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Electron and wave characteristics observed by the THEMIS
satellites near the magnetic equator during a pulsating aurora
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[1] Based on conjugate ground and THEMIS satellite observations, we show electron
spectra and wave characteristics near the magnetic equatorial plane during a pulsating
aurora event on the high latitude side of the auroral oval. The pulsating aurora was
observed by a 30-Hz sampled all-sky imager (ASI) at Gillam (56.4°N, 265.4°E), Canada, at
~0840-0910 UT on 8 January 2008. The auroral intensity pulsation at the possible
THEMIS D (THD) footprints had frequency peaks at ~0.1-0.2 Hz. The footprint of THD
was in the poleward part of the proton aurora observed by a meridian-scanning
photometer. After auroral pulsation began at ~0842 UT, both THD and THEMIS E
which was near THD in the mid-tail at 11.6-11.8 Ry, observed enhanced field-aligned
electron fluxes at energies of 1-10 keV. However, the amplitudes of whistler mode waves
and electrostatic cyclotron harmonics (ECH) waves observed by THD with the highest
sampling rate of 8 kHz were not significant, showing a marked contrast to the recent report
of clear correlation between whistler mode waves and auroral pulsations observed at
5-9 Rg. We suggest that the observed field-aligned electrons, which are probably
caused by Fermi-type acceleration associated with earthward plasma flow in the mid-tail

plasma sheet, are modulated by some wave processes to cause pulsating auroras.

Citation: Nakajima, A., et al. (2012), Electron and wave characteristics observed by the THEMIS satellites near the magnetic
equator during a pulsating aurora, J. Geophys. Res., 117, A03219, doi:10.1029/2011JA017066.

1. Introduction

[2] Pulsating aurora, a quasiperiodic auroral phenomenon
with a typical period of ~0.5-20 s, is usually observed
extensively in the midnight and morning sectors during the
substorm recovery phase. The pulsating patches have irreg-
ular shapes with typical dimensions of ~10-200 km [e.g.,
Royrvik and Davis, 1977; Oguti, 1978; Yamamoto, 1988].
Rocket and satellite measurements indicate that auroral
pulsations are manifestations of modulation of precipitating
high-energy electrons with energies from a few keV to 100
keV [e.g., Sandahl et al., 1980; Sato et al., 2002].
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[3] Several authors have suggested that during pulsating
auroras, high-energy electrons are supplied by pitch angle
scattering through whistler wave-particle interactions near
the magnetosphere’s equatorial plane [e.g., Tsuruda et al.,
1981; Johnstone, 1983; Davidson, 1990; Nemzek et al.,
1995; Li et al., 2011a, 2011b]. In this scenario, it is expec-
ted that electrons will be scattered into the two loss cones
symmetrically in the magnetosphere and precipitate into
both hemispheres, resulting in pulsating aurora with north-
south phase conjugacy. Using interhemispheric conjugate
observations, Fujii et al. [1987] showed that the patchy-type
pulsating aurora appears nearly simultaneously in both
hemispheres. According to recent studies, however, the
conjugacy of pulsating auroras is generally poor in shape
and phase [e.g., Minatoya et al., 1995; Sato et al., 2004;
Watanabe et al., 2007], a result that is inconsistent with the
above traditional picture for the pulsating auroras. Sato et al.
[2004] estimated the altitude of the electron modulation for a
pulsating aurora using the time-of-flight (TOF) method of
electron energy-dispersion observed by the FAST satellite.
They concluded that, an electron modulation occurs near the
earth, far from the equatorial plane, and that some unknown
process in the magnetosphere-ionosphere coupling system
plays an important role in modulation of pulsating auroras.
Miyoshi et al. [2010] applied a TOF method, which includes
propagation of whistler waves, to the REIMEI satellite data.
Using a model calculation, they concluded that the wave-
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Figure 1. White-light auroral images obtained by an all sky imager (ASI) at Gillam every 2 min from
0838 to 0910 UT on 8 January 2008. The top and left sides of the images are to the north and east,

respectively.

particle interaction region can still be in the equatorial plane
if one considers field-aligned propagation of whistler chorus
waves with a rising tone. Considering the TOF model of
Miyoshi et al. [2010] and Nishiyama et al. [2011] tried to
estimate whistler mode wave frequencies near the modula-
tion region of the pulsating aurora using the REIMEI satel-
lite data; and the results are consistent with the statistical
distribution of whistler mode chorus waves.

[4] Most of these previous studies of pulsating auroras
have been based on observations near the ionosphere, using
radar and optical measurements on the ground, rocket, and
low-altitude satellites, and some combinations of these
observational methods. Since magnetic mapping from the
magnetosphere to the conjugate point in the ionosphere can

contain significant ambiguity, it is difficult to directly com-
pare magnetospheric measurements to particular pulsation
patches. After discussing this mapping problem, Nemzek
et al. [1995] compared the plasma density and energetic
electron flux variations at geosynchronous orbit to pulsating
auroras observed by an optical instrument on the ground.
[5] Nishimura et al. [2010, 2011] showed a conjugate
observation of pulsating auroras by a ground all-sky camera
and by the Time History of Events and Macroscale Interac-
tions during Substorms (THEMIS) satellites at 5-9 Rg. They
show a very clear correlation between the pulsating auroral
intensity observed on the ground and lower-band chorus
intensity observed by the THEMIS-A satellite at the equa-
torial plane of the magnetosphere, indicating that the
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Figure 2. Field of view of ASI at Gillam (cross) with a
radius of 500 km, corresponding to a zenith angle of ~80°
at an auroral altitude of 100 km. Footprints of THEMIS-D
(THD) and -E (THE) at an altitude of 100 km at 0853 UT
on 8 January 2008 are indicated by the triangle and the
square, respectively. The solid curves show satellite tracks
of THD and THE from 0835 to 0910 UT. These footprints
were calculated using the T96 01 geomagnetic field model
[Tsyganenko, 1995, 1996].

temporally-modulated lower-band chorus produces pulsat-
ing auroras. Liang et al. [2010] also compared the ground
observations of pulsating auroral structures with THEMIS
satellite data. They suggested that electron cyclotron har-
monic (ECH) waves play a key role in pitch angle diffusion
of plasma sheet electrons, which causes pulsating aurora and
the modulation of ECH waves by ultralow-frequency (ULF)
waves causes macroscopic structures of the pulsating
auroras. THEMIS ground and satellite observations make
such conjugate measurements of pulsating auroras possible.
Such measurements are still very limited, however. Pulsat-
ing auroras appear at various local times and latitudes at all
substorm phases from initial to recovery. Not one but several
production mechanisms may cause auroral intensity modu-
lation. High-time resolution of less than 1 s is often neces-
sary to detect pulsating auroras; the nominal sampling rate of
THEMIS all-sky imagers is 3 s.

[6] In this paper, we report another case study of a pul-
sating auroral event using a high-time resolution (30 Hz)
ground all-sky imager (ASI) and THEMIS satellites at 11.6—
11.8 Rz, much more tailward than those reported by
Nishimura et al. [2010, 2011]. When the ASI in the Cana-
dian auroral region observed pulsating auroras in the post-
midnight sector on 8 January 2008, the footprints of two
THEMIS satellites in the mid-tail plasma sheet were mapped
in the field of view (FoV) of the ASI. However, the observed
wave powers of whistler and ECH are rather small and
correspondence between wave activity and pulsation is
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insignificant. We discuss these observations in the context of
the possible cause of pulsating auroras.

2. Observations

2.1. Data Set

[7] We had a campaign of auroral observations using
white-light ASIs with an FoV of 180° and a sampling rate of
30 Hz at two Canadian stations in the auroral zone during a
THEMIS-ground conjunction interval from 2-15 January
2008 [Shiokawa et al., 2009]. The observation sites were
Gillam (56.4°N, 265.4°E, dipole geomagnetic latitude
(MLAT): 65.6°) and Fort Smith (60.0°N, 248.1°E, MLAT:
67.0°). In this study, we use ASI data obtained at Gillam on
8 January 2008.

[8] During the campaign interval, ionospheric footprints
of the THEMIS satellites passed through the FoV of the ASI
at Gillam in the post-midnight sector where pulsating
auroras are frequently observed [e.g., Royrvik and Davis,
1977]. The THEMIS mission consists of five satellites
launched into the magnetosphere on 17 February 2007
[Angelopoulos et al., 2008]. Each was equipped with com-
prehensive in-situ particle and field instruments. In the
present study, we use particle and field data obtained by the
solid state telescope (SST), electrostatic analyzer (ESA)
[McFadden et al., 2008], fluxgate magnetometer (FGM)
[Auster et al., 2008], search coil magnetometer (SCM) [Roux
et al., 2008], and electric field instrument (EFI) [Bonnell
et al., 2008].

[v] During the campaign, the ASI at Gillam observed
pulsating auroras on 8, 12, 13, and 14 January, 2008. In
this paper, we focus on the pulsating auroral event observed
on 8 January 2008, because during this pulsating auroral
event two THEMIS satellites were in the FoV of the ASI
and observed particles and fields with the highest-time
resolution.

2.2. Overview

[10] On 8 January 2008, auroral pulsations were observed
by the ASI at Gillam at magnetic local times (MLTs) of ~2—
5 h from ~0840 to 1200 UT. In Figure 1, white-light images
obtained by the ASI at 0838-0910 UT (~2 h MLT) are
displayed every 2 min. The auroral luminosity with an arc-
like structure along the east-west direction was faintly
observed in the center of the image at 0838-0840 UT. As
shown by Sakaguchi et al. [2009], auroral substorm onset
took place at ~0830 UT on 8 January 2008 at Fort Smith,
which is located west of Gillam. In Figure 1, a clear
auroral arc appear from the west at ~0842 UT. This clear
auroral arc probably expanded from the west associated
with the substorm onset observed at Fort Smith.At ~0842-
0850 UT, the auroral emission expanded over the whole
FoV of the ASI at Gillam.

[11] Although auroral emission pulsations cannot be
identified in the snapshot images in Figure 1, the emissions
with patchy structures seen after 0848 UT showed clear
pulsations in the FoV of ASI at Gillam except for the auroral
arc in the northern sky. The weak auroral pulsations had
already started over lower half in the images from ~0842
UT. The luminosity of the pulsations became more active at
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Figure 3. North-south cross sections (keograms) of auroral intensities at wavelengths of (a) 630.0 nm,
(b) 557.7 nm, and (c) 486.1 nm observed by a meridian-scanning photometer at Gillam, Canada, on
8 January 2008. The vertical white lines are every 5 min at 0840-0910 UT. The red rectangles indicate

the footprints of THD at 0855 UT.

~0848 UT. The active pulsations over the whole FoV lasted
from ~0850 to 0904 UT; the auroral arc was observed in the
northern part of the FoV until ~0854 UT. From 0900 UT
onwards, the intensity of these pulsating auroras gradually
decreased. However, weak pulsating patches were found in
the whole FoV until 0910 UT in the last image of Figure 1.
These weak pulsations had been observed with gradually-
decreasing luminosity until ~1200 UT.

[12] For the pulsating aurora event in Figure 1, we com-
pare the ASI data at Gillam with plasma and field observa-
tions by the THEMIS-D (THD) and THEMIS-E (THE)
satellites in the magnetosphere. The circle in the map in
Figure 2 shows the FoV of ASI at Gillam with a radius of
500 km, corresponding to a zenith angle of ~80° at an
auroral altitude of 100 km. The triangle (58.2°N, 262.4°E)
and the square (58.3°N, 259.5°E) are the footprints of THD
and THE, respectively, at 0853 UT on 8 January 2008, when
the electron fluxes observed by THD were most intense, as
shown later. The footprints of both THD and THE move
westward in the FoV of ASI along the solid curves from
0835 to 0910 UT. The footprint of THD is closer to Gillam
(cross in the map) than that of THE.

[13] Figure 3 shows the auroral activities at wavelengths
of 630.0 nm, 557.7 nm, and 486.1 nm observed by a
meridian-scanning photometer at Gillam during this event.
Associated with the substorm onset at ~0830 UT, the stable
auroral arc brightened at ~68 MLAT and expanded both
equatorward and poleward. The auroral intensity was not as
large as typical substorm auroras. The footprint of THD at

0855 UT, indicated by the red rectangles, was located
poleward of the brightening aurora in all the three wave-
lengths. The auroral intensity gradually decreases after 0900
UT, showing many patchy structures particularly in the
557.7-nm keogram.

[14] Figure 4 shows locations of THD (triangle) and THE
(square) at 0853 UT on 8 January 2008 in the X-Y (Figure 4,
top) and X-Z (Figure 4, bottom) planes in GSM coordinates.
The locations at 0853 UT were THD: (—9.4, —6.5, —3.1) Rg
and THE: (—9.6, —5.6, —3.3) Rz in GSM coordinates.
These satellite locations are at 11.6—11.8 R in the mid-tail,
very different from the locations in work by Nishimura et al.
[2010, 2011], 5-9 Rg. THD was on the magnetic field lines
indicated by the solid curves, which were calculated using
the geomagnetic field model (T96 01) by Tsyganenko
[1995, 1996]. The difference in two satellite locations was
~1 Rg from 0835 to 0910 UT. Both THD and THE were
located in the post midnight sector near the magnetic equa-
torial plane.

[15] The footprints and magnetic field lines in Figures 2
and 4 are calculated using the T96 01 geomagnetic field
model [Tsyganenko, 1995, 1996]. Footprint mapping using
magnetic field model contains uncertainty, however. We
also calculated the field-line mapping using the TS04 model.
The difference between the footprints in T96 and TS04 is
less than 0.1 degree for both latitudes and longitudes. This is
probably because the revisions of the Tsyganenko models
after T96 were mainly for the inner magnetosphere, includ-
ing ring current and storm effects, whereas the THEMIS
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Figure 4. Locations of THD (triangle) and THE (square) at
0853 UT on 8 January 2008 in (top) X-Y and (bottom) X-Z
planes in GSM coordinates. The solid curves indicate the
magnetic field lines connected to the THD location at
0853 UT. The field lines are calculated using the geomag-
netic field model (T96_01) [Tsyganenko, 1995, 1996].

satellite in the present event was in the outer magnetosphere
in the tail.

[16] Global magnetic field variations during substorms
can also affect the field-line mapping calculation. The pres-
ent pulsating auroral event took place after a substorm onset.
To check the mapping accuracy, we compared magnetic
field intensities observed by THD and THE with those from
the T96 01 geomagnetic field model at these satellite loca-
tions. The total magnetic field intensities at 0853 UT from
FGM onboard the THD and THE were 15.5 nT and 21.8 nT,
respectively. The total intensities from the T96 01 model at
0853 UT were 13.8 nT and 13.5 nT at the THD and THE
locations, respectively. At the THD location, differences
between the observation and the model were less than 3 nT,
not only for the total intensity but also for x-, y-, and z-
components of magnetic field. In addition, the direction of
these magnetic field components was the same in both the
observation and the model for THD. On the other hand, the
total magnetic field difference between the observation and
the model for THE was much larger (>8 nT) and the direc-
tion of x-component was opposite. Thus, the field-line
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mapping of THE to the ground may contain significant
ambiguity. THE can also be located near the conjugate point
of the pulsating aurora, since the pulsating auroras were
observed in a wide area in the ASI FoV of Gillam. In this
paper, we mainly compare THD observations with ground
ASI observations.

[17] Figure 5a is auroral keogram obtained by taking a
cross section in the north-south meridian of auroral images at
262.4°E, where the THD footprint was located at 0853 UT.
Latitudes of the THD footprint are indicated by the dashed
line in this keogram. The bottom panels of Figure 5 show the
THD particle and field data. In Figure 5b, the X and Z
components of the magnetic field in the GSM coordinates are
plotted by the blue and red curves, respectively. Figure 5c
shows ion velocity measured by ESA along the GSM-X
direction. Energy-time (E-T) spectrograms of omnidirec-
tional electrons with energies of 30-600 keV (Figure 5d) and
30 eV-30 keV (Figure 5e) are produced by SST and ESA,
respectively. The ESA measurement with the highest time
resolution (3 s) was done from 0843 to 0903 UT, as shown in
Figure Se. The pitch angle distributions of electrons at ener-
gies of 0.5-30 keV obtained by ESA are shown in Figure 5f.
Figures 5g and 5h show wave amplitudes at 1-4000 Hz in
electric and magnetic fields measured by EFI and SCM,
respectively, produced by Filter Bank (FBK), which calcu-
lates amplitudes of band-pass filtered waves for 6 frequencies
at 2.3 Hz, 9.1 Hz, 36 Hz, 140 Hz, 570 Hz, and 2.69 kHz,
onboard. The two black curves in Figures 5g and 4h indicate
electron cyclotron frequency (f.., higher frequency) and
lower hybrid resonance frequency (fy,,., lower frequency).

[18] Figures 6a—6h which are in the same format as
Figures Sa—5h, are an auroral keogram and the data from
THE, which was located about ~1 Ry west of THD.
Figure 6a shows an auroral keogram obtained by taking a
cross section in the north-south meridian of auroral images
at 259.5°E where the THE footprint was located at 0853 UT.
The THE-ESA measurement with the highest time resolu-
tion (3 s) was made from ~0838 to 0908 UT, as shown in
Figures 6e and 6f.

[19] Auroral emissions expanded to higher and lower
latitudes after ~0848 UT in Figures 5a and 6a. The auroral
pulsations were observed mainly in the lower-latitude side of
the keogram. However, higher-latitude auroras also show
pulsations after 0850 UT. Associated with the appearance of
the auroral arc at ~0841-0848 UT, magnetic field dipolar-
ization characterized by a decreasing X-component and an
increasing Z-component started at 0846 UT (0842 UT) at
THD (THE) in Figure 5b (Figure 6b). Earthward ion flows
over 100 km/s are observed by THD at 0849 UT and by
THE at 0844 UT in Figures 5c and 6c, respectively. These
substorm signatures at THE were earlier than those at THD,
probably because THE was closer to the onset meridian near
midnight, as shown in Figure 4.

[20] After substorm onset, flux enhancements of plasma
sheet electrons with energies from a few hundred eV to a
few hundred keV were observed in Figures 5d, Se, 6d, and
6e. The electron fluxes with energies of 0.5-30 keV are most
intense in field-aligned upward and downward directions for
the plotted interval in Figures 5f and 6f. The flux intensity of
these bidirectional beams varies significantly.

[21] In Figures 5g, 5h, 6g, and 6h, enhanced waves are
detected at frequencies below 100 Hz, mainly below fj,
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Figure 5. (a) Auroral keogram (cross section) for the north-south meridian at 262.4°E (longitude of THD
footprint) from 0835 to 0910 UT on 8 January 2008. (b) Magnetic field (X and Z components), (c) ion
velocity in the X direction, energy-time (E-T) spectrograms of (d) 30-600 keV and (e) 30 eV-30 keV,
(f) pitch angle distributions of electrons with energies of 0.5-30 keV, and wave spectrograms of (g) elec-
tric field and (h) magnetic field, observed by THD. In Figure 5Sa, latitude of the THD footprint is indicated
by the dashed line. In each panel of Figures 5g and 5h, electron cyclotron frequency (f;.) and lower hybrid
resonance frequency (fy,) are shown by the upper and lower black curves, respectively. The vertical
dashed line denotes the time when wave observations with the highest time resolution were performed
by THD, as shown in Figure 11.
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Figure 6. (a) Auroral keogram (cross section) for the north-south meridian at 259.5°E (longitude of THE
footprint) during 0835-0910 UT on 8 January 2008. (b) Magnetic field (X and Z components), (c) ion
velocity in the X direction, energy-time (E-T) spectrograms of (d) 30-600 keV and (e) 30 eV-30 keV,
(f) pitch angle distributions of electrons with energies of 0.5-30 keV, and wave spectrograms of (g) elec-
tric field and (h) magnetic field observed by THE. In Figure 6a, the latitude of the THE footprint is indi-
cated by the dashed line. In each panel of Figures 6g and 6h, electron cyclotron frequency (f;..) and lower
hybrid resonance frequency (f;,.) are shown by the upper and lower black curves, respectively.

A03219



A03219

Figure 7. An auroral image mapped to an altitude of 100
km from the original all-sky image at Gillam (cross in the
map) at 0853 UT on 8 January 2008. The top and left sides
of the images correspond to north and west, respectively.
Based on T96 01 geomagnetic field model [7syganenko,
1995, 1996], footprints of THD (triangles) at 0843, 0853,
and 0903 UT are shown with a, b, and c, respectively. The
footprint of THD moves westward along the arrow. The
footprints denoted A, B, and C indicate footprint locations
calculated for IMF-Bz of —0.3 nT, —1.3 nT (actual value),
and —2.3 nT, respectively.

(~10 Hz). The start of such waves at 0849 UT (THD) and at
0844 UT (THE) is associated with the intense ion flows in
Figures 5c and 6¢c. Higher frequency waves with a discrete
frequency from 300 to 1000 Hz near the f.. were also
enhanced only in the electric field data in Figures 5g and 6g,
indicating that these higher-frequency waves are electro-
static. The higher-frequency waves become more intense
after ~0856 UT. The discrete wave is probably the electro-
static cyclotron harmonic (ECH) wave.

2.3. Auroral Intensity, Electron Flux, and Wave
Activities

[22] Next, we compare the electron flux and wave activi-
ties observed by THD with the auroral intensity observed by
ASI at the footprints of THD. Figure 7 shows an auroral
image at 0853 UT mapped to the 100-km altitude from the
original all-sky image at Gillam. The THD footprints shown
by triangles, are estimated at (a) 0843 UT, (b) 0853 UT, and
(¢) 0903 UT, which are the start, center, and end times of the
highest time resolution of ESA measurements shown in
Figure Se. The footprints are calculated using three values of
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the interplanetary magnetic field (IMF) Bz, i.e., (A) —0.3 nT,
(B) —1.3 nT (actual value), and (C) —2.3 nT in the T96 01
model.

[23] The footprints move westward from 0843 to 0903
UT, as indicated by the arrow. The footprint variations are
0.5° in latitude and 3.1° in longitude for the nine footprints
for temporal and IMF-Bz changes. The auroral patches are
seen in the east and south of these nine footprints in this
image. The patches sometimes extend into the footprint
locations according to the pulsation.

[24] In Figure 8, auroral luminosities at the nine footprints
in Figure 7 are compared with the electron-energy flux and
wave spectra observed by THD. Figures 8d-8f present
auroral intensities (counts) at A-C, respectively, from 0843 to
0903 UT. In each panel, black, red and blue curves indicate
counts at footprints for selected times a-c (0843, 0853, and
0903 UT), respectively. Wave spectra in the magnetic and
electric fields measured by THD are shown in Figures 8b and
8c, respectively. The integrated wave power in the magnetic
field is shown in Figure 8a. The electron energy flux of field-
aligned downward (0°-20°), perpendicular (80°-100°), and
field-aligned upward (160°—180°) obtained by THD is plot-
ted in Figures 8g—8i, respectively. In these panels, the energy
flux is colored according to the electron energy (black: 0.5—
1 keV; blue: 1-5 keV; green: 5-10 keV; red: 10-30 keV).

[25] Auroral intensity variations at the nine footprints
show similar structures in Figures 8d—8f. The field-aligned
electron fluxes in Figures 8g and 8i are much larger than the
perpendicular flux in Figure 8h. The field-aligned electron
fluxes tend to be large when the auroral intensity is large at
0849-0850 UT and 0852-0853 UT. When auroral intensity
fluctuated significantly in Figures 8d-8f (e.g., ~0849 and
~0852 UT), field-aligned electron flux also fluctuated in
Figures 8g and 8i. For all pairs, we calculated correlation
coefficients between the auroral intensities and the electron
fluxes. The highest correlation coefficients (0.5-0.6) were
obtained for the pairs between the intensity at point A at
0843 UT and the 5-10 keV and 10-30 keV parallel and anti-
parallel electron fluxes and between the intensity at point
B at 0843 UT and the 10-30 keV parallel and anti-parallel
electron fluxes. These correlations between the electron
fluxes and auroral intensities suggest that the THD is
located near the conjugate point of the observed pulsating
aurora. The electron energy ranges of the highest correla-
tion at 5-10 keV and 10-30 keV are the typical energy
ranges that cause pulsating aurora.

[26] In Figures 8b and 8c, the wave features are clearer in
the electric field data. ECH waves are intermittently observed
as discrete high-frequency enhancement at ~600-700 Hz.
The whistler mode waves below 100 Hz are also enhanced at
~0850-0856 UT. A positive correlation between these waves
and the field-aligned electron fluxes is not seen, however.
Indeed, the ECH waves at ~600-700 Hz tend to show a
negative correlation with the field-aligned electron fluxes.
The magnetic field wave power in Figure 8a tends to increase
when the auroral intensity and field-aligned electron flux
increases at 0849 UT, 0853 UT, and 0856 UT. This inte-
grated wave power comes mainly from waves at frequencies
below 10 Hz.

[27] The typical period of pulsating aurora is ~0.5-20 s
[e.g., Royrvik and Davis, 1977; Oguti, 1978; Yamamoto,
1988]. To check the frequency of both the auroral
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Figure 8. (a) Integrated wave power and (b) magnetic and (c) electric field wave spectra observed by
THD. Black, green, and red curves in Figure 8a are Bx (earthward), By (Bx x Bz), and Bz (parallel) in
magnetic field-aligned coordinates. Auroral intensity in unit of counts at footprints of (d) A, (e) B, and
(f) C in Figure 7 during 0845-0910 UT. Black, red, and blue curves indicate counts at footprints of three
times Figures 8a—8c (0843, 0853, and 0903 UT), respectively. Electron-energy flux of (g) field-aligned
downward (0°-20°), (h) perpendicular (80°-100°), and (i) field-aligned upward (160°—180°) obtained
from the THD-ESA observation. The fluxes are categorized according to electron energy of 0.5-1 keV
(black), 1-5 keV (blue), 5-10 keV (green), and 10-30 keV (red). The vertical dashed line denotes the time
when wave observations with the highest time resolution were performed by THD, as shown in Figure 11.

pulsations and the fluctuations of energy flux observed by
THD, Figure 9 shows frequency spectra obtained by tak-
ing the Fast Fourier Transform (FFT) of the auroral
intensity and electron flux data in Figure 8. The auroral
intensities in Figure 8, averaged over the three temporal
footprints (a—c), are indicated by three thin-solid curves in
Figure 8 for three IMF-Bz footprints (A), (B), and (C). For
the electron fluxes, the spectra of field-aligned downward

electrons with energies of 1-5, 5-10, and 10-30 keV, and
the upward electrons with energy of 5-10 keV are plotted.

[28] In the three auroral intensity spectra, a pronounced
peak is seen at ~0.1 Hz (10 s), as shown by the white arrow.
The spectra at 0.13—0.2 Hz (5-8 s) are also enhanced. These
power enhancements indicate that an auroral pulsation with
a period of 5-10 s occurred at the possible footprints of
THD. For the electron flux data, such a significant peak is
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Figure 9. Power spectral density (PSD) obtained through Fast Fourier Transform for the auroral
intensities in Figures 8d—8f (thin solid curves) and the electron fluxes in Figures 8g—8i at frequencies

of 0.0-0.2 Hz.

not seen. Power enhancements can be recognized at 0.10-
0.15 Hz (7-10 s) for all the electron-flux spectra. A small
spectral peak at 0.85 Hz is also identified in the spectrum of
the upward electron flux of 5-10 keV. Since the THEMIS
electron detector may intermittently observe the loss cone,
fluctuation of the electron flux synchronized with relative
variations between the satellite and ambient magnetic field
may also be embedded in these power spectra of electron
fluxes.

[29] Whistler mode chorus emissions possibly contribute
to pulsating auroras through pitch angle scattering of plasma
sheet electrons near the equatorial plane [e.g., Johnstone,
1983]. To investigate the possibility of wave-particle inter-
action during the pulsating aurora event of 8 January 2008,
we compare the electron data obtained by ESA with wave
data obtained by SCM and EFI. In addition to the wave data
from FBK (in Figures 5g and 5h) with lower-frequency
resolution, magnetic field observations by SCM with a time
resolution of 128 Hz were performed at 0843-0903 UT when
the electrons were observed by ESA with the highest time
resolution.

[30] Figure 10 shows the energy fluxes of field-aligned
downward electrons with energies of 1-5 and 5-10 keV and
wave power observed by FBK and SCM at 0847-0854 UT.
The wave power enhancements at 0848:28-0848:45 UT in
Figures 10b and 10c are due to instrumental noise.

[31] The frequency ranges in Figures 10b and 10c are
selected based on the scenario that pulsating auroras are
caused by pitch angle scattering through whistler wave-
particle interactions near the equatorial plane of the magne-
tosphere [e.g., Johnstone, 1983]. Whistler mode chorus
emissions are characterized as having lower-band (0.1-
0.5f..) and upper-band (0.5-0.8f..) frequency ranges [e.g.,
Santolik et al., 2003]. During the time period shown in
Figure 10, the electron cyclotron frequency (f;.) is ~300—
500 Hz. The wave power (magnetic field) for the three fre-
quencies of 9, 36, and 140 Hz below 0.8f.. obtained from
FBK is plotted in Figure 10b. From a Fast-Fourier-Transform
of the 128-Hz sampled SCM data, Figure 10c shows wave
power with frequencies of 31-64 Hz. While 64 Hz is the
upper-limit frequency from the SCM data (the Nyquist fre-
quency), the range 31-64 Hz corresponds to frequency of
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Figure 10. (a) Energy fluxes of field-aligned downward electrons (0°-20°) at energies of 1-5 keV (dot-
ted curve) and 5-10 keV (solid curve) during 0847-0854 UT. (b) Wave power with frequencies of 9 Hz
(dotted curve), 36 Hz (solid curve), and 140 Hz (dashed curve) obtained by FBK. (c) Wave power with
frequencies of 31-64 Hz obtained from 128-Hz sampled SCM data.

~0.1-0.2f., in the case of f..~300 Hz, being a part of the
lower-band chorus intensity.

[32] Clear correlation cannot be made between the elec-
tron fluxes in Figure 10a and the wave powers in
Figures 10b and 10c. The wave power is less than 0.01 nT in
the FBK data and less than 10~® nT*Hz in the SCM data,
which are weaker than typical whistler mode chorus waves.

[33] During the present pulsating aurora event, electric
and magnetic fields were observed by EFI and SCM with
the highest time resolution of 8 kHz for 8-s intervals
at (1) ~0847 UT, (2) ~0849 UT, (3) ~0859 UT, and
(4) ~0901 UT. During these 8-s measurements, the elec-
tron pitch angle distributions were observed by ESA every
3 s. Since timing (1) is before the electron flux enhancement
and timing (2) was contaminated by instrumental noise, we
show pitch angle and field characteristics at timing (3) in
Figure 11. Shown are the pitch angle distributions of elec-
trons at 0859:07-0859:10 UT (Figure 11a) and 0859:10-
0859:13 UT (Figure 11b) and the wave spectrogram for X
component of the electric (Figure 11c) and magnetic
(Figure 11d) fields at frequencies over 1.0 Hz—10 kHz during
0859:05-0859:14 UT. Timing (3) is indicated by vertical
dashed lines in Figures 5 and 8.

[34] Field-aligned electron fluxes over ~1-10 keV are
larger than the perpendicular fluxes. A clear peak is not
identified at a particular energy in the electron distributions in
Figures 11a and 11b. In Figures 11c and 11d, the ECH wave
is seen as a discrete wave at f ~700 Hz and weaker waves at
~1.1 kHz ((n + 1/2)f), above f.. (~540 Hz) mainly in the
electric field data. Continuous whistler mode waves are
observed below a few hundred Hz in Figures 11c and 11d.
However, their power is not so large (~10~* (mV/m)*/Hz
at 10-100 Hz and ~10~? (mV/m)*/Hz at <10 Hz in the
electric field and 107® — 10~ nT%/Hz at 10-100 Hz and

107> — 107° nT?Hz at <10 Hz in the magnetic field).
Similar pitch angle and field characteristics are observed at
timing (4) at ~0901 UT.

3. Discussion

[35] For the pulsating aurora event on 8 January 2008, the
THD satellite was located at the conjugate magnetosphere in
the equatorial plane, according to the field-line mapping
using the T96_01 magnetic field model. Since the pulsating
aurora covered the entire sky of Gillam after 0850 UT, we
consider that the THD was at least in the source region of
some patch of the pulsating auroras despite the ambiguity of
field-line mapping. The variation in field-aligned electron
fluxes shows positive correlations with the observed auroral
intensity variation, supporting the idea that the THD was
near the conjugate point of the pulsating aurora, although a
significant spectral peak was not seen in the electron fluxes.

[36] The observed electron flux was highly field-aligned,
as shown in Figures 5, 6, and 11. These field-aligned elec-
tron beams are probably not the ionospheric secondary
electrons generated by collision between precipitating elec-
trons and the neutral atmosphere. These secondary electrons
move upward due to the magnetic mirror force and can be
observed as a field-aligned electron beam in the magneto-
sphere. However, such secondary electrons usually have
energies below 1 keV [e.g., Evans, 1974]. On the other hand,
the field-aligned electron beam was observed at energies of
1-10 keV for the present event.

[37] The observed field-aligned distribution of plasma
sheet electrons is similar to those typically observed asso-
ciated with field dipolarization and earthward high-speed ion
flow (bursty bulk flow) at substorm onset, as reported by
Shiokawa et al. [2003]. Hada et al. [1981] suggested that
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Figure 11. Pitch angle distributions using differential-electron energy flux as functions of energy and
pitch angle obtained by ESA at (a) 0859:07-0859:10 UT and (b) 0859:10-0859:13 UT. These times are
indicated by horizontal black arrows in Figure 11c. Wave spectrogram for X component of the (c) electric
and (d) magnetic fields at frequencies of 1.0 Hz—10 kHz during 0859:05-0859:14 UT. During this time
duration, the electric and magnetic field data observed by EFI and SCM with the highest time resolution
of ~8 kHz. In Figures 11c and 11d, plasma frequency (f,.), electron cyclotron frequency (f..), and lower
hybrid resonance frequency (fy,,) are indicated from top to bottom by the dashed lines.

these electrons are caused by Fermi-type field-aligned elec-
tron acceleration in the neutral sheet.

[38] The observed field-aligned electrons are very differ-
ent from ordinary expectations in the magnetospheric source
region of pulsating auroras. If one considers that the scat-
tering of electrons by whistler mode waves generates pul-
sating auroras, electron temperature anisotropy with higher
temperature in perpendicular direction is necessary to excite
whistler mode waves [e.g., Sagdeev and Shafranov, 1961;
Andronov and Trakhtengerts 1964; Kennel and Petschek,
1966].

[39] During the present event, however, whistler mode
waves are weakly observed in the wave spectra in
Figures 5, 6, 8, and 11. Considering the cyclotron reso-
nance condition with the observed magnetic field and
plasma density data, the whistler mode waves at ~50-300
Hz can interact with the observed 1-10 keV electrons
for the present case. The wave power at this frequency
range is ~107* (mV/m)*’Hz in the electric field and
10°° — 1077 nT*Hz in the magnetic field, as shown in

Figures 8, 10 and 11. These values are one order smaller than
those reported by Nishimura et al. [2010], which showed
clear correlation between whistler wave bursts and auroral
pulsations. Clear correlation between the wave power varia-
tions and field-aligned electron energy fluxes and/or auroral
intensity is also not seen in Figures 8 and 10 for this fre-
quency range.

[40] In order to estimate the loss timescales, we evaluate
the decay rates 7+ due to whistler mode waves along the drift
path using the approximated formula of Albert and Shprits
[2009] with the quasi-linear pitch angle diffusion coeffi-
cients [Albert, 1999]. The observed wave amplitude, wave-
spectrum, and f,/f.. are used for the calculation. The decay
rate T« [s] is given by

/2 1
Ty = ——da, (1)
* /QL 2D ()tancy

where D,[(a) is the bounce-averaged pitch angle diffusion
coefficient, and oy is the loss cone angle.
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[41] The total loss timescale 7 [s] is given by [Chen and
Schulz, 2001]

_ TDsp + 1
~ Dsp

T

(2)

where Dgp is the strong diffusion limit by Summers and
Thorne [2003]. The strong diffusion life time of 10 keV is
about 1.0 x 10° s, while 7, is about 2.0 x 10° s. Therefore,
7 is about 2.0 x 10° s, which is much longer than typical
precipitation timescale of the inner magnetosphere [Kurita
et al., 2011]. Therefore, the observed whistler mode waves
are too weak to cause significant precipitation of electrons.

[42] The low-frequency waves below f,. (~8-13 Hz)
which would be magnetosonic mode waves [e.g., Horne
et al., 2007], were observed continuously from 0850 to
0900 UT in Figure 5. The integrated wave power in
Figure 8a, which is mainly from these low-frequency
waves, shows positive correlation with the auroral inten-
sity and field-aligned electron flux. From the FBK data in
Figure 10, wave power with a frequency of 9 Hz, which is
lower than 0.1f,,, tends to be more sensitive to the fluctuation
of the 1-10 keV electron energy flux than the other fre-
quencies (36 and 140 Hz). The low-frequency waves below
i, however, resonate with electrons above 30 keV, which is
higher than the energy range (1-10 keV) of the observed
fluctuation of electron flux.

[43] Inthe wave spectra in Figures 8 and 11, clear discrete
waves were observed at f ~700 Hz with weaker waves at
~1.1 kHz (~ (n + 1/2)f') above the local electron cyclotron
frequency f.. (~540 Hz) mainly in the electric field, indi-
cating that they are possibly electrostatic cyclotron harmonic
(ECH) waves. Several previous studies of wave-particle
interaction showed that not only the whistler waves but also
ECH waves can resonate with electrons for the diffuse
aurora [e.g., Horne et al., 2003; Nishimura et al., 2010;
Liang et al., 2010, 2011a, 2011b; Ni et al., 2012]. Horne
et al. [2003] showed that ECH waves scatter electrons in
the 0.1 keV to a few keV energy range. The pitch angle
diffusion coefficient tends to have large value in lower
energy [Horne and Thorne, 2000]. More recently, Thorne
et al. [2010] derived pitch angle diffusion coefficients for
lower-/upper band chorus as well as ECH waves and con-
cluded that chorus waves are the primary scattering mecha-
nism for diffuse aurora precipitations. By putting the
observed f, and f.. and electron temperature (4 keV) into the
dispersion relation of ECH waves and assuming wave prop-
agation angle to be 89°, we found that the observed discrete
waves at 700 Hz and 1.1kHz cannot interact with electrons
via the first-order cyclotron resonance [e.g., Horne et al.,
2003]. The weaker waves near f.. (540 Hz) can interact
with 0.1-1 keV electrons, which is lower than the typical
energy of electrons responsible for pulsating auroras.

[44] From these considerations, the typical scenario of
pulsating auroras, i.e., scattering of electrons by whistler
mode waves and/or ECH waves as clearly indicated by
Nishimura et al. [2010], may not be relevant for the present
pulsating aurora event. It is noteworthy that the present
THEMIS observations were made at radial distances of
11.6-11.8 Rz which are greater than those of Nishimura
et al. [2010, 2011], 5-9 Ry. The MSP data in Figure 3
clearly shows that the observed aurora was located at
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the poleward part of the proton aurora. These facts indi-
cate that the present event is occurring in the mid-tail
plasma sheet. Different mechanisms may cause pulsating
auroras at higher latitudes.

[45] As a possible explanation of the present event, we
suggest that the observed field-aligned electrons, probably
caused by Fermi-type accelerations associated with earth-
ward plasma flow, are modulated by the observed weak
whistler mode waves, ECH waves, and/or magnetosonic
waves, which are candidates for the modulation of electron
fluxes and thus pulsating auroras. The field-aligned electrons
observed during the present event are not favorable to the
generation of whistler and ECH waves through the electron
temperature anisotropy. Whistler and ECH waves were
observed weakly during the present event, however. Since
the field-aligned electrons are already generated by earth-
ward flow, even small pitch angle modulation around the loss
cone angle by weak waves may produce pulsation of auroras.
The occurrence rate of this type of field-aligned electrons
clearly increases with increasing radial distance from 10 to
20 Rg, as shown by Shiokawa et al. [2003]. Thus, such a
process would occur at higher latitudes of the auroral oval.

[46] The other possibility is kinetic Alfvén waves, which
have periods on order of seconds. Usually the acceleration
energy of electrons by kinetic Alfvén waves is less than 1
keV [e.g., Watt et al., 2006]. However if the kinetic Alfvén
waves contribute pitch angle scattering of the observed pre-
existing field-aligned electrons, it may be possible to pro-
duce modulation of the electron fluxes at ionospheric
altitudes.

[47] From the ground-based observations using 30-Hz
sampled ASIs, we feel that the auroras, except for discrete,
curtain-like ones, always show some pulsating features even
at the initial stage of substorms. Modulation of electron
fluxes by waves may occur everywhere in the equatorial
plane of the plasma sheet.

4. Summary and Conclusions

[48] We investigated particle and wave characteristics
near the magnetic equatorial plane during the pulsating
aurora event observed by a 30-Hz sampled ASI at Gillam
on § January 2008. We based our study on ground and
THEMIS observations in the mid-tail region at 11.6—
11.8 Ry, much larger radial distances than those of
Nishimura et al. [2010]. The observations and suggestions
of this paper are summarized as follows.

[49] 1. The weak auroral pulsations started at ~0842 UT
in the FoV of ASI at Gillam in the post-midnight sector
(~2 h MLT). The luminosity of the pulsations became
most active over all the FoV at ~0850-0904 UT. Weaker
pulsations had been observed with decreasing auroral
luminosity until ~1200 UT.

[s0] 2. The THD and THE satellites were located near
the magnetic equatorial plane at 11.6-11.8 Ry in the post-
midnight sector near the geomagnetic conjugate of Gillam.
The footprints of THD and THE calculated by T96 01 geo-
magnetic field model were in the FoV of ASI at Gillam
during 0835-0910 UT. The magnetic field intensity and
directions are mostly consistent between THD observations
and T96_01 model. The footprint of THD was located at the
poleward part of the proton aurora during the event.
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[51] 3. THD and THE performed particle and field
observations with the highest-time resolution during this
event. After the onset of auroral pulsation (~0842 UT), both
THD and THE observed enhanced field-aligned electron
fluxes at energies of 1-10 keV, while perpendicular flux was
weak. The field-aligned electron fluxes and their variations
observed by THD tend to be large when auroral luminosity
is large at the THD footprints. Auroral luminosity fluctua-
tions show a peak at ~0.1-0.2 Hz in their frequency spectra;
a similar peak was not clearly seen in the electron spectra.

[52] 4. Continuous observations of electric and mag-
netic waves through EFI and SCM are available. In
addition, 8-kHz sampled EFI and SCM data are available
for the four 8-s intervals during the event. In these wave
observations, whistler mode waves are weakly observed
with a power of ~10~* (mV/m)*/Hz in the electric field
and 10°® — 1077 nT*Hz in the magnetic field for the
frequency range of ~50-300 Hz, which can interact with
the observed 1-10 keV electrons. These values are one
order smaller than those reported by Nishimura et al.
[2010]. Clear correlation between the wave power varia-
tions in this frequency range and field-aligned electron
energy fluxes and/or auroral intensity is not seen.

[53] 5. Clear, discrete waves were continuously observed
at f ~700 Hz with weaker waves at ~1.1 kHz (~(n + 1/2)f")
above the local electron cyclotron frequency f.. (~540 Hz),
mainly in the electric field, indicating that they are ECH
waves. However, it is not likely that the observed ECH
waves significantly contribute to the observed fluctuation of
electrons at 1-10 keV, since typical resonance energies of
ECH waves are much lower than 1 keV.

[s4] From these observations, we suggest that the
observed field-aligned electrons, which are probably caused
by Fermi-type acceleration associated with earthward
plasma flow in the mid-tail plasma sheet, are modulated by
some wave processes to cause pulsating auroras observed at
higher latitudes of the auroral oval. In the observation using
30-Hz ASIs, auroras always tend to show some pulsations,
even at the initial phase of substorms. Modulation of elec-
tron fluxes by waves may occur everywhere in the equatorial
plane of the plasma sheet.
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