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Energetic plasma sheet electrons and their relationship with the
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[1] The statistical relationship between tens of kiloelectron volts plasma sheet electrons
and the solar wind, as well as >2 MeV geosynchronous electrons, is investigated using
plasma sheet measurements from Cluster (2001—-2005) and Geotail (1998—2005) and
concurrent solar wind measurements from ACE. Plasma sheet selection criteria from
previous studies are compared, and this study selects a new combination of criteria that are
valid for both polar-orbiting and equatorial-orbiting satellites. Plasma sheet measurements
are mapped to the point of minimum |B|, using the Tsyganenko T96 magnetic field
model, to remove measurements taken on open field lines, which reduces the scatter in the
results. Statistically, plasma sheet electron flux variations are compared to solar wind
velocity, density, dynamic pressure, interplanetary magnetic field (IMF) B., and solar wind
energetic electrons, as well as >2 MeV electrons at geosynchronous orbit. Several new
results are revealed: (1) There is a strong positive correlation between energetic plasma
sheet electrons and solar wind velocity, (2) this correlation is valid throughout the plasma

sheet and extends to distances of Xgsm = —30 R, (3) there is evidence of a weak
negative correlation between energetic plasma sheet electrons and solar wind density,
(4) energetic plasma sheet electrons are enhanced during times of southward interplanetary
magnetic field (IMF), (5) there is no clear correlation between energetic plasma sheet
electrons and solar wind electrons of comparable energies, and (6) there is a strong
correlation between energetic electrons (>38 keV) in the plasma sheet and >2 MeV
electrons at geosynchronous orbit measured 2 days later.
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1. Introduction

[2] The plasma sheet is an extended region of hot, dense
(relative to the lobes) plasma near the equatorial plane of the
Earth’s magnetotail. Plasma sheet particle populations and
magnetic fields are characterized by variations on time
scales ranging from seconds to months [Chapman and
Bartels, 1962; Sharma et al., 2008]. It is becoming clear
that the plasma sheet plays a crucial role in the global
dynamics of the magnetosphere. Several important magne-
tospheric processes are known to originate in the plasma
sheet (auroral precipitation, ring current, magnetic neutral
lines associated with substorms, plasmoids. . .) [Baker et al.,
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1996]. In addition, the plasma sheet is a source for the keV
to MeV electrons populating the highly variable outer
radiation belt [Baker et al., 1998]. Yet, it is still not known
what controls these processes and what acceleration and
transport mechanisms are at work.

[3] It is generally believed that the solar wind plasma is
transported into the plasma sheet from the distant tail [e.g.,
Gosling et al., 1984], through dayside reconnection leading
to nightside reconnection during substorms [Baker et al.,
1996], and through the flanks of the magnetotail [e.g.,
Terasawa et al., 1997; Borovsky et al., 1998a; Wing et al.,
2005, 2006]. Plasma sheet material is subsequently ener-
gized and transported Earthward to the inner magnetosphere
[Baker et al., 1998]. Understanding which solar wind
parameters modulate energetic plasma sheet electrons will
bring us closer to uncovering the acceleration and transport
mechanisms at work in the plasma sheet. This paper first
reviews recent relevant plasma sheet studies, then describes
the instruments and data handling procedures used, and
finally discusses the results of the study.

[4] Early studies of plasma sheet >50-keV electrons
[Bame et al., 1967; Montgomery, 1968; Walker and Farley,
1972] discussed the general characteristics of the plasma
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sheet, with the electrons generally hotter near the central
plasma sheet than at larger Z. Observations of plasma sheet
particles and their flows reveal a more complex topology:
the plasma sheet boundary layer (PSBL) is a layer of fast
flowing field aligned ion and electron beams between the
lobes and the central plasma sheet [DeCoster and Frank,
1979; Hada et al., 1981], and the low-latitude boundary
layer (LLBL) is a region of plasma between the flanks of the
plasma sheet and the magnetosheath consisting of a mix of
plasma sheet and magnetosheath material. Field aligned
electron and ion beams observed in the PSBL have a
characteristic gradual decrease in flow velocity with in-
creasing depth in the plasma sheet [Onsager et al., 1991].
The central plasma sheet (CPS) tends to be populated with
more isotropic plasma [Forbes et al., 1981; Onsager et al.,
1990; Angelopoulos et al., 1992].

[5s] Further studies show that the plasma sheet is much
more dynamic than the steady convection model would
have us believe [Baker and Stone, 1977]. The plasma sheet
behaves differently during quiet and active geomagnetic
activity [Lennartsson and Sharp, 1982; Christon et al.,
1989, 1991]. During substorms, the plasma sheet is stretched,
and the thinning of the plasma sheet brings oppositely
directed magnetic field lines together in the neutral sheet.
A near-Earth neutral line forms, and reconnection releases a
plasmoid down tail, while Earthward of the neutral line,
the field becomes more dipolar and the plasma sheet
thickens [Baker et al., 1996]. Even during weak substorms,
plasma sheet thickening is not uniform throughout the tail
[Dandouras et al., 1986], leading to possible isolated and
intermittent Earthward injections of plasma. Borovsky et al.
[1998a] discussed the turbulent nature of the plasma sheet
with possible transport through eddy diffusion.

[6] To clarify the complex nature of the plasma sheet,
several statistical survey studies were conducted, concen-
trating primarily on plasma sheet ions [Cattell et al., 1986;
Baumjohann et al., 1989; Huang and Frank, 1994]. Plasma
sheet ion and electron temperatures are highly correlated,
with T/T, ~ 7, and the hottest plasma is generally found in
the center of the plasma sheet [Huang and Frank, 1994;
Wing and Newell, 1998]. Bursty Earthward flows are
observed in the central plasma sheet with velocities in the
100s of km/s, but on average last only a few tens of seconds
[Baumjohann et al., 1990; Angelopoulos et al., 1992].
Huang and Frank [1994] found the plasma sheet ion
density to be independent of geomagnetic activity while
Baumjohann et al. [1989] reported that the ion density
decreases slightly with increasing activity. Wing and Newell
[1998], inferring the 2D central plasma sheet temperature,
density and pressure using DMSP observations, found a
dawn-dusk asymmetry, with ion temperature higher at dusk,
and the ion density higher at dawn. They also reported a
positive correlation between solar wind dynamic pressure
and the ion density in the central plasma sheet. Borovsky et
al. [1998b] correlated plasma sheet ion properties directly
with solar wind parameters and found that: (1) solar wind
density is strongly correlated with plasma sheet density;
(2) solar wind velocity is strongly correlated with plasma
sheet temperature; and (3) solar wind dynamic pressure is
strongly correlated with plasma sheet pressure. They also
found that, statistically, a solar wind density increase will
result in an increase in density in the midtail (~20 Rg) with
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a 2 hour time lag, followed by an increase in the near-Earth
(geosynchronous orbit) plasma sheet density with a 2—
7 hour time lag, and finally, after an 1118 hour time lag,
the dayside plasma sheet density increases. Wing et al.
[2006] found that, for northward interplanetary magnetic
field (IMF), the dawn flank (at 30 Rj) plasma sheet ion
density lags the solar wind density by 3 hours. The slower
E x B convection for northward IMF may explain the
longer time delay found by Wing et al. [2006].

[7] From an outer radiation belt perspective, the plasma
sheet plays several important roles. Taylor et al. [2004]
studied the phase space density (PSD) gradient of electrons,
from ~4—18 Ry, in the hopes of determining whether the
PSD in the plasma sheet is sufficient to supply energetic
electrons to the outer radiation belt by radial transport alone.
Although their results were inconclusive because of uncer-
tainties in the PSD calculations and radial gaps in the PSD
profiles, they found the plasma sheet appears to be a
sufficient source of energetic electrons. In addition, recent
particle tracing studies [Elkington et al., 2004] have shown
that, during strong-convection times, tens of keV plasma
sheet electrons can have access to geosynchronous orbit,
and in the process can be accelerated to MeV energies.
These considerations have led to the present statistical study
to understand how plasma sheet electrons react to different
solar wind conditions.

2. Instruments and Data Handling
2.1. Instrumentation

[8] This study is primarily based on measurements
obtained from instruments aboard the Cluster, Geotail and
ACE spacecraft. The Cluster mission is composed of 4
identically designed spacecraft in a tetrahedral formation
(with varying separation distances), in a highly elliptical
polar orbit (~89° inclination), with an apogee of about
19 Ry and a perigee of about 4 Ry. It has an orbital period of
57 hours and its apogee processes around the Earth once a
year, resulting in a wide range (in Xgsm and Ygsm) of
plasma sheet sampling throughout the tail season during the
summer months. Energetic electron data were obtained from
the Imaging Electron Spectrometer (IES), which is part of
the Research with Adaptive Particle Imaging Detectors
(RAPID) experiment [Wilken et al., 1997]. The IES, a
solid-state detector consisting of 3 heads, each with a 60°
opening angle, allowing measurements over an 180° fan,
measures electrons in the energy range from 40—400 keV.
The Cluster magnetic field measurements are taken from the
fluxgate magnetometer (FGM) [Balogh et al., 1997]. lon
density measurements are acquired from the Cluster Ion
Spectrometry instrument (CIS) [Reme et al, 1997]. We
use data from the Hot lon Analyzer (HIA), which consists
of a high-resolution spectrometer that measures the three-
dimension distribution functions of the ions with energies
from about 0 to 30 eV. We use ground calculated ion
moments provided by the Cluster Active Archive (CAA)
for this study. Since 2001, the HIA on Cluster 2 has ceased
operating. This study uses 5 years of Cluster data, ranging
from 2001 through 2005.

[v9] The Geotail spacecraft was launched in 1992, in an
eccentric near-equatorial orbit, to explore the dynamics of
the magnetotail over a wide range of distances, from 8 to
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Figure 1.

The power law index () of RAPID plasma sheet electrons (40—400 keV) for the years 2001

through 2005. The x axis represents the index of plasma sheet measurements (1754 total Cluster plasma

sheet measurements).

200 Rg. Geotail’s apogee was changed several times during
the mission. In 1997, Geotail reached its final orbit with an
apogee of 30 Ry and a perigee of 9 Ry. Electron measure-
ments were obtained from the Energetic Particle and Ion
Composition instrument (EPIC) [Williams et al., 1994],
which consists of a single solid-state detector with an
opening angle of 60°, perpendicular to the spacecraft spin
axis, measuring the >38-keV integral electron flux. Mag-
netic field measurements were obtained from the fluxgate
search coil (MGF) [Kokubun et al., 1994]. This study uses
8 years of Geotail data, ranging from 1998 through 2005.

[10] Concurrent solar wind measurements were obtained
from the ACE spacecraft [Stone et al., 1998] located at the
L1 point (~235 Rg upstream in the solar wind). The Solar
Wind Electron, Proton and Alpha Monitor (SWEPAM),
which provides solar wind velocity and density measure-
ments, consists of an electrostatic analyzer followed by
channel electron multipliers and is capable of measuring
electrons from 1 to 1240 eV and ions from 0.26 to 35 keV
[McComas et al., 1998]. The Electron, Proton, and Alpha
Monitor (EPAM) measures electron fluxes from 40 to
310 keV using two Low Energy Foil Spectrometers (LEFS)
[Gold et al., 1998]. The magnetometer (MAG) aboard ACE
provided the local interplanetary magnetic field measure-
ments. It consists of a triaxial fluxgate magnetometer and
takes 30 measurements per second [Smith et al., 1998].

[11] Finally, some geosynchronous electron measure-
ments were used for support of this study, including the
Los Alamos National Lab (LANL) geosynchronous space-
craft, as well as the Geostationary Operational Environmen-
tal Satellites (GOES-10) spacecraft. The SOPA instrument
aboard the LANL spacecraft provides electron flux meas-
urements in the energy range from 50 keV to 26 MeV in
16 channels [Belian et al., 1992]. The GOES-10 spacecraft
measures the >2 MeV integral electron flux [Onsager et al.,
1996].

[12] Considerable time and effort was spent on managing
these large data sets. Care was taken to remove any spurious

spikes in the data as well as any data gaps. In addition,
working with data sets from different spacecraft requires
special care to make valid comparisons between them. In
this case, in order to compare Cluster differential electron
flux with Geotail integral electron flux, the plasma sheet
electron energy spectrum needed to be determined. By
fitting a power law to the six energy channels (from
40 keV to 400 keV) available on the RAPID instrument,
the energy spectrum of the plasma sheet electrons was
estimated at each time step while Cluster was in the plasma
sheet. The resulting average power law index for the 5 years
of Cluster data was 4.04, which is consistent with previous
findings [Christon et al., 1991]. At any given time, the
power law index ranged from about 2 to 8. Figure 1 shows
the resulting power law index versus time for the years 2001
through 2005. The RAPID differential electron fluxes were
converted to >38-keV integral electron fluxes using the
following formula:
El=

, / AEdE
Jint _ JE, _ (1)

jdz/i'_/EzAEﬂrdE E B
E

1

which leads to

( Elfq
Jint = Jdig X | T (2)
E, T E, 0

where j;,, is the >E,, integral flux, j;is the differential flux
from E; to E,, A is a constant, and +y is the instantaneous
power law index for each time step.

2.2. Solar Wind Velocity and Geosynchronous
Electrons

[13] It has been well known for some time [Paulikas and
Blake, 1979] that geosynchronous energetic electrons are
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Figure 2. Time series plot of (top) solar wind velocity and (bottom) daily averaged LANL 50—75-keV
electron flux for the first half of 1995. The strong correlation between solar wind velocity and
geosynchronous electrons can be seen visually, with sharp enhancements in electron fluxes corresponding

to high-speed solar wind streams.

very well correlated with solar wind velocity (Figure 2
shows a recent example). This has been puzzling since our
current understanding of the magnetosphere dictates that the
interplanetary magnetic field (IMF), specifically the B, com-
ponent, should be the primary parameter controlling the entry
of solar wind material into the magnetosphere. This suggests
that an acceleration mechanism closely tied to solar wind
velocity is at work inside the magnetosphere and is in large
part responsible for the large fluctuations in electron fluxes
observed at geosynchronous orbit [Baker et al., 1998]. One
question this study attempts to answer is if this correlation is
also valid in the plasma sheet, and if so, does the correlation
increase or decrease with distance down the tail.

[14] Satellite observations of electron fluxes at geosyn-
chronous orbit have the advantage of sampling the outer
radiation belt in a continuous manner, barring intermittent
excursions into the solar wind due to extreme dayside
compression of the magnetopause. Spacecraft sampling
the plasma sheet do not have the luxury of continuous
measurements and must rely on relatively short crossings of
the plasma sheet (minutes to hundreds of minutes) only
once per orbit (~57 hours for Cluster and ~135 hours for
Geotail). To compare such sparse sampling with solar wind
parameters requires scatterplots. As can be seen in Figures 2
and 3, although the positive correlation between solar wind
velocity and LANL electrons is striking when seen as a time
series plot (Figure 2), the visual correlation is washed out
when the same data are plotted in a scatterplot (Figure 3),
where the linear correlation coefficient (LC) between the
solar wind velocity and the log of the electron flux was
found to be 0.58 for the first half of 1995, and 0.44 for the
years 1995-2003.

2.3. Solar Wind Propagation

[15] A simple ballistic propagation scheme provides an
approximation for the solar wind parameters at the magne-
topause location, based on measurements at the L1 point.
We use 1-minute resolution solar wind measurements for

the calculation and a travel distance from the L1 point to a
subsolar point 10 Ry from the Earth. In the case when a
high-speed solar wind stream overtakes a slower moving
solar wind, the parameters of the slower wind are replaced
by the parameters from the fast moving stream. From 1998
to 2005, this happened less than 0.02% of the time.

2.4. Plasma Sheet Selection Criteria and Data
Handling

[16] The first step to studying the plasma sheet electron
populations is to accurately and consistently determine time
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Figure 3. Scatterplot of solar wind velocity and daily
averaged LANL 50—75-keV electron flux for the first half
of 1995. This type of plot masks the strong correlation that
is known to exist between solar wind velocity and
geosynchronous electrons. The linear correlation coefficient
(LC) between the solar wind velocity and the log of the
electron flux is 0.58 for the first half of 1995 and 0.44 for
the years 1995-2003.

4 of 17



A02220

20 ‘
a)

10+ ]

ZGSM
o

0 -5 -10 -15 -20
X GSM

-25 -30

20
°)

ZGSM
o

20 -10 0 10 20
Y GSM

BURIN DES ROZIERS ET AL.: PLASMA SHEET ELECTRONS-SOLAR WIND

A02220

-20 \
b)

-10F

Y GSM
=)

20 Il Il Il Il Il
0 -5 -10 -15 -20 -25 -30
X GSM

N
o

d)

-
(&)}
T
I

Sqr(YA2+2/2)
o

R=
[¢)]

0 L :\ 1 1 1
0 -5 -10 -15 -20 -25 -30
X GSM

Figure 4. The location (in geocentric solar magnetospheric coordinates) of the 4 Cluster spacecraft
(black points) and Geotail (red points) when the plasma sheet criteria are satisfied.

intervals during which the Cluster and Geotail spacecraft are
inside the plasma sheet. Selection of plasma sheet criteria
has spawned much debate in the literature [e.g., Huang and
Frank, 1994; Borovsky et al., 1998b]. Plasma sheet criteria
in previous studies have ranged from very conservative
(selecting only a single measurement per plasma sheet
crossing [e.g., Borovsky et al., 1998b]) to more liberal
(using only the plasma beta parameter (8 = 2u,P/B?)
[e.g., Ruan et al., 2005]) depending on the focus of the
research. For this study, a set of 4 criteria (geometric,
magnetic, plasma beta, and temporal) had to be satisfied
for the measurements to be considered inside the plasma
sheet. The geometric conditions were that the spacecraft be
located within a certain area in geocentric solar magneto-
spheric (GSM) coordinates to ensure that the spacecraft was
close to the plasma sheet and not in the lobes or flanks
(XGSM < 0, |YGSM| <10 RE’ and |ZGSM‘ <10 RE) The
magnetic conditions ensured that the spacecraft was close to
the neutral sheet by requiring that B. be large compared to

By and By (B./,/ (B)% + Bﬁ) > 1/2). This magnetic condi-

tion has been used in previous studies [Baumjohann and
Paschmann, 1990]. The plasma beta criterion has also been
widely used to determine plasma sheet crossings (3 > 1.0).
Using only the first two criteria selects some points that are
clearly not in the central plasma sheet (usually times of high
magnetic latitude where B, can also be large compared to By
and By). The addition of the plasma beta criterion constrains
the measurements to points with both magnetic and particle
plasma sheet signatures and greatly reduces the scatter in

the data. Finally, to avoid transient dips into the plasma
sheet due to rapid plasma sheet flapping or other spatial
effects, we require the spacecraft to be in the plasma sheet
for at least 30 minutes and finally averaged over 15 minutes.
These criteria resulted in a total of 3929 data points during
826 plasma sheet crossings. Systematic analyses were
performed to study the robustness of these selection criteria
and the results are discussed further in the appendix.

[17] Since ion density measurements are lacking from the
Cluster spacecraft 2 because of instrument malfunction, for
the purpose of the plasma beta calculations, the ion density
for spacecraft 2 was set equal to the average of the ion
density at the other three spacecraft. To test the accuracy of
this method, we determined the plasma beta for spacecraft 1
in two different ways: (1) we calculated beta using magnetic
field and density measurements from spacecraft 1, and
(2) we derived beta using magnetic field measurements
from spacecraft 1 and density measurements from the
average of spacecraft 3 and 4 (n = (n;3 + n4)/2). Although
there were differences in the two plasma betas, the only
important parameter for our purpose is when they satisfy the
plasma sheet criterion that beta be greater than 1. A
comparison of the two plasma betas showed that the derived
beta was greater than 1 for 98% of the time that the
calculated beta was also greater than 1, for the year 2003.
For other years, this percentage was 94%, 97%, 95%, and
96% for the years 2001, 2002, 2004, and 2005, respectively.
The difference can be attributed to times at the edge of the
plasma sheet when the Cluster formation is straddling the
boundary between the PSBL and the CPS. These results
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Figure 5. The position of plasma sheet measurements from the 4 Cluster spacecraft (black points) and
Geotail (red points) mapped along the field lines, using the T96 model, to the location of minimum |B|.
Measurements that mapped to points farther than Xggm = —60 Rz were considered on open field lines and

removed from the data set.

satisfied us that using a beta for spacecraft 2 derived from
the other 3 spacecraft was a valid approach.

[18] Baumjohann et al. [1988] introduced a unique
method to differentiate between the plasma sheet boundary
layer and the central plasma sheet that took advantage of the
presence of a photoelectron layer surrounding the spacecraft
while it is in the PSBL, but which is stripped away while the
spacecraft is in the CPS. Using the spacecraft potential, and
electron density measurements (including photoelectrons),
they were able to accurately distinguish these two regions,
with the AMPTE/IRM satellite. We also tried a similar
technique but unfortunately the Active Spacecraft Potential
Control (ASPOC) instrument aboard the Cluster spacecraft
artificially controls the spacecraft potential by emitting an
ion beam to mitigate the effects of a high spacecraft
potential on ion distributions and photoelectron contamina-
tion of the low-energy electrons. As a result, this technique
is spacecraft-dependent and does not work for the Cluster
spacecraft.

2.5. Tsyganenko Mapping

[19] After selecting times when the spacecraft are in the
plasma sheet, the Tsyganenko T96 magnetic field model
(courtesy of N. Tsyganenko and http://modelweb.gsfc.nasa.
gov) is used to trace the magnetic field line that passes
through the spacecraft during the plasma sheet crossing. The
T96 model (described in detail on modelweb) is based on
the superposition of a dipole field and a set of currents

(magnetopause current, ring current, tail current, etc.),
which are determined empirically using solar wind param-
eters (dynamic pressure, IMF B,, and IMF B.) and the Dy
index. Times when the solar wind parameters exceeded the
range allowed by the T96 model were excluded from the
results. Electrons in the plasma sheet are not ordered well by
the Xggm coordinate alone but follow the topology of the
tail’s magnetic fields, which are highly variable in both
space and time. The highly stretch magnetic topology of the
tail means that a spacecraft at Xggv = —10 Ry, but slightly
away from the plane of the central plasma sheet, could be on
a magnetic field line which crosses the center of the plasma
sheet farther down tail.

[20] The electrons in the plasma sheet are better ordered
by the location of the magnetic field line crossing the center
of the plasma sheet (the point of minimum |B| along the
field line), similar to the concept of L shells in the radiation
belts. Under the assumption that plasma sheet electrons are
isotropic enough that the flux at the spacecraft location is
equal to the flux at the minimum |B| point, we use the T96
model to map the flux measurements from the spacecraft
location to the minimum |B| point, without changing the
flux value. A second advantage to this technique is to
remove measurements that were taken on open field lines.
In the event that the minimum |B| point is located at Xggpm <
—60 Ry, the field line is considered open and the measure-
ments are ignored. In total, 0.3% of Cluster, and only 0.1%
of Geotail, plasma sheet measurements were removed
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Figure 6. Spatial distribution of >38-keV plasma sheet electrons. Figures 6a and 6b show the
distribution of measurements less than 10* cm ™2 sr~' s, and Figures 6c and 6d show the distribution

of measurements greater than 10° cm ™2 s

s~ '. Although there is no clear dawn-dusk asymmetry, it

is clear that the center plasma sheet, along Zggy = 0, generally contains the highest fluxes of >38-keV

electrons.

because the spacecraft was considered to be on an open field
line. In addition, 4% of Cluster, and only 1% of Geotail,
plasma sheet measurements were excluded because of solar
wind parameters being outside the range allowed by the T96
model. Figure 4 shows the positions (in GSM coordinates)
of the plasma sheet crossings taken from the 4 Cluster
spacecraft (black points) and Geotail (red points), and
Figure 5 shows the positions traced to the point of minimum
|B|. This mapping had the effect of ordering the plasma
sheet measurements in a thinner (in Zggy) and more
stretched (in Xggy) region in the tail. This technique is
similar to the one used by Wing and Newell [1998], who
took advantage of plasma isotropy and magnetic field line
mapping to develop a 2D map of the plasma sheet inferred
from ionospheric DMSP observations.

[21] The Tsyganenko mapping is used to estimate the
location of the minimum magnetic field magnitude along
the field line passing through the spacecraft. To estimate the
errors this method may introduce, we compared the mag-
netic field from the T96 model at the spacecraft location to
magnetic field measurements from the spacecraft, during
plasma sheet crossing events. The standard deviations of the
difference between the model and the measurements were
found to fall in the range 4.6 nT to 16.1 nT, with the largest
standard deviations corresponding to the Bx component.

The inaccuracies of the T96 model may introduce inaccu-
racies in our plasma sheet mapping, but the data are still
better ordered through this mapping than if they were kept
at the spacecraft location.

[22] The assumption that energetic electrons in the central
plasma sheet are nearly isotropic is supported by the
findings of Onsager et al. [1990], who analyzed plasma
sheet electron fluxes up to 20 keV from ISEE 2, and found
that, in the central plasma sheet, these electrons are nearly
isotropic. Nonisotropic bidirectional electron beams have
been observed in the central plasma sheet [Hada et al.,
1981; Vogiatzis et al., 2006] and tend to be detected during
a magnetic field dipolarization associated with substorms.
Observations of electron distributions in the plasma sheet
boundary layer and central plasma sheet generally show that
the electron distributions become more isotropic as the
spacecraft gets closer to the central plasma sheet.

3. Analysis

3.1. Spatial Distribution of Energetic Plasma Sheet
Electrons

[23] Our plasma sheet selection criteria resulted in 3929
total Cluster and Geotail plasma sheet measurements. The
spatial distribution (after mapping by the T96 magnetic field
model) of the >38-keV plasma sheet electron fluxes is
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Figure 7. Scatterplot of solar wind 38—53-keV electrons from ACE versus >38-keV plasma sheet
electrons from both Cluster and Geotail. Each scatterplot represents plasma sheet measurements taken
from different Xgg\ distances down tail. There is no clear correlation between plasma sheet electrons and

solar wind electrons of comparable energies.

shown in Figure 6. Figures 6a and 6b show the distribution of
measurements less than 10* cm™2 sr~' s™', and Figures 6¢
and 6d show the distribution of measurements greater than
10°cm st 's™

[24] In general, this electron distribution agrees with
previous published studies [Walker and Farley, 1972]. As
can be seen in Figure 6c, compared to Figure 6a, the
>38-keV electron flux is higher near the center of the
plasma sheet. Figures 6b and 6d show that the electron
flux is generally higher closer to the Earth. Despite sparse
measurements, it is possible to distinguish a dawn-dusk
asymmetry in Figures 6b and 6d, where there is a tendency
for energetic electron fluxes to be higher on the dawn side
of the plasma sheet. Bame et al. [1967] and Imada et al.

[2008], among others, found a dawn-dusk asymmetry in
the plasma sheet, with energetic electrons having higher
fluxes on the dawn side. This may be due to electrons
drifting eastward and filling the dawn side more than dusk
[Korth et al., 1999].

3.2. Energetic Plasma Sheet Electrons and Solar Wind
Electrons

[25] It is generally believed that plasma sheet electrons
have the solar wind as a source, although the ionosphere
may also fill the plasma sheet. lonospheric outflow has been
shown to supply the plasma sheet with ions (H" and O")
[Ruan et al., 2005], but ionospheric electrons are most
likely much colder than the tens of keV electrons [Borovsky
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artificially large correlation coefficients.

et al., 1997], which are the focus of this study. In an attempt
to answer the question of whether energetic plasma sheet
electrons come from the solar wind, we compared >38-keV
electron fluxes from Cluster and Geotail when they satisfied
the plasma sheet conditions described above with solar wind
electrons of comparable energy from the ACE spacecraft.

The plasma sheet data were organized by distance down tail
(in Xgsm) and are presented in Figure 7.

[26] The evident lack of correlation between plasma sheet
electrons and solar wind electrons demonstrates that, if the
solar wind supplies the plasma sheet electrons, there must
be an acceleration mechanism internal to the magnetosphere
to energize the electrons to the tens of keV levels observed
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Figure 9. Scatterplot of solar wind velocity versus >38-keV plasma sheet electron flux from both
Cluster (black points) and Geotail (red points). Each scatterplot represents plasma sheet measurements
taken from different Xgqy distances down tail. Data in each scatterplot were averaged (squares) in bins of
width 75 km/s. Linear correlation coefficients were calculated for all data points (upper LC) and for the
averaged values (lower LC). Interpretation of the averaged correlation coefficients should be done with
care since choosing larger bin widths will result in artificially large correlation coefficients.

in the plasma sheet. Similar comparisons were made be-
tween >38-keV plasma sheet electrons and solar wind
electrons of higher energies (50—300 keV) and no correla-
tions were found. Furthermore, the acceleration mechanism
in question must be modulated by a parameter other than
tens of keV solar wind electron fluxes.

[27] The acceleration mechanism has not yet been iden-
tified with certainty. Evidence suggests that tail reconnec-
tion may play a role as the source of bidirectional ion and
electron beams in the plasma sheet boundary layer. The

cusp region may also be a source of energetic particles
entering the magnetosphere [Chen and Fritz, 2005; Walsh et
al., 2007]. Solar wind electrons also experience some
heating at the bow shock [Lefebvre et al., 2007].

3.3. Plasma Sheet Electrons and Geosynchronous
Electrons

[28] Ifitis presumed that the plasma sheet is one possible
source for geosynchronous MeV electrons, through diffu-
sive processes where electrons are brought in from higher L
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Figure 10. Scatterplot of solar wind number density versus >38-keV plasma sheet electron flux from
both Cluster (black points) and Geotail (red points). Data in each scatterplot were averaged (squares) in
bins of width 5 cm™>. Linear correlation coefficients were calculated for all data points (upper LC) and
for the averaged values (lower LC). Interpretation of the averaged correlation coefficients should be done
with care since choosing larger bin widths will result in artificially large correlation coefficients.

shells while conserving the first adiabatic invariant, and
energized, it is natural to ask whether or not geosynchro-
nous electrons have a positive correlation with plasma sheet
electrons. Elkington et al. [2004] have shown, through test
particle simulations, that tens of keV electrons injected in
the plasma sheet can have access to geosynchronous orbit
and be energized to MeV energies. Geotail >38-keV plasma
sheet electrons are compared with GOES-10 >2 MeV
geosynchronous electrons measured 0, 6, 12, 24, 36, 48,
60, and 72 hours later. The highest correlation occurs with a

48 hours time delay. In Figure 8, >38-keV plasma sheet
electron fluxes (1998-2005) and GOES-10 >2 MeV geo-
synchronous electron fluxes measured 48 hours later are
shown in a scatterplot, with each scatterplot corresponding
to a sampling of the plasma sheet at different distances
down tail (in Xgsum, after T96 mapping). The data were
averaged (red squares) in bins of logarithmic widths in
GOES-10 flux (each bin being one order of magnitude).
Linear correlation coefficients were calculated for all data
points (upper LC) and for the averaged values (lower LC).
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Figure 11. Scatterplot of Geotail and Cluster >38-keV plasma sheet electron flux versus solar wind
velocity. Plasma sheet measurements were organized by the direction of the IMF B.: Red (Black) points
correspond to times when the solar wind IMF B, was southward (northward) for at least 30 minutes. In
general, the electron fluxes in the plasma sheet are enhanced during times of southward IMF.

[20] A statistical comparison of >38-keV plasma sheet
electrons and >2 MeV geosynchronous electrons reveals a
positive correlation. The correlation increases when com-
paring with >2 MeV geosynchronous electrons measured at
a later time. The highest correlation is achieved when

comparing plasma sheet electrons and geosynchronous
electrons measured 2 days later. This time lag is reasonable
and consistent with previous findings. Paulikas and Blake
[1979] showed that the geosynchronous MeV electron
fluxes are enhanced 1—-2 days following a high-speed solar

12 of 17



A02220 BURIN DES ROZIERS ET AL.: PLASMA SHEET ELECTRONS-SOLAR WIND A02220
Table 1. Effect of Time Delay on Correlations®
Time Delay (Hours) —60 > X> 25 —25>X>-20 —20>X> —15 —15>X>-10 —10>X> -5 —5>X>0
0 0.55 0.45 0.47 0.36 0.37 0.40
1 0.56 0.46 0.49 0.37 0.37 0.41
2 0.58 0.47 0.43 0.37 0.37 0.36
3 0.58 0.43 0.41 0.35 0.34 0.42
6 0.49 0.31 0.43 0.36 0.34 0.50
12 0.47 0.39 0.36 0.32 0.31 0.51
24 0.42 0.20 0.31 0.27 0.18 0.63
48 0.29 —0.03 0.21 0.21 0.15 0.55

“Linear correlation coefficients between solar wind velocity and >38-keV plasma sheet electron fluxes for various time delays added to the solar wind
velocity. The highest correlations are highlighted in bold for each plasma sheet distance down tail (columns).

wind stream. Furthermore, Li et al. [2005] and Turner and
Li [2008] showed that the correlation between 1.1-1.5 MeV
electrons and 50—75-keV electrons at geosynchronous orbit
is highest when a time shift of 36 hours was applied (a
longer time shift would be expected for >2 MeV electrons).

[30] The effect of geomagnetic activity on this correlation
was also investigated. The data set was separated into times
of low Kp (Kp < 2) and times of high Kp (Kp > 4).
Although the observed correlations were comparable for
both low and high Kp times, there were noticeable differ-
ences in the plasma sheet flux levels. The plasma sheet
>38-keV electron fluxes are on average 10 times higher
during times of high Kp when compared to times of low Kp.
Over all, the >2 MeV electron fluxes at geosynchronous orbit
do not vary significantly from times of high Kp to times of
low Kp, since enhanced geomagnetic activity can also
enhance loss processes for electrons. On the basis of a
statistical study, Reeves et al. [2003] showed that only half
of all geomagnetic storms result in an increase in geosyn-
chronous electron fluxes. In addition, one quarter of the
storms resulted in a decrease in geosynchronous electron
fluxes and one quarter showed no change in flux. This
complex interplay between enhancements and losses of
energetic electrons at geosynchronous orbit may be a reason
why there is no clear difference in the correlation between
plasma sheet electrons and geosynchronous electrons from
times of high Kp to times of low Kp.

3.4. Solar Wind Control of Energetic Plasma Sheet
Electrons

[31] Since plasma sheet dynamics change with geomag-
netic activity, and since much of the observed geomagnetic
activity depends on the solar wind, a connection was sought
between solar wind parameters and energetic plasma sheet
electron fluxes. As discussed above, the solar wind velocity
modulates geosynchronous electrons, but does this relation-
ship hold true in the plasma sheet, and if so, does it depend
on the distance down tail? Figure 9 shows a comparison
of both Cluster (black points) and Geotail (red points)
>38-keV plasma sheet electron fluxes and the solar wind
velocity propagated to the magnetopause location. The
data in each scatterplot were averaged (squares) in bins
75 km/s wide. Linear correlation coefficients between the
solar wind velocity and the log of the electron flux were
calculated for the unaveraged data (upper LC) and for the
averaged data (lower LC). Interpretation of the averaged
correlation coefficients should be done with care since
choosing larger bin widths will result in artificially large

correlation coefficients. Despite the wide range of plasma
sheet electron flux over several orders of magnitude, there is
a clear positive correlation between plasma sheet electron
fluxes and the solar wind velocity for all distances down
tail, with linear correlation coefficients ranging from 0.36 to
0.55 for the unaveraged data, and from 0.79 to 0.99 for the
averaged data. Recalling from the introduction that the
correlation coefficient between geosynchronous electrons
and the solar wind velocity, where the correlation is well
known, was found to be 0.44 for 8 years of data, these
results show that energetic plasma sheet electrons fluxes
have a rather strong correlation with solar wind velocity,
and that it remains strong for all distances down the tail
(at least to Geotail’s apogee of —30 Ry during the period of
interest). This important new result implies that the solar
wind velocity is a controlling parameter of energetic plasma
sheet electron fluxes in the magnetotail.

[32] It has been established that geomagnetic activity is
strongly dependent on the solar wind. Li et al. [2007]
showed that the averaged AL index can be predicted using
the solar wind velocity, and magnetic field. Temerin and Li
[2002, 2006] were able to accurately predict the Dst index
from the solar wind velocity, density, and magnetic field. In
addition, Borovsky et al. [1998b] showed that the solar wind
velocity is strongly correlated with plasma sheet tempera-
ture. More recently, Asnes et al. [2008] reported a strong
correlation between the plasma sheet ion temperature and
plasma sheet 96.7—127.5-keV electron fluxes. Our conclu-
sion, supported by these previous studies, is that the solar
wind velocity is a strong controller of the mechanism
internal to the magnetosphere responsible for accelerating
electrons to the >38 keV observed in the plasma sheet.

[33] Energetic plasma sheet electron fluxes were also
compared to the solar wind density, shown in Figure 10
(same format as Figure 9). In this case, it is very difficult to
come to any conclusion regarding the relationship between
solar wind density and plasma sheet electron fluxes. Partic-
ularly for the near-Earth plasma sheet (Figures 10e and 10f),
there seems to be a negative correlation between plasma
sheet electron fluxes and solar wind density. Farther down
tail, the negative correlation still persists but is less clear.
For the distant tail (Figures 10a and 10b), the negative
correlation appears most strongly for times of solar wind
density less than ~20 cm . There are relatively much
fewer high solar wind density events in Figures 10a and
10b. A recent study by Lyatsky and Khazanov [2008] shows
that geosynchronous >2 MeV electron fluxes from GOES
are anticorrelated with the cube root of solar wind density.
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Their study agrees with the negative correlations reported
here.

[34] The relationship between solar wind dynamic pres-
sure and plasma sheet energetic electron fluxes was also
examined and the results are very similar to the ones in
Figure 10: (1) wide range in electron fluxes compared to the
dynamic pressure, (2) inconclusive correlations with plasma
sheet energetic electron fluxes. Since the dynamic pressure
depends on both solar wind velocity and density, the
positive correlation between solar wind velocity and plasma
sheet energetic electron fluxes may cancel any negative
correlation there may be with solar wind density.

[35] Recent studies have shown the plasma sheet ion
populations reacting differently to northward and southward
interplanetary magnetic field (IMF) B. conditions [Wang et
al., 2006], with the nightside magnetic field lines being
more stretched during southward IMF, and the plasma sheet
pressure having a dawn-dusk asymmetry during southward
IMF. In order to study the effects of IMF B, on energetic
plasma sheet electrons, we add another condition to the
selection criteria described in section 2.2: plasma sheet
measurements were only retained if the IMF was continu-
ously southward or continuously northward for at least
30 minutes prior to the plasma sheet measurement.

[36] Figure 11 shows the comparison of >38-keV plasma
sheet electron flux with solar wind velocity for southward
IMF (red points) and northward IMF (black points). It is
evident that, the >38-keV plasma sheet electron fluxes are
enhanced by about an order of magnitude during southward
IMF. During southward IMF, dayside reconnection rates are
increased, more solar wind energy is coupled into the
magnetosphere, a greater number of open magnetic field
lines containing solar wind material are available to fill the
plasma sheet, and the geomagnetic activity is higher. These
results also suggests that the possible entry and acceleration
mechanism responsible for generating energetic plasma
sheet electrons is strongly controlled by both the solar wind
velocity and the direction of the IMF B..

3.5. Effects of Time Delay

[37] Borovsky et al. [1998b] showed that it takes time for
a density enhancement in the solar wind to produce a
corresponding density enhancement in the plasma sheet.
They calculated correlation coefficients between solar wind
density and plasma sheet density at different locations
(midtail (17-22 Rpg), midnight at geosynchronous orbit,
and the dayside plasma sheet), and for different time lags
(0—24 hours). They found that the highest correlation
between solar wind density and plasma sheet densities in
the midtail, nightside at geosynchronous orbit, and dayside
plasma sheets occurred with time lags of 0—2.5 hours, 0—
7 hours, and 11—18 hours, respectively. Wing et al. [2006]
reported that this transport time depends on the direction of
the IMF: solar wind density enhancements precede midtail
plasma sheet density enhancements by 3 hours during times
of northward IMF. Terasawa et al. [1997] found the highest
correlation between the normalized plasma sheet density
(e.g., N;on/Ngw) and the IMF clock angle (only northward
IMF used) was highest when averaging the solar wind
parameters over 9 hours prior to the plasma sheet crossing.
The present work is focused on energetic electrons in the
plasma sheet, not the lower energy ions studied by
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Terasawa et al. [1997], Borovsky et al. [1998b], and Wing
et al. [2006].

[38] In our study, a time delay was added to the solar
wind to look for any effect on the relationship between solar
wind velocity and energetic plasma sheet electron fluxes.
Time delays from 0 to 12 hours, at one hour resolution, and
from 12 to 48 hours, at 12 hour resolution, were added to
the solar wind propagated to the magnetopause location,
and the linear correlation coefficients between solar wind
velocity and >38-keV plasma sheet electron fluxes for
various down-tail distances were calculated. Table 1 lists
the calculated correlation coefficients for time delays of 0,
1,2, 3,6, 12, 24, and 48 hours, with the highest correlation
coefficients for each plasma sheet distance highlighted in
red. A subset of time delays were chosen to keep Table 1 of
reasonable length and the trends shown in Table 1 are
representative of the trends in the complete set of correlation
coefficients.

[39] For plasma sheet distances ranging from —60 Ry >
Xgsm > —5 Rp, the correlations are highest for time delays
of 0—3 hours, with a steady decline in correlations for time
delays longer than 3 hours. For plasma sheet distances
within —5 Rg, the correlation increases with increasing time
delay, and the strongest correlation is for a time delay of
24 hours, after which the correlations decrease. These results
show that solar wind velocity generally affects energetic
electron fluxes in the plasma sheet (beyond geosynchronous
orbit) within 3 hours, and that this time is not strongly
dependent on distance from the Earth. The possible effects of
the IMF clock angle were not considered in this study.

4. Summary and Conclusion

[40] The focus of this project was to study the statistical
relationship between energetic plasma sheet electrons and
different solar wind parameters. A large data set was
compiled of plasma sheet measurements from both Cluster
(2001-2005) and Geotail (1998—-2005), with concurrent
solar wind measurements from ACE. To accurately and
consistently determine when the spacecraft were in the
plasma sheet, much work was done to determine the best
selection criteria for the plasma sheet. Selection criteria
from previous studies were analyzed, and, in this study, we
selected a new combination of plasma sheet criteria that are
valid for both a polar-orbiting satellite and an equatorial-
orbiting satellite. The selected data sets were further refined
by the application of the T96 magnetic field model, which
allowed us to identify and remove measurements taken on
open field lines.

[41] The resulting nearly 4000 plasma sheet measure-
ments were compared to several solar wind parameters in
a statistical sense to extract the nature of the relationship
between energetic plasma sheet electrons and the solar
wind. Energetic plasma sheet electrons were shown not to
have any correlation with solar wind electrons of compara-
ble or higher energy. This result implies that energetic solar
wind electrons are not an important controller of plasma
sheet entry or acceleration mechanisms. The solar wind
velocity has a very strong correlation with energetic plasma
sheet electron fluxes, with linear correlation coefficients
ranging from 0.36 to 0.55 for the unaveraged data, and 0.79
to 0.99 for the averaged data. This is a significant finding
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Table Al. Effect of Different Plasma Sheet Conditions on Results®

—60 > X > —25 —25>X>-20 —20> X > —15 —15>X>—-10 —10>X> -5 —5>X>0
B./ (Bf +B§) > 12 0.22 0.24 0.35 0.87 0.34 0.99 0.13 —0.44 0.150.18 0.13 0.71
B>1 0.40 0.80 0.37 0.87 0.44 0.95 0.26 0.37 0.31 0.97 0.14 —0.09
Both magnetic and beta conditions 0.55 0.85 0.45 0.79 0.47 0.99 0.36 0.96 0.37 0.95 0.40 0.97

“Linear correlation coefficients between the log of >38-keV plasma sheet electrons and the solar wind velocity are listed as a function of distance down
tail (columns) for three different plasma sheet selection criteria (rows): (1) only magnetic condition, (2) only plasma beta condition, and (3) both magnetic
and beta conditions. The linear correlation coefficients are calculated for all data points (upper number) and for averaged data (lower number).

since it has only been known that the solar wind velocity
modulates geosynchronous energetic electron fluxes. This
study extends this fact with the new result that this strong
correlation extends into the plasma sheet and is valid for all
distances in the plasma sheet (at least to Xgsm = —30 Rp,
Geotail’s apogee). Furthermore, we showed that there is a
strong correlation between the energetic electron fluxes
(>38 keV) in the plasma sheet and >2 MeV electron fluxes
at geosynchronous orbit measured 2 days later. In addition,
solar wind time delay studies show that the highest corre-
lation coefficient between solar wind velocity and energetic
plasma sheet electron fluxes beyond geosynchronous orbit
occurs within 3 hours, with no strong dependence on
distance from the Earth. Further correlation studies with
solar wind density shows evidence of a weak negative
correlation with plasma sheet electron fluxes. The effect
of the direction of IMF B, was analyzed and the results
show clearly that energetic plasma sheet electron fluxes tend
to be enhanced during times of extended southward IMF.
This implies that entry and acceleration mechanisms for the
energetic plasma sheet electrons are more controlled by
solar wind velocity and the direction of IMF B, than by
density or dynamic pressure. This study has demonstrated
the extent of the energetic electron flux variations in the
plasma sheet, their correlations with >2 MeV electrons at
geosynchronous orbit, and the complexity of the relation-
ship between these energetic electrons and the solar wind.

Appendix A

[42] The number of different plasma sheet selection
criteria reported in the literature reflects the fact that,
depending on the author’s purpose and the spacecraft used,
an automated method of detecting the central plasma sheet
can be difficult. In this study, this problem is compounded
by the fact that two different spacecraft, with different

orbits, are used; one criterion may work well for one
spacecraft, but not for the other. Using only the magnetic

criterion | B./, (B% +B§) > 1/2 | works best for the

Geotail spacecraft because of its near-equatorial orbit. This
condition applied to a polar-orbiting spacecraft, such as
Cluster, also selects a large number of non-plasma sheet
measurements taken at higher latitude, where the B, com-
ponent of the magnetic field can become large compared to
the other two components. The addition of the plasma beta
condition mitigated this problem and allowed us to use the
same conditions for both Geotail and Cluster. The addition
of the plasma beta condition significantly reduced the
number of measurements that satisfied the plasma sheet
requirements (by ~70%, the majority from high-latitude
Cluster measurements), but also reduced the scatter of our
results (Table Al).

[43] Our plasma sheet criteria also include a minimum
plasma sheet crossing time, which had to be selected. A
systematic study of the effect of the minimum plasma sheet
crossing time was performed. Again this value depends
somewhat on the spacecraft orbit: a polar-orbiting satellite
will cross the plasma sheet in the Z direction and in general
will spend less time in the plasma sheet than an equatorial
spacecraft crossing the plasma sheet in the Y direction. We
tested minimum crossing times of 5, 15, 30, and 60 minutes
and although we found no drastic changes in the linear
correlation coefficients of plasma sheet electrons and solar
wind velocity, the linear correlation coefficients were slightly
larger for a minimum crossing time of 30 minutes (Table A2).
Requiring a longer crossing time significantly reduced the
number resulting of plasma sheet measurements.

[44] The time over which the plasma sheet measurements
were averaged was also examined. We tested averaging times
of 2, 5, 10, and 15 minutes. Averaging over longer times

Table A2. Effect of Minimum Plasma Sheet Crossing Times on Results®

Minimum Crossing Time

(Minutes) —60 > X> -25 —=25>X>-20 —20>X>—15 —15>X>-10 —-10>X> -5 -5>X>0
5 0.42 0.48 0.42 0.35 0.36 0.35
0.88 0.90 0.95 0.76 0.95 0.88
15 0.45 0.45 0.42 0.35 0.37 0.40
0.85 0.85 0.94 0.73 0.96 0.94
30 0.55 0.45 0.47 0.36 0.37 0.40
0.85 0.79 0.99 0.96 0.95 0.97
60 0.53 0.50 0.37 0.37 0.37 0.39
0.86 0.79 0.92 0.90 0.96 0.85

“Linear correlation coefficients between the log of >38-keV plasma sheet electrons and the solar wind velocity are listed as a function of distance
down tail (columns) for three different minimum plasma sheet crossing times (rows). The linear correlation coefficients are calculated for all data points

(upper number) and for averaged data (lower number).
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Table A3. Effect of Averaging Time on Results”
Averaging Time
(Minutes) —60 > X > —-25 —25>X>-20 —20>X>—15 —15>X>-10 —10>X> -5 —5>X>0
2 0.54 0.56 0.43 0.36 0.35 0.36
0.89 0.87 0.96 0.83 0.96 0.83
5 0.52 0.57 0.44 0.34 0.35 0.37
0.83 0.88 0.96 0.71 0.96 0.81
10 0.50 0.50 0.43 0.36 0.37 0.42
0.84 0.85 0.94 0.73 0.95 0.93
15 0.55 0.45 0.47 0.36 0.37 0.40
0.85 0.79 0.99 0.95 0.95 0.97

“Linear correlation coefficients between the log of >38-keV plasma sheet electrons and the solar wind velocity are listed as a function of distance down
tail (columns) for three different averaging times (rows). The linear correlation coefficients are calculated for all data points (upper number) and for

averaged data (lower number).

required longer crossings, so a minimum plasma sheet
crossing of 30 minutes restricted us to averaging over
times shorter than 30 minutes. Again, there were no drastic
variations in the resulting linear correlation coefficients
(Table A3), and we chose to average over 15 minutes because
of the slightly better correlations.
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