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[1] Bi-Maxwellian fits are made to energetic-electron flux measurements from seven
satellites in geosynchronous orbit, yielding a number density (n) and temperature (T)
description of the outer electron radiation belt. For 54.5 spacecraft years of measurements
the median value of nis 3.7 x 10~* cm >, and the median value of T is 148 keV. General
statistical properties of n, T, and the 1.1-1.5 MeV flux F are investigated, including local-
time and solar-cycle dependencies. Using superposed-epoch analysis where the zero
epoch is convection onset, the evolution of the outer electron radiation belt through
high-speed-stream-driven storms is investigated. The number-density decay during the
calm before the storm, relativistic-electron dropouts and recoveries, and the heating of the
outer electron radiation belt during storms are analyzed. Using four different “triggers”
(sudden storm commencement (SSC), southward interplanetary magnetic field (IMF)
portions of coronal mass ejection (CME) sheaths, southward-IMF portions of magnetic
clouds, and minimum Dsf?) a selection of CME-driven storms are analyzed with
superposed-epoch techniques. For CME-driven storms, only a very modest density decay
prior to storm onset is found. In addition, the compression of the outer electron radiation
belt at the time of SSC is analyzed, the number-density increase and temperature decrease
during storm main phase are characterized, and the increase in density and temperature
during storm recovery phase is determined. During the different phases of storms, changes
in the flux are sometimes in response to changes in the temperature, sometimes to
changes in the number density, and sometimes to changes in both. Differences are found
between the density-temperature and flux descriptions, and it is concluded that more
information is available using the density-temperature description.

Citation: Denton, M. H., J. E. Borovsky, and T. E. Cayton (2010), A density-temperature description of the outer electron radiation
belt during geomagnetic storms, J. Geophys. Res., 115, A01208, doi:10.1029/2009JA014183.

fluxes are used to describe the properties of the electron
radiation belt and are used in studies to determine acceler-
ation and loss mechanisms [e.g., Paulikas and Blake, 1979;
Nagai, 1982; Friedel et al., 2002; Reeves et al., 2003; Mann
et al., 2004; Li et al., 2005; Liemohn and Chan, 2007,
Onsager et al., 2007; Millan and Thorne, 2007; Summers et
al., 2007a, 2007b; Baker and Kanekal, 2008; Hudson et al.,
2008; Borovsky and Denton, 2009a]. However, fluxes are
somewhat ambiguous in that increases in the flux can be
caused by increases in the number of electrons or by a
heating of the electrons, and likewise decreases in the flux
can be caused by decreases in the number of electrons or by
a cooling of the electrons.

[4] A density and temperature description of the electron
radiation belt provides substantial advantages over the flux
description: changes in the number of electrons and changes
in the temperature of the electrons are separated in the
measurements. With slight heating or cooling of the electron

1. Introduction

[2] A major issue in magnetospheric physics is to under-
stand the evolution of the radiation belts. The evolution of
the outer electron radiation belt involves the addition and
loss of electrons, the radial transport of electrons, and the
heating and cooling of electrons. The density-temperature
measurements presented here provide a new look at the
behavior of the outer electron radiation belt during two
types of geomagnetic storms.

[3] Relativistic electrons are harmful to satellite systems
and instrumentation [e.g., Wrenn, 2009], present significant
dangers to cosmonauts passing through the region, and have
also been implicated as playing a limited role in the
morphology of stratospheric ozone [e.g., Callis et al.,
1991; Pesnell et al., 2000; Roldugin et al., 2000; Sinnhuber
et al., 2006; Seppdld et al., 2007]. In general, differential
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population the relativistic-electron fluxes can change by
orders of magnitude. A flux description leads one to look for
a particle-acceleration mechanism that can boost energies by
orders of magnitude whereas a density-temperature descrip-
tion leads one to look for a heating mechanism that can
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modestly heat the electrons [cf. Borovsky et al., 1998].
Hence, a density-temperature description provides a simpli-
fied and more manageable description of the evolution of
the radiation belts, with the potential to reveal physical
phenomena not readily accessible with a flux description.

[s] The density-temperature description of the outer elec-
tron radiation belt that is used in this study was developed
by Cayton et al. [1989]. In Cayton et al.’s [1989] study,
relativistic bi-Maxwellian fits of the multisatellite CPA
(charged particle analyzer) measurements were carried out
to investigate the effect of magnetospheric substorms on the
outer electron radiation belt. The study revealed that sub-
storms result in decreases in the number density of the outer
electron radiation belt at geosynchronous orbit. That study
also found 27-day periodicities in the number density of the
outer electron radiation belt. Other studies have since utilized
this description of the electron radiation belt. Borovsky et al.
[1998] used Cayton’s relativistic bi-Maxwellian fits to
multisatellite SOPA (synchronous orbit particle analyzer)
measurements of the outer electron radiation belt at geo-
synchronous orbit in order to study the evolution of the
outer electron radiation belt during storms. Borovsky et al.
[1998] observed that after the outer electron radiation belt
was emptied of electrons at storm onset, the number density
of electrons rapidly returned to a level that remained quasi-
constant during the storm itself, and that slow increases in
the relativistic-electron flux during the storms were associ-
ated with a slow and modest heating of the outer electron
radiation belt at constant density. Borovsky and Steinberg
[2006] used Cayton’s relativistic bi-Maxwellian fits to the
multisatellite SOPA measurements to examine the effect of
the outer plasmasphere on the outer electron radiation belt
during calm periods before storms. They found that the
number density of the outer electron radiation belt at
geosynchronous orbit decays prior to storm onset and that
the decay is stronger when the outer plasmasphere is present
in the magnetosphere than when it is absent. Borovsky and
Denton [2009b] followed up that study to quantify the
number-density decay rates of the outer electron radiation
belt number density during calms before storms.

[6] The current study presents a density-temperature
overview of the evolution of the outer electron radiation
belt at geosynchronous orbit during geomagnetic storms
driven by high-speed solar wind streams (HSSs) and geo-
magnetic storms driven by coronal mass ejections (CMEs).
Previous work has revealed that the two types of solar wind
have distinct physical consequences for the inner magneto-
sphere [e.g., Lindsay et al., 1995; Wilken et al., 1999;
Denton et al., 2006; Borovsky and Denton, 2006a; Lavraud
et al., 2006; Georgieva et al., 2006; Turner et al., 2006;
Longden et al., 2008; Sandanger et al., 2009]. In the current
study, more distinctions between the two types of solar wind
driver are quantified in detail in terms of the electron
temperature and number-density response of the outer
radiation belt.

[7] This manuscript is organized as follows. In section 2
the relativistic bi-Maxwellian fits to energetic electrons are
overviewed and the data set that will be used are described.
In section 3 the evolution of the outer electron radiation belt
at geosynchronous orbit during high-speed-stream-driven
storms is analyzed using superposed-epoch techniques. In
section 4 the evolution of the outer electron radiation belt at
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geosynchronous orbit during coronal-mass-ejection-driven
storms is examined using superposed-epoch data analysis
with four separate “triggers” to discern the evolution during
different phases of the storms. The findings of this study are
summarized in section 5. Ideas for future work are discussed
in section 6.

2. Data Analysis: Relativistic Bi-Maxwellian Fits

[8] The SOPA instruments [Belian et al., 1992; Cayton
and Belian, 2007] measure spin-averaged energy-resolved
fluxes of energetic electrons in the energy range ~50 keV to
>2 MeV at a cadence of 10 s. Cayton et al. [1989] found that
the energetic-electron energy distribution at geosynchronous
orbit could be well described by relativistic bi-Maxwellians.
(Note that Pierrard and Lemaire [1996] found that electron-
radiation belt energy spectra away from geosynchronous
orbit were also well described by relativistic bi-Maxwellians.)
For the present data analysis the electron measurements at
geosynchronous orbit measured by SOPA instruments
[Belian et al., 1992] on seven Los Alamos National Labo-
ratory (LANL) satellites (046, 095, 080, 084, 97A, 01A, and
02A) in the 18 years from 1990 through 2007 are fitted with
relativistic bi-Maxwellian distributions using a method
refined from the method of Cayton et al. [1989]. The current
method models the counting rates for each electron energy
channel as linear combinations of two Maxwellian compo-
nents plus a nonelectron “background” contribution. Min-
imizing the squared deviations between the observed and
model counting rates summed over 10 electron channels
yields the best fitting two Maxwellian spectra (see also
Cayton and Belian [2007] for full details). A scatterplot of
the number densities and temperatures of the two components
of the bi-Maxwellian fits appears in Figure 1. The points are
half-hour median values of the fit parameters for the space-
craft LANL-O1la for the seven years 2001—-2007. The ener-
getic electrons at geosynchronous orbit divide into a “hard”
component with a number density of ~5 x 10™* cm ™ and a
temperature of ~150 keV (red points in Figure 1) and a
“soft”” component with a number density of ~1 x 10~%cm >
and a temperature of ~30 keV (green points in Figure 1).
The soft component is the suprathermal tail of the electron
plasma sheet, which is associated with substorm energetic-
electron injections [e.g., Cayton et al., 1989; Birn et al.,
1998]. The hard component is the outer electron radiation
belt. Note in Figure 1 that the temperature of the outer
electron radiation belt (red points) varies by factors of ~2
whereas the number density varies by more than an order of
magnitude.

[¢] In Figure 2 the number density n, temperature T, and
pressure (energy density) P = nkgT of the outer electron
radiation belt at geosynchronous orbit are plotted along with
the multisatellite average of relativistic-electron flux in the
1.1-1.5 MeV energy band [Borovsky and Denton, 2009a].
For Figures 2a—2c the binning is of 955,527 half-hour
medians comprising 54.5 satellite years of data taken
between 1990 and 2007. Figure 2a shows the occurrence
distribution of log;o(n). The distribution of log;o(n) has a
modest skewness (i.e., it is slightly asymmetric) and a
modest kurtosis (i.e., it is somewhat peaked): the distribu-
tion of n itself has a large skewness and an extraordinarily
large kurtosis. The mean value of nis 4.2 x 10~* cm ™ and
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Figure 1. A scatterplot containing half-hour median values of number density and temperature for the

spacecraft LANL-Ola for the seven years 2001-2007, calculated from two-component relativistic
Maxwellian fits. The energetic electrons at geosynchronous orbit divide into a “hard” component with a

number density of ~5 x 10™*
with a number density of ~1 X 10

the median value of n is 3.7 x 10~* cm . The number
density of the outer electron radiation belt at geosynchro-
nous orbit is about 107> times as small as the number
density of hot plasma at geosynchronous orbit [cf. Denton et
al., 2005]. Figure 2b shows the occurrence distribution of
the temperature T of the electron radiation belt. The distri-
bution of T has a slight skewness and a slight kurtosis. The
mean value of T is 142 keV and the median value of T is
148 keV. Note that the relative variation of T (standard
deviation divided by mean value) is about 30%; the relative
variance of n is about 70%. In Figure 2c the occurrence
distribution of the pressure P = nkgT of the outer electron
radiation belt at geosynchronous orbit is shown. The distri-
bution of the pressure itself has a large skewness and a very
large kurtosis. The mean value of P is 0.0104 nPa and the
median value is 0.0083 nPa. In Figure 2d the differential
flux F of relativistic electrons in the 1.1-1.5 MeV energy
band are binned. The binning is of 876,391 half-hour
medians comprising 50.0 satellite years of data taken

and a temperature of ~150 keV (red points) and a “soft”” component
3 and a temperature of ~30 keV (green points).

between 1989 and 2006. These data were originally utilized
in the study of Borovsky and Denton [2009a]. Figure 2d
shows the occurrence distribution of log(F). Comparison
between Figures 2a—2c and Figure 2d highlights the differ-
ence between the density/temperature distributions and the
flux distribution. The distribution of log;o(F) has a modest
skewness and a modest kurtosis: the distribution of F itself
has a large skewness and an extraordlnarrly large kurtosrs

The mean value of F is 13.0 cm 2 s~ ' ster ' keV ™' and the
median value is 4.7 cm % s ster ' keV~!. By comparing
Figures 2a and 2d, it is clear that the occurrence distribution
of log;o(n) has a width of about 1.5 (which is 1.5 orders of
magnitude of variation of n), while the occurrence distribu-
tion of log;((F) has a width of about 2.5 (which is 2.5 orders
of magnitude of variation of F). The relative variation of F
(standard deviation divided by mean value) is about 180%
which is much larger than the relative variation of n or T
indicating that the flux distribution is more variable that
either the temperature or density distribution.
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[10] As measured at geosynchronous orbit, there are
local-time dependencies in the number density n, tempera-
ture T, and electron flux F (1.1-1.5 MeV) of the outer
electron radiation belt. These local-time dependencies are
shown in Figure 3. The gray points are the half-hour
measurements (with every 20th point plotted) and the red
points are 3000-point running logarithmic averages of the
gray points. Note that the number density (Figure 3a) of the
outer electron radiation belt at geosynchronous orbit has a
weak local-time dependence with a maximum in the pre-
noon sector between 0900 and 1000 LT; the temperature
(Figure 3b) has a similar but weaker local-time dependence
with a maximum between 1100 and 1200 LT. The relativistic-
electron flux F in the 1.1-1.5 MeV energy band at geosyn-
chronous orbit is also plotted as a function of local time
(Figure 3c). The flux also shows a similar local-time depen-
dence as the number density n and the temperature T of the
electrons with a maximum between 1100 and 1200 LT. In
general, the equatorial magnetic field strength at geosyn-
chronous orbit is weaker on the nightside than it is on the
dayside. This can be seen in Figure 3d, where half-hour-
averaged values of the magnetic field strength as measured
by the GOES 10 spacecraft in geosynchronous orbit in the
years 1999 through 2003 are plotted (the maximum field
strength occurs between 1100 and 1200 LT). To ensure that
the GOES spacecraft was not in the magnetosheath owing to
magnetopause crossings, GOES magnetometer measure-
ments were only used if the magnetic field clock angle
measured by GOES was within 20° of the dipole direction;
magnetopause crossings at geosynchronous orbit almost
always occur under southward IMF [e.g., Rufenach et al.,
1989], which would put the clock angle in the magneto-
sheath at 90° or more from the dipole direction. The red
curve is a 300-point running average of the gray points.
Energetic electrons drift in a manner preserving their adia-
batic invariants; to preserve their first adiabatic invariant
they tend to drift on orbits with constant magnetic field
strength at the equator. Hence, they move further out on the
dayside (where the field is strong) and closer in on the
nightside (where the field is weak) [e.g., Roederer, 1967].
At geosynchronous orbit on the nightside a spacecraft is in
the more outer portions of the radiation belt than is a
spacecraft on the dayside. Since the radiation belts are of
lower density and cooler further out, a nightside spacecraft
sees a lower density and a lower temperature than does a
dayside spacecraft (cf. Figures 3a and 3b). The flux (Figure 3c)
follows the density-temperature trend. Note that some recent
data-analysis efforts [e.g., Onsager et al., 2004; Green and
Kivelson, 2004; Chen et al., 2005] have used magnetic field
models to transform measurements taken at geosynchronous
orbit (6.6 R,) to coordinates reflecting the noncircular orbits
of the radiation-belt electrons in order to remove adiabatic

Figure 2. The (a) number density, (b) temperature,
(c) pressure, and (d) relativistic-electron flux (1.1-1.5 MeV)
of the outer radiation belt at geosynchronous orbit, binned to
produce occurrence distributions (1990—2007). For the
number density, temperature, and pressure the base-10
logarithms are binned (955,527 half-hour measurements
from seven satellites), while for the flux, the half-hour
multisatellite averages are binned (278,471 data points).
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“Dst effects” [Dessler and Karplus, 1961] and pressure-

i ] . induced changes [Zaharia et al., 2005]. Such model-dependent

Number Density techniques are not utilized in the present investigation: here,

the radiation environment at geosynchronous orbit itself is
studied.

[11] In Figure 4 the density n (Figure 4a), temperature T
(Figure 4b), pressure P=nkgT (Figure 4c), and 1.1-1.5 MeV
flux F (Figure 4d) of the outer electron radiation belt at
geosynchronous orbit are plotted as a function of time for
18 years. The international sunspot number (ISN) is also
plotted (Figure 4e). In Figures 4a—4c the black points are
5000-point logarithmic averages of the 955,527 half-hour
measurements. Depending on the number of geosynchro-
nous satellites in operation at the time, the 5000-point
e R R i averaging represents about a 1 month running average. In
P L g Figure 4d the black points are 1440-point logarithmic
Temperature averages (a 30 day running average) of the 278,471 half-
osl 1 hour multisatellite averages of the fluxes, F. These fluxes
: are the multisatellite averaged fluxes calculated from SOPA
instruments on all available spacecraft and previously used
in Borovsky and Denton’s [2009a] study. As can be seen,
during years with substantial high-speed-stream activity,
such as 1993—-1994, 2003, and 2005 (in declining phases
of the solar cycle), the number density n of the outer
electron radiation belt at geosynchronous orbit tends to be
high. Some years around solar minimum (e.g., 1995 and
2007), the outer electron radiation belt tends to have a very
low density. The pressure (energy content) of the outer
electron radiation belt (Figure 4c) tends to reflect these
number-density trends. The solar-cycle temperature varia-
tions are less than the variations in number density, with the
temperature of the outer electron radiation belt tending to be
slightly higher than average during the declining phase of
the solar cycle. The monthly averaged relativistic-electron
flux F at geosynchronous orbit also tends to reflect the trend
in the number density of the outer electron radiation belt: the
flux is higher during the declining phase of the solar cycle
than it is during the other phases.

F [cm?s'ster'keV']

3. Evolution of the Outer Electron Radiation Belt
During High-Speed Solar Wind Streams

[12] The arrival of high-speed solar wind streams (HSSs)
at the Earth’s magnetosphere initiates numerous physical
processes, including (1) a sudden onset of magnetospheric
convection (e.g., McPherron and Weygand [2006] and

Figure 3. (a, b) For 955,527 half-hour measurements
(1990-2007), the number density and temperature of the
outer electron radiation belt at geosynchronous orbit are
plotted as a function of the local time at which the
measurement was made. (¢) For 876,391 half-hour
measurements (1999-2003), the 1.1-1.5 MeV electron
flux is plotted as a function of the local time at which the
measurement was made. (d) For 82,579 half-hour measure-
ments (1989-2006) from the GOES 10 spacecraft, the
12 1 2 magnetic field strength at geosynchronous orbit is plotted as
Local Time [hr] a function of the local time at which the measurement was
made. The gray points are the individual measurements, and
the red points are 3000-point averages of the gray points.
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compare Figure 5), (2) enhanced density, heating, and
transport in the plasma sheet [e.g., Borovsky et al., 1998;
Lavraud et al, 2006; Denton and Borovsky, 2008],
(3) enhanced particle precipitation [Longden et al., 2008],
(4) flux dropouts/recovery of outer radiation belt electrons
[e.g., Paulikas and Blake, 1979; O’Brien et al., 2001,
Borovsky and Denton, 2009a], (5) the formation of long-
lived plasmaspheric drainage plumes [Borovsky and Denton,
2006b, 2008], and (6) an increase in ionospheric heating and
the occurrence of F' region storms [Denton et al., 2009b;
Sojka et al., 2009]. Many of these processes are interlinked
[e.g., Tsurutani et al., 2006; Kavanagh and Denton, 2007,
Denton et al., 2009a]. For example, the onset of convection
(process 1) causes plasma from the outer plasmasphere to be
stripped away into a plasmaspheric plume (process 5),
which is implicated in the loss of relativistic electrons from
the outer radiation belt (process 4) [Borovsky and Denton,
2009a].

[13] To study the behavior of the outer electron radiation
belt during high-speed-stream-driven storms we perform a
superposed-epoch analysis of 124 HSS storms that occurred
between 1993 and 2006. Previously, these events have been
used successfully in studies of the magnetospheric response
to HSSs [Borovsky and Denton, 2008, 2009a, 2009b;
Denton and Borovsky, 2008, 2009; Denton et al., 2009b].
The list of HSSs was constructed on the basis of an initial
list of CIR stream interfaces for 1993—1996 provided by
R. McPherron (private communication, 2005): the HSS is
the extended period of fast solar wind which follows the
CIR. More events were added to the initial list by searching
solar wind data for years beyond 1996 and identifying
typical signatures of HSSs (e.g., east-west flow deflection
followed by sustained elevated solar wind speed). The final
list of HSS storms between 1993 and 2006 includes an
“onset time,” which is the time of storm convection onset.
Convection onsets are initially detected by a strong rise in
the Kp index [cf. Elphic et al., 1999; Thomsen, 2004], with
the final onset time calculated to ~30 min time resolution
using changes in the Midnight Boundary Index (MBI)
[Madden and Gussenhoven, 1990]. It should be noted that
events with no discernable increase in convection following
a HSS identification in the solar wind are not included in the
study (see Denton et al. [2006] and Denton and Borovsky
[2008] for full details). This event selection likely corre-
sponds to events that are Russell-McPherron effective
[Russell and McPherron, 1973; McPherron et al., 2009].

[14] Figure 5 contains plots of a selection of superposed
solar wind, radiation belt, and geomagnetic parameters for
35 days prior to storm onset (zero epoch) and 35 days after
storm onset; that is, it encompasses more than one solar
rotation period before and after the arrival of each HSS at
the magnetosphere. In Figure 5a the superposition of the
solar wind speed (V-SW) is show for the 124 high-speed-
stream-driven storms. The dark blue curve in each plot of
Figure 5 is the mean value of the data superposition. The
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speed is obtained from the high-resolution OMNI2 database
[King and Papitashvili, 2005]. The solar wind speed plot
indicates that prior to onset the speed reaches a local
minimum before increasing sharply (see Borovsky and
Steinberg [2006] for a discussion of the “calm before the
storm”). At storm onset the speed is increasing and the
speed remains at an elevated level for a number of days.
Typically storm onset occurs during the passage of the
corotating interaction region (CIR) upstream of the high-
speed wind [Denton and Borovsky, 2009]. The ecast-west
component of the solar wind (VY-SW) shown in Figure 5b
indicates the rapid negative-then-positive flow deflection of
the CIR: the onset of the HSS-driven storm occurs within
the CIR [see also Denton and Borovsky, 2008, Figure 1]. The
superposition of the north-south (GSM) component of the
interplanetary field (Bz-GSM) for the 124 high-speed-
stream-driven storms is shown in Figure 5c. The super-
position of By indicates that on average there is a strong
southward turning of the IMF close to the storm onset,
although some of the events do have northward B at this
time. In Figure 5d the superposition of the solar wind
number density (N-SW) is plotted for the 124 high-speed-
stream-driven storms. As can be seen, there is a peak in the
superposed solar wind density that is roughly concurrent
with the strong southward By field. The peak in density is
the result of the compression of the solar wind within the
CIR and the peak in solar wind density produces a super-
dense plasma sheet in the magnetosphere (when the solar
wind plasma is captured and heated) [Borovsky et al., 1997,
Denton and Borovsky, 2008, 2009]. Following this peak, the
solar wind density falls to a level below its prestorm
average. The geomagnetic reaction of the magnetosphere
during the high-speed-stream-driven storms can be gauged
in Figures Se and 5f, where superpositions of the Ds? index
and the Kp index are shown for the 124 events. At time t=0
there is a sharp increase in the value of Kp (storm onset) and
Kp persists at elevated levels for several days after storm
onset. Note in Figure 5f that prior to the increase in Kp there
is a distinct period of lower-than-normal Kp in the data
superposition: this is the “calm before the storm™ [Clilverd
et al., 1993; Borovsky and Steinberg, 2006; Borovsky and
Denton, 2009b]. Note also in Figure 5f the 27-day period-
icity that is seen in the increase of Kp associated with the
27-day recurrence of the high-speed streams. In Figure Se
the superposition of the Dst index is plotted for the 124
high-speed-stream-driven storms. One feature to note is the
limited decrease in Dst near zero epoch. On average, these
high-speed-stream-driven storm events have a minimum Dst
of around —30. Indeed, it is instructive to note that by
simply relying on Dst as a proxy for “storm strength,” the
majority of the events used in this study would likely be
neglected [cf. Denton et al., 2006; Borovsky and Denton,
2006a; Georgieva et al., 2006].

[15] Figure 6 contains epoch time versus local time plots
of the superposed relativistic-electron number density (n),

Figure 4. Plots of the (a) density, (b) temperature, (c) pressure, and (d) flux (1.1-1.5 MeV), of the outer electron radiation
belt at geosynchronous orbit as a function of time for 18 years. (e) Plot of the international sunspot number (ISN). In
Figures 4a—4c the black points are 5000-point logarithmic averages of the 955,527 half-hour measurements from seven
satellites (1990—2007 inclusive). In Figure 4d the black points are 1440-point logarithmic averages of 278,471 half-hour

multisatellite averages (1990—2006).
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Figure 5. (a—f) Selected solar wind parameters as a function of epoch time for 124 HSSs between 1993

and 2006. The upper quartiles on the measurements are shown in red, while the lower quartiles are shown
in green. The mean value of each parameter is plotted in dark blue, while the median is plotted in light
blue. The gray shaded regions indicate values within one standard deviation of the mean.

temperature (T), pressure (P = nkgT), and relativistic-
electron flux F (1.1-1.5 MeV) for 124 HSSs between
1993 and 2006. The zero epoch for the superposition is
again the storm onset of magnetospheric convection. The
fluxes F used here are the multisatellite averaged fluxes
calculated from SOPA instruments on all available space-
craft and previously used in Borovsky and Denton’s [2009a]
study. The plots extend from 35 days prior to onset to 35
days after onset. Figure 6 contains a broad overview of the

relativistic-electron behavior in the outer radiation belt at
geosynchronous orbit during HSSs, and several features are
clearly apparent. First, Figure 6 shows that the density,
temperature, and pressure of the outer electron radiation belt
all decrease at close to zero epoch. Second, Figure 6 shows
that the number density, temperature, and pressure of the
outer radiation belt all increase after storm onset, as does the
relativistic-electron flux. Following the decrease in density
and temperature around zero epoch, all three parameters are

8 of 20



A01208

Local Time (Hours) Local Time (Hours) Local Time (Hours)

Locol Time (Hours)

LOG,,DENSITY (cm™

\hv \“ ‘I

&
LOG,,DENSITY (cm™)

1 ‘..',M, il

bl
o

-30 -20 -10 0 10 20 30
Epoch Time (Days)

LOG oTEMPERATURE (MeV)

24

._.
=)
o

o
o

12 \H\M \ \H(‘ ‘\

| N ‘}I( ‘ ‘\“‘ HH \‘

b .
LOG,,TEMPERATURE (MeV)

S}

w

-30 -20 -10 0 10 20 30
Epoch Time (Days)

LOG,,PRESSURE (nPa)
24

—_ —_
S o
R
[N o

(=)}
Looh L ;
oo (=) S

LOG ,PRESSURE (nPa)

»
o

-30 20 -10 0 10 20 30

LOG,gFLUX (1.1-1.5 MeV)

-30 -20 -10 0 10 20 30
Epoch Time (Days)

DENTON ET AL.: DENSITY-TEMPERATURE RADIATION BELT A01208

then elevated for a period of ~4 days duration. This is
consistent with the duration of the high-speed solar wind
(Figure 5a), and associated elevated levels of convection
(Figure 5f). Third, Figure 6 shows that there is a pronounced
quasi-27-day periodicity in all of the outer-electron-radiation-
belt parameters owing to the presence of recurrent high-speed
solar wind structures (cf. Figure 5). The local-time depen-
dence of the number density, temperature, pressure (energy
density), and the relativistic-electron flux in Figure 6 fol-
lows the trends described in section 2. The outer electron
radiation belt at geosynchronous orbit is more intense on the
dayside than on the nightside owing to the weaker magnetic
field on the nightside (compare Figure 3).

[16] The detailed behavior of electrons within the outer
radiation belt during a HSS-driven storm can better be
grasped by examination of Figure 7. Here, the zero epoch
is the onset of storm levels of convection and time extends
from 5 days prior to storm onset to 5 days after storm onset.
In Figures 7a, 7c, 7e, and 7g the superposed number density,
temperature, pressure, and relativistic-electron flux (1.1—
1.5 MeV) of the outer electron radiation belt at geosyn-
chronous orbit are plotted in local time versus epoch time.
In Figures 7b, 7d, 7f, and 7h, 3 h wide local-time cuts
(2300-0100 LT, 0500-0700 LT, 1100-1300 LT, and
1700—1900 LT) of the number density, temperature, pres-
sure, and flux are plotted versus time. Each curve plotted in
Figures 7b, 7d, 7f, and 7h is smoothed with a 10 h boxcar
average in time. Four features seen in Figure 7 are discussed
in the following four paragraphs and are summarized in
Table 1.

[17] First, in the few days prior to storm onset, there is a
slow decay in the number density of the outer electron
radiation belt at geosynchronous orbit while the temperature
remains constant. This is best observed in the line plots of
number density and temperature shown in Figure 7: the
number density decreases at all local times while the
temperature is approximately constant at all local times.
The density begins to decrease about four days prior to
storm onset. Owing to this density decay, the pressure also
decreases with time in the days prior to storm onset
(Figures 7e and 7f) and the relativistic-electron flux also
decreases with time (Figures 7g and 7h). These trends are
recorded in Table 1. Note in Figure 7 that the logarithmic
decrease in the relativistic-electron flux in the days before
storm onset is only about half the logarithmic decrease in
the number density. In the days prior to the onset of HSS-
driven storms, a geomagnetic calm tends to occur owing to
a Russell-McPherron effect [Borovsky and Steinberg,
2006]. The decay of the number density of the outer
electron radiation belt during these calms prior to storms
is attributable to the refilling of the outer plasmasphere.
This refilling in turn leads to a pitch angle scattering of the
radiation belt electrons into the atmospheric loss cone
[e.g., Meredith et al., 2004] and eventual precipitation into

Figure 6. Superposed outer electron radiation belt number
density, temperature, pressure, and flux, calculated using a
superposed-epoch analysis of 124 high-speed solar wind
streams between 1993 and 2006. Averaged values of these
parameters at 1 h time resolution are displayed for £35 days
from the zero epoch of convection onset.
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Table 1. Overview of the Evolution of the Outer Electron Radiation Belt at Geosynchronous Orbit During a High-Speed-Stream-Driven

Storm

Phase of Storm Number Density (n) Temperature (T)

Pressure (P) Relativistic Flux (F) Flux Responds to

constant
apparent decrease
(see section 3)

Calm before the storm

Relativistic-electron dropout
at storm onset

Recovery from
relativistic-electron dropout

decreases slowly
decreases suddenly

increases suddenly

apparent increase
(see section 3)
increases slowly

Long-duration storm constant

decreases slowly
decreases suddenly

decreases slowly
decreases suddenly

density
density and temperature

increases suddenly increases suddenly density

increases slowly increases greatly temperature

the atmosphere [e.g., Rodger et al., 2008]. (Note that for
certain wave-particle interactions such as EMIC waves, the
strength of the scattering may be dependent upon the com-
position of the cold plasmaspheric material.) The decay rates
of the outer electron radiation belt number density prior to
storm onset have been quantified by Borovsky and Denton
[2009b].

[18] Second, as shown in Figures 7a and 7b, around the
time of storm onset the number density of the outer electron
radiation belt suddenly decreases to very low levels (essen-
tially to instrument-background levels). This is the well-
known “relativistic-electron dropout™ [e.g., Freeman, 1964;
Nagai, 1982; Onsager et al., 2002; Green et al., 2004;
Borovsky and Denton, 2009a] usually discussed in terms of
flux observations, but here also presented in terms of
electron density. Coincident with the electron density drop-
out is an apparent decrease in the temperature of the
electrons. Although background contributions to the chan-
nel counting rates were modeled explicitly in the spectral
fitting procedure, the inferred temperature could be sensitive
in detail to the assumed set of background rates (i.e., caution
is advised with respect to interpretation of the low values
of temperature). The relativistic-electron flux (Figures 7g
and 7h) also shows relativistic-electron dropout behavior,
but the timing of the drop in number density differs slightly
from the timing of the drop in flux. This is particularly
noticeable in Figure 7, where the time of minimum number
density (at t ~ 0) is almost half a day prior to the time of
minimum flux. The occurrence (or not) of these relativistic-
electron dropouts has been shown to be associated with the
occurrence (or not) of a superdense plasma sheet in the
magnetosphere during the storm [Denton and Borovsky,
2008, 2009]. The superdense plasma sheet has its origin
in the compressed (or not) solar wind in the CIR upstream
of the high-speed stream [Denton and Borovsky, 2009].

[19] Third, less than one day after the relativistic-electron
dropout, the number density of the outer electron radiation
belt at geosynchronous orbit increases sharply. This is the
sudden “‘recovery from dropout” [Borovsky and Denton,
2009a], which is clearly seen in Figures 7a and 7b.
Typically, but not always, the number density is higher
after the recovery than it was just prior to the dropout (of
course the number density had been decreasing slowly for a
few days prior to the dropout proper). Also, the superposed

temperature of the electrons is lower just after recovery than
it was just prior to dropout. The pressure of the outer
electron radiation belt reflects these density and temperature
trends. The relativistic-electron flux (Figures 7g and 7h)
also shows this recovery from dropout. However, the
recovery is more sudden when observed in terms of number
density than when it is observed in terms of flux. Note that
the recovery in number density occurs earlier than does the
recovery in flux. By investigating the timing of changes in
the different plasma populations concerned, the recovery
from dropout of the outer electron radiation belt has been
associated with the termination of the superdense-plasma
sheet phase of the geomagnetic storm [Borovsky and Denton,
2009a].

[20] Fourthly, Figure 7 shows that in the first few days
after recovery from a relativistic-electron dropout, the
temperature of the outer electron radiation belt at geosyn-
chronous orbit slowly increases with time while the number
density remains approximately constant. This is best seen in
the line plots of temperature and density in Figures 7b and 7d.
The slow temperature increase occurs during the elevated Kp
of the several-days-long geomagnetic storm (cf. Figure 5f).
As can be seen in Figures 7b, 7d, 7f, and 7h, after the rapid
recovery in the number density the relativistic-electron
fluxes at geosynchronous increase by around an order of
magnitude during an extended interval of elevated Kp.
These trends are noted in Table 1. It is also clear from
Figure 7 that this increase in fluxes by an order of magni-
tude occurs while the temperature only increases by a
modest amount. This comparison highlights the dichotomy
of a great particle accelerator versus a modest heater (as was
noted by Borovsky et al. [1998]). Commensurate with this
density-temperature behavior, the pressure (thermal-energy
density) of the outer electron radiation belt increases steadily
for days after storm onset (Figures 7e and 7f). The heating
rates of the outer electron radiation belts at geosynchronous
storms (and correlated parameters) remain to be quantified.

4. Evolution of the Outer Electron Radiation Belt
During CME-Driven Storms
[21] In contrast to recurrent high-speed-stream-driven

events wherein the electron radiation belt behavior is
repeatable and easier to categorize, there are significant

Figure 7. Superposed outer electron radiation belt (a, b) number density, (c, d) temperature, (e, f) pressure, and (g, h) flux,
calculated using a superposed-epoch analysis of 124 high-speed solar wind streams between 1993 and 2006. Averaged
values of these parameters at 1 h time resolution are displayed for +5 days from the zero epoch of convection onset. Figures 7a,
7c, 7e, and 7g contain enlarged versions of the data from Figure 6. In addition, the number density, temperature, pressure, and
flux are averaged over 3 h local-time bins and plotted as a function of epoch time (2300—0100 LT (black curves), 0500—
0700 LT (red curves), 1100—1300 LT (green curves), and 1700—1900 LT (blue curves)).
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. differences in solar wind drivers from one magnetic-cloud
Number Density event to another [cf. Jian et al., 2006] making the electron
radiation belt behavior difficult to categorize. Hence, cloud-
4107 driven storms are more difficult to study via superposed-
epoch analysis than are high-speed-stream-driven storms.
- Furthermore, complications in the interpretation of the
E A evolution of the outer electron radiation belt during CME-
driven storms arise from competing effects acting simulta-
neously, such as compression of the magnetosphere by solar
wind ram pressure, the distortions of the inner magneto-
110 sphere by strong ring current-plasma perturbations (the Dst
effect), and the evolution of the radiation belts due to
geomagnetic activity. A typical (but not unique) temporal
sequence for the solar wind driver is (1) interplanetary-
shock arrival, (2) passage of the CME sheath, and (3)
passage of the southward-IMF portion of the cloud. The
o _ shock may or may not be present, the sheath may or may
= not drive the magnetosphere, and the cloud may or may not
Q o have a southward-IMF portion. In addition, there may or
= may not be a northward-IMF portion of the cloud between
the sheath and the southward-IMF portion of the cloud.
S . [22] For cloud-driven storms, a standard “trigger” to take
for the zero epoch of the data superposition is the minimum
0.02] : value of the Dst index for the storm [e.g., Denfon et al.,
b 2005, 2006; Lavraud et al., 2006; Zhang et al., 2006]. Note,
Pleauura howeverf taking a sin_gle trigger at Dst minimum to analyze
008l (energy density) CME-driven storms is a method that mixes several cloud-
driven storm phases together owing to the storm-to-storm
differences in the sequences, and to the differing temporal

5107

=

[ S S S R P P S SRV S G VP LA VARG WP

o Temperatwre

000 durations of the phases. Such a single-epoch superposition
3 of measurements from 78 CME-driven storms appears in
E'o ol Figure 8, with the trigger taken to be the time of minimum
o Dst. The 78 storms are the CME-driven events utilized in

the superposed-epoch study of magnetospheric hot plasmas
by Denton et al. [2006]. In Figure 8a the superposition of
the number density of the outer electron radiation belt at

0.002

C geosynchronous orbit is plotted, in Figure 8b the superpo-

L e e sition of the temperature is plotted, in Figure 8c the
o 1.1-1.5 MeV Flux . superposition of the pressure P = nkgT is plotted, in
Figure 8d the superposition of the 1.1-1.5 MeV electron

: flux is plotted, and in Figure 8e the superposition of the

Dst index is plotted. The Ds¢ plot indicates the main phase
of the storm (Dst decreasing) and the recovery phase of
the storm (Dst increasing back to quiet levels). As seen in
Figure 8, the general trend for the number density of the outer
electron radiation belt at geosynchronous orbit is a density
drop during the main phase of the storm, which commences
1 just prior to the time of minimum Dst, and then a density

F [em®s'ster'keV"]

d increase during the recovery phase after minimum Dst. Also
ol ; ; note that unlike the case of high-speed-stream-driven storms
; (e.g., Figure 7), there is only a very modest decrease of the
20 ] number density of the outer electron radiation belt at
=40
7]
= Figure 8. For 78 coronal-mass-ejection-driven storms,
superpositions of the (a) number density, (b) temperature,
il Dst Index and (c) pressure of the outer electron radiation belt at
e geosynchronous orbit are plotted as functions of time, as are
g & ) o z 3 G the (d) 1.1-1.5 MeV electron flux and (e) Dst index. Each
time from minimum Dst [day] curve in Figures 8a—8d is a local-time average of the
quantity. Time t = 0 is taken to be the time of minimum Ds¢
in the storm.
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Table 2. Overview of the Evolution of the Outer Electron Radiation Belt at Geosynchronous Orbit During a Coronal Mass Ejection—

Driven Storm

Zero Epoch Phase of Storm Number Density (n) Temperature (T) Pressure (P) Relativistic Flux (F) Flux Responds Primarily to
Sudden storm compression of decreases decreases decreases decreases density
commencement magnetosphere greatly slightly greatly greatly
South interplanetary magnetic sheath driving decreases decreases decreases decreases density and temperature
field (IMF) sheath
South IMF cloud cloud driving increases decreases increases holds steady density and temperature

Minimum Dst recovery increases

increases

increases increases density and temperature

geosynchronous orbit in the several days prior to storm
onset due to the lack of an extended calm before the storm.
The general trend of the temperature of the outer electron
radiation belt at geosynchronous orbit (Figure 8b) is a
temperature decrease during the main phase and a temper-
ature recovery during the recovery phase. The trend in the
pressure of the outer electron radiation belt follows the trend
in the number density: a decrease in the pressure during the
main phase and an increase in the pressure during the
recovery phase. The trend of the relativistic-electron flux
during CME-driven storms (Figure 8d) is more like the
simple trend in the outer electron radiation belt temperature
than the complicated trend in the density: the flux exhibits a
decrease during the main phase of the storm followed by an
increase during the recovery phase. The temporal width of
the decrease in the flux (Figure 8d) is much greater than the
temporal width of the decrease in number density (Figure 8a).
In addition, the relativistic-electron flux after the CME-
driven storms is slightly elevated initially, and then falls over
the next ~5 days to a flux roughly equal to the relativistic-
electron flux before the storms.

[23] In the remainder of this section, four different zero
epochs (triggers) for the data superpositions are used to
piecewise analyze the evolution of cloud-driven storms. All
interpretation of the superposed data is restricted to the
temporal vicinity of the trigger. The zero epochs used below
are (1) trigger on the arrival of the interplanetary shock,
(2) trigger on the beginning of sheath, (3) trigger on the
beginning of southward-IMF portion of cloud, and (4) trigger
on the end of southward-IMF portion of cloud. The results of
this analysis are summarized in Table 2.

[24] First, the reaction of the outer electron radiation belt at
geosynchronous orbit to the arrival of the interplanetary
shock and compressed CME-sheath plasma is examined. In
the data superposition shown in Figure 9 the zero epoch is
taken to be the sudden storm commencement (SSC) at Earth,
obtained from a collection of 37 very strong SSC events. The
SSCs were selected for their strong compression of the
magnetosphere with both a strong positive-Dst signature
and a sustained sudden increase in the solar wind ram
pressure (as determined from examination of the OMNI2
database). Figure 9 contains plots of the superpositions of the
outer electron radiation belt number density n (Figure 9a),
temperature T (Figure 9b), pressure P (Figure 9c), and 1.1—
1.5 MeV electron flux (Figure 9d) at geosynchronous orbit.
The ram pressure nv> of the solar wind is also plotted
(Figure 9e¢): note the sudden increase at T = 0 followed by a
sustained (for several hours) high pressure. The superposition
of the Dst index for these events is also shown (Figure 9f).
Note the sharp positive Dst deflection associated with inter-
planetary-shock arrival (at t = 0). As can also be seen, the
arrival of the shock results in sudden strong decreases in the

number density (Figure 9a) and the pressure (Figure 9¢) of
the outer electron radiation belt. The temperature of the outer
electron radiation belt (Figure 9b) shows a slight decrease
commencing at the time of SSC. The relativistic-electron flux
F (Figure 9d) also decreases. These changes are noted in
Table 2. The fractional decrease in the flux close to zero
epoch is less than the fractional decrease in density: compar-
ing the values at time t = +2 h with the values at t = —lhr the
flux decreases to 58% of its initial value while the number
density decreases to ~42% of its initial value. The density
decrease at geosynchronous orbit at time t = 0 is probably
owed to a rapid compression of the magnetosphere by the
increase in solar wind ram pressure (higher velocity and
higher density) behind the interplanetary shock, bringing
more tenuous outer magnetospheric regions to geosynchro-
nous orbit. After the shock passage at time t = 0, the Earth’s
magnetosphere is within the compressed CME-sheath
plasma ahead of the coronal mass ejection. Depending on
the orientation of the IMF in this sheath plasma, the sheath
may or may not drive geomagnetic activity in the Earth’s
magnetosphere. The steady decrease in the value of Dst after
zero epoch indicates that on average there is some driving by
the sheath for these events.

[25] In Figure 10 a set of 16 CME-driven storm events
wherein the IMF of the sheath plasma is distinctly south-
ward is examined. Figure 10 contains plots of the super-
positions of the outer electron radiation belt number density
n (Figure 10a), temperature T (Figure 10b), pressure P
(Figure 10c), and 1.1-1.5 MeV electron flux (Figure 10d)
at geosynchronous orbit. The superposition of the Kp index
for these events is also shown (Figure 10e). Time t = 0 is
taken to be the onset of the southward IMF (GSM) at Earth
in the sheath plasma. The sudden increase in Kp near t = 0
indicates the onset of driving by the sheath plasmas; note
that the Kp index has a 3 h resolution so the increase in Kp
begins approximately 3 h prior to t = 0. The temporal
profiles of the number density, the temperature, the pres-
sure, and the relativistic-electron flux are all very similar
to the profiles in Figure 9 where t = 0 was the SSC (arrival
of the interplanetary shock). This similarity may indicate
that the reaction of the outer electron radiation belt at
geosynchronous orbit is dominated by the compression of
the magnetosphere.

[26] To study the reaction of the outer electron radiation
belt at geosynchronous orbit when the magnetosphere is
driven (strongly) by the southward IMF of a magnetic
cloud, a subset of 13 well-defined magnetic clouds with
southward-IMF (GSM) portions was extracted from the set
of Dst storms that was used in the study by Denton et al.
[2005]. These magnetic clouds were identified using
SWEPAM plasma measurement [McComas et al., 1998]
and MAG magnetic field measurements [Smith et al., 1998]
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Figure 9. For 37 well-defined SSC (storm sudden commencement) events, superpositions of the
(a) number density, (b) temperature, and (c) pressure of the outer electron radiation belt at
geosynchronous orbit are plotted as functions of time, as are the (d) 1.1-1.5 MeV electron flux, (¢) ram
pressure in the solar wind, and (f) Ds¢ index. Each curve in Figures 9a—9d is a local-time average of the
quantity. Time t = 0 is taken to be the time of SSC (arrival at Earth of an interplanetary shock).

from onboard the ACE satellite upstream of the Earth. The
clouds in the solar wind were identified by their having a
well-ordered magnetic field, low solar wind ion temper-
atures, and bidirectional electron heat flux. In Figure 11 a
superposition of the measurements of the outer electron
radiation belt at geosynchronous orbit is created by setting
the zero epoch of the analysis to be the onset of the
southward-IMF portions of those 13 magnetic clouds.
Figure 11 contains plots of the superposed averages of the
outer electron radiation belt number density n (Figure 11a),
temperature T (Figure 11b), pressure P (Figure 11c), and
1.1-1.5 MeV electron flux F (Figure 11d) at geosynchro-
nous orbit. The superposition of the Kp index for these

events is also shown (Figure 11e). Note that immediately
prior to the southward-IMF portions of clouds there can be
(1) sheath plasma (which may or may not drive geomag-
netic activity) or (2) northward-IMF magnetic cloud (which
will not drive geomagnetic activity). As can be seen in
Figure 11e, Kp was elevated prior to t = 0 in the superpo-
sition, an indication that there was some driving prior to
zero epoch in at least some of these events. As can be seen
in Figures 11a and 11c, the number density and the pressure
begin to increase when the southward-IMF portion of the
cloud arrives. This increase with time during the southward
IMF of the cloud is associated with the strong geomagnetic
activity in the Earth’s magnetosphere, as shown in Figure 11e.
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As can be seen in Figure 11b, the temperature of the outer
electron radiation belt at geosynchronous orbit, which was
decreasing with time before the arrival of the southward-
IMF portion of the cloud, continues to decrease during the
southward-IMF portion of the cloud. Note that, at time t = 0
in Figure 11, the number density n of the outer electron
radiation belt is quite low (~1 X 107* cm™) and the
temperature is also quite low (~100 keV). The temporal
evolution of the relativistic-electron flux (Figure 11d) differs
from the behavior of the number density and temperature.
Specifically, the flux remains pretty much constant while the
density increases and the temperature decreases slightly.
[27] In Figure 12 the properties of the outer electron
radiation belt at geosynchronous orbit are shown with the
zero epoch of the analysis set as the minimum value of Ds?
for CME-driven storms. Seventeen cloud-driven storms
with large, single-dip, negative-Dst perturbations were
selected from the list of Dst storms first used by Denton
et al. [2006]. Triggering on the minimum value of Dst (by
definition the end of the storm main phase and beginning of
the storm recovery phase) likely represents the end of strong
southward-IMF driving of the cloud-driven storm. Figure 12
, contains plots of the superposed averages of the outer
b | electron radiation belt number density n (Figure 12a),
temperature T (Figure 12b), pressure P (Figure 12c), and
P : _ 1.1-1.5 MeV electron flux F (Figure 12d) at geosynchro-
ressure i . iy .
(energy density) nous orbit. The superposition of the Dst index for these
i events is also shown (Figure 12e). In Figure 12a the number
density of the outer electron radiation belt is seen to increase
steadily with time as Dst recovers. In Figure 12b the
! temperature of the outer electron radiation belt at geosyn-
; chronous orbit shows a steady slow increase as Dsf recovers.
f In Figure 12c the pressure of the outer electron radiation belt
| at geosynchronous orbit shows a steady increase throughout
| the recovery phase, tracking the evolution of the number

. density. The relativistic-electron flux (Figure 12d) shows the
C | same trend as the number density and temperature: a steady
= increase with time as Dst recovers. These changes are noted
in Table 2. The temporal profile of the relativistic-electron
flux is more similar to that of the temperature than that of
the number density. The evolution of the temperature and
number density of the outer electron radiation belt at
geosynchronous orbit around the minimum-Ds¢ time may
be governed by a combination of the cessation of geomag-
netic activity and the inflation and deflation of the dipole
magnetic field owing to the “Dst effect” [e.g., Dessler and
Karplus, 1961; Kim and Chan, 1997].

1.1-1.5 MeV Flux |

F [em?s'ster'keV']

5. Summary

[28] Analysis of almost one million individual bi-
Maxwellian fits to relativistic-electron flux data has been

Figure 10. For 16 cloud-driven storm events with well-
defined intervals of southward IMF (GSM) in the CME
sheaths, superpositions of the (a) number density,
(b) temperature, and (c) pressure of the outer electron
; radiation belt at geosynchronous orbit are plotted as

:Ime fr:m Qﬁ:e-tl;f. ;h;a'ﬁ":;;i;ir"; Ihrs]g oo functions of time, as are the (d) 1.1-1.5 MeV electron flux
and (e) Kp index. Each curve in Figures 10a—10d is a local-

time average of the quantity. Time t = 0 is taken to be the
onset of the southward-IMF interval in the sheath plasma.

onset of sheath driving
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performed. The findings of the study are summarized below.
These findings demonstrate the strength of a density-
temperature description of the outer electron radiation belt
at geosynchronous orbit.

" Number Density

5.1. General Properties of the Outer Electron
Radiation Belt

[20] Statistical analyses of the outer electron radiation belt
at geosynchronous orbit are described in section 2. Salient
findings are as follows.

[30] 1. At geosynchronous orbit, the median value of the
number density is n = 3.7 x 10~* cm™>, the median value
of the temperature is T = 142 keV, and the median value of
i the 1.1-1.5 MeV electron flux F is 4.7 cm 2 s~ ' ster '
) keV~'. The median value of the pressure P = nkgT is
i 8.3 x 10 nPa.

! [31] 2. The fractional variations of the number density n
i and the temperature T are less than the fractional variations
E in the relativistic-electron flux F.

| [32] 3. The density, temperature, and the relativistic-
| electron flux all show similar local-time dependencies, with
: peaks in all three quantities near local noon and minima in
; the quantities near local midnight. The local-time variation
E _ of the temperature is weaker than the local-time variations
| b | inn and F.

0,02}

[33] 4. There are systematic solar-cycle dependencies on
n, T, and F. The number density n and temperature T are
higher during the declining phase than during the other
phases of the solar cycle. The relativistic-electron flux F
reflects the number-density and temperature trends.

. Pressure
0004 (energy density)

5.2. Evolution During High-Speed-Stream-Driven
Storms

[34] In section 3, superposed-epoch analysis was used to
study the evolution of the outer electron radiation belt at
geosynchronous orbit during high-speed-stream-driven
storms. The findings of that investigation are as follows.

[35] 1. Associated with high-speed-stream-driven storms,
there are clear 27 day periodicities in the number density n,
temperature T, and relativistic-electron flux F, of the outer
electron radiation belt at geosynchronous orbit.

[36] 2. For several days prior to high-speed-stream-driven
storms, the number density n of the outer electron radiation
belt decreases slowly while the temperature T remains
approximately constant. The relativistic-electron flux F
also decreases slowly during this period. The decrease in
n is attributable to the build up of the outer plasmasphere,
and associated pitch angle scattering during calms before
storms. The decrease in F is attributable to the decrease
in n.

[37] 3. Near the onset time of a high-speed-stream-driven
storm there is a sudden drop in the number density n of the
outer electron radiation belt at geosynchronous orbit. The

F [em s ster 'keV']

Kp

Figure 11. For 13 cloud-driven storm events with well-
defined southward-IMF (GSM) portions, superpositions of

onset of cloud's
southward IMF

_ \ € the (a) number density, (b) temperature, and (c) pressure of
L N A the outer electron radiation belt at geosynchronous orbit are
Wrtie from:ovieet of SouttwarHME clond. [hrs] plotted as functions of time, as are the (d) 1.1-1.5 MeV

electron flux and (e) Kp index. Time t = 0 is taken to be the
onset of the southward-IMF portions of the clouds.
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relativistic-electron flux F also decreases suddenly, but the
flux drop is later in time than the number-density drop. This
sudden decrease is the well known “relativistic-electron
dropout” of high-speed-stream-driven storms.

[38] 4. Less than one day after its sudden drop, the
number density n of the outer electron radiation belt shows
a sudden increase (the “recovery from dropout’). The
relativistic-electron flux F also shows this recovery from
dropout, but the flux recovery takes longer than the number-
density recovery.

[39] 5. After the recovery from dropout, the temperature
T of the outer electron radiation belt at geosynchronous
orbit slowly increases with time during the several days of
the high-speed-stream-driven storm while the number den-
sity is approximately constant. During this time interval the
relativistic-electron flux F steadily increases as the temper-
ature increases at constant density. This steady increase in
the relativistic-electron flux during the storm is attributable
to a steady heating of the outer electron radiation belt.

[40] 6. The number density n of the outer electron
radiation belt at geosynchronous orbit tends to be higher
after HSS-driven storms than it was before such storms. The
temperature T of the outer electron radiation belt tends to be
about the same after a storm as before. The relativistic-
electron flux F tends to be higher after a storm than before
the storm.

5.3. Evolution During CME-Driven Storms

[41] In section 4, superposed-epoch analysis with multiple
epoch selections was used to study the evolution of the outer
electron radiation belt at geosynchronous orbit during CME
storms. The findings of that investigation are the following.

[42] 1. Unlike the case for high-speed-stream-driven
storms, there is only a very modest temporal decrease in
the number density n or relativistic-electron flux F of the
outer electron radiation belt at geosynchronous orbit in the
days prior to the onset of CME-driven storms. This is likely
associated with the lack of a systematic calm before
CME-driven storms.

[43] 2. When the storm sudden commencement (SSC)
occurs (arrival of interplanetary shock at Earth), the number
density n and the relativistic-electron flux F of the outer
electron radiation belt at geosynchronous orbit both decrease
suddenly. The fractional decrease in the number density is
larger than the fractional decrease in the relativistic-electron
flux. The temperature decrease at the time of SSC is very
slight. The sudden density decrease is attributable to a
sudden compression of the magnetosphere delivering
higher-L energetic electrons to geosynchronous orbit.

[44] 3. During the southward-IMF (GSM) portions of
magnetic clouds (storm main phase), the number density n
of the outer electron radiation belt at geosynchronous orbit

Figure 12. For 17 magnetic-cloud-driven storms with
strong, single-dip Dst perturbations, superpositions of the
(a) number density, (b) temperature, and (c) pressure of the
outer electron radiation belt at geosynchronous orbit are
plotted as functions of time, as are the (d) 1.1-1.5 MeV
electron flux and (e) Dst index. Each curve in Figures 12a—
12d is a local-time average of the quantity. Time t = 0 is
taken to be the time of minimum Dst.
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increases with time while the temperature T decreases with
time. The relativistic-electron flux F remains approximately
constant during the southward-IMF portions of the magnetic
clouds.

[45] 4. During the recovery phase of CME-driven storms
(the interval wherein Dst increases toward quiet time values
after the time of minimum Ds?) the number density n of the
outer electron radiation belt at geosynchronous orbit
increases and the temperature T increases. During the
recovery phase the relativistic-electron flux F also increases,
mimicking the temporal profile of the temperature more
than the temporal profile of the number density.

[46] 5. The number density n and relativistic-electron flux
F of the outer electron radiation belt at geosynchronous
orbit have slightly elevated values after a CME-driven storm
as they did before the storm: these decrease to prestorm
values after a few days. The temperature has a very similar
value after a CME-driven storm as prior to the storm.

5.4. Differences Between a Density-Temperature
Description and a Flux Description

[47] The relativistic-electron flux is a measure of the
number of particles in the tail of the energy distribution of
the outer electron radiation belt. Here, specifically, the
relativistic-electron flux F is taken to be the flux of particles
in the 1.1-1.5 MeV energy band, with the temperature
being on the order of 150 keV. One could consider the
relativistic-electron flux F to be controlled by a combination
of n and T, with the flux increasing as n increases or as T
increases. Through the different phases of geomagnetic
storms, the number density n, the temperature T, and the
relativistic-electron flux F of the outer electron radiation belt
at geosynchronous orbit all show different evolutionary
trends. In general the fractional variations in the relativistic-
electron flux F are larger than the fractional variations in n
or T, but during some phases of storms the fractional
variations in F can be smaller.

[48] Sometimes the relativistic-electron flux F reacts more
to changes in the temperature T of the outer electron
radiation belt than to changes in the number density n.
One important example of this is the steady increase in the
relativistic-electron flux as the outer electron radiation belt
is slowly heated during several-days-long high-speed-
stream-driven storms.

[49] Sometimes the relativistic-electron flux F reacts more
to changes in the number density n of the outer electron
radiation belt than to changes in the temperature T. One
example of this is the several-days-long slow decay of both
n and F during calms before high-speed-stream-driven
storms. A second example of this is the strong drop of both
n and F during SSC compressions of the magnetosphere
before CME-driven storms.

[s50] Sometimes the relativistic-electron flux F reacts to
changes in both n and T. One example of this is the
relativistic-electron flux F remaining constant while the
number density n increases and the temperature T decreases
during the southward-IMF portions of magnetic clouds. A
second example is the relativistic-electron flux F increasing
while n and T both increase during the recovery phase of
CME-driven storms.

[s1] There are timing differences between the density and
temperature n and T and the relativistic-electron flux F. One
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example of this is the relativistic-electron dropout, which
occurs first in the number density n and then later in the
relativistic-electron flux F. Likewise, the recovery from
dropout occurs first in the number density and then later
in the relativistic-electron flux.

6. Future Work

[52] In this report we have statistically analyzed the
densities and temperatures of the outer electron radiation
belt at geosynchronous orbit and have described the storm-
time evolution of the outer electron radiation belt in terms of
densities and temperatures. We think that this density-
temperature description removes some of the uncertainties
that a flux-only description contains, since changes in the
flux can be caused by changes in the number of electrons
and/or by changes in the temperature of the electrons. The
density-temperature description also provides a simple
means to calculate the specific entropy (density of adiabatic
invariants per unit flux) of the outer electron radiation belt,
which can provide information about nature of changes to
the radiation belts. The density-temperature description
offers a simple method to quantify electron-loss rates and
to quantify number fluxes and energy fluxes into the
atmosphere [cf. Borovsky and Denton, 2009b]. The density-
temperature description also offers a simple method to
correlate increases in the electron content of the outer electron
radiation belt with the densities of potential source popula-
tions in the magnetosphere and in the solar wind. In addition,
the density-temperature description provides a simple method
to look at electron energization mechanisms and to quantify
energy budgets.
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