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[1] The phase space density distributions of energetic electrons during two storm periods,
including the two storms on 21-23 October 2001 and 4—9 September 2002 selected by
Geospace Environment Modeling Inner Magnetosphere/Storms campaign as the
radiation belt assessment challenge in 2004 workshop, are presented in this paper.
Electron data from the Synchronous Orbit Particle Analysis instrument aboard three Los
Alamos National Laboratory geosynchronous satellites as well as the Comprehensive
Energetic Particle and Pitch Angle Distribution instrument aboard Polar are used. The
Tsyganenko 2001 storm model is chosen for the storm time magnetic field presentation,
compared to the best-fitting magnetic model achieved in a previous study. By tracing the
temporally evolving radial distributions, we conclude that while the dropout of electron
phase space density during storm main phases appears to be energy-independent, the
enhancement in recovery phases shows an energy-dependent pattern. The average
outwardly decreasing radial gradients of phase space density obtained during the recovery
phases of the two storm periods strongly suggest the in situ acceleration is most
likely the main source of new energetic electrons, along with a possible contribution

from an external source.
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1. Introduction

[2] Though it has been widely known that the energetic
electron fluxes in the outer radiation belt frequently change
significantly during geomagnetic storms (e.g., the review by
Li and Temerin [2001] and references therein), an unsolved
problem is still what physics processes should account for
this change. Two possible electron sources have been recog-
nized as being able to refill the depleted radiation belts after a
storm main phase: One source is the electrons initially in the
tail portion being transported inwardly and energized by
betatron acceleration, also known as an external source; the
other is the less energetic electrons being accelerated by in
situ acceleration inside the inner magnetosphere, i.e., an
internal source. Theories and models have been developed
along these two directions, and details can be found in the
review paper by Friedel et al. [2002]. To differentiate these
two sources is not an easy task, due to the lack of enough data
with well-coordinated and long-term coverage as well as the
difficulty that the loss and energization physical processes
occur simultaneously during storm times, and consequently
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requires a careful comparison between data and model
output.

[3] To coordinate the community’s efforts, the Inner Mag-
netosphere/Storms (IM/S) campaign of the Geospace Envi-
ronment Modeling (GEM) program decided to choose two
storm periods, 21-23 October 2001 and 4—9 September
2002, on which data analyzers and modelers can work
together. This paper aims to provide a brief description
of the electron phase space density (PSD) distributions
during the two storms, while the complete data sets are
available via ftp from the Web site fip:/ftp.nsstc.org/
gem/rad_belt challenge.

[4] The study of the PSD at constant adiabatic invariants
has the advantage over the traditional study of fluxes in a
spatial coordinate frame in that the former separates nonadi-
abatic effects from adiabatic ones (e.g., the Dst effect [Kim
and Chan, 1997]), and is the appropriate way to relate
measurements from different regions in the inner magneto-
sphere. Since the radial diffusion equation determines that
electrons can only diffuse from drift shells with large PSD
toward those with small PSD [Schulz and Lanzerotti, 1974],
tracing the temporally evolving electron phase space density
radial profile can help to reveal the locations of the source
(the maximum point(s) in a PSD radial profile) and the sink
(the minimum point(s)). As shown in Figure 2 of Green and
Kivelson [2004], the case of an external source requires a
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Figure 1. Orbits of LANL GEO (black) and Polar (gray) in

the GSE xy plane during the storm period in 2001 (SP2001)
and 2002 (SP2002). The Polar orbit plane moves clockwise
(the direction of the gray arrows) during the course of each
year. The local time positions of LANL GEO at UT = 0000
are plotted, along with two GOES satellites.

positive PSD radial gradient, i.e., PSD increasing radially
outward, while in situ energized electrons produce a local
peak and negative gradients, allowing them to diffuse
outward.

[5s] A brief description of the instrumentation and data is
presented in section 2. Section 3 presents the method, the
intercalibration, the magnetic field models, and the PSD
distribution results. A discussion of the results follows in
section 4 and conclusions in section 5.

2. Instrumentation and Data

[6] The electron flux j(E, «, 7, t) is a function of energy E,
local pitch angle «, satellite position 7 and time ¢, while the
PSD f(u, K, L*, ?) is the temporally varying distribution
density in a phase space labeled by the three phase space
momentum coordinates: The first adiabatic invariant u, the
second adiabatic invariant K and the drift shell L* associated
with the third adiabatic invariant. Flux is converted into PSD
from f = j/p*, where p is the magnitude of the relativistic
momentum corresponding to the kinetic energy £ and also
the perpendicular component of p to the local magnetic field
is associated with p [Schulz and Lanzerotti, 1974]. Therefore
to obtain the distribution of PSD at given adiabatic invariants,
we first need the angular resolved electron fluxes and local
magnetic field magnitude for each of the satellites. In
addition, to calculate the values of K and L*, we also need
the global configuration of the magnetic field that can be
provided by models only. Readers are referred to Appendix A
and Chen et al. [2005] for details on the calculation of PSD
and adiabatic invariants.
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[7] In this work, aboard each of the three Los Alamos
National Laboratory geosynchronous (LANL GEO) satel-
lites (1990-095, 1991-080, and LANL-97A), the Synchro-
nous Orbit Particle Analysis (SOPA) instrument [Belian et
al., 1992; Reeves et al., 1997] can measure the full three-
dimensional electron distribution from 50 keV to more than
1.5 MeV in each spin. Since the LANL GEO satellites carry
no magnetometer instruments, we employ the method devel-
oped by Thomsen et al. [1996] through which the local
magnetic field direction can be derived from the measure-
ment of the plasma distribution by another instrument on
board, the Magnetospheric Plasma Analyzer (MPA), to
obtain the pitch angle distribution. A detailed description of
the derivation of the pitch angle distribution can be found in
the Chen et al. [2005]. In this work the LANL GEO electron
data have a 10-minute time resolution. For the local magnetic
field magnitude we use values from an empirical magnetic
field model.

[s] With a polar orbit of 2 x 9 Rp, Polar crosses the
magnetic equatorial plane every ~18 hours outside GEO
orbit. The Comprehensive Energetic Particle and Pitch Angle
Distribution (CEPPAD) experiment [Blake et al., 1995] on
board Polar provides angular resolved flux data of energetic
electrons, covering the energy range from 30 keV to 10 MeV
with the nine detectors of the IES and the one detector of the
HIST subsystems. Flux data here have a time resolution of
3.2 min. Polar also carries a Magnetic Field Experiment
(MFE) [Russell et al., 1995] measuring magnetic field
vectors, which provide the convenience of calculating the
first adiabatic invariant.

[o] Figure 1 presents Polar’s orbit in one period during
each of the two GEM IM/S selected storms, projected into the
x-y plane of the GSE coordinate system. Electron data used in
this work are mainly from the orbit portion close to apogee.
When the Earth revolves around the Sun, Polar has its orbit
plane moving ~1° clockwise each day during the course of
each year and crosses the equatorial plane around midnight in
September and October. The local time postions for LANL
GEO satellites at UT = 0 hours are also plotted in the same
figure, along with those of two GOES satellites.

3. PSD Distributions During Quiet Times and
Two Storm Periods

3.1. Methodology, Intersatellite Calibration,
and Magnetic Field Model

[10] We follow the method developed previously [Chen et
al., 2005] to transform fluxes from multiple satellites to phase
space density distributions. This method includes two steps
to reduce errors: The first is a test of intersatellite calibration
during the quiet time and then the second is the choice of the
magnetic field model during storm periods.

[11] Before calculating gradients we first verify the instru-
ment calibration between satellites. The intercalibration be-
tween the three LANL GEO satellites has been obtained by
Chen et al. [2005] by doing the PSD matching, that is,
comparing the PSD values of electrons with the same
combination of (i, K, L*) but measured by satellites at
different spatial locations during magnetically quiet times.
Following the same procedure, we obtain the inter calibration
between LANL GEO and Polar, and the results are presented
in Figure 2. The selected quiet days are 10—13 December
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Figure 2. PSD matching between Polar and 1990-095 (top)
as well as the Dst and Kp time series during December 2002
(bottom). The unit of PSD is (¢/MeV/ecm)®. In the upper
panel, the red symbols are obtained on quiet days (the period
being boxed in red in the lower panel) and gray symbols are
for the whole month. The red straight line fits the red symbols
and the equation is given in the lower right corner. The
diagonal in gray represents perfect inter calibration and the
two dashed lines on both sides are for PSD values 10 times
larger/smaller.

2002, the area boxed in red in the lower panel of Figure 2,
when Polar had its apogee around the duskside of the
magnetosphere. Red symbols in the upper panel compare
the PSD values from Polar and 1990-095, whose orbits were
in such positions that both could sample electrons sharing the
same drift shell. All red symbols are already quite close to the
gray solid diagonal showing perfect calibration. This is
expected since the preliminary intercalibration between Polar
and LANL GEO fluxes has already been done [Friedel et al.,
2005] and is applied here before the fluxes are transformed
into PSD. Fitting by the red straight line, we achieve the
intercalibration between Polar and GEO PSD values, the
equation in the upper panel, that will be used for storm times.
This comparison covers a wide energy range at geosynchro-
nous orbit, from 100 keV up to 1.5 MeV. For reference, PSD
values during the whole month of December 2002, during
which quite a few storms occurred, are also plotted as gray
symbols. Those gray symbols scatter almost symmetrically,
though in a broader range, on both sides of the red fitting
curve due to various reasons, including the local loss,
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acceleration, and erroneous magnetic field description in
storm times. Such a symmetric distribution indicates that
we have a reasonably good intercalibration.

[12] As for the global magnetic field model, we mainly use
the Tsyganenko 2001 storm model (T01s) [7Tsyganenko,
2002a, 2002b; Tsyganenko et al., 2003], which stands out
from a list of models from a statistical study recently com-
pleted (Appendix B). We also tested the best-fitting model,
which is obtained by choosing the best performer from a list
of existing models by fitting to multipoint local magnetic
field measurements during each short time bin. Details about
this model are described in Appendix B. The major short-
coming of using the best-fitting model is the discontinuity in
the time series of L*, which arises due to the lack of L* nor-
malization between existing magnetic field models. There-
fore we focus on the results based on TO1s model in this paper.

3.2. PSD Distribution During Quiet Time

[13] After the intercalibrations have been applied, the PSD
radial distributions during those quiet days in Figure 2 are
presented by Figure 3. Three p values, 167, 1051, and
2083 MeV/G, which approximately correspond to electron
energies of >120, >600, and >1000 keV at GEO orbit,
respectively, are used to represent low-, moderate-, and high-
energy cases. The second adiabatic K is chosen to have a
value that is small enough to ensure the measured electrons
being bounced close to the magnetic equator, where
the magnetic field model performs relatively well, and
is not too small for Polar to provide enough data points
covering a broad range of L* as well. The K here has a value
of 0.1G"?R;, which corresponds to ~45° of equatorial pitch
angle for LANL GEO and ~30° for Polar.

[14] InFigure 3 we see the diurnal variation of L* for GEO
caused by the asymmetric magnetic field, with larger L*
measured on the nightside where the field is more stretched
and weaker than on the dayside. The amplitude of this
variation can be as large as ~0.5 for 1990-095, which stays
furthest away from the magnetic equator among the three
LANL GEO satellites. This variation dominates the change
of L* during quiet time and has already been discussed by
Chen et al. [2005]. That no obvious change in the magnetic
field was observed by GOES-8 and GOES-10 (not shown
here) demonstrates the magnetic configuration being stable at
GEO orbit on those days. However, this is not the case for
Polar, and more variation occurred outside GEO orbit.
During the same time period, around the apogee portion of
its orbit, Polar crossed the outer radiation belt several times,
with L* ranging from ~6.5 up to 10 and varying significantly
even during this so-called quiet time. This variation comes
along with changes of magnetic field observed by Polar. For
example, magnetic field observed by Polar (not shown here)
is more stretched at crossings 1, 2, 5, and 6 (with larger
magnetic field polar angles ~25°) than at crossings 3, 4, and
7 (with smaller polar angles ~5°), though Dst and Kp show
no significant change.

[15] There was a minor storm occurring before this quiet
time period (see the lower panel in Figure 2) with the main
phase ending on day 8 of December, and PSD experienced a
fast enhancement in the early recovery phase (not shown
here). Starting from day 9, already the late recovery phase of
the storm as shown in Figure 3, GEO electron PSD with low
energy (Figure 3a) decays slowly, while PSD values for
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Figure 3. PSD radial distributions during quiet time. From top to bottom, (a, b, c) the PSD versus L*
changing with time for ;1= 167, 1051, and 2083 MeV/G, respectively, and (d) the Dst (black) and Kp (gray)
curves. The value of the second adiabatic invariant K is 0.1G"?R . The PSD value is color-coded with the
unit of (¢/MeV/cm)>. In Figure 3a the radial distances of Polar (the numbered gray curves) from the Earth
are given when the PSD and L* values with the specified (u, K) are available.
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