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[11 Here, we present the results of a study of phase space density radial gradients for
outer-belt electrons at and beyond geosynchronous orbit prior to 86 sudden solar wind
pressure enhancements from 1993 through 2007. All of the events are classified and
analyzed based on the results for equatorial electrons with first adiabatic invariants of 50,
200, 750, and 2000 MeV/G. Examples of three distinctive events are compared, and
the results from a superposed epoch analysis are presented. We find that the radial
gradients are dependent on the first adiabatic invariant (i.e., energy), and that for the
majority of cases, the gradient is negative for electrons with energies above a couple of
hundred keV, while it is either positive or relatively flat for electrons with energies lower
than this, which is evidence of two distinct populations. In the cases where a positive
gradient is observed for 2000 MeV/G electrons, the solar wind and geomagnetic
conditions are very quiet for at least two days prior to the event, but for the events when
the gradient for the same electrons is negative, there is a consistent evidence of enhanced
substorm activity and/or convection in the days leading up to the events. Overall, this
study puts previous observations of phase space density (PSD) gradients into a broader
context of solar wind and geomagnetic conditions, while encompassing a broad range of
energies, from the source population of tens to hundreds of keV electrons to relativistic
electrons with energies exceeding 1 MeV. We discuss how 41 of the 86 events are
consistent with and can be explained by local heating by wave-particle interactions, and
we provide evidence of the solar wind and geomagnetic conditions that are important to

different types of sources of outer-belt electron PSD.

Citation: Turner, D. L., X. Li, G. D. Reeves, and H. J. Singer (2010), On phase space density radial gradients of Earth’s outer-belt
electrons prior to sudden solar wind pressure enhancements: Results from distinctive events and a superposed epoch analysis, J. Geophys.
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1. Introduction
1.1. Historical Context

[2] Despite five decades of research, the exact nature of
the processes that control the Earth’s outer radiation belt
remains elusive. This region, which makes a torus-shaped
“belt” around the Earth with inner and outer radial bound-
aries along the magnetic equator of around 3 Rz and 7 R,
respectively, consists primarily of highly energetic electrons,
the dynamics of which are affected by changes in the solar
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wind, magnetospheric field configurations, and other plasma
populations. Many questions concerning the primary source
and loss processes for these electrons remain unanswered.
One such question, how electrons are accelerated to relativ-
istic energies within the magnetosphere, was thought to be
addressed with the inward radial diffusion theory presented
in Particle Diffusion in the Radiation Belts [Schulz and
Lanzerotti, 1974], but later spacecraft measurements and
new analysis techniques implied that the radial diffusion
theory alone could not account for electron acceleration in
this complex region [e.g., Reeves et al., 1998; Li et al., 1999;
Brautigam and Albert, 2000; also see discussions in review
by Friedel et al., 2002].

[3] The problem of electron acceleration has been
reexamined within the past 15 years, and a new theory has
arisen to explain the discrepancies between observations and
the radial diffusion theory. Temerin et al. [1994] proposed a
new mechanism in which plasma waves interact with the
gyrating, trapped electrons, thus transferring energy to result
in net electron acceleration. Summers et al. [1998] and
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Horne and Thorne [1998] expanded upon this theory and
identify whistler mode chorus waves as the energy donor
for electrons with energies from hundreds of keV to several
MeV. The theory of electron energization by wave-particle
interactions has since been further examined and refined.

[4] At the heart of the acceleration question lie the
electron phase space density (PSD) distributions. At any
given time, the radial distribution of electron PSD for fixed
values of the first and second adiabatic invariants (u and
K, respectively) is telltale of the acceleration mechanism
responsible for electron energization [see discussion in
Green and Kivelson, 2004]. Energization by inward radial
diffusion requires the electron PSD for fixed p and K to be
higher at higher radial distances (referred to from now on
as L*, the Roederer L star parameter, which is related to
the third adiabatic invariant and describes the radial
distance in Earth radii to an electron’s drift shell in the
equatorial plane of Earth’s magnetic field [see Roederer,
1970; Selesnick and Blake, 2000; Green and Kivelson,
2004]). In the other case, in situ acceleration by wave-
particle interactions would result in a local peak in PSD
around the L* where the interactions are taking place.
Thus, the radial gradient of outer-belt electron PSD can be
used to imply the acceleration mechanism.

[s] Several previous studies have been conducted in
attempts to identify the dominant mechanism using PSD
radial gradients [i.e., Selesnick et al., 1997; Brautigam and
Albert, 2000; Hilmer et al., 2000; Selesnick and Blake,
2000; McAdams et al., 2001; Green and Kivelson, 2004;
Onsager et al., 2004; Taylor et al., 2004; Chen et al., 2005,
2006, 2007a, 2007b; Iles et al., 2006; Turner and Li, 2008;
Tu et al., 2009]. Among these studies, Hilmer et al. [2000]
used GPS dosimeter measurements and Los Alamos
National Laboratory (LANL) flux measurements from geo-
synchronous orbit (GEO) to estimate the radial gradient of
electrons with ~90° pitch angles and p = 2100 MeV/G
during high-speed solar wind streams. They found that the
gradient between GPS (r ~ 4.2 Ry) and GEO (r ~ 6.6 RE)
was positive (i.e., increasing with increasing radial distance)
for 27 out of 31 cases studied. Brautigam and Albert [2000]
found that for one storm, using CRRES data to calculate
electron PSD for p from 500 to 1000 MeV/G, the radial
gradient was positive for smaller p (<700 MeV/G) and
negative for larger p (>700 MeV/G), and they discussed
several possible explanations for this, one of which is that
an internal acceleration source existed for higher-energy
electrons. Selesnick and Blake [2000] found evidence of
PSD peaks between L of 4 and 6 from Polar data, and they
discussed how PSD peaks can form either from local accel-
eration or from inward radial diffusion with a variable source
at the outer boundary. They also discussed how PSD gradient
calculations depend heavily on the magnetic field model used
in the calculation. Green and Kivelson [2004] used data from
the Polar spacecraft and the Tsyganenko models to calculate
electron PSD gradients. They found that their results are best
explained by acceleration from an internal source at L ~ 5,
but the results are also strongly model-dependent. Onsager
et al. [2004] calculated electron PSD gradients using two
GOES measurements at different L* around GEO (being at
different magnetic latitudes, the GOES satellites are also
located on different L*). They limited their study to equa-
torially mirroring, ~90° pitch angles, u = 6000 MeV/G
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electrons, and their results indicate that the PSD radial
gradient is positive for times of quiet geomagnetic condi-
tions, meaning inward radial diffusion may be the primary
energization mechanism under quiet conditions. Recently,
Chen et al. [2007b] used Polar, LANL, and GPS satellite
measurements to calculate the electron PSD at different
radial distances. Their analysis covers two years, 2001 —
2002, and p in the range 462—-2083 MeV/G. They found
frequent and sometimes persistent PSD peaks inside of GEO
with no evidence of variations in the PSD at higher L*,
suggesting that local acceleration by wave-particle inter-
actions is the primary acceleration mechanism for electrons
in the outer belt.

1.2. Development and Application of a New Technique

[6] In the past, independent works by Li et al. [2003]
and Lee et al. [2005] on particle injections resulting from
interplanetary shocks found that the energetic (i.e.,
>225 keV) electron response can be an immediate decrease
in the flux measured at GEO. Li et al. [2003] explained
this as a result of weaker source population at larger radial
distances for an event on 26 August 1998, and refer to
previous test-particle simulation results, which show how
particles are transported radially inward when the shock
impacts the magnetosphere, as further evidence [i.e., Li et
al., 1993; Li et al., 1998]. In Lee et al. [2005], they also
found that for “compression-only” injections of high-
energy electrons, there are often immediate dropouts in
electron fluxes. They discussed that a decrease or little
change in particle flux due to an injection from a dynamic
pressure impulse is evidence that the particle distribution
function (i.e., PSD) at constant first and second adiabatic
invariants decreased or was approximately constant with
increasing radial distance. Shi et al. [2009] conducted a
more comprehensive study of the energetic flux response
to 128 solar wind dynamic pressure enhancements from 2000
to 2003, and they found that the dominant response for
relativistic electrons measured at GEO is a decrease in flux.

[7]1 Recently, Turner and Li [2008] introduced a new
analysis technique to determine the direction of the PSD
radial gradient at and beyond GEO, immediately prior to
sharp solar wind pressure enhancements, referred to,
throughout this paper, as pressure pulses. When the mag-
netosphere is impacted by a solar wind pressure pulse, the
impulse in the dynamic pressure results in a magnetic field
compression and the inward radial transport of trapped
outer-belt electrons, which conserve their respective p and
K in the process [Li et al., 1993, 2003; Lee et al., 2005].
Thus, immediately after such a pressure pulse, magnetic
field and electron flux measurements from GEO are used
to determine the PSD at increasingly higher L* (i.e., at a
fixed location, L* before the compression is less than L*
after the event). Turner and Li [2008] used flux data from
the Los Alamos spacecraft in GEO to calculate electron PSD
for a broad energy range, and they calculated p for all
energies by scaling the magnetic field measured by the
nearest GOES satellite to the LANL satellite being used to
get the PSD. From this, the PSD for near-equatorial electrons
with fixed p can be calculated before and after the pressure
pulse to determine the sign of the PSD gradient beyond
GEO. This process requires that specific criteria be met,
which is discussed further in section 3. Two of the signif-
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icant advantages of this new technique are that it does not
rely on empirical magnetic field models for long periods of
time or when the models become highly inaccurate (i.e., after
the pressure pulse impact) and that it can be used to determine
the direction of the PSD gradient nearly instantaneously
using particle measurements from only a single spacecraft.
Turner and Li [2008] found that the direction of the PSD
gradient for ~1 MeV electrons at GEO prior to the events
is negative for the majority of events examined. Also, they
discussed how the PSD gradient is p-dependent: the gradient
for higher-y electrons is often significantly different than
that for lower-p electrons.

[8] Here, we employ the method of Turner and Li [2008]
to determine the direction of the PSD radial gradients of
equatorially mirroring electrons over a wide range of y at
and beyond GEO prior to 86 solar wind pressure pulse
events that occurred over more than one full solar cycle
(1993-2007). We first discuss the data used to conduct this
study and the criteria we use to determine our set of events.
A case study of three individual events, each displaying
a distinctive type of PSD result, follows. The results of a
superposed epoch analysis are then presented prior to a
comprehensive discussion of the results, which focus on the
various solar wind and geomagnetic preconditions that lead
to different types of PSD gradients beyond GEO, and their
implications. We also discuss how these results provide
important insight and context to the results from previous
PSD gradient studies while expanding our understanding of
not only the gradients for relativistic electrons, but those for
the source population of tens to hundreds of keV electrons
as well. Finally, conclusions are presented, followed by a
discussion of potential future work.

2. Data Set Description

[o] This study requires various types of data from several
different sources. Electron flux data from the synchronous
orbit particle analyzer (SOPA) instruments on various LANL
spacecraft in GEO have been obtained from the LANL online
data request system (available at: http:/leadbelly.lanl.gov/
lanl ep data/). For this study, flux data at a 10 s resolution
is used from the SOPA instruments’ nine differential
energy channels, which cover a full energy range from
50 keV to 1.5 MeV. These data are used to calculate the
PSD during each event, as well as for the electron population
characteristics in the superposed epoch analysis. GOES
magnetic field measurements are used to determine event
eligibility based on the study criteria (discussed in section 3),
as well as to determine the field compression during each
event. These data were obtained at a 1 min resolution from
NASA'’s coordinated data analysis Web site (CDAWeb;
available at: http://cdaweb.gsfc.nasa.gov/) [McGuire et al.,
20001].

[10] For the individual event studies and the superposed
epoch analysis, we used data from the following sets: solar
wind velocity; number density; By, B), and B. from in-house
ACE data sets (for 1998—-2007); and IMP-8 and OMNI data
sets, which are both available from CDAWeb (for 1993—
1997) (see http://omniweb.gsfc.nasa.gov/); AL, AU, AE,
Dst, and Kp geomagnetic index data sets from the World
Data Center for Geomagnetism, Kyoto, Japan (AL, AU, AE,
and Dst sets available at: http://swdcwww.kugi.kyoto-u.
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ac.jp/index.html) and from CDAWeb (Kp, courtesy of the
National Geophysical Data Center). Solar wind data from
ACE and OMNI (1995-1997) are available at 1 min
resolution, while OMNI data for 1993—-1994 are available
only at hourly resolution. AL, AU, AE, and Dst are used at
1 h resolution, while 3 hourly Kp is used.

[11] Solar wind dynamic pressure is calculated directly
from the velocity and number density data, approximating
the proton to alpha ratio to be 4:1 (i.e., 80% protons and
20% alphas). GSE magnetic field measurements are con-
verted to GSM using the Office National d’Etudes et de
Recherche Aérospatiales (ONERA) Deployment Environ-
mental Surveillance Program (DESP) library tools (http://
craterre.onecert.fr/support/user _guide.html). Other parameters
(e.g., magnetic field magnitude (By), solar wind V-Bsouth
(VBy), plasmapause location (Ly,), and the Akasofu e
parameter) are also calculated from the appropriate data
sets and were examined for this study, though not all of the
parameters examined are presented here. Two additional
parameters that we discuss throughout are AE* and Dsty;p,
which are defined, respectively, at any particular time as
the maximum value of the AE index from the previous
3 h and the minimum value of the Dst index from the
previous 3 h.

3. Event Criteria

[12] As discussed by Turner and Li [2008], this study
requires that we use only sudden pressure-enhancement
events in which the solar wind pressure pulses occur on
timescales significantly shorter than the electrons’ drift
periods (i.e., risetimes less than ~2 min). This requirement
ensures that the spacecraft flux measurements after the
pressure pulse impact are of electrons that were at approxi-
mately the same local time but a higher L* prior to the
pressure pulse. After identifying these types of pressure
pulses in the solar wind data set, we further narrow the
events down by the magnetic compression observed by the
GOES spacecraft in GEO. We only use events in which there
is a positive overall compression of the magnetic field that
is also relatively uniform over different local times. To test
the uniformity of the compressions, we compare the percent
increase from two or more spacecraft, which are most often
two GOES satellites separated by approximately 4 h in local
time, and only use events in which the percent increases of
the measured compressions differ by less than 25%. Finally,
to qualify as a useable event, at least one LANL spacecraft
must be on the dayside, between 0600 LT and 1800 LT, at
the time of the pressure pulse impact.

[13] We have identified over 145 sudden pressure pulse
events in which the solar wind dynamic pressure (from
IMP-8, ACE, and OMNI data sets) increases by more than
half of its original level in less than 2 min. After the
geosynchronous magnetic field compression criteria are
applied to this set, the number of useable pressure pulses
is reduced to 86. Figure 1 shows how these events are
distributed over the period from 1 January 1993 to 1 January
2008. In Figure 1, events are plotted on the y axis by their
respective percent increase in solar wind dynamic pressure.
Events that are used in this study are marked by the black
asterisks, while other events that were identified but not
used due to the event criteria are marked by the red crosses.
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Figure 1. Event distribution in time from 1993 to 2007 and scaled by the pressure pulse percent

increase. Pressure pulses that meet the event criteria are shown with black asterisks, while those that do

not are shown with red crosses.

Notice how the events are mostly concentrated around solar
maximum, with half of the events used in the study (43 of
the 86) occurring between January 2000 and September
2002.

4. Study of Distinctive Events

[14] In this section, we discuss the characteristics of
distinct types of events that we have identified through this
analysis. We classify each type of event based on the
behavior of the PSD for four fixed values of u: p = 50,
200, 750, and 2000 MeV/G, which correspond to electrons
near dayside GEO with energies around 50 keV, 200 keV,
600 keV, and 1 MeV, respectively. Table 1 shows the
number of events in which the PSD gradients for each of
these four u values are negative, flat, and positive. To be
considered as a “negative gradient event,” the PSD for
some fixed p after the event must drop to less than 90% of
the PSD (for the same p) averaged two-and-a-half minutes
before the event, whereas to be classified a ‘“positive
gradient event,” the PSD must increase to more than
110% of the before-event PSD average. Those events
classified as “flat” fall in between these two other types.
Note that for 75% of events, the PSD gradient for electrons
with p = 2000 MeV/G is negative, while the gradient for
electrons with p = 50 MeV/G is positive or flat for 72%
of events. Meanwhile, the PSD gradient for electrons
with p = 200 MeV/G, which have energies near GEO of
around a couple of hundred keV, are split almost evenly
between negative and positive/flat events. These results
are consistent with the results of Chen et al. [2007b] for
relativistic electrons and with the initial findings of Turner
and Li [2008], who discussed how the PSD gradient beyond
GEO is p-dependent and there is some transition from
mostly positive or flat gradients to mostly negative gradients

Table 1. Amount of Events in Which the Phase Space Density
Gradient for Electrons With p = 50, 200, 750, and 2000 MeV/G

Are Negative, Flat, or Positive®

for electrons with energies near GEO around a couple of
hundred keV.

[15] The majority of the events can be more generally
classified based on their overall PSD gradient results into
the following four categories: (1) the PSD gradients for all
w’s examined are negative, (2) the PSD gradients for all
w’s examined are positive, (3) the PSD gradients for all p’s
examined are flat, and (4) the PSD gradients for high-
energy electrons are different than those for lower-energy
electrons. There are two exceptional cases, both of which
exhibit evidence of a peak in the high-energy electron PSD
gradients beyond GEO. However, these exceptional case
results are somewhat ambiguous since the observed peaks
may be the result of either a brief dip in the dynamic pressure
during the compression or an actual peak in the PSD gradient.
Table 2 lists how many events can be classified into each of
these categories.

[16] Three example cases will be discussed in the follow-
ing subsections. The first example exhibits several events,
but we pay attention primarily to two of these: an event
where all gradients are negative and an event where all
gradients are flat. The second example exhibits an event
where all gradients are positive, and the third is for a “mixed”
event exhibiting a negative gradient for 2000 MeV/G
electrons, but a positive gradient for 50 MeV/G electrons.
Figure 2 shows the PSD results for four different p’s (50,
200, 750, and 2000 MeV/G) from the three events used to
set the epoch times (ETs) in each of the examples. In
Figure 2, each event is color- and symbol-coded, and time
is given in epoch minutes for 3 min before and after the
pressure pulse impact time, which is the time used to
determine the PSD gradient to avoid ambiguities due to
electron drift (discussed by Turner and Li [2008]).

[17] For each example, corresponding Figures 3—8 show
several solar wind parameters (i.e., dynamic pressure P,
total velocity V, interplanetary magnetic field (IMF) mag-
nitude B, IMF B, in GSM, and VB,), geomagnetic indexes
(i.e., Kp, AE, and Dst), LANL electron fluxes, and the

Negative Flat Positive  Taple 2. Amount of Events by Overall Gradient Category®
0, 0, 0,
ggoMI\?IZ\//(/}G gg 812023 52 8?“2; ?g 8302; All-Negative All-Positive All-Flat Mixed Evidence
750 MeV/G 50 (58%) 29 (34%) 7 (8%) Gradients Gradients Gradients Gradients of a Peak
2000 MeV/G 65 (75%) 16 (19%) 5 (6%) 23 (26.7%) 4 (4.7%) 9 (10.5%) 48 (55.8%) 2 (2.3%)

“Percentage of total (86 events) is displayed in parentheses.

“Percentage of total (86 events) is displayed in parentheses.
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Figure 2. Phase space density (PSD) results (PSD units: ¢ MeV 3 em ™, where ¢ is the speed of light)
from three example events. Logarithm of phase space density is shown for four different values of u: (top
left) 50 MeV/G, (top right) 200 MeV/G, (bottom left) 750 MeV/G, and (bottom right) 2000 MeV/G.
Events are color- and symbol-coded (see embedded legend).

derived PSD for different u. For the solar wind and geo-
magnetic indexes plots, time is given in epoch hours,
where the epoch is defined as the impact time. Note, however,
that the ET is different for ACE and the magnetosphere (since
the solar wind passes ACE at its L1 orbit shortly before it
hits the magnetosphere), but they have been aligned
throughout for Figures 3, 5, 7, and 9. The date and time
at the top of Figures 3, 5, and 7 is the ET of the pressure
pulse impacts with the magnetosphere. Figures 3, 5, and 7,
comparing the different types of events, have the same
range for each of the plotted parameters for comparison
purposes. Also note, solar wind number density is not
displayed since its characteristics are so similar to dynamic
pressure. Figures 4, 6, and 8 show electron fluxes from four
differential energy channels: 50—75 keV, 150-225 keV,
500-750 keV, and 1.1-1.5 MeV. For the first and third
examples, the flux measurements that are used to calculate
the PSD, which is, in turn, used to classify each event, are
examined. For the second example, flux measurements from
the spacecraft used to calculate the PSD have several large
gaps in the days leading up to the event, so measurements
from another spacecraft are displayed instead. For this
study, we use 10 s resolution flux data, but for these event
flux plots, we have smoothed the data for clarity. Time is
given in epoch hours, where the ET is the time of the
pressure pulse’s impact with the magnetosphere, and is the
same as that used in the solar wind and geomagnetic index
plots. With the exception of the first example, ETs for these
flux plots only go back to —48 h due to a combination of

missing days in the data and results from the superposed
epoch analysis that are discussed in the next section.
Finally, the PSD results from each event are also shown
individually in the same format as in Figure 2.

4.1. Example Event 1: All-Negative and All-Flat PSD
Gradients

[18] The first example to be discussed is actually an
interesting series of several different events. Figure 3 shows
the solar wind parameters and geomagnetic indexes for this
series of events. ET here is set to an event that is used in this
study and reveals a decrease in PSD (i.e., negative gradients)
over a full range of p’s immediately following the pressure
pulse impact. For this event, the negative gradients, which
result from a lack of source populations for electrons at all
energies, are likely due to loss at higher L*’s from the
pressure pulse that occurs ~9 h before the ET, where the
dynamic pressure spikes to more than 10 nPa and stays high
up to the ET. The series of pressure pulses in the days leading
up to this event present an interesting, though complex,
scenario to this study. Two of the pressure pulses on
7 November (at —64 and —56 h ET) are not used for
this study, since they do not meet the event criteria due
to the lack of a large pressure enhancement in the first event,
as well as inconsistencies in the associated magnetic field
compressions measured by GOES 10 and GOES 12. How-
ever, looking only at the LANL data in Figure 4 (top), we
can infer that prior to the second pressure pulse (first dash-
dot vertical line from the left at about —56 h ET), the PSD
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Figure 3. Solar wind and geomagnetic conditions for five days before and one day after an event on
9 November 2004. Epoch time is given in the top left.

gradient was negative for electrons with energies greater
than a couple hundred of keV, since their fluxes either stay
relatively the same or decrease significantly immediately
after the pressure pulse impact. Also, the fluxes for lower-
energy electrons increase immediately after this pressure
pulse, but it is impossible to say what the direction of their
PSD gradient was without more confidence in the magnitude
of the magnetic field compression. This flux behavior is also
the same for three LANL satellites on the dayside for this
event. The third pressure pulse on 7 November (shortly
before —48 h ET and marked with the second dash-dot line
from the left in Figure 4) does meet all the criteria, and this
pressure pulse reveals all negative PSD gradients, which is
possibly due to enhanced magnetopause losses from the

previous two events. Two days later, the pressure pulse at
—9 h ET (third dash-dot line from left in Figure 4) results in
flat PSD gradients for p’s of 2000, 750, and 200 MeV/G,
and a positive PSD gradient for p = 50 MeV/G. This is
significant because it shows that in the two days between
pressure pulses, the source populations at higher L* have
been replenished. Concerning this, notice the sudden flux
increase at around —33 h ET, where the flux for all channels
increases abruptly by more than an order of magnitude, and
then stay at these new levels. These flux data are from
LANL satellite 1991080, which is at 07:49 LT at 0 h ET;
therefore, at —33 h ET, 1991-080 was on the nightside at
22:49 LT. Here, the 500—750 keV and 1.1-1.5 MeV levels
increase together with the 50-75 and 150-225 keV
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Figure 4. (top) Electron fluxes from LANL satellite 1991080 for the 9 November 2004 event. Epoch
time is the same as that for Figure 3. Fluxes are shown from four different energy channels: 50—75 keV
(black), 150—225 keV (blue), 500—750 keV (green), 1.1—1.5 MeV (red). For further details, see discussion

in text. (bottom) Phase space density results from this event shown in the same format as Figure 2.

channels, but for the large fluctuations seen in the lower
channels before this time, which are probably associated
with enhanced substorm activity evident from the very high
AE index levels, there are only small, similar variations in
the 500—-750 keV flux and absolutely no similar variations
in the 1.1-1.5 MeV flux. This increase is likely due to a
couple of substorm injections of both lower energy and
relativistic electrons similar to the event discussed in
Ingraham et al. [2001], who find that prolonged substorm
activity during the recovery phase of the large storm that
occurred on 24 March 1991 resulted in substorm injections
of two different electron populations: one with energies
ranging from 50 to 300 keV that are commonly injected by
substorms and the other with energies from 0.3 to several
MeV, to GEO within a few hours of local midnight. Similar
to the 1991 event, at —33 h ET in Figures 3 and 4, 1991-080

is near ~23:00 LT in GEO during the recovery phase of a
large storm and a prolonged period of high substorm activity,
when it observes a sudden injection of electrons over a broad
range in energy from tens of keV to greater than 1 MeV.
This injection likely explains how the source population at
higher L* is replaced prior to the all-flat gradients event
that occurred one day later at around —9 h ET.

[19] It should be noted here that very different precondi-
tions seem to be able to result in all-flat PSD gradients. In
contrast to the example discussed previously, many of the
all-flat gradient events have very calm solar wind and
geomagnetic conditions in the days leading up to the event
times. Part of this may be from event misclassification if the
PSD after the pressure pulse does not change by at least
10% of the prepressure pulse average. However, nearly flat
gradients imply that radial diffusion, either inward or
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Figure 5. Solar wind and geomagnetic conditions for five days before and one day after an event on

6 January 1998. Epoch time is given in the top left.

outward, has smoothed the radial gradient and that radial
diffusion will not be significant at and beyond GEO.

4.2. Example Event 2: All-Positive PSD Gradients

[20] As can be seen from Figure 6 (bottom), the PSD for
all four p’s increases for this example, an event that
occurred on 6 January 1998. This type of event, in which
the gradients for the full range of p’s is positive, is one of
the more uncommon types, with only 4 of the 86 events
examined being classified as such (see Table 2 for numbers
of each type of event). From Figure 5, we see that the solar
wind conditions in the days leading up to the event are very
calm, with no large enhancements in dynamic pressure,
below-average velocity, low magnetic field magnitude, and

only a few significant periods of southward IMF. This lack
of activity is also apparent in the magnetosphere from the
geomagnetic index data. The flux data in Figure 6 reflect
these calm conditions, particularly in the 1.1-1.5 MeV
channel (red). Figure 6 shows the fluxes measured by
LANL-97A because the flux from 1990 to 095, which
was at ~11:45 LT at the pressure pulse impact time and is
used to calculate the PSD for this event, has several large
data gaps in the days leading up to the event. Thus, fluxes
from LANL-97A, at ~18:55 LT at the pressure pulse impact
time, are shown to better illustrate the flux preconditions.
From this, note that the lower-energy fluxes see particle
injections at around —11 and —21 h, which correspond
nicely with the minor AE activity around those same times
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Figure 6. (top) Electron fluxes from LANL-97A for the 6 January 1998 event. Epoch time is the same

as that for Figure 5. Colors correspond to the same four energy channels as in Figure 4. (bottom) Phase
space density results from this event shown in same format as Figure 2.

and are probably substorm injections, but the higher-energy
flux is quite constant other than the normal, diurnal variation.
This quiet time and positive gradient scenario is consistent
with the results of Onsager et al. [2004], who found that
during a several-day period of low solar wind and magneto-
spheric activity in February 1996, the PSD gradient around
GEO was positive.

[21] Tt is of interest here to briefly discuss how the PSD
results can differ when using fluxes from different LANL
spacecraft, which are at different local times around GEO,
to derive the results. For this event, using fluxes from the
spacecraft closest to noon (1990—095), which is how events
are classified in this paper, the results are classified as an all-
positive gradients event. However, when the same analysis
is performed using fluxes from LANL-97A, the results are
different; the PSD over the full range of ; remains relatively
flat. This local time difference is potentially significant; it
may result either because the two spacecraft are at different

L* or because LANL-97A was on the nightside and particles
are not necessarily transported radially inward there. For
further discussion on these local time differences, refer to
Lee et al. [2005] and Shi et al. [2009], where the flux
responses to sudden solar wind pressure pulses as measured
by multiple LANL spacecraft are examined.

4.3. Example Event 3: Mixed PSD Gradients

[22] Figures 7 and 8 show the conditions for the most
common type of event, in which there is a difference in the
PSD gradients when those for electrons with p of 50 MeV/G
are compared to those for electrons with o of 2000 MeV/G.
Of this type of event, there are 23 cases where the PSD
gradient is negative for 2000 MeV/G electrons but positive
for 50 MeV/G electrons, 18 cases where it is negative for
2000 MeV/G electrons but flat for 50 MeV/G electrons,
and 7 cases where it is flat for 2000 MeV/G electrons but
positive for 50 MeV/G electrons. There are no cases where
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Figure 7. Solar wind and geomagnetic conditions for five days before and one day after an event on

7 April 2001. Epoch time is given in the top left.

the gradient is negative or flat for 50 MeV/G electrons but
positive for 2000 MeV/G electrons.

[23] From Figure 7, one can see that there were three
sudden pressure pulse events during the six days of time
displayed. The first event, shortly after —75 h ET, is used in
this study and classified as an all-negative gradients event.
This event spawns some nearly continuous activity in the
magnetosphere, which is evident in the Kp and AE indexes,
but no large storm prior to the second pressure pulse at
0 h ET. This pressure pulse, occurring at 17:32 UT on 7 April
2001, is a mixed gradient event, where the PSD for
electrons with ;1 = 50 MeV/G increases, while the PSD
for 1’s higher than 200 MeV/G all decrease, which is evident
in Figure 8 (bottom). This implies that the PSD radial

gradient was positive for lower-energy electrons and negative
for electrons with energies greater than a couple hundred keV
prior to the event. This is evidence of two distinct popula-
tions. A potential explanation of this case is that an internal
heating source, potentially whistler mode chorus and/or
magnetosonic waves generated by substorm-injected elec-
trons and ring current particles, respectively, was active
somewhere inside of GEO for electrons with energy greater
than a couple hundred keV in the 0—3 days leading up to the
event. Meanwhile, the positive gradients observed for lower-
energy electrons are explained by a source population at
higher L*, most likely plasma sheet electrons injected during
substorms. From Figure 8 (top), it is evident that in the days
leading up to the event, the electron sources dominated
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Figure 8. (top) Electron fluxes from LANL-01A for the 7 April 2001 event. Epoch time is the same as

that for Figure 7. Colors correspond to the same four energy channels as in Figure 4. (bottom) Phase
space density results from this event shown in same format as Figure 2.

slightly over electron loss, since the flux for all four energy
channels increases overall prior to the event. Finally, the
third pressure pulse, which occurs at around 17.5 h ET, is
also used in this study and is classified as an all-negative
gradients event in which the PSD for the full-range of u’s
decreases most likely due to enhanced loss to the magne-
topause from the pressure pulse at 0 h ET.

5. Superposed Epoch Analysis

[24] A superposed epoch analysis has been conducted to
determine if there are any distinguishing characteristics in
the statistical preconditions leading up to different types of
events. We have gone through several different variations of
this study, comparing different combinations of event types
to one another, though here, we only discuss the results
from one of these variations. For this analysis, all events are
aligned by ET, which is once again defined as the pressure

pulse impact times, and events are grouped to form two
sets based on their type or PSD behavior for a particular .
We compare 20 parameters in all, ten from the solar wind
(dynamic pressure; total velocity; IMF magnitude; IMF B,,
B,, and B. in GSM coordinates; number density; VB,; clock
angle; and the Akasofu € parameter), nine from geomagnetic
index data (Dst, Dstmin, AU, AL, AE, AE*, Kp, and plasma-
pause locations derived from Dst [O’Brien and Moldwin,
2003] and Kp [Carpenter and Anderson, 1992]), and LANL
electron fluxes. We compare the upper and lower quartiles,
medians, and means of each parameter from the two sets of
events for 120 h before the ET and 24 h after it for the solar
wind and geomagnetic parameters, and 48 h before the ET
and 24 h after it for electron fluxes. The two events from
1996 are not included in the epoch analysis since there are
no AE data available from that year.

[25] The variation discussed here separates events into
two groups based upon the sign of the gradient for electrons
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Figure 9. Solar wind and geomagnetic results from a superposed epoch analysis. Black curves represent
the means from 2000 MeV/G negative gradient events, and red curves represent the means from 2000 MeV/G
positive gradient events. For the AE and Dst plots, asterisks are used for AE* and Dst,,,;, means.

with = 2000 MeV/G: all those events in which a negative
gradient is observed are grouped together to make one set,
and all events in which a positive gradient is observed are
grouped to make the second. The negative gradients set
consists of 51 events since the all-negative gradient events
in which loss to the magnetopause is suspected to be based
on estimated magnetopause locations [Petrinec and Russell,
1996] in the days leading up to the event are not included.
These are omitted because we understand, at least in part,
why the gradients are all negative and also because they all
have large events occurring in the days leading up to the
actual event, which will skew the results. All-flat gradient
events are not included since a wide range of preconditions

can result in all-flat PSD gradients, which was discussed at
the end of section 4.1. Results from this variation are shown
in Figure 9. Means of each set are displayed and differen-
tiated by color, with black curves corresponding to the
negative gradients set and red curves corresponding to the
positive gradients set. Here, we only show means, since
quartiles for the positive gradients set are insufficient
because there are only four of these events. Other pressure
enhancement events are evident in the positive gradients
data at around —118, —88, —82, and —69 h ET, and the
evidence of these events is also present in the geomagnetic
activity indexes, as can be seen in the AE* enhancements
and geomagnetic storm evident from the Dst curves. This
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correspond to mean fluxes from the same events used for the results in Figure 9.

activity is interesting, however, since only two of the four
events see pressure enhancements and activity 3—5 days
prior to the ET, and both of these are followed by at least
two days of very calm conditions that stay calm right up to
the ETs. The other two positive gradient events exhibit
very calm conditions for more than five days prior to the
ETs, as is shown in the second example case. In this same
two days of time leading up to the negative gradient events,
notice how the means of Kp, AE, and AE* all stay relatively
high compared to the positive gradient events. Also, notice
that the mean B, is almost entirely southward from around
—98 to —44 h ET for the negative gradient events, while it
is most often northward for the five days leading up to the
positive gradient events. From Figure 10, it is clear that the
average fluxes for the full range of LANL energies, 50 keV—
1.5 MeV, are significantly higher prior to the negative
gradient events than they are prior to the positive gradient
events, and the difference between the two sets increases
with increasing energy.

6. Discussion of Results
6.1. Basic Scenario

[26] The events discussed here can all be described using
one basic scenario, in which radial diffusion redistributes
outer-belt electron PSD from regions of high PSD to regions
of lower PSD. In the radial direction, this redistribution is

dependent on the radial gradient of the PSD between the
two “sink” regions, the slot region between the inner and
outer belts, and the magnetopause. We know some source
of PSD is active because if it was not, then the outer belt
would be empty due to the PSD diffusing to these two sinks.
There are three potential sources of PSD for electrons near
GEO: (1) radial transport from regions of higher PSD inside
of GEO, (2) radial transport from regions of higher PSD
outside of GEO, and (3) local acceleration of lower-energy
electrons to higher energies near GEO. The effects from each
of these source processes at GEO can be dependent upon
electron energy, and the temporal history of the sources and
sinks.

[27] With this basic scenario in mind, we can now discuss
the various combinations of sources and sinks that can lead
to the types of gradients that we observe in this study
beyond GEO. Negative gradients beyond GEO can be the
result of: (1) PSD outside the trapping boundary (e.g., in the
plasma sheet) decreasing over time, (2) an earlier event
increased the PSD inside of GEO and the electrons are still
diffusing outward, (3) ongoing heating/acceleration of elec-
trons inside of GEO, or (4) the PSD source not changing but
an increased rate of diffusion at higher L*. Positive gradients
beyond GEO can be the result of the exact opposite situ-
ations occurring, i.e.: (1) PSD outside the trapping boundary
increasing over time, (2) an earlier event decreased the PSD
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inside of GEO and electrons are still diffusing inward,
(3) ongoing heating/acceleration occurring outside of GEO,
and (4) the PSD source not changing but a decreased rate
of diffusion at higher L*. Flat gradients observed in this
study can result from diffusion smoothing out any PSD
gradients beyond GEO or because the gradient was not
sharp enough to classify as either positive or negative. A
mix of PSD gradients for different u’s can occur when the
source and sink processes are different for different energies.
Finally, a peak in the PSD gradient beyond GEO can
occur if: (1) the PSD gradient is originally positive, then
there is some loss at higher L*, (2) there is an “on-off”
source at higher L*, or (3) there is local heating/acceleration
beyond GEO. For discussions on scenarios resulting in PSD
peaks, see Green and Kivelson, [2004] and Chen et al.
[2007b].

6.2. Discussion of the Example Cases

[28] We now offer some speculation as to which of the
aforementioned conditions may have resulted in some of the
events discussed in this study. The events in which the PSD
over the full range of p’s examined is negative can be the
result of any of the four source/sink conditions for negative
gradients. However, for 12 of these events (out of 23 total),
including the event in the first example, we can say with some
confidence that the negative gradients are at least partially
the result of enhanced losses to the magnetopause in the
days leading up to the events. For the remaining 11 events,
since the magnetopause does not come inside the range from
which we expect the electrons to be transported inward
during the field compressions (based on previous test-particle
simulations by Li et al. [2003]), we can speculate that an
internal source, an increased rate of diffusion at high L*, ora
decrease in the plasma sheet PSD is likely the cause of the
negative gradients observed.

[29] Despite understanding the likely reason behind the
all-negative gradients observed in the first example event,
the series of events that occurred in the days leading up to
this event introduced a very interesting case study. The
intriguing thing about these events, which occurred between
7 and 9 November 2004, is that in the time span of just
39 h between the pressure pulse shortly before —48 h ET
(in Figure 3) and the pressure pulse at —9 h ET, the source
populations for both low-energy (50—200 keV) and high-
energy (200 keV to >1 MeV) electrons is replenished. This
timescale of around 1-2 days is important and will be
repeated throughout this discussion of results. Also note
that this replenishing of the source occurs during the
recovery phase of a very large storm (see Dst data in
Figure 3) in which there is significantly enhanced sub-
storm and magnetospheric activity (see AE and Kp data in
Figure 3) that result in substorm injections of electrons
over an abnormally large energy range (tens of keV to
>1 MeV; starting at around —33 h ET in Figure 4).

[30] The all-positive gradient events can be the result of
any of the four aforementioned source/sink conditions for
positive gradients, and thus, it is difficult to speculate the
reason why these gradients are observed. PSD in the plasma
sheet may have increased prior to these events, or losses at
lower L due to an expanding plasmasphere (in more than
2 days of quiet conditions prior to these events) can decrease
the PSD inside of GEO. Heating outside of GEO is possible,
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though if this was the case, we would expect to see some
evidence of a peak in the results. Finally, diffusion rates
may have decreased at higher L, which once again may be
related to the 2+ days of quiet conditions. Again, these
results are consistent with the results of Onsager et al.
[2004], who found the gradient near GEO to be positive
during quiet conditions.

[31] We find 48 mixed gradient events in this study,
which is indicative of two distinct populations. Of these,
there are 41 in which the PSD gradient is negative for
2000 MeV/G electrons, while being positive or flat for
50 MeV/G electrons. This is consistent with the expected
results of the theory of relativistic electron heating by wave-
particle interactions. By this theory, electrons with energy
greater than a couple hundred keV have a source some-
where outside of the plasmapause [Meredith et al., 2001;
2003] where local heating by whistler mode chorus [e.g.,
Horne and Thorne, 1998; Summers et al., 1998] and/or
magnetosonic waves [e.g., Horne et al., 2007] occurs, and
lower-energy electrons (energy of tens of keV to a couple
hundred keV) have a source at higher L* due to substorm
injections and convection [e.g., Meredith et al., 2003 and
references therein]. The timescales for relativistic electron
heating by wave-particle interactions are about the same for
both whistler mode chorus and magnetosonic waves, around
1-2 days [Horne et al., 2005; Horne et al., 2007], and both
whistler mode chorus and magnetosonic waves tend to be
more intense with enhanced AE*, which indicates a connec-
tion between these waves and substorm activity and/or
periods of enhanced convection [Meredith et al., 2001;
2008]. Finally, Bortnik and Thorne [2007] defined an ““an-
chor point” energy of a couple of hundred keV at which
electrons with greater energy tend to be accelerated by
interactions with whistler mode chorus, while those with less
energy tend to be scattered and lost by the interactions.

[32] This is all consistent with the majority of the mixed
gradient event results in that the gradient of electrons with
1 greater than a couple hundred MeV per Gauss (equivalent
to those with energy above a couple hundred keV at GEO)
is negative beyond GEO, which may be the result of a
PSD source inside of GEO prior to the event time. Mean-
while, for these same events, the gradient of electrons with
1 less than a couple hundred MeV per Gauss is positive or
relatively flat, indicating a source outside of GEO, and
electrons with p between around 100 and 300 MeV/G
consistently mark the transition region between the two
populations. Also, based on the example mixed gradient
event and the superposed epoch analysis results, the AF
and AE* indexes are typically high in the days leading
up to those events that reveal a negative gradient for
2000 MeV/G electrons. Last, it is stressed that the opposite
situation, in which the gradient of 2000 MeV/G electrons is
either positive or flat while the gradient of 50 MeV/G
electrons is negative, is not observed.

6.3. Discussion of the Superposed Epoch Analysis

[33] The most significant features of the superposed epoch
analysis are the differences in IMF B., Kp, AE, AE*, and
fluxes at different energies, as well as the vastly different
conditions at greater than ~50 h that can produce all-positive
PSD gradient results. The AE and AE* indexes are consis-
tently high, on average, for the negative gradient events, and
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there is considerable activity in both indexes during the
active periods preceding two of the positive gradient
events. However, after —48 h ET, the AE and AE* levels
drop significantly for the positive gradient events, while
remaining high for the negative gradient events. On this,
Meredith et al. [2003] reported that the most significant
electron enhancements, which they also relate to chorus-
driven acceleration, are associated with prolonged substorm
activity, where the AF index is greater than 100 nT for a
total integrated time of more than two days. The AE index
is, on average, around 200 nT for more than two days
leading up to the negative gradient events, whereas for the
positive gradient events, it drops to below 100 nT and
remains almost consistently below this level in the two days
leading up to the events. Finally, the differences in the two
sets of fluxes prior to the events (see Figure 10) are also
consistent with the results of Meredith et al. [2003], who
found that significant flux enhancements are also associated
with enhanced fluxes of electrons at a couple hundred keV.

[34] We believe that the weak statistics of the four all-
positive gradient events provide further insight into an
important time scale for the outer-belt electrons. First of
all, the active periods are only seen at greater than 50 h for
two of the four events, but all four events are classified as
that in which the PSD gradients over the full range of u is
positive beyond GEO. Thus, either both active conditions
and quiet conditions over five days can lead to positive
PSD gradients beyond GEO or what happens more than
two days before the event is not as important as what happens
in the two days leading up to it. Based on previous studies,
positive gradients beyond GEO have been observed during
quiet times [e.g., Onsager et al., 2004 and references therein],
but during active conditions, particularly, geomagnetic
storms, negative gradients have been observed beyond
GEO for high-energy electrons [e.g., Chen et al., 2007a].
Taking these previous results into account with our own, we
propose that the outer-belt electrons may have an effective
“memory”” of approximately two days.

7. Conclusions and Further Work

[35] Here, we have studied the radial gradients of outer-
belt electron PSD prior to 86 sudden solar wind pressure
enhancement events. Of these, the majority reveal that the
gradient for electrons with g = 2000 MeV/G is negative,
which is consistent with the results of Chen et al. [2007b],
while the gradient for electrons with g = 50 MeV/G is
positive or relatively flat, and there is a transition between
the two types of gradient normally for electrons with
around 200 MeV/G. This is indicative of two different
source populations for near-equatorially mirroring elec-
trons with high and low energies. We have discussed
how the results for 41 of the 86 cases can be explained
directly by the current theory and understanding of rela-
tivistic electron acceleration by wave-particle interactions.
Additionally, we have examined the preconditions for
several examples of distinct types of PSD gradient results.
One of the most notable features of these different exam-
ples is the geomagnetic activity in the 0—2 days leading
up to the event times; the events in which a negative
gradient is seen for 2000 MeV/G electrons have consid-
erably higher Kp and AE levels than those for the events in
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which a positive gradient is seen for 2000 MeV/G electrons.
A superposed epoch analysis has also been conducted, and
it reveals similar differences.

[36] Results here indicate that 1-2 days is a significantly
important timescale to the outer-belt electrons, though this
should not come as a surprise as other studies have repeatedly
found this to be true [e.g., Baker et al., 1994; Horne et al.,
2003; 2007; Li et al., 2005; Burin des Roziers et al., 2009].
Events that show at least two days of little to no geomagnetic
activity tend to produce positive or flat gradients over the
full range of p’s examined, whereas geomagnetic activity
(evident in the AE and Kp indexes) in the 0—2 days prior
to events tends to produce negative gradients for the higher-
energy electrons. This is indicative of the great importance
of substorms and/or enhanced convection to the gradient
results, and thus, outer-belt electron acceleration. This is
consistent with the findings of Li et al. [1998] and Meredith
et al. [2002; 2003], and is also additional evidence that
approximately two days is an important timescale for the
outer-belt electrons.

[37] It is important to note that these conclusions are
consistent with those of previous studies, though they are
independent and come from the results of a new analysis
technique. This study provides new observational evidence
agreeing with the combined works of several, independent
studies on the acceleration of outer-belt electrons by wave-
particle interactions. Also, the results presented here extend
our understanding of outer radiation belt dynamics and
provide a broad context for comparisons with previous PSD
gradient studies since this study examines PSD gradients
resulting from quiet, moderate, and active geomagnetic
conditions for outer-belt electrons at and beyond GEO over
a very broad range of energies (tens of keV to >1 MeV).

[38] This paper introduces a great deal of additional
studies that can be conducted. Test-particle simulations
can be used for selected individual events to determine
how far electrons are transported radially inward and to
quantify the gradient. Also, the analysis technique can be
applied to spacecraft measurements made in orbits outside
of GEO. This study does not include ULF wave power,
which would be interesting to analyze for these events in an
attempt to establish any correlation with the different PSD
gradients, since it has been established that ULF waves are
critical to enhanced radial diffusion [e.g., Elkington et al.,
1999] and previous studies find that they may be important
to electron acceleration beyond GEO [e.g., O Brien et al.,
2003]. Finally, considering the apparent importance of
substorm activity to how outer-belt electron radial gradients
develop, a survey of relativistic electron responses to sub-
storms, similar to either of those conducted for geomagnetic
storms by O’Brien et al. [2001] or Reeves et al. [2003],
should prove to be beneficial to the community.

[39] Many questions remain concerning Earth’s outer-belt
electrons, and as we become more dependent on satellites in
this region of space, better understanding and models of the
outer radiation belt become increasingly more important. As
more evidence of local heating by wave-particle interactions
is discovered, the question of electron acceleration appears
to be getting clearer. However, the events examined for this
study still display some of the complexity in the nature of
the outer radiation belt electrons. Hopefully, future missions
like NASA’s Radiation Belt Storm Probes will provide the
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measurements needed to further resolve some of the out-
standing issues.
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