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[1] For 15 high‐speed‐stream‐driven geomagnetic activations (weak storms) in
2006–2007, the temporal behaviors of the outer electron radiation belt at geosynchronous
orbit and the energetic‐electron population of the magnetotail are compared via
superposed‐epoch averaging of data. The magnetotail measurements are obtained by using
GPS‐orbit measurements that magnetically map out into the magnetotail. Four temporal
phases of high‐speed‐stream‐driven storms are studied: (1) the pre‐storm density decay of
the electron‐radiation belt, (2) the electron‐radiation‐belt density dropout near the time
of storm onset, (3) the rapid density recovery a few hours after dropout, and (4) the heating of
the electron radiation belt during the high‐speed‐stream‐driven geomagnetic activity. In all
four phases the behaviors of the outer electron radiation belt and of the energetic‐electron
population in the magnetotail are the same and simultaneous. The physical explanations
for the behavior in phase 1 (decay), phase 2 (dropout), and phase 4 (heating) lie in the
dipolar regions of the magnetosphere: hence for those three phases it is concluded that the
temporal behavior of the energetic‐electron population in the magnetotail mimics the
behavior of the outer electron radiation belt. Behavior attributable to physical processes in
the dipole is seen in the magnetotail energetic‐electron population: this implies that the
origin of the energetic‐electron population of the magnetotail is “leakage” or “outward
evaporation” from the outer electron radiation belt in the dipolar magnetosphere.
Citation: Borovsky, J. E., and M. H. Denton (2011), Evolution of the magnetotail energetic‐electron population during
high‐speed‐stream‐driven storms: Evidence for the leakage of the outer electron radiation belt into the Earth’s magnetotail,
J. Geophys. Res., 116, A12228, doi:10.1029/2011JA016713.

1. Introduction
[2] The outer electron radiation belt has been studied for
decades [Vernov et al., 1959; Dessler and Karplus, 1960;
Hess and Poirier, 1962; Friedel et al., 2002; Hudson et al.,
2008; Miyoshi and Kataoka, 2011]. A density‐temperature
description of the outer electron radiation belt finds that the
density of the outer electron radiation belt is ∼5 × 10−4 cm−3 at
geosynchronous orbit and the temperature is ∼150 keV at
geosynchronous orbit [Cayton et al., 1989; Denton et al.,
2010]. This radiation‐belt electron population is separate
from the suprathermal electron population of the electron
plasma sheet, which has a temperature ∼30 keV at geosynchronous orbit [Cayton et al., 1989; Denton et al., 2010].
The density‐and‐temperature description of the electron
radiation belt has been found to be very compact and
insightful. Basically the density n is a measure of the number
of radiation‐belt electrons and the temperature T is a measure
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of the hardness of the spectrum; nT is a measure of the energy
density (kinetic pressure) and T/n2/3 is the density of electron
adiabatic invariants per unit flux.
[3] The energetic‐electron population of the Earth’s magnetotail has also been studied for decades [Montgomery et al.,
1965; Vernov et al., 1969; Retzler and Simpson, 1969; Sarris
et al., 1976; Meng et al., 1981; Taylor et al., 2004; Sergeev
et al., 2008], but it is less studied than the outer electron
radiation belt of the dipolar magnetosphere. A density‐
temperature description finds that it has a number density
∼2 × 10−4 cm−3 and a temperature ∼100 keV [Denton and
Cayton, 2011].
[4] By statistically matching relativistic specific entropies,
Borovsky and Cayton [2011] found evidence that the outer
electron radiation belt at geosynchronous orbit and the
energetic‐electron population of the magnetotail are the same
population. That conclusion was also made by Taylor et al.
[2004] based on energetic‐electron phase‐space density
measured at geosynchronous orbit and in the magnetotail.
The implication of this sameness is that either (a) the magnetotail energetic‐electron population is the source population of the outer electron radiation belt or (b) that the
energetic‐electron population of the magnetotail is owed to
outward leakage (evaporation) of the outer electron radiation belt. In case (a) the question is then what is the source
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Table 1. Summary of the Conclusions Drawn From Observations
Phase of Storm

Phase Observed Both at Geosynchronous
Orbit and in the Magnetotail?

Location of
Physical Cause

Conclusion

Density Decay
Density Dropout
Density Recovery
Heating

Yes
Yes
Yes
Yes

Dipole
Dipole
Unknown
Dipole

Tail energetic electrons mimic the dipole radiation belt
Tail energetic electrons mimic the dipole radiation belt
None
Tail energetic electrons mimic the dipole radiation belt

population of the magnetotail energetic‐electron population:
in case (b) the question is then what is the source population
of the outer electron radiation belt.
[5] Three outstanding questions about these energetic‐
electron populations in the Earth’s magnetosphere are the
following. (1) What is the source population of the outer
electron radiation belt? (2) What is the origin of the energetic‐
electron population in the magnetotail? (3) Is there transport
of energetic electrons between the radiation belt, the outer
magnetosphere, and the magnetotail?
[6] For clues about these three questions, this study will
compare the temporal evolution of the outer electron radiation
belt in the dipole and the energetic‐electron population in the
magnetotail. This evolution will be compared for the same
geomagnetic events using superposed‐epoch analysis. These
events will be weak high‐speed‐stream‐driven storms.
[7] The response of the outer electron radiation belt
to high‐speed‐stream‐driven storms has been extensively
studied in recent years [cf. Tsurutani et al., 2006; Borovsky
and Denton, 2006; Denton et al., 2008, 2009; Kavanagh
and Denton, 2007; McPherron et al., 2009; Morley, 2010].
During high‐speed‐stream‐driven storms the outer electron
radiation belt undergoes a characteristic pattern of evolution
involving the following four phases. (1) The radiation‐belt
number density decays exponentially in the days prior to
storm onset owing to a buildup of the outer plasmasphere
during the “calm before the storm” [Borovsky and Steinberg,
2006; Borovsky and Denton, 2009a]. (2) The radiation‐belt
number density drops dramatically near the time of storm
onset [Borovsky et al., 1998a; Denton et al., 2010; Borovsky
and Denton, 2009b, 2010b]. (3) The radiation‐belt number
density rapidly recovers to a new level several hours after the
density dropout [Borovsky et al., 1998a; Denton et al., 2010;
Borovsky and Denton, 2010b]. (4) The temperature of the
outer electron radiation belt increases steadily at about 35 keV
per day during the high speed stream that drives the geomagnetic storm [Denton et al., 2010; Borovsky and Denton,
2010b]. It is this heating in phase 4 that can give rise to the
exceptionally high fluxes of MeV electrons that are famously
known as “killer electrons” [Graham, 1994].
[8] This manuscript is organized as follows. In section 2
the spacecraft measurements and event selection are discussed, as is the magnetic mapping between the GPS orbit
and the magnetotail. In section 3 the evolution of the outer
electron radiation belt at geosynchronous orbit during the
high‐speed‐stream‐driven geomagnetic activations is studied
and in section 4 the evolution of the energetic‐electron
population in the magnetotail is studied during the same high‐
speed‐stream‐driven geomagnetic activations. In section 5
conclusions are drawn from the observations and the
conclusions are collected into Table 1. The results are summarized in section 6, and section 7 contains a discussion

comparing the present conclusions to the results of previous
studies.

2. Data Sets, Data Analysis, and Event Selection
[9] Measurements of energetic electrons from two sets
of spacecraft will be analyzed: (1) equatorial measurements
from the Synchronous Orbit Particle Analyzer (SOPA)
onboard 7 satellites in geosynchronous orbit (6.6 RE) will be
used to determine the properties of the outer electron radiation belt and (2) high‐latitude measurements from the Burst
Detection Dosimeter (BDD‐IIR) and the Combined X‐ray
and Dosimeter (CXD) onboard 12 Global Positioning System
(GPS) satellites will be used to determine the properties of the
energetic‐electron population in the magnetotail.
2.1. Measurements of the Outer Electron
Radiation Belt
[10] The energetic electrons at geosynchronous orbit are
measured by the Synchronous Orbit Particle Analyzer
(SOPA) [Belian et al., 1992; Cayton and Belian, 2007]
onboard 7 satellites in geosynchronous orbit (6.6 RE). The
SOPAs measure fluxes of electrons in the energy range
∼30 keV to >2 MeV every 10 s. In the current study a
relativistic‐Maxwellian electron distribution function is fit to
the measurements of the outer electron radiation belt. The
spin‐averaged counting rates for each electron energy channel are modeled as linear combinations of two Maxwellian
components plus a non‐electron “background” contribution;
minimizing the squared deviations between the observed and
model counting rates summed over 10 electron channels
yields the best fit two‐Maxwellian spectra (see Cayton and
Belian [2007] for full details). Cayton et al. [1989] found
that relativistic bi‐Maxwellians were excellent fits to the
omnidirectional electron fluxes at geosynchronous orbit;
Pierrard and Lemaire [1996] drew similar conclusions for
the outer electron radiation belt away from geosynchronous
orbit. The assumption of isotropy is implicit in the present
data analysis; future analysis will produce densities and
temperatures of the electron bi‐Maxwellians as functions of
pitch angle. A recent survey [Borovsky and Denton, 2011]
of the anisotropy of the outer electron radiation belt at geosynchronous orbit found that whereas electrons with energies
greater than 1 MeV can exhibit high anisotropies [cf. Kaye
et al., 1978; Selesnick and Blake, 2002; Fritz et al., 2003],
the bulk of the outer electron radiation belt with energies
of 100–200 keV is quasi‐isotropic at geosynchronous orbit
[cf. Borovsky and Denton, 2011, Figures 2 and 6]. The
bi‐Maxwellian fitting describes two populations of electrons:
a “soft” population of electrons with a temperature of
∼30 keV and a “hard” population of electrons with a temperature of ∼150 keV [Cayton et al., 1989; Denton et al.,
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2010]. The “soft” population is the suprathermal tail of the
electron plasma sheet whose appearance at geosynchronous
orbit is associated with substorm injections [Lezniak et al.,
1968; Cayton et al., 1989; Birn et al., 1998, 2000]. The
hard component is the outer electron radiation belt [Cayton
et al., 1989; Belian et al., 1996; Borovsky and Denton,
2010b].
[11] With the 10‐s cadence of the SOPA‐measured electron
count rates, the temperature and density of the outer electron
radiation belt are determined every 10 s from each geosynchronous satellite. To reduce the influence of outliers when
the fits are noisy and to produce a more‐manageable‐sized
data set, median values of the density and temperature are
calculated for every 30 min of data [cf. Denton et al., 2010]
and those 30‐min median values are used. Data from the years
2006 and 2007 (where there is temporal overlap with processed GPS data) will be the focus of the present study.
[12] When directly comparing the temporal behavior of the
outer electron radiation belt at geosynchronous orbit to the
behavior of the energetic‐electron population of the magnetotail, only geosynchronous‐orbit measurements within
±1 h of local midnight will be used.
2.2. Measurements of the Energetic‐Electron
Population in the Magnetotail
[13] Omnidirectional energetic‐electron measurements in
the energy range ∼100 keV–6 MeV on 12 Global Positioning
System (GPS) satellites are used to determine the number
density and temperature of the energetic‐electron population
in the Earth’s magnetotail. The measurements used in this
report are from the years 2006 and 2007 (where there is
temporal overlap with available geosynchronous data). The
instrumentation used is the Burst Detection Dosimeter
(BDD‐IIR) [Cayton et al., 1998, 2010] operating on two early
satellites and the Combined X‐ray and Dosimeter (CXD)
[Distel et al., 1999; Cayton et al., 2010] instruments operating
on 10 later satellites, with modeling of the instrument
response by Tuszewski et al. [2002]. Densities and temperatures of the electrons are obtained from relativistic‐
Maxwellian fits to the electron count rates [cf. Denton and
Cayton, 2011]. The count rate corrected for dead time is
modeled as a sum of two contributions: non‐electron background counts plus counts that result from a distribution of
incident electrons. Values for the density and temperature of
the electrons are inferred by least squares fits of relativistic
Maxwellians, minimizing the sum of the squared deviations
between the sets of true and predicted counting rates. The
analysis is optimized for the energies ∼100 keV–1.0 MeV.
[14] The energetic‐electron population in the magnetotail
will be measured from high‐latitude nightside portions of the
GPS orbits. The methodology is similar to the use of low‐
altitude measurements to sample the magnetotail ion plasma
sheet by the DMSP spacecraft [Wing and Newell, 1998] or by
the Aureol‐3 satellite [Stepanova et al., 2008], but using
higher‐altitude GPS‐orbit measurements. In general the
energetic‐electron population in the magnetotail is quasi‐
isotropic [Hones et al., 1968; Retzler and Simpson, 1969;
Sarris et al., 1976], so the population is easily detected by
the off‐equatorial GPS spacecraft and Liouville’s theorem
preserves the number density and the temperature of the
energetic‐electron population along the flux tube away
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from the equator. Note that the portion of the magnetotail
pitch angle distribution sampled by GPS is the portion with
equatorial pitch angles near zero. Mapping of the magnetic
field lines from the GPS spacecraft to the equatorial (minimum‐B) plane is performed with the T89 [Tsyganenko,
1989; Peredo et al., 1993] magnetic field model using an
IGRF internal field [see also Denton and Cayton, 2011]. The
Kp value for the T89 model is set to Kp = 2. The T89
magnetic field model is known to be inaccurate in the
magnetotail near local midnight [cf. Borovsky et al., 1998b;
Pulkkinen and Tsyganenko, 1996], but mapping with the
model is only used to indicate magnetic field lines that go
into the magnetotail and into the deeper magnetotail. Using
the magnetic field models the value Bsat of the magnetic
field at the GPS satellite is estimated. Computationally
tracing the magnetic
field line through the satellite, the
R
bounce invariant (1 − B/Bsat)1/2 ds is integrated for a particle mirroring at the satellite. Using the asymptotic expansion of Hilton [1971], an approximate value for McIlwain’s
L parameter [McIlwain, 1961] is obtained. This L parameter
is used as a measure of the downtail distance that the GPS
satellite maps to. Only GPS measurements that map to
greater than 10 RE downtail (L > 10) are used and only GPS
measurements made within ±1 h of local midnight are used.
2.3. Errors in the Density‐Temperature Fits
[15] A systematic study of the errors in the density‐
temperature fits for the SOPA and GPS data sets has not been
undertaken. Some sources of errors [cf. Cayton and Belian,
2007] are (a) uncertainties in the instrument response functions, (b) errors in the count rates owing to telemetry glitches,
(c) low count rates during density dropouts, and (d) non‐
Maxwellian distribution functions. The latter source of error
is known to be systematic on the GPS orbits for L < 6, which
are excluded from the L > 10 data set utilized in the present
study.
2.4. Event Selection: Weak High‐Speed‐Stream‐Driven
Storms
[16] For overlap between the two data sets (geosynchronous and GPS), high‐speed‐stream‐driven geomagnetic
activations in the two years 2006 and 2007 are chosen. These
activations are not as strong nor as long‐lasting as the high‐
speed‐stream‐driven storms of 1993–1995 and 2003–2005
used in previous radiation belt studies [Borovsky and Denton,
2009b; Denton et al., 2010; Borovsky and Denton, 2010b],
but the radiation belt shows the same sequence of evolution as
in the stronger storms (see section 1), and indeed the radiation
belt at geosynchronous orbit is as intense during these weaker
activations as the belt during strong high‐speed‐stream‐
driven storms.
[17] The events are selected by examining solar wind
velocity measurements and the Kp index. 27‐day‐repeating
high‐speed streams that have sustained geomagnetic activations are chosen. (The high‐speed stream must show 27‐day
repeating, the activation need not show 27‐day repeating.)
For the two years 2006–2007, 22 such events are found. For
the present study, data will be superposed for averaging
and the superposition will be triggered on rapid recoveries
from the density dropouts of the electron radiation belt
at geosynchronous orbit. Of the 22 events, 15 are found
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to have rapid density recoveries from dropouts. (3 events
showed very weak dropouts and 4 events had insufficient
geosynchronous data to discern the time of recovery from
dropout.) These 15 events are used for the present study.
[18] In Figure 1 the superposed median values of the solar
wind velocity (Figure 1a), the superposed average of the Kp
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index (Figure 1b), the superposed averages of Dst and Dst*
(Figure 1c), and the superposed median of the solar wind
number density are plotted for the 15 activations, with the
zero epoch being the electron‐radiation‐belt number‐density
recovery from dropout at geosynchronous orbit. The plots
extend from 3 days prior to radiation‐belt density recovery
to 4 days after radiation‐belt density recovery. As can be seen
in Figure 1a, the events are associated with fast solar wind
following slow wind, with an expected corotating interaction region in the slow‐to‐fast‐wind transition. Unlike the
high‐speed‐stream‐driven storms studied previously where
fast wind was sustained for several days [cf. Denton and
Borovsky, 2008, Figure 1; Borovsky and Denton, 2010b,
Figure 4], the fast solar wind for the present events lasts only
2 or 3 days. As can be seen in Figure 1b, the geomagnetic
activations are of relatively short duration compared with the
high‐speed‐stream‐driven storms studied previously (compare with Denton and Borovsky [2008, Figure 2] or Borovsky
and Denton [2010b, Figure 4]). Note in the superposed
average of Kp in Figure 1b the distinct “calm before the
storm” where geomagnetic activity is anomalously low prior
to the onset of activity. During these calms, the outer plasmasphere will build up to high density out to geosynchronous
orbit and beyond [Borovsky and Steinberg, 2006; Denton and
Borovsky, 2008; Borovsky and Denton, 2009a]. In Figure 1c
the Dst index (solid curve) and Dst* curve (dashed curve) are
plotted. In Figure 1d a greatly increased solar wind number
density just prior to recovery from radiation‐belt density
dropout is seen. This increased solar wind number density is
the cause of the radiation‐belt dropout (either by compression
of the dayside magnetosphere causing radiation‐belt electrons to drift to the dayside magnetopause or by production of
a superdense plasma sheet which drives enhanced plasma‐
wave scattering of radiation‐belt electrons into the atmosphere). This enhanced solar wind density is associated with
compressed slow wind in the CIR at the slow‐fast wind
transition [Gosling et al., 1978; Richter and Luttrell, 1986;
cf. Borovsky and Denton, 2010c, Figure 4].

3. Evolution of the Outer Electron Radiation Belt
During the High‐Speed‐Stream‐Driven Activations
[19] This section is divided into two subsections. In the first
subsection the evolution of the outer electron radiation belt
at geosynchronous orbit is examined for the high‐speed‐
stream‐driven geomagnetic activations (weak storms) of
2006–2007. It will be found that the evolution during these
high‐speed‐stream‐driven weak storms is essentially the
same as the behavior during strong high‐speed‐stream‐driven
storms. In the second subsection the physical processes acting
in the dipolar (middle) magnetosphere that drive that evolution are discussed.
Figure 1. For the 15 high‐speed‐stream‐driven weak
storms of 2006 and 2007, (a) the superposed average of the
solar wind speed, (b) the superposed average of the Kp index,
(c) the superposed averages of Dst and Dst*, and (d) the
superposed average of the solar wind number density are
plotted as functions of time. The zero epoch in the horizontal
axis is the time of sudden recovery of the number density of
the outer electron radiation belt at geosynchronous orbit.
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3.1. Observations of the Electron‐Radiation‐Belt
Behavior
[20] In Figure 2 the superposed averages of the logarithm
of the outer electron radiation belt number density at geosynchronous orbit (Figure 2a), the logarithm of the outer
electron radiation belt temperature at geosynchronous orbit
(Figure 2b), and the logarithm of the 1.1–1.5 MeV omnidirectional electron flux (Figure 2c) are plotted. The horizontal axis is time in days from the density recovery of the
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outer electron radiation belt and the vertical axis is the local
time around geosynchronous orbit at which the measurement
is made. The plots extend from 5 days prior to density
recovery to 7 days after recovery.
[21] In Figure 2a it is seen that the number density of the
outer electron radiation belt decreases with time in the days
prior to density recovery. This decrease occurs at all local
times. A study of high‐speed‐stream‐driven storms has
indicated that the decrease is only present when there is a calm
before the storm, wherein the outer plasmasphere fills
[Borovsky and Denton, 2009a; Denton et al., 2010]. At time
t = 0 in Figure 2a the number density is seen to rapidly
increase at all local times. At local noon the increase is the
most rapid. For each event, the zero epoch is chosen as the
time at which the first geosynchronous‐orbit spacecraft
experiences density recovery. The density recovery is sharpest at local noon in Figure 2: this indicates that the density
recovery tends to happen first at local noon. After the density
recovery, the number density is approximately constant with
time at all local times for a few days. Note a general trend in
Figure 2a is that the number density of the outer electron
radiation belt at geosynchronous orbit tends to be highest at
local noon and lowest at local midnight: this is owed to the
fact that geosynchronous local noon samples a deeper
outer‐electron‐radiation‐belt population (with a higher n
and higher T) than does geosynchronous‐orbit midnight [cf.
Hones, 1963; Roederer, 1967; Pfitzer et al., 1969; Borovsky
and Denton, 2010b].
[22] In Figure 2b it is seen that the temperature of the outer
electron radiation belt at geosynchronous orbit is approximately constant with time in the days before activity onset
while the number density is decreasing with time. Note in
Figure 2b that when the number density of the outer electron
radiation belt recovers after dropout, the temperature of the
outer electron radiation belt is relatively cool and that its
temperature increases slowly and steadily during the high‐
speed‐stream‐driven geomagnetic activation after recovery.
This heating occurs at all local times. The temperature
increases for about 2 or three days after onset, then remains
approximately constant thereafter; the temporally increasing
temperature ∂T/∂t is positive during the interval of fast wind
and geomagnetic activity (cf. Figure 1) and is near zero
afterward. Note also in Figure 2c the general trend that at any
time the outer electron radiation belt at geosynchronous orbit
is hottest at local noon and coolest at local midnight.
[23] In Figure 2c it is seen that the flux of 1.1–1.5 MeV
relativistic electrons decreases slowly with time during the
calm before the storm before time t = 0 (as the number density
Figure 2. For the 15 high‐speed‐stream‐driven weak
storms of 2006 and 2007, (a) the superposed average of the
logarithm of the outer electron radiation belt number density
at geosynchronous orbit, (b) the superposed average of the
logarithm of the outer electron radiation belt temperature at
geosynchronous orbit, and (c) the superposed average of
the logarithm of the 1.1–1.5 MeV omnidirectional electron
flux at geosynchronous orbit are plotted as functions of time
(horizontal axis) and local time (vertical axis). The zero epoch
in the horizontal axis is the time of sudden recovery of the
number density of the outer electron radiation belt at geosynchronous orbit.
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Figure 3. For the 15 high‐speed‐stream‐driven weak
storms of 2006 and 2007, the superposed logarithmic average of the energetic‐electron number density is plotted as a
function of time. The green curve is for the outer electron
radiation belt at geosynchronous‐orbit local midnight, the
blue curve is for the near‐Earth magnetotail, and the red
curve is for the more‐distant magnetotail. The zero epoch
in the horizontal axis is the time of sudden recovery of
the number density of the outer electron radiation belt at
geosynchronous orbit.
of the outer electron radiation belt decreases slowly with
time in Figure 2a). After time t = 0 when the number
density recovers (Figure 2a), note a slower recovery of the
relativistic‐electron fluxes occurs (Figure 2c). This slow
recovery of relativistic‐electron flux is controlled more by the
temperature increase of the outer electron radiation belt than
by the density of electrons. And as can be seen in Figure 2c,
the flux of relativistic electrons slowly increases in the days
after t = 0 as the outer electron radiation belt is heated at
constant density. Note in Figure 2c that the peak of the
1.1–1.5 MeV electron flux occurs about 2 days into the
geomagnetic activity (at t ∼ 2 day). For the stronger high‐
speed‐stream‐driven storms this peak is usually a few days
after storm onset [e.g., Nagai, 1988; Baker et al., 1990;
Borovsky et al., 1998a; cf. McPherron et al., 2009, Figure 9;
Denton et al., 2010, Figure 7]; for the weak high‐speed‐
stream‐driven storm studied here the earlier peaking is
probably owed to the shorter duration of the fast wind
(Figure 1a) and the shorter duration of the geomagnetic
activation (Figure 1b) which leads to a shorter interval of
heating ∂T/∂t (Figure 2b).
[24] In Figures 3, 5, and 6 line plots of the number density
n, temperature T, and specific entropy S of the outer electron
radiation belt at geosynchronous‐orbit local midnight are
plotted. In Figure 3 the superposed logarithmic average of the
number density n at local midnight is plotted (green curve).
From day −2.25 to −0,75 the number density decays during
the calm before the storm. An exponential fit to n(t) yields a
exponential‐decay rate of 2.3 days: this is comparable to the
3.4‐day exponential decay rate measured prior to high‐speed‐

A12228

stream‐driven storms by Borovsky and Denton [2009a]. Note
that the green curve in Figure 3 shows a distinct number
density drop in the half day prior to the t = 0 density recovery:
this is the density dropout of the outer electron radiation belt
at about the time of onset of the geomagnetic activation. Time
t = 0 was chosen to be the time of rapid density recovery of the
outer electron radiation belt so there is a strong increase in
density from the point before t = 0 to the point after t = 0. Note
in the days after recovery that the number density of the outer
electron radiation belt is approximately constant [see also
Borovsky et al., 1998a; Borovsky and Denton, 2010b].
[25] To assess the robustness of the superposed averaging,
the number density of the electron radiation belt at local
midnight is plotted in Figure 4 (top), where the logarithmic
average is plotted as the curve with points and the upper and
lower quartiles are plotted as the curves without points. As
can be seen, the trend indicated by the logarithmic mean is
also indicated by the upper quartile and the lower quartile,
indicating that the trend is quite robust.
[26] In Figure 5 the temperature T of the outer electron
radiation belt at geosynchronous‐orbit midnight is plotted as
the green curve. Prior to dropout as the number density
decays, the temperature of the outer electron radiation belt is
approximately constant with time [see also Borovsky and
Denton, 2009a, 2010b]. During the density dropout (first
point before t = 0 in Figure 5) the temperature decreases,
but owing to the low density the temperature determination
may not be accurate. When the number density returns (first
data point after t = 0) the outer electron radiation belt is cool
(∼100 keV) and afterwards the outer electron radiation belt
heats steadily during the geomagnetic activity. The averaged
daily heating rate of the green curve of Figure 5 in the time
t = 1 day to t = 4 day is 30 keV per day for the outer electron
radiation belt at local‐midnight geosynchronous orbit. This
compares with a heating rate of about 29 keV per day measured by Borovsky and Denton [2010b] for geosynchronous‐
orbit midnight during high‐speed‐stream‐driven storms,
which had higher levels of geomagnetic activity than do
the 2006–2007 high‐speed‐stream‐driven activations of the
present study.
[27] In Figure 6 the specific entropy S of the outer electron
radiation belt at geosynchronous‐orbit local midnight is
plotted as the green curve. Nonrelativistically the specific
entropy (entropy per unit mass) is S = T/n2/3 [Bernstein et al.,
1958; Birn and Schindler, 1983; Goertz and Baumjohann,
1991]. For a relativistic Maxwellian distribution of particles, Borovsky and Cayton [2011] derived the relativistic
specific entropy to be
Srel ¼ fð=K2 ðÞÞexp½K3 ðÞ=K2 ðÞg2=3 n2=3

ð1Þ

where a = mec /kBT and where K2 and K3 are modified
Bessell functions. Borovsky and Cayton showed that the
specific entropy of expression (1) can be well approximated as
2


1=1:275
Srel  T 1 þ ðT=137:9Þ1:275
n2=3 ;

ð2Þ

which is an ∼49% increase over the expression T/n2/3 at T =
100 keV and an ∼80% increase over the expression T/n2/3 at
T = 150 keV. Note that utilizing specific entropy only makes
sense for a population of particles that “stay together.”
Radiation‐belt electrons are magnetically tied to a drift shell,
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so in a fluid sense the electrons stay co‐located. In the
magnetotail the energetic electrons are not trapped, but they
are probably slowly drifting and so this co‐location argument
works to a degree. As can be seen in Figure 6, the specific
entropy of the outer electron radiation belt at geosynchronous
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orbit increases slowly during the calm before the storm owing
to the decay in number density at constant temperature [cf.
Borovsky and Denton, 2009a, Figure 5], the specific entropy
greatly increases during the radiation‐belt density dropout
just before t = 0, the specific entropy greatly drops as the
radiation‐belt density recovers just after t = 0, and the specific
entropy slowly increases in the days after t = 0 as the radiation
belt is heated at constant number density [cf. Borovsky and
Denton, 2010b, Figure 3].
[28] In Figure 7 the superposed median value of the energetic electron differential flux is plotted; the green curve is for
1.3‐MeV electrons at geosynchronous‐orbit local midnight,
the blue curve is for 562‐keV electrons in the near‐Earth
magnetotail, and the red curve is for 562‐MeV electrons in
the distant magnetotail. Comparing the green and blue curves
it is clear that the temporal evolution of the energetic‐electron
flux is the same in the two regions: a decay before the storm, a
mild dropout at about the time t = 0, and a slow rise in
intensity in the days of the storm. The red curve in Figure 7
shows those same trends, but with substantial statistical noise.
[29] Figures 3–7 support a picture wherein the outer electron radiation belt at geosynchronous obit goes through four
phases associated with high‐speed‐stream‐driven geomagnetic activations: (1) a decay of the number density of the
outer electron radiation belt during the calm before the storm,
(2) a sudden dropout of the number density of the outer
electron radiation belt, (3) a rapid recovery of the number
density to a new level, and (4) a heating of the outer electron
radiation belt at constant density during the high‐speed‐
stream‐driven geomagnetic activity. These are the same four
phases as the outer electron radiation belt goes through for
high‐speed‐stream‐driven storms [Denton et al., 2010;
Borovsky and Denton, 2011] (see section 1).
3.2. Reasons for the Radiation Belt Behavior
[30] The behavior of the outer electron radiation belt in
three of the four phases has been argued in terms of physical
processes acting in the dipolar (middle) magnetosphere. The
reasons for the behavior in each of the four phases are
described in the following four paragraphs.
[31] In the first phase the number density of the radiation
belt decays steadily before the onset of geomagnetic activity.
As can be seen in Figure 1b, geomagnetic activity is exceptionally low prior to the geomagnetic activation at time t ∼ 0.
This is the so‐called “calm before the storm.” The calm
originates for the same reason that the storm originates, a
Russell‐McPherron effect that drives a storm after a sector
reversal will result in a calm before the sector reversal
[Borovsky and Steinberg, 2006], with the sector reversal
occurring a few hours prior to the stream interface upstream
of the high‐speed wind [Gosling et al., 1978; Neugebauer
Figure 4. For the 15 high‐speed‐stream‐driven weak
storms of 2006 and 2007, the superposed logarithmic‐mean
values (central curves with points) and upper and lower quartile values (solid curves without points) are plotted. (top) The
outer electron radiation belt at geosynchronous‐orbit local
midnight, (middle) the near‐Earth magnetotail, and (bottom)
the more‐distant magnetotail. The zero epoch in the horizontal axis is the time of sudden recovery of the number density
of the outer electron radiation belt at geosynchronous orbit.
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Figure 5. For the 15 high‐speed‐stream‐driven weak
storms of 2006 and 2007, the superposed logarithmic average
of the energetic‐electron temperature is plotted as a function
of time. The green curve is for the outer electron radiation belt
at geosynchronous‐orbit local midnight, the blue curve is for
the near‐Earth magnetotail, and the red curve is for the more‐
distant magnetotail. The zero epoch in the horizontal axis is
the time of sudden recovery of the number density of the outer
electron radiation belt at geosynchronous orbit.
et al., 2004]. During the calm before the storm the outer
plasmasphere builds up beyond geosynchronous orbit
[Borovsky et al., 1998a; Borovsky and Steinberg, 2006;
Borovsky and Denton, 2009a]. Plasma waves (plasmaspheric
whistler mode hiss and electromagnetic ion cyclotron waves)
that live in the plasmasphere are believed to pitch angle
scatter the radiation‐belt electrons into the loss cone [e.g.,
Smith et al., 1974; Kelley et al., 1975; Albert, 2004; Summers
et al., 2004; Shprits and Thorne, 2004] to produce the pre‐
storm decay in the number density of the outer electron
radiation belt [Borovsky and Denton, 2009a].
[32] In the second phase the number density of the outer
electron radiation belt drops suddenly prior to the onset of
geomagnetic activity, a so‐called “radiation‐belt dropout” or
“density dropout.” The dropout is associated with an interval
of high‐density solar wind caused by the compression of
slow solar wind in the corotating interaction region between
the masses of slow and fast solar wind. The dropout is
commonly attributed to one of three mechanisms: (1) Magnetopause shadowing caused by the compression of the
dayside magnetosphere caused by a high solar wind density
[West et al., 1972; Li et al., 1997; Desorgher et al., 2000;
Bortnik et al., 2006; Borovsky and Denton, 2010a] and/or
(2) pitch angle scattering into the loss cone [cf. Longden
et al., 2008; Sandanger et al., 2009; Meredith et al., 2011]
by enhanced pitch angle scattering by plasma waves driven
by a superdense plasma sheet caused by leakage of the high‐
density solar wind into the magnetosphere running into the
plasmaspheric drainage plume [Borovsky et al., 1997a,
1998c; Denton and Borovsky, 2008; Borovsky and Denton,
2009b] which would produce enhanced levels of plasma
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waves driven by plasma sheet particles (such as electromagnetic ion cyclotron waves [Cornwall et al., 1970; Fraser
and Nguyen, 2001; Meredith et al., 2003; Jordanova et al.,
2006; Thorne et al., 2006]) and/or (3) the Dst effect in
which the outer electron radiation belt migrates outward as
the ring current diamagnetism inflates the inner magnetosphere pushing magnetic flux outward [Dessler and Karplus,
1961; Kim and Chan, 1997; Antonova et al., 2009]. Another
possible cause of the density dropout is a retreat of the radiation belts to lower L shells during the solar wind compression of the dayside and nightside magnetosphere at about the
time of storm onset (J. E. Borovsky and M. H. Denton,
Electron‐radiation‐belt density dropouts and density recoveries, submitted to Journal of Geophysical Research, 2011).
For the Dst effect moving the outer electron radiation belt
outward and for the solar wind compression moving the outer
electron radiation belt inward, the behavior in the density‐
temperature description depends on the radial profile of the
radiation belt prior to the magnetic‐morphology change and
on the radial profile of the morphology change. The number
density of the outer electron radiation belt falls off strongly
with radius at geosynchronous orbit [Denton and Cayton,
2011] so inward compression followed by outward expansion should produce a density decrease followed by a density
increase. Simulations to test these predictions for high‐speed‐
stream‐driven storms are underway (J. Birn and D. Welling,
private communication, 2011).
[33] The third phase, rapid recovery of the radiation‐belt
number density, is a mystery. The timing of the rapid

Figure 6. For the 15 high‐speed‐stream‐driven weak
storms of 2006 and 2007, the superposed median value of
the energetic‐electron relativistic specific entropy is plotted
as a function of time. The green curve is for the outer electron
radiation belt at geosynchronous‐orbit local midnight, the
blue curve is for the near‐Earth magnetotail, and the red curve
is for the more‐distant magnetotail. The zero epoch in the horizontal axis is the time of sudden recovery of the number density of the outer electron radiation belt at geosynchronous
orbit.
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[34] In the fourth phase the outer electron radiation belt
heats at constant number density during the high‐speed‐
stream‐driven geomagnetic activity. There are three leading‐
candidate mechanisms for the storm time heating of the outer
electron radiation belt: (i) cyclotron‐resonant energization of
radiation‐belt electrons by whistler waves [Summers and Ma,
2000; Albert, 2004; Horne et al., 2005] or by magnetosonic
waves [Horne et al., 2007; Tao et al., 2009], (ii) radial diffusion of radiation‐belt electrons driven by random interactions with ULF waves [Lanzerotti et al., 1978; Perry et al.,
2005; Shprits et al., 2008a], and (iii) drift‐resonant energization of radiation‐belt electron by coherent interaction
with ULF waves [Hudson et al., 2000; Elkington et al., 2003;
Degeling and Rankin, 2008]. Recent analysis indicates that
a combination of wave acceleration and radial diffusion acts
to energize the outer electron radiation belt [Shprits et al.,
2008b].

Figure 7. For the 15 high‐speed‐stream‐driven weak
storms of 2006 and 2007, the superposed median value of
the energetic‐electron differential flux is plotted as a function
of time. The green curve is for 1.3‐MeV electrons in the outer
electron radiation belt at geosynchronous‐orbit local midnight, the blue curve is for 562‐keV electrons in the near‐
Earth magnetotail, and the red curve is for 562‐keV electrons
in the more‐distant magnetotail. The zero epoch in the horizontal axis is the time of sudden recovery of the number density of the outer electron radiation belt at geosynchronous
orbit.
recovery is coincident with a reduction of the enhanced ram
pressure of the solar wind. It has been argued that the recovery
is associated with the relaxation of the inflated magnetosphere as Dst decreases in magnitude [Dessler and Karplus,
1961; Kim and Chan, 1997; Antonova et al., 2009], but
contrary to this argument the density recovery has been
shown to occur prior to Dst relaxation [Borovsky and Denton,
2009b, 2010a]. Another possibility is the density recovery is
caused by the outward migration of radiation‐belt electrons
that had retreated to lower L shells when the magnetosphere
was compressed by the enhancement of the solar wind ram
pressure. Note that it has often been suggested that the source
population of the outer electron radiation belt could be the
plasma sheet suprathermal electrons injected into the dipolar
magnetosphere by substorms [McDiarmid and Burrows,
1965; Borovsky et al., 1998a; Ingraham et al., 2001; Fok
et al., 2001; Obara et al., 2001; Varotsou et al., 2005]: one
could henceforth also suggest that the recovery electrons of
the outer electron radiation belt are simply these injected
electrons [see also Antonova et al., 2011]. However, contrary
to this suggestion, Borovsky and Denton (submitted manuscript, 2011) found that the population of injected electrons
and the outer electron radiation belt remain distinct from each
other at geosynchronous orbit at the time of density recovery.
The cause of the rapid recovery of the outer electron radiation
belt, along with the source population for the outer electron
radiation belt, can be considered as an outstanding question
in magnetospheric physics.

4. Evolution of the Magnetotail
Energetic‐Electron Population in Comparison
With the Outer‐Electron‐Radiation‐Belt Evolution
[35] In Figures 3–6 the superposed logarithmically averaged number density n, superposed logarithmically averaged
temperature T, and superposed median specific entropy Srel
of the energetic‐electron population of the magnetotail are
plotted in blue and red where they can be compared with
the evolution of those same quantities in the outer electron
radiation belt at geosynchronous‐orbit midnight. The zero‐
epoch for the plots is the density recovery of the outer electron
radiation belt at geosynchronous orbit for each of the 15 high‐
speed‐stream‐driven geomagnetic activations in 2006–2007.
4.1. The Number‐Density Behavior of the Energetic‐
Electron Population
[36] In Figures 3 and 4 the number density of the energetic‐
electron population of the magnetotail is plotted in blue for
10 ≤ L ≤ 22 (near‐Earth tail) and in red for L > 22 (distant tail).
As can be seen, the general trend of the blue and red curves
for the magnetotail energetic‐electron population is similar
to the general trend of the green curve for geosynchronous‐
orbit midnight. The number density of the energetic‐electron
population of the magnetotail is lower than the number density at geosynchronous‐orbit midnight, with the number
density in the distant tail (red) in general lower than the
number density in the near‐Earth tail. Note, however, that the
statistical noise levels are much higher for the blue and red
curves than for the green curve: the blue curve is constructed
from 511 measurements, the red curve is constructed from
1006 measurements, and the green curve is constructed from
20,113 measurements. This is an average of 36.5, 71.9, and
1437 measurements per point plotted in the curve for the blue,
red, and green curves respectively, where the measurements
are not independent (i.e., not from separate events).
[37] In Figure 4 (middle and bottom) the logarithmic
mean (with points) and the upper and lower quartiles (without
points) are plotted for the number density measurements at
10 ≤ L ≤ 22 (Figure 4, middle) and L > 22 (Figure 4, bottom).
As can be seen, the trends indicated by the means are reflected
by trends in the upper and lower quartiles.

9 of 16

A12228

BOROVSKY AND DENTON: LEAKAGE OF ELECTRON RADIATION BELT

[38] In the days before time t = 0 (where t = 0 is the time
of radiation‐belt density recovery at geosynchronous orbit)
the green curves of Figures 3 and 4 show a steady decay in
the number density of the outer electron radiation belt at
geosynchronous‐orbit midnight: this is the density decay
during the calm before the storm. The red and blue curves
of Figures 3 and 4 representing the energetic‐electron population in the magnetotail also display this decay, but with
more statistical noise. This is noted in Table 1.
[39] All curves in Figures 3 and 4 definitely display the
density dropout prior to time t = 0: hence the density dropout
occurs at geosynchronous‐orbit midnight, in the near‐Earth
magnetotail, and in the distant magnetotail. This is noted in
Table 1. To within the 12‐h and 8‐h accuracies of the plots, all
three regions simultaneously experience the dropout.
[40] All curves in Figures 3 and 4 display the rapid recovery
from density dropout: hence the density recovery occurs at
geosynchronous‐orbit midnight, in the near‐Earth magnetotail, and in the distant magnetotail. This is noted in Table 1.
All recover simultaneously to within the temporal accuracies
of the plots. In all three regions of the magnetosphere, the
values of number density after recovery are higher than the
values of number density before dropout.
[41] After the density recovery the green curves of
Figures 3 and 4 show a number density at geosynchronous‐
orbit midnight that is approximately constant for the 3 days
plotted. The red and blue curves of the magnetotail in
Figures 3 and 4 show perhaps an approximately constant
trend or a slight decay in the number density, with considerable statistical noise.
4.2. The Temperature Behavior of the Energetic‐
Electron Population
[42] In Figure 5 the temperature T of the energetic‐electron
population in the magnetotail is plotted in blue for the near‐
Earth magnetotail (10 ≤ L ≤ 22) and in red for the distant
magnetotail (L > 22), where it can be compared with the
evolution of the temperature of the outer electron radiation
belt at geosynchronous‐orbit midnight plotted in green. All
three curves in Figure 5 show the same basic trends, with
the temperature of the energetic‐electron population of the
magnetotail lower than the temperature at geosynchronous‐
orbit midnight, and with the temperature in the distant tail
(red) lower than the temperature in the near‐Earth tail.
[43] As can be seen in Figure 5, before the density dropout
the temperature in each of the three regions is approximately
constant with time.
[44] The data point in Figure 5 just before t = 0 in each
curve represents the temperature during the density dropout.
These temperature values can be somewhat dubious owing to
the low count rates during the dropouts.
[45] As can be seen in Figure 5, just after density recovery
(just after t = 0) the temperature in all three regions is lower
than the temperature before density dropout. It has been
argued that whatever the source population for the radiation‐
belt electrons, when the electrons suddenly appear at geosynchronous orbit at recovery they have a temperature of
about 100 keV [Borovsky and Denton, 2010b]. This may
provide a clue as to the seed population of the outer electron
radiation belt. In the magnetotail, the temperatures of the
electrons at the density recovery are about 40 keV.
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[46] As can be seen in Figure 5, in the days of high‐speed‐
stream‐driven geomagnetic activity after density recovery,
the energetic‐electron populations in all three regions experience steady temperature increases with time. This is noted in
Table 1. In the t = 1–4 day range in Figure 5, the average daily
temperature increase DT is 29.6 keV/day for the outer electron radiation belt at geosynchronous‐orbit midnight (green
curve), 11.6 keV/day for the energetic‐electron population
in the near‐Earth magnetotail (blue curve), and 5.0 keV/day
for the energetic‐electron population in the distant magnetotail (red curve). The three regions have similar fractional
temperature changes DT/T in the t = 1–4 day interval: for
the outer electron radiation belt at geosynchronous‐orbit
midnight the average value of DT/T is 0.17 per day, for
the near‐Earth magnetotail the average value of DT/T is
0.20 per day, and for the distant magnetotail the average
value of DT/T is 0.12 per day.
4.3. The Specific‐Entropy Behavior of the Energetic‐
Electron Population
[47] In Figure 6 the superposed median value of the relativistic specific entropy Srel (as given in expression (1)) for the
energetic‐electron population in the magnetotail is plotted
(red and blue) as a function of time from geosynchronous
density recovery for the high‐speed‐stream‐driven activations, in comparison with the median value of the relativistic
specific entropy at geosynchronous‐orbit midnight (green).
As can be seen, the general trend of the three curves is similar.
[48] The most prominent features in all three curves is the
large increase in specific entropy during the density dropout
(just prior to t = 0) and the large decrease in specific entropy
when the density recovers from dropout (going from t < 0 to
t > 0). The specific entropy of the energetic‐electron population at all three locations is lower after the density recovers
than it was prior to the density dropout.
[49] As can be seen in Figure 6, after density recovery the
specific entropy steadily increases during the era of elevated
geomagnetic activity. This latter temporal increase in Srel
is associated with the steady temporal increase in the temperature T of the energetic‐electron populations at constant
number density
[50] One difference between the specific entropy evolution in the magnetotail (red and blue curves) and at
geosynchronous‐orbit midnight (green curve) is the steady
increase in the specific entropy during the calm before the
storm before the dropout for geosynchronous‐orbit midnight
that is not seen in the magnetotail curves. This steady increase
in the specific entropy during the calm before the storm is
associated with the steady decay in the number density at
constant temperature during the calm before the storm.

5. Conclusions Drawn From Observations
[51] As seen in section 4, for the high‐speed‐stream‐driven
geomagnetic activations the behaviors of the outer electron
radiation belt at geosynchronous‐orbit local midnight and the
energetic‐electron population in the magnetotail are largely
the same. Both populations show density decays prior to the
storms, both show dropouts associated with enhanced solar
wind pressure, both show density recoveries to levels higher
than the density before dropout, and both show steady heating
at approximately constant density during the geomagnetic
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activity. The similarity of the behaviors of the two populations, and the simultaneity of the behaviors, argues that the
two populations are related. (The similarity of the specific
entropies of the two populations also argues that they are
related.) It would be difficult to believe the similarity of the
behaviors is coincidental.
[52] As noted in section 3.2, some of these behaviors are
attributable to physical processes acting in the dipolar magnetosphere associated with the reaction of the magnetosphere
to the CIR and the following high‐speed stream.
[53] Behavior attributable to physical processes acting on
the outer electron radiation belt in the dipole is seen in the
energetic‐electron population in the magnetotail: hence it will
be concluded that the energetic‐electron population in the
magnetotail mimics the behavior of the outer electron radiation belt in the dipole. This implies that the energetic‐electron
population of the magnetotail originates from a leakage or
evaporation from the outer electron radiation belt.
[54] This is laid out in the following 4 subsections. The
conclusions drawn are collected into Table 1.
5.1. The Density‐Decay Phase
[55] The outer electron radiation belt at geosynchronous
orbit and the energetic‐electron population of the magnetotail
both exhibit the well‐known decay in number density prior to
storm onset in Figures 3 and 4.
[56] The pre‐storm number density decay of the outer
electron radiation belt at geosynchronous orbit can be
attributed to scattering into the loss cone by plasmaspheric
whistler mode hiss and electromagnetic ion cyclotron waves
that live in the plasmasphere [e.g., Smith et al., 1974; Kelley
et al., 1975; Albert, 2004; Summers et al., 2004; Shprits
and Thorne, 2004]. The rate of decay correlates with the
presence of the plasmasphere [Borovsky and Denton, 2009a],
which only resides in the dipolar magnetosphere, not in the
magnetotail.
[57] The facts (1) that the pre‐storm density decay is seen
in the dipole at geosynchronous orbit and in the magnetotail
and (2) that the cause of the density decay is probably in the
dipole indicate that the energetic‐electron population of the
magnetotail follows the behavior of the outer electron radiation belt in the dipole. This is consistent with the energetic‐
electron population of the magnetotail being leakage or
evaporation from the outer electron radiation belt in the
dipole. This conclusion is entered into Table 1.
5.2. The Density‐Dropout Phase
[58] The outer electron radiation belt at geosynchronous
orbit and the energetic‐electron population of the magnetotail
both experience the density dropout near the time of storm
onset. The dropout is simultaneous to within the 12‐h accuracy of the plots in Figure 3.
[59] The number density dropout of the outer electron
radiation belt at geosynchronous orbit can be attributed to the
compression of the dayside dipolar magnetosphere by the
enhanced ram pressure of the high‐density solar wind of
the CIR. Pressure balance with the high‐ram‐pressure solar
wind at the dayside magnetopause means the magnetic
pressure of the magnetosphere at the magnetopause must be
high, so the magnetic field strength in the magnetosphere at
the magnetopause must be high [Spreiter et al., 1966; Schield,
1969]. Energetic electrons in the dipole with equatorial pitch
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angles near 90° will gradient and curvature drift on paths
around the Earth that have equi‐magnetic field strength.
Energetic electrons in the weakened field on the nightside
will not be able to find weak field on the dayside, hence they
will drift to the dayside magnetopause and be lost [e.g.,
Desorgher et al., 2000; Ukhorskiy et al., 2006; Kim et al.,
2008]. This process is known as magnetopause shadowing.
Aided by radial diffusion [cf. Shprits et al., 2006; Loto’aniu
et al., 2010] or by diamagnetic distortion of the magnetosphere [cf. Kim et al., 2010], magnetopause shadowing
can deplete much of the outer electron radiation belt. This
enhanced‐loss argument only works for energetic electrons in
the dipolar regions: they are on trapped drift orbits for low
solar wind pressure and are lost for high solar wind pressure.
The argument does not work for energetic electrons in the
magnetotail: they are on drift paths to the flank magnetopause
[Roederer, 1967; Fairfield, 1968] and hence will always
be lost from the magnetosphere regardless of the solar wind
ram pressure. Hence, the magnetopause‐shadowing‐caused
dropout is a dipole‐region phenomenon.
[60] Another suggested mechanism for the radiation‐belt
density dropout stems from the fact the high‐density solar
wind of the CIR produces a superdense, extrahot plasma sheet
in the magnetosphere [Borovsky et al., 1997a; Denton and
Borovsky, 2009]. This superdense, extrahot plasma sheet
may drive enhanced levels of electromagnetic ion cyclotron or magnetosonic waves in the plasmaspheric drainage
plume near local noon [Borovsky and Denton, 2009b]. The
enhanced plasma waves could lead to rapid pitch angle
scattering of radiation‐belt electrons into the loss cone, producing the density dropout. The drainage plume cuts across
all L shells on the dayside and energetic electrons whose orbit
carries them through the dayside magnetosphere are subject
to loss as they pass across the plume. This enhanced‐loss
mechanism works for energetic electrons in the dipolar
regions of the magnetosphere since those electrons orbit
around the Earth. It does not work for energetic electrons in
the magnetotail [Roederer, 1967], whose orbits do not carry
them across the dayside magnetosphere through the drainage
plume. Again, the dropout is a dipole‐region phenomenon.
[61] The facts (1) that the dropout is seen in the dipole at
geosynchronous orbit and in the magnetotail and (2) that the
cause of the dropout is probably in the dipole indicate that
the energetic‐electron population of the magnetotail follows
the behavior of the outer electron radiation belt in the dipole.
This is consistent with the energetic‐electron population
of the magnetotail being leakage or evaporation from the
outer electron radiation belt in the dipole. This conclusion is
entered into Table 1.
5.3. The Density‐Recovery Phase
[62] The outer electron radiation belt at geosynchronous
orbit and the energetic‐electron population of the magnetotail
both experience the rapid density recovery from dropout. The
density recovery is simultaneous to within the 12‐h accuracy
of the plots in Figure 3.
[63] The mechanisms behind the rapid recoveries of the
radiation‐belt number density from the density‐dropout
phase are not understood. (Note that the rapid recovery from
density dropout comes several hours earlier than the rapid
recovery from relativistic‐flux dropout: compare Figures 2b
and 2c.)
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[64] Since the location of the physical process leading to
rapid density recovery is not known, the density recovery
provides no conclusions as to (a) the behavior of the outer
electron radiation belt in the dipole leading the behavior of
the energetic‐electron population in the magnetotail or (b) the
behavior of the energetic‐electron population leading the
behavior of the outer electron radiation belt. This is noted in
Table 1.
5.4. The Heating Phase
[65] The outer electron radiation belt at geosynchronous
orbit and the energetic‐electron population of the magnetotail
both experience the steady heating during the high‐speed‐
stream‐driven geomagnetic activity (cf. Figure 5). The
relative heating rates DT/T (where DT is the change in the
temperature over a given time period and T is the temperature) are similar for the outer electron radiation belt at
geosynchronous orbit and the energetic‐electron population
in the magnetotail.
[66] One favored mechanism for the heating of the outer
electron radiation belt in the dipolar regions of the magnetosphere is in situ heating of electrons by magnetospheric
plasma waves. Theoretical investigations have concluded
that this in situ heating could be cyclotron energization by
whistler mode chorus waves [Summers et al., 1998, 2004;
Roth et al., 1999; Meredith et al., 2001; Horne et al., 2005,
2006], cyclotron energization by magnetosonic waves [Horne
et al., 2007; Tao et al., 2009], or drift‐resonant energization
by ULF waves [Elkington et al., 1999, 2003; Hudson et al.,
2000; Ozeke and Mann, 2008]. Magnetic pumping by the
interaction of ULF plus high‐frequency waves may also be
important [cf. Liu et al., 1999].
[67] A second favored mechanism for the heating of the
outer electron radiation belt is by radial diffusion of radiation‐
belt electrons by ULF waves [Lanzerotti et al., 1978; Perry
et al., 2005; Shprits et al., 2008a]. Numerical simulations of
the radial‐diffusion heating have concentrated on the dipolar
regions of the magnetosphere [e.g., Bourdarie et al., 1996;
Brautigam and Albert, 2000; Perry et al., 2005; Jordanova
et al., 2008; Lam et al., 2009; Huang et al., 2010].
[68] Shprits et al. [2008a] argue that a combination of in
situ wave energization plus radial diffusion is sufficient to
explain the observed heating of the outer electron radiation
belt.
[69] The facts (1) that the electron heating (increase in
temperature) is seen in the dipole at geosynchronous orbit and
in the magnetotail and (2) that the cause of the heating is
probably in the dipole indicate that the energetic‐electron
population of the magnetotail mimics the behavior of the
outer electron radiation belt in the dipole. This is consistent
with the energetic‐electron population of the magnetotail
being leakage or evaporation of the outer electron radiation
belt in the dipole. This conclusion is entered into Table 1.

6. Summary
[70] The temporal behaviors of the outer electron radiation
belt at geosynchronous orbit and of the energetic‐electron
population in the magnetotail were examined during a set
of 15 high‐speed‐stream‐driven geomagnetic activations
in the years 2006 and 2007. Four phases of high‐speed‐
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stream‐driven storms were specifically examined: (1) the
number‐density decay phase prior to geomagnetic activation,
(2) the density‐dropout phase at about the time of geomagnetic activation, (3) the density‐recovery phase a few hours
after dropout, and (4) the heating phase during the extended
interval of geomagnetic activity. The findings and conclusions are summarized in Table 1.
[71] In phases 1, 2, 3, and 4 the temporal behavior of the
energetic‐electron population in the magnetotail is the same
as the temporal behavior of the outer electron radiation belt
at geosynchronous orbit.
[72] For phases 1, 2, and 4 (density decay, density dropout,
and heating) the observations plus our understanding of the
physics of the electron radiation belt lead to the conclusion
that the energetic‐electron population in the magnetotail
mimics the outer electron radiation belt in the dipole. This is
implies that the energetic‐electron population in the magnetotail originates from “leakage” or “outward evaporation” of
the outer electron radiation belt.
[73] For phase 3 (density recovery) there is no conclusions
that can be drawn from the observations. The temporal
behavior of the energetic‐electron population of the magnetotail and the outer electron radiation belt are the same, but we
have no physical understanding about the cause of this
recovery. Note that the phase‐3 observations are consistent
with the energetic‐electron population in the magnetotail
originating from “leakage” or “outward evaporation” of the
outer electron radiation belt.

7. Discussion
[74] An earlier study by Hones et al. [1968] based on
temporal delays between Injun‐4 observations in the dipole
and Vela observations in the magnetotail also reached the
conclusion that the energetic‐electron population of the
magnetotail originates from outward transport of radiation‐
belt electrons from the dipole. That study, however, focused
on electrons with energies >45 keV, which includes a mix
of both the radiation‐belt electrons and some of the higher‐
energy plasma sheet suprathermal electrons (the “hard” and
some of the “soft” electrons in the Cayton et al. [1989] and
Denton et al. [2010] notations).
[75] Previous observations have found that there is a
leakage of energetic electrons from the magnetosphere into
the magnetosheath and solar wind [Sarris et al., 1987;
Sarafopoulos et al., 1999], specifically from the magnetotail.
Such observations would be consistent with the conclusion
here that there is an outward leakage of outer‐radiation‐belt
electrons from the dipole into the magnetotail.
[76] An earlier study by Taylor et al. [2004] examining
electron‐phase‐space gradients between the magnetotail
(Cluster spacecraft) and the dipole (SOPA detectors at geosynchronous orbit) found the phase‐space density of the
energetic electrons to be slightly higher in the magnetotail.
These observations were taken as an indication that the
plasma sheet energetic electrons could be acting as a source
population for the outer electron radiation belt in the dipole.
The conclusions of the present study are in contradiction to
the Taylor et al. [2004] indications. The conclusions of the
present study are also in contradiction to theoretical ideas
[e.g., Terasawa and Nishida, 1976; Zelenyi et al., 1990] that
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the source of the energetic‐electron population of the magnetotail is in situ energization of electrons in the tail.
[77] The present study finds indications that there is an
outward “leakage” or “evaporation” of the outer electron
radiation belt from the dipole that is seen in the magnetotail.
The mode of outward transport of outer electron radiation
belt electrons from the dipole into the magnetotail could be
outward radial diffusion [e.g., Shprits et al., 2006, 2008a;
Loto’aniu et al., 2010]. In the outer dipolar regions the radial
diffusion might be driven by solar wind‐driven ULF waves
[Sibeck et al., 1989; Mann et al., 1999; Kepko et al., 2002;
Mathie and Mann, 2000] or internally driven ULF waves
[Hughes et al., 1978; Chen and Hasegawa, 1988; Glassmeier
et al., 1999; Ozeke and Mann, 2008] and perhaps that diffusion is enhanced on the nightside by the presence of a cross‐
tail current sheet encroaching into the dipole. We now suggest
that in the magnetotail radial diffusion might be driven by the
large‐amplitude MHD‐turbulence fluctuations of the plasma
sheet with its spaghetti magnetic field structure [Borovsky
et al., 1997b; Borovsky and Funsten, 2003; Vörös et al.,
2004; Weygand et al., 2005; Stepanova et al., 2005, 2009;
El‐Alaoui et al., 2010]: in addition to fluctuations in the
E‐cross‐B drift there are also irregularities in the magnetic
field geometries that can lead to diffusion. An investigation into energetic‐electron spatial diffusion in the magnetotail’s MHD turbulence is called for. Sergeev et al. [2008]
suggested that radiation‐belt electrons might be able to
escape the dipolar regions into the magnetotail owing to
magnetic field morphology changes associated with near‐
Earth reconnection.
[78] The evidence for an outward leakage presented in
the present study is based on (a) the similarity in temporal
behavior of the energetic electrons in the outer electron
radiation belt and in the magnetotail and (b) the belief that the
temporal behavior is governed by processes occurring in the
outer electron radiation belt (i.e., in the dipolar magnetosphere). Note that the SOPA n and T measurements pertain
to quasi‐isotropic radiation‐belt electrons at local midnight
and the GPS n and T measurements pertain to the small‐
equatorial‐pitch angle portion of the energetic‐electron population in the magnetotail. Acceleration and loss mechanisms
may interact differently with isotropic and field‐aligned
populations.
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