/G electrons, while for K= 0.35 G1/2RE, the peak is only present for M< 15MeV/G electrons. For
electrons with M> 30MeV/G and/or mirroring far from the magnetic equator, the distributions are typically
monotonically increasing with increasing L*. Higher M and K correspond to higher energy electrons, and the
implications of these monotonically increasing distributions are also important and will be discussed in
section 4. Note that for M= 32MeV/G and K=2.06 G1/2RE, the peak in the distribution around L* = 4 is likely
the main peak in the outer radiation belt [e.g., Selesnick and Blake, 2000; Green and Kivelson, 2004; Iles et al.,
2006; Chen et al., 2007; Turner et al., 2012; Reeves et al., 2013; Boyd et al., 2014], since these M and K values
correspond to ~MeV electrons due to the high value of K (i.e., small equatorial pitch angle).

3.2. Sudden Particle Enhancements at Low L Shells (SPELLS)

With the general characteristics of the quiet time distributions established as a baseline, we next compared
how the distributions of f versus L* for fixed M and K evolved during cases of sudden flux enhancements in
the slot and inner radiation belt. One of the prominent features in the flux maps shown in Figure 1 is the sud-
den enhancements of radiation belt electrons, particularly those that fill the preexisting slot region and
extend into the inner radiation belt, which we refer to here as “SPELLS.” For this study, we identified
SPELLS events as electron intensity enhancements of approximately an order of magnitude or more in less
than one day at L< 3. An example of such a SPELLS event can be seen in Figure 1 just before 01 July 2015
(i.e., the “2015/2007” tick mark). This event was associated with the 22–23 June 2015 storm, which was the
strongest geomagnetic storm of the past decade at the time and resulted in an enhancement of up to
~1MeV electrons into the slot and inner radiation belt. From Figure 1, it is evident that SPELLS events occur
more often for lower energy electrons than they do for electrons with higher energies. Using these data from
the Van Allen Probes mission from September 2012 through February 2016, we counted the number of

Figure 3. Statistical results of electron phase space density distributions in L* for M = 11MeV/G and K = 0.06 G1/2RE during six different periods of quiet to average
geomagnetic conditions. For each plot, the median, upper and lower quartiles, and mean distributions are shown compiled from all of the radial distributions
measured by Van Allen Probes over the periods indicated above the plot.
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Figures from Turner et al. [JGR, 2016]

Figure 7. Evolution of electron phase space density distributions in L* for differentM and K = 0.06 G1/2RE before, during, and after the SPELLS event on 07 June 2015.
The three different plots show results from differentM, with 5, 11, and 32MeV/G shown in the left, middle, and right plots, respectively. Distributions from RBSP A are
shown with triangle markers, while those from RBSP B are shown with circle markers. Different colors show distributions from different orbit tracks through the
radiation belts, the time ranges for which are indicated in the corresponding colors on the 5MeV/G plot.

Figure 8. Electron differential fluxes from February and March of 2013 shown in the same format as Figures 1 and 6. Flux
here is in units of #/cm2 s sr keV. The dashed white line on each plot marks L = 2.7.
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Structure and Morphology of the Electron Radiation Belts

March 2013: SPELLS and 
structure of the electron 
radiation belts

The critical role of hiss (a.k.a., Lyons and Thorne [1973])

Electron lifetimes (log in days) from 
interactions with observed hiss waves

The general morphology during active and quiet time conditions shows remarkable similarities among events.
Figure 12 presents this broad-spectrum view for six additional events from March to June 2013 as marked in
Figure 12a. In Figures 12b–12m each row shows a different storm. Figures 12b, 12d, 12f, 12h, 12j, and 12l show
the quiescent state before the storm, and Figures 12c, 12e, 12g, 12i, 12k, and 12m show the active conditions
near the peak of the storm. While there are important and interesting differences, all six events show striking
similarities to the 1 March event. In particular, in active conditions (Figures 12c, 12e, 12g, 12i, 12k, and 12m)
all events show an inner boundary for the outer belt that is strongly energy dependent. In order to better
see the penetration and filling of the slot region, we have drawn a straight line approximating the energy
dependence of the enhanced outer zone fluxes and reproduced same lines on the plots of the quiescent states
before theevents. Interestingly, for the24April and1Mayevents, thepreexistingpopulationofhigh-energyelec-
trons at low L shells (i.e., to the left of the dashed line) is relatively unaffected by the enhancement event.

The quiescent conditions before these events show more variation than the active conditions do. As can be
seen from Figure 12a, this is at least in part a function of the intensity of the previous enhancement and the
length of time between events when the electron fluxes are decaying. For example, prior to the 17 March and
24 April events the slot was much broader in L and extended to lower energies than the 1 and 7 June events.
At times the upper and lower portions of the S-shaped boundary are highly asymmetric but retain the char-
acteristic bite out that defines the lower portion of the S. It is also interesting to consider sequential events.
Figure 12j shows the quiet state of the radiation belts before the event on 1 June, but it is also the quiet state
resulting from the decay of the event on 25 May (Figure 12i). The same applies to Figures 12k–12m.

Despite important quantitative differences, the broad-spectrum plots in Figures 11 and 12 all show
qualitatively similar energy dependencies and behaviors both in active conditions when fluxes are
accelerated and injected and in the quiet conditions when fluxes are decaying. The strong coherence

Figure 11. Flux as a function of energy and L shell for quiet (inbound orbit 484) and active (inbound orbit 492) conditions. Under quiet conditions the inner zone has
a triangular shape with an outer boundary that is nearly linear in log(energy) versus L. During 2013 the inner zone population only extended up to energies ≲ 1MeV.
The outer zone shows a “wave-like” structure with and energy-dependent inner boundary. The energy-L structure implies that over some range, higher energy
electrons have higher fluxes than lower energy electrons as seen in the line plot. In quiet times there is a flux minimum in the slot region down to energies of tens of
keV. In active conditions outer zone electron fluxes are enhanced producing an inner boundary that is closer to the Earth at lower energies than at higher energies.
Fluxes in the slot region are enhanced over a broad range of energies, and up to some threshold energy, the slot is completely filled in. At energies above that
threshold the inner zone fluxes are replenished, while above that threshold the inner zone fluxes are unaffected.
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3. Observations

Figure 1 plots electron fluxes as a function of L shell and energy in the same format used by Reeves et al.
[2016] for this event. Here we show in more detail the evolution of the slot region in the recovery phase after
the 1 March enhancement event. Each panel represents MagEIS flux measurements on outbound orbits for
one pass of the Van Allen Probes A satellite, from 4 to 15 March. Fluxes have been corrected for background
contamination by ground-based postprocessing [Claudepierre et al., 2015a; Fennell et al., 2015].

A wave acts on electrons for all energies that the resonance condition allows, which is typically broad. By
looking for coherent transport and wave scattering on electrons of all energies, we look for a global coherent
understanding of the main phenomena. In return, relying on trusted observations at all energies is necessary
andmakes the background correction a vital aspect of the study. Here the inner belt flux is below background
levels for E> 800 keV, consistent with Fennell et al. [2015].

The energy and L-dependent structure of the belts seen in Figure 1 are characteristic of the quiescent state of
the belts [Reeves et al., 2016], with specific features of the inner zone, slot, and outer zone described here and
in the next section. The removal of the low-energy electrons (<100 keV) in the slot region (3.5< L< 5) is
particularly impressive from 6 to 9 March. On 9 March, a second “bite out” becomes noticeable, removing
the low-energy (E~ 100 keV) electrons from the slot higher than L= 5.2. On 11 March, there is a small incom-
ing flux of low-energy electrons (<130 keV) during a period of substorm activity that penetrates inside of L~5
and strengthens the outer belt at these lower energies [e.g., Turner et al., 2015]. High-energy electrons
(>1MeV) did not penetrate below L~ 4 during the 1 March storm and stayed above L~ 4 during the first
15 days of March. We see a constant decay of the flux of high-energy electrons during the ensuing period.
Note that while each pass shows similar qualitative characteristics, the belts are continually evolving. The
belts separate progressively with the slot region enlarging. The final form is what is called an “S-shaped”
structure [cf. Reeves et al., 2016, Figure 11], based on the shape of the flux distribution in these L energy
maps. In the next section, we show qualitative agreement between these observations and the event-specific
lifetimes.

4. The Energy Dependence of Losses

Figure 2 (left) shows a strong energy and L shell dependence to the electron lifetimes based on the Van Allen
Probes wave observations. Lifetimes range from≈ 5 days to >1000 days. The fastest losses are expected for
lower energies at high L shells, at moderate energies near L≈ 3.5 and only at high energies below L≈ 3.
Very long lifetimes (>1000 days) are shown in the lower left and upper right regions of the plot. Generally
speaking, the electron lifetimes of Figure 2 (left) are in the range of the theoretical and empirical electron life-
times from hiss waves [e.g., Lyons et al., 1972; Albert, 1999;Meredith et al., 2006; Benck et al., 2010; Fennell et al.,

Figure 2. (left) Average electron lifetime (log10) as a function of L shell and energy for 5–15 March 2013. Lifetimes are calculated based on the observed, time-
resolved hiss wave, dipolar B field, and plasma characteristics. Values of 1000 days and above are indistinctly plotted in black. On the right, the inverse of the
radial diffusion coefficient (in days) for the four models used in sections 5 and 6: Brautigam and Albert [2000], both magnetic and electric components (right, top left)
and magnetic component only (right, top right), both magnetic and electric components of Ozeke et al. [2014] (right, bottom left), and the electric component of
Liu et al. [2016] (right, bottom right).

Geophysical Research Letters 10.1002/2016GL068869
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Figure from Ripoll et al. [GRL, 2016]

Figure from Reeves et al. [JGR, 2016]
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Structure and Morphology

Statistics from 110 storms…

SPELLS and losses from hiss

Figures from Turner et al. [in prep 2018]

at -48 hrs
Hrs Epoch time

Figures from Turner et al. [in prep.]

SPELLS
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Driving Conditions for SPELLS
Solar wind and geomagnetic conditions: Statistics

• Are there any quantities that distinguish between those events 
that:

– Result in SPELLS?
– Result in the highest energy SPELLS?

• This study is ongoing…

Median
Mean Quartiles

5/95% Conf. All data

Figures from Turner et al. [in prep.]
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Solar Wind 
Driving

Nothing really clear 
for SPELLS here…
even when only for 
subset of >200 keV 
SPELLS

Comparing SPELLS 
to Storms

Median
Mean Quartiles

5/95% Conf. All data

110 Storms 143 SPELLS
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SAPS and SPELLS

SAPS provide best hypothesis yet for SPELLS… 
but much work yet to be done to support this

All credit here to Solene Lejosne at Berkeley
• Sub-Auroral Polarization Streams involve a radial E-field enhancement 

localized in the evening MLT sector during active periods
• SAPS potential drops up to 10s of kV (how much stronger?)
• E-field the correct orientation to result in electron motion inward (acceleration) 

and protons outward (deceleration): species dependent, consistent with 
SPELLS

• SAPS are localized in MLT, consistent with SPELLS
• SAPS and SPELLS are correlated…

B field

E field SAPSSAPS ExB drift

E field SAPS

SAPS 
ExB
drift

Figures from Lejosne et al. [in prep.]
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Conclusions
SPELLS and electrons in Earth’s inner radiation belt

• SPELLS occur during active conditions in Earth’s magnetosphere
– Their occurrence rate is exponentially higher for electrons at lower 

energies, down to at least 100 keV
– They can occur independent of geomagnetic storms
– They are not the result of inward radial diffusion or enhanced global 

convection

• The responsible physical mechanism is still unidentified, but it must be an 
energy and species dependent process that is localized in MLT [Turner et 
al., GRL 2015; Zhao et al., JGR 2017]

• SPELLS are the dominant source of 10s of keV to ~1 MeV electrons in 
Earth’s inner radiation belt [Turner et al., JGR 2016]

• The studies of preferential driving conditions and the underlying 
mechanism is ongoing… could they result from SAPS E-fields???


