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[1] Using the electron data from the Time History of Events and Macroscale Interactions
during Substorms (THEMIS) spacecraft measurements from 2007 to 2009, we derived
global phase space density (PSD) distributions of plasma sheet electrons (2–100 eV/nT) to
examine the transport process of the electrons to the inner magnetosphere and possible
loss mechanisms of plasma sheet electrons during the convective transport. The inner
boundaries of the electron plasma sheet were determined by the observed global
distributions and compared with the Alfvén boundaries that were calculated by the sum of
the simple corotation and convection electric field models. This comparison confirms
the previous results that the large‐scale convection electric field controls the electron
transport to the inner magnetosphere. The gradual decrease in PSD is observed from the
dawn to the dayside sector, indicating the existence of some loss mechanisms in the
morning sector. The loss time scales estimated from the PSD distributions were compared
with the theoretical ones based on the quasi‐linear diffusion theory using an empirical
wave model of whistler mode chorus. We also estimated the required wave amplitudes that
can explain the estimated loss time scales. It is shown that whistler mode chorus has a
sufficient power to scatter the plasma sheet electrons, and the required wave amplitudes
are roughly consistent with the CRRES statistical survey of the chorus wave amplitude.
We suggest that the loss of plasma sheet electrons in the morning sector is mainly induced
by pitch angle scattering by whistler mode chorus.

Citation: Kurita, S., et al. (2011), Transport and loss of the inner plasma sheet electrons: THEMIS observations, J. Geophys.
Res., 116, A03201, doi:10.1029/2010JA015975.

1. Introduction

[2] The plasma sheet is the primary reservoir of hot plasma
in the magnetosphere and is believed to be the source of the
energetic particles injected into the inner magnetosphere
during substorms and storms [e.g., Kerns et al., 1994; Birn

et al., 1997]. It is thought that the injected energetic ions
contribute to the evolution of the ring current population, and
many ring current simulations have used the plasma sheet
properties as boundary conditions for the calculations [e.g.,
Jordanova et al., 1998, 2006; Ebihara et al., 2002]. The
energetic electrons of the plasma sheet are also important
because they play a significant role in the seed population of
relativistic electrons in the radiation belts [e.g., Miyoshi
et al., 2003, 2007]. A recent study by Wang et al. [2008]
clearly showed, based on a case study, that plasma sheet
particles penetrate earthward into the inner magnetosphere
during the storm main phase and that plasma sheet particles
are adiabatically energized to tens of keV to a few hundred
of keV, resulting in an increase in the population of ener-
getic particles in the inner magnetosphere. The result em-
phasizes the importance of the plasma sheet conditions to
the configuration of the particle distribution in the inner
magnetosphere.
[3] Korth et al. [1999] statistically examined the plasma

environment at geosynchronous orbit sorted by the Kp index
using the LANL MPA data, and they applied the particle
drift paradigm to their observations. The results showed that
a simple Kp‐dependent convection electric field model,
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together with the concept of the Alfvén boundaries, suc-
cessfully ordered their data and demonstrated the average
plasma sheet access to geosynchronous orbit during both
quiet and disturbed times. Friedel et al. [2001] extended the
work by Korth et al. [1999] to cover the inner magneto-
sphere by using data obtained from the Polar HYDRA
instrument. The results showed good agreement between the
averaged inner boundaries from the data and the predicted
boundaries in a global sense. These studies also pointed out
that the electron flux on the dayside is depleted compared
with that on the nightside, and suggested that electrons
precipitate into the atmosphere through wave‐particle
interactions during the convective transport from the
nightside to the dayside. However, there were no discus-
sions about the wave mode that mainly contributes to the
scattering of plasma sheet electrons, and no quantitative
analyses of the electron losses.
[4] It has been believed that the central plasma sheet is the

source region of the particles for diffuse auroras [Lui et al.,
1977; Meng et al., 1979] and the diffuse aurora is believed
to be the result of pitch angle scattering of plasma sheet
electrons into the loss cone by wave‐particle interactions
[Fontaine and Blanc, 1983]. Thus, the wave‐particle inter-
actions are an important loss mechanism of the plasma sheet
electrons. Both electron cyclotron harmonic (ECH) waves
and the whistler mode chorus resonate with the plasma sheet
electrons [Horne et al., 2003a], and the main contributor of
the diffuse aurora (i.e., sweeper of the plasma sheet elec-
trons) has been discussed by many researchers, but it is still
a subject of controversy in magnetospheric physics [e.g.,
Belmont et al., 1983; Roeder and Koons, 1989; Horne and
Thorne, 2000; Ni et al., 2008].
[5] The wave modes that contribute the loss of plasma

sheet electrons have been discussed mainly based on wave
observations and calculations of the pitch angle diffusion
rates. In the 1970s, the calculations of pitch angle scattering
rate [Lyons,1974] based on the initial OGO‐5 wave ob-
servations [Kennel et al., 1970] indicated that the amplitudes
of ECH waves are large enough to scatter the electrons with
energies from a few hundred eV to several keV, suggesting
that the ECH waves are responsible for the loss of the plasma
sheet electrons. However, in the 1980s, statistical surveys of
occurrence rate of ECHwaves indicated that the amplitude of
ECH waves rarely have the sufficient power to scatter the
plasma sheet electrons [e.g., Belmont et al., 1983; Roeder
and Koons, 1989]. The new calculation of pitch angle dif-
fusion done by Horne and Thorne [2000] suggested that the
ECH waves can scatter the plasma sheet electrons when the
waves lie the favored frequency ranges. Recently, Ni et al.
[2008] calculated the pitch angle diffusion rate by whistler
mode chorus during active conditions on the nightside. The
result showed that the rate of pitch angle scattering exceed
the strong diffusion rate over a broad energy range below a
few keV and is greater than the scattering rate by the ECH
waves. Their result suggested that the whistler mode chorus
can also play a major role in the loss of the plasma sheet
electrons during active conditions.
[6] The loss time scale of radiation belt electrons have

been investigated by particle measurements and quantita-
tively compared them with the theoretical loss time scale
based on the pitch angle diffusion rate [e.g., Lyons et al.,

1972; Meredith et al., 2009]. Therefore, it is possible to
identify the wave modes that contribute the loss of radi-
ation belt electrons, and it seems that this method would
be useful for the estimation of loss processes of plasma
sheet electrons. However, to our knowledge, there have
been no estimations and detailed discussions of the loss
time scales of plasma sheet electrons based on electron
measurements.
[7] In the present study, we establish the two objectives

and clarify them by using the global electron distributions
based on the Time History of Events and Macroscale
Interactions during Substorms (THEMIS) observations. The
first objective is to examine the transport process of plasma
sheet electrons to the inner magnetosphere and its depen-
dence on geomagnetic activities. We also compare the
averaged distributions derived from the THEMIS observa-
tions with the calculations based on convective transport in
the inner magnetosphere. The second objective is to quan-
titatively estimate the loss time scales of plasma sheet elec-
trons during convective transport using the global electron
distributions, which is the primary target of the present study.
Note that qualitative discussions about the loss mechanisms
of the plasma sheet electrons have given by the previous
observational studies [Korth et al., 1999; Friedel et al.,
2001]. The recent data from the THEMIS satellites were
used for the analysis because the five spacecraft can provide
us much higher spatial resolution data and sufficiently cover
the inner magnetospheric regions near the equatorial plane.
Using the data obtained by THEMIS, we show electron
distributions in the inner magnetosphere and the global view
of the inner boundaries of the electron plasma sheet. Fur-
thermore, we estimate the loss time scales based on the
electron measurements for the first time, and discuss possible
loss processes of plasma sheet electrons on the morning side
in the inner magnetosphere.

2. Instruments and Data Analysis

[8] The THEMIS mission consists of five identical
spacecraft placed near the magnetic equator with perigees
below 2 RE and apogees above 10 RE, and the apogees slowly
rotate around the Earth [Angelopoulos, 2008]. The THEMIS
satellite data enable analyzing statistically the spatial dis-
tributions of electrons in the region where the previous
missions were not able to cover sufficiently. In this study, we
use electron data obtained by the electrostatic analyzer (ESA,
7 eV to 26 keV for electrons) [McFadden et al., 2008a] and
magnetic field data obtained by the fluxgate magnetometer
(FGM) [Auster et al., 2008]. Omnidirectional electron
energy fluxes and magnetic field data are included in the
survey mode telemetry, covering most orbits with a mea-
surement cadence of ∼3 s. The analysis period in this study is
from August 2007 to August 2009. Because there were no
major storms with a Dst index of less than −100 nT during
the analysis period, the electron distributions during quiet
and moderately disturbed conditions can be obtained in this
study.
[9] To determine the global distributions of plasma sheet

electrons, we use the phase space density (PSD) as a func-
tion of the first adiabatic invariant, which is suitable for
studying adiabatic transport. We select the values of the first
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adiabatic invariants: 2.0, 5.0, 10, 20, 30, 40, 50, 60, 80, and
100 eV/nT. The first adiabatic invariant m is given by

� ¼ p2?
2m0B

; ð1Þ

where p? is the relativistic momentum of a particle per-
pendicular to the ambient magnetic field, m0 is the electron
rest mass, and B is the ambient magnetic field intensity. The
statistical distribution of the PSD in the equatorial plane for
each first adiabatic invariant is evaluated in the following
way: We divided a region of −15 ≤ X ≤ 15 RE and −15 ≤ Y ≤
15 RE into bins with a size of 0.5 RE × 0.5 RE in solar
magnetic (SM) coordinates. The PSD (in units of eV−3 s−3)
for each first adiabatic invariant was calculated, assuming
that electrons with a local pitch angle of 90° are dominant at
the spacecraft locations close to the magnetic equator. Then,
the averaged PSD in each bin was evaluated. The local
spacecraft positions (XSM, YSM) were used to calculate the
average PSD. The position of the magnetopause was
determined by the Tsyganenko 89c Kp‐dependent magnetic
field model[Tsyganenko, 1989]. The data outside of the
magnetosphere were excluded from the analysis.
[10] Since it is essential to minimize uncertainty due to the

off equatorial measurements, we only used the data obtained
in a magnetic latitude range of −10 to 10°. In this magnetic
latitude range, the discrepancy between the local spacecraft
position and the location of the magnetic equator along the
Tsyganenko 89c magnetic field models is generally less than
0.5 RE. Also, we have examined the uncertainty of the
fluxes due to the measurements at different magnetic lati-
tudes referring the averaged anisotropy of electrons shown
by Li et al. [2010]. The examination indicates that the data
acquired in the magnetic latitude range of −10 to 10° would
be enough for the discussions in this study because we are
interested in the PSD variations with more than an order of
magnitude and the flux variation along the mapping is only
less than a factor of 2.

[11] While THEMIS covers the whole region of the inner
magnetosphere, the particle data for the inner magneto-
sphere are generally contaminated by radiation belt particles.
In this study, we have used an automated noise correction,
which subtracted the high‐energy particle noise component
from the original data given as the count rate [McFadden
et al., 2008b]. This method is similar to the one used for
the FAST particle data [Yao et al., 2008], where they sub-
tracted the high‐energy electron noise from the original data
using the count rate in the loss cone. Since THEMIS/ESA
cannot observe the exact count rate within the loss cone
because the local loss cone near the equatorial region is
much smaller than the angular size of the ESA instrument,
we define the background level as the smallest omnidirec-
tional count rate in the ESA energy channel at one time and
subtract it from the original omnidirectional data.
[12] The energy flux spectrogram combined with ESA and

Solid State Telescope (SST, ∼28 keV to ∼1 MeV for elec-
trons) [Angelopoulos, 2008] of THEMIS‐A is shown in
Figure 1. The white curves indicate the electron energy for
each first adiabatic invariant calculated from the in situ
magnetic field data. The population of plasma sheet electrons
is in the high‐flux region (^106 eV/(cm2 s str eV)) with an
energy of several hundred eV to ∼20 keV in the spectra. The
selected first invariants correspond to the low‐energy com-
ponent of the electron plasma sheet. The spectrogram in
Figure 1 indicates that the background subtraction is suc-
cessful and enables us to discriminate the inner edge of the
electron plasma sheet even under the severe contamination of
the radiation belt particles (not shown).
[13] The Alfvén boundary of electrons with each first

adiabatic invariant is calculated and overplotted onto the
averaged data to compare the observations with the theo-
retical estimation of the electron access. The calculations of
Alfvén boundary position is based on the (U, B, K) formu-
lation introduced byWhipple [1978], and this framework for
analysis of particle trajectories has also used by Korth et al.
[1999] and Friedel et al. [2001]. The (U, B, K) formulation

Figure 1. Energy‐time spectrogram after the background subtraction measured by THEMIS‐A. White
lines indicate variations of the energies corresponding to several first adiabatic invariants. The first adi-
abatic invariants are derived from the in situ magnetic field measured by FGM. Ten traces correspond to
2.0, 5.0, 10, 20, 30, 40, 50, 60, 80, and 100 eV/nT.
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defines a particle total energy using the electric potential and
magnetic field intensity:

W ¼ qU þ �Bm; ð2Þ

where q is the particle charge, U is the electric potential, and
Bm is the magnetic field intensity at the mirror point. The
quantity K is proportional to the second adiabatic invariant J,
but, assuming an equatorial pitch angle of 90° in this study,
the K coordinate can be omitted and Bm can be replaced by
the equatorial magnetic field intensity. In the coordinate
system, all particle trajectories become straight lines with
slopes proportional to the particle’s first adiabatic invariant:

@U

@B
¼ ��

q
: ð3Þ

All boundaries are calculated by using the dipole magnetic
field model and superposition of shielded dawn‐dusk electric
field with a corotation electric field, which is often called the
Volland‐Stern electric field model [Volland, 1973; Stern,
1975]:

U ¼ � a

r
� br� sin �ð Þ; ð4Þ

where r is the radial distance from the center of the Earth, � is
the magnetic local time referred to from noon, g is the
shielding factor, and a = 92.4kV RE

−1 is the corotation con-
stant. The convection electric field component b has been
parameterized by the geomagnetic activity level as indicated
by the Kp index for a shielding factor of g = 2 [Maynard and
Chen, 1975]. The dependence is expressed as:

b ¼ 0:045

1� 0:159Kpþ 0:0093Kp2ð Þ3 ; ð5Þ

where the unit is kV RE
−1. For the case of Kp ≥ 4−, we fix the

value of the Kp index to 4.

3. Observations

3.1. Electron Transport Into the Inner Magnetosphere

[14] Figure 2 shows the data coverage in the XSM − YSM

plane for the analysis period. The electron data are sorted by
geomagnetic activity into five Kp index ranges: 0 to 0+, 1−
to 1+, 2− to 2+, 3− to 3+, and ≥ 4−. The color intensity scale
represents the number of samples in each bin from 1 to
3000. As shown in Figure 2, the number of samples gen-
erally exceeds 50 for all cases and it exceeds 150 especially
below 10 RE except for Kp ≥ 4−. Since the Alfvén boundary

Figure 2. Spatial distribution of the number of data in each bin used for the statistical analysis.
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generally exists below 10 RE for the first adiabatic invariant
range considered here, the Kp dependence of the Alfvén
boundary can be reliably investigated based on a larger
number of samples. The number of samples is relatively low
above 10 RE, so the electron distribution outside 10 RE is not
discussed in this paper.
[15] Figures 3 and 4 show electron PSDs for m = 50 and

100 eV/nT, respectively. It is expected that the electron flux
is significantly small inside the Alfvén boundary, so that the
region between low flux on the earthward side and high flux
should be correspond to the Alfvén boundary. Figures 3 and
4 show that the observed boundary position depends on the
magnetic local time (MLT) and that the position closely
follows the Alfvén boundary shown by the white curves.
[16] A first adiabatic invariant of 50 eV/nT (Figure 3)

corresponds to ∼7 keV at geosynchronous orbit. A good
agreement between the observed boundary position and the
calculated Alfvén boundary can be clearly found from ∼18
to ∼4 MLT through the midnight sector. From ∼04 to ∼18
MLT through the dayside sector, the PSD decreases as the
electrons drift from the dawnside to the dayside sectors.
Since electrons spend a long time drifting from the mag-

netotail to the dayside magnetopause, it is expected that
some of the electrons precipitate into the atmosphere by
the pitch angle scattering through wave‐particle interactions
[e.g., Thomsen et al., 1998]. Even though the gradient of the
PSD may not be as sharp as on the nightside because of
some loss processes of electrons, the calculated Alfvén
boundary still follows the color contour of the PSD. As Kp
increases, the calculated Alfvén boundaries shrink, and
good agreements can be still found between the boundary
positions and the calculations although the gradients of the
PSD in the dayside are not sharper than the nightside as
also seen at the low Kp. At Kp = 0, the calculated Alfvén
boundary is located near 8 and 10.5 RE at midnight and
dusk, respectively, while for Kp ≥ 4, the calculated Alfvén
boundary lies about 4.5 and 6 RE at midnight and dusk,
respectively.
[17] A first adiabatic invariant of 100 eV/nT for electrons

(Figure 4) corresponds to ∼14 keV at geosynchronous orbit.
We can see the sameMLT dependence identified in Figure 3.
The only difference between m = 50 and 100 eV/nT is the
radial distance of both the boundary position and the calcu-
lated Alfvén boundary. The boundary position and the cal-

Figure 3. Average distributions of the phase space density of electrons with 50 eV/nT. White circle
near the Earth is the region where electron energy exceeds limit of measurement of ESA. The calculated
Alfvén boundary is overplotted by a white line.
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culated Alfvén boundary for 100 eV/nT electrons are about 1
RE further out than those for 50 eV/nT electrons for all Kp in
Figure 4. Since the azimuthal drift component originating
from gradient/curvature drifts depends on electron energies,
the inner boundary of higher‐energy (higher m) electrons is
further from the Earth than that of lower‐energy (lower m)
electrons is.
[18] In Figures 3 and 4, we can see the good agreements

between the observed and calculated boundary positions.
These features are seen for all of the first adiabatic invariants
we analyzed and it is confirmed that the boundary positions
have m dependence. These results are consistent with the
particle drift paradigm.

3.2. Estimation of the Loss Time Scales From the
Electron Data

[19] The PSD in the dawn and dayside sectors deceases
along the electron drift path, suggesting losses of electrons
by some wave‐particle interactions [e.g., Thomsen et al.,
1998]. In this section, we quantitatively estimate electron
loss time scales for m = 50 and 100 eV/nT along the drift
paths from the THEMIS observations.
[20] To estimate the electron loss time scales from the

THEMIS observations, we derive the PSD distributions as a

function of MLT along the drift paths. The drift paths of 50
and 100 eV/nT which pass 6 RE at 6 MLT are shown in
Figures 5a and 5b, respectively. The PSD of electrons with
50 eV/nT electrons for Kp = 1− to 1+ and 100 eV/nT
electrons for Kp = 2− to 2+ along the drift paths are shown
in Figures 5c and 5d, respectively. In Figures 5c and 5d, the
exponential decay of the PSD is seen from the postmidnight
sector to the dayside. The red lines in Figures 5c and 5d are
the regression lines fitted by the least squares method for 2.1
to 10.2 MLT. To convert the slope of the regression line to
the electron loss time scale t, we calculate the e‐folding
azimuthal width D’ for the PSD decrease, and estimate the
electron loss time scales from the time that the electron drift
from 2.1 to 2.1 + D’ MLT. The Volland‐Stern electric field
and dipole magnetic field models are also used for calcu-
lating the drift times.
[21] The derived loss time scales are plotted as a function

of the Kp index, which is shown in Figure 6 with black lines.
The loss time scales for 50 and 100 eV/nT in Kp = 0 are ∼4.2
and ∼3.7 h, respectively. In Kp = 4, the loss time scales
become significantly short, and those for 50 and 100 eV/nT
are ∼1.2 and ∼0.56 h, respectively. The Kp dependence of the
electron loss time scales implies that the enhancement of the
loss during the magnetically disturbed period. We investigate

Figure 4. Same as Figure 3 but for electrons with 100 eV/nT.
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possible loss processes from the point of view of wave‐
particle interactions in section 4.

4. Evaluation of Theoretical Loss Time Scales
Based on Pitch Angle Diffusion Rate

[22] It has been suggested that whistler mode chorus
waves outside the plasmasphere have sufficient power to
cause strong diffusion [Ni et al., 2008], compared with ECH
waves [Horne and Thorne, 2000; Horne et al., 2003a]. The
chorus waves are frequently observed from the nightside
through dawn to the dayside equatorial magnetosphere [e.g.,
Meredith et al., 2001; Li et al., 2009]. Therefore, the chorus
wave is a primary candidate that interacts with plasma sheet
electrons in the morning sector and causes them to precip-
itate into the atmosphere. In this section, we focus on the

chorus wave‐particle interactions as a possible source of the
electron precipitation.
[23] To compare the loss time scales obtained from the

THEMIS observations with theoretical loss time scales, we
evaluate the decay rates t* due to the chorus waves along
the drift paths using the approximated formula of Albert and
Shprits [2009] with the quasi‐linear pitch angle diffusion
coefficients [Albert, 1999]. The expression of the decay rate
t* [Albert and Shprits, 2009] is:

�
*
¼

Z �
2

�L

1

2D�� �ð Þ tan� d�; s½ � ð6Þ

where Daa(a) is the bounce‐averaged pitch angle diffusion
coefficient, and aL is the loss cone angle. The wave para-
meters for the upper band and lower band chorus are the

Figure 5. The drift paths of (a) 50 eV/nT and (b) 100 eV/nT electrons which pass 6RE at 6 MLT.
The drift paths are used for the estimation of the loss time scales based on the THEMIS observations.
The MLT distribution of the PSD along the drift paths with (c) 50 eV/nT and (d) 100 eV/nT. Red
lines represent the regression lines fitted by the least squares method from 2.1 MLT to 10.2 MLT.
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same as Ni et al. [2008] and Horne et al. [2003b], respec-
tively. The wave amplitudes of the lower band chorus used
in the calculations are 10 and 25 pT, and the same wave
amplitudes are used for the upper band chorus. These wave
amplitudes are based on the CRRES wave observations.
The wave amplitude of 10 pT is comparable to an observed
chorus amplitude during substorms [Meredith et al., 2000]
and that of 25 pT is a typical nightside chorus during the
storm recovery phase [Li et al., 2007]. We use the empirical
plasmaspheric trough density model given by Sheeley et al.
[2001] as the ambient density model. The calculation of the
theoretical loss time scales is performed every 0.3 h MLT
between 2.1 and 10.2 MLT, and we estimate the decay rates
due to the pitch angle scattering by the chorus waves as the
combination of the decay rates by the lower band and upper
band chorus. In the calculations of the diffusion coeffi-
cients, we assume that the chorus wave amplitude is con-
stant along the drift path. The plasma density and ambient
magnetic field intensity for the calculation are evaluated at
each position along the drift path using the Sheeley et al.
[2001] density model and dipole field. To obtain the total
loss time scales t, we include the effect of the strong dif-
fusion limit, and the expression by Chen and Schulz [2001]
is used in the present study. Thus, the electron loss time
scale is given as

� ¼
�
*
DSD þ 1

DSD
; s½ � ð7Þ

where DSD is the strong diffusion limit given by Summers
and Thorne [2003].
[24] For the comparison of the observed loss time scales

with the theoretical loss time scales, we average the the-
oretical loss time scales between 2.1 and 10.2 MLT along
the drift paths. After the continuous loss along the drift

path is accounted for, the PSD at 10.2 MLT (f10.2MLT) can
be given by

f10:2MLT ¼ f2:1MLT

Y10:2MLT

i¼2:1MLT

e�
Dti
�i ; ð8Þ

where f2.1MLT is the PSD at 2.1 MLT, Dti is the time that
electrons spend the ith region, and ti is the theoretical loss
time scale in region i. The PSD at 10.2 MLT can be ex-
pressed using the averaged theoretical loss time scale tavg
as

f10:2MLT ¼ f2:1MLT e�
T

�avg ; ð9Þ

where T is the drift time from 2.1 to 10.2 MLT. Using
equations (8) and (9), the averaged theoretical loss time
scale is described as

�avg ¼ � T

ln
Q

i e�
Dti
�i

h i ¼ TP
i
Dti
�i

: ð10Þ

We calculate the averaged theoretical loss time scales
using equation (10), and the observed and theoretical loss
time scales are plotted as a function of the Kp index in
Figure 6 with dashed lines.
[25] The theoretical loss time scales at 10 pT roughly

agree with the observed loss time scales at 50 eV/nT elec-
trons for all Kp values, while there are discrepancies
between the observed loss time scales at 100 eV/nT elec-
trons for Kp = 3 and 4 and the theoretical loss time scales.
This indicates that the wave amplitudes for Kp = 3 and 4
should be larger than 10 pT. The comparison of the
observed loss time scales with the theoretical loss time
scales at 25 pT shows that the loss time scales due to the
chorus waves are small enough to explain the observed loss

Figure 6. Black line indicates the loss time scales for (a) 50 eV/nT and (b) 100 eV/nT, evaluated from
the THEMIS observations (see text). Dotted lines are the theoretical loss time scales due to the scattering
by chorus waves with different amplitudes.

KURITA ET AL.: TRANSPORT AND LOSS OF ELECTRONS A03201A03201

8 of 11



time scales. These comparisons suggest that plasma sheet
electrons are scattered into the atmosphere significantly by
the chorus waves.

5. Discussion

5.1. Electron Transport From the Plasma Sheet Into
the Inner Magnetosphere

[26] Our analyses showed that the observed inner edge of
the electron plasma sheet agreed with the calculated Alfvén
boundary, which was consistent with the previous work by
Korth et al. [1999]. Since our statistical analyses are based
on a sufficient number of samples in the inner magneto-
sphere with wide radial distance coverage, the results are
extended significantly from those obtained by Korth et al.
[1999]. The present results confirm that electrons in the
energy range of our analysis are a good tracer for the global
convection electric field strength and that the averaged
magnetic and global electric fields in the inner magneto-
sphere can be well described by the dipole magnetic field
and Volland‐Stern electric field models in a statistical sense.
[27] Since the theoretical Alfvén boundaries depend on

the magnetic and electric field models, our analysis of the
inner edge of the electron plasma sheet can be used for a
direct test of the models. Assuming that the magnetic field
of the inner magnetosphere is relatively well described by
the dipole magnetic field, the analysis provides how accu-
rately electric fields are estimated. Korth and Thomsen
[2001] numerically conducted examinations based on the
LANL MPA data on whether nonanalytic, semiempirical
magnetic and electric field models can reproduce the
observed Alfvén boundaries more accurately than the Vol-
land‐Stern and dipole magnetic field models can. Their re-

sults showed that more sophisticated numerical models do
not always provide a better representation of the observed
Alfvén boundaries than the combination of the Volland‐
Stern electric field and dipole magnetic field models do. Our
statistical analysis showed that the Volland‐Stern electric
field model with the empirical potential model of Maynard
and Chen [1975] can well describe distributions of electrons
in the inner magnetosphere in a statistical sense, which is
consistent with the conclusion of Korth and Thomsen
[2001].

5.2. Electron Loss Time Scale

[28] The electron loss time scales in the morning sector
was estimated to investigate electron loss mechanisms
quantitatively. The observed electron loss time scales are
almost consistent with the loss time scale due to the pitch
angle scattering by chorus waves. Using the statistical re-
sults, it is possible to estimate appropriate wave amplitudes
at each Kp value, instead of the wave amplitudes based on
the observations as used in section 4. Considering that the
theoretical loss time scale t* is proportional to the wave
power, we estimated the required wave amplitudes at each
Kp value by comparing t* with the loss time scales based on
the electron measurements. The required wave amplitudes
of chorus waves for 50and 100 eV/nT electrons are shown
in Figure 7. There are discrepancies of the required wave
amplitudes between 50 and 100 eV/nT (less than a factor of 2),
and some of these discrepancies are due to the ambiguity of
the assumed wave normal angle and the plasma parameters.
The mean value of the required wave amplitudes at 50 and
100 eV/nT electrons are 7.48, 9.06, 12.0, 13.7, and 14.9 pT
for Kp = 0, 1, 2, 3, and 4, respectively, while the observed
average wave amplitudes of the chorus waves are a few pT
during quiet conditions and enhanced during active condi-
tions with amplitudes of ^ 10 pT [Meredith et al., 2001].
Therefore, the required wave amplitudes are roughly con-
sistent with the observed average amplitudes of the chorus
waves. A comparison with the wave data obtained from the
THEMIS satellites will be a future subject.
[29] As mentioned above, the observed electron loss time

scales are shown to be consistent with the loss time scale
due to the pitch angle scattering by chorus waves, and the
required wave amplitudes are roughly consistent with pre-
vious statistical survey of chorus wave amplitudes. These
investigations suggest that whistler mode chorus waves may
be responsible for the loss of the plasma sheet electrons in
the morning sector. The scattered electrons precipitate into
the atmosphere, and contribute to diffuse auroral emissions
in the morning sector [Thomsen et al., 1998; Chen and
Schulz, 2001; Newell et al., 2009].
[30] ECH waves are another possible driver to cause dif-

fuse auroral precipitations. By using the wave and particle
data obtained from the CRRES satellite, Meredith et al.
[1999] inferred that both ECH and whistler mode waves
play significant roles in scattering the plasma sheet electrons
to produce the diffuse aurora (whistler mode waves at L ≥ 6
and ECH waves at L ≤ 6, especially near the plasmapause).
Sergienko et al. [2008] investigated the fine structure of the
diffuse aurora using the high‐sensitivity ground‐based
imager and the FAST electron measurements. They con-
cluded that the strong pitch angle diffusion driven by ECH
waves is responsible for the background diffuse aurora,

Figure 7. Required wave amplitudes of chorus waves that
can explain the observed electron loss time scales as a func-
tion of the Kp index. The black dashed line indicates the
average values of the required wave amplitudes with 50
(red line) and 100 eV/nT (blue line) electrons.
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while the fine structure of the diffuse aurora is created by the
precipitation of electrons with energies above 3–4 keV as a
result of the pitch angle diffusion by the whistler mode
waves. Further estimation of the drivers for precipitation of
the diffuse aurora is necessary in future studies.

6. Summary

[31] Using the global electron distribution derived from
large amount data obtained by the THEMIS satellites, we
investigated the transport and loss of plasma sheet electrons
in the inner magnetosphere. We showed a reasonable
agreement between the observed inner boundaries of the
electron plasma sheet and the calculated Alfvén boundaries.
Our results reconfirmed that the transport of electrons from
the magnetotail to the inner magnetosphere is controlled by
large‐scale dawn‐dusk electric field. To investigate loss
mechanisms of plasma sheet electrons in the morning side
quantitatively, we derived the electron loss time scales from
the average electron PSD distributions. The loss time scales
based on the PSD distributions were compared with the
theoretical ones due to the pitch angle scattering by chorus
waves, by using the empirical wave models. The compari-
son revealed that the whistler mode chorus waves may
contribute to the loss of the plasma sheet electrons in the
morning sector. Furthermore, the required wave amplitudes
inferred from the observed loss time scales roughly agreed
with the previous statistical surveys of the chorus wave
amplitudes. These suggest that the loss of plasma sheet
electrons in the morning sector is mainly controlled by the
whistler mode chorus waves, and the scattered electrons
contribute to the generation of diffuse auroras in the
morning sector.
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