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[1] Coincident particle and optical measurements from the
Reimei spacecraft suggest that sheared flows through an
inverted-V arc may be unstable to the emission of Alfvén
waves. The particle measurements reveal time dispersed
field-aligned electron bursts typical of low energy electrons
accelerated by inertial Alfvén waves (IAWs). These Alfvén
wave accelerated electrons are embedded within multi-keV
inverted-V electron structures. The optical measurements at
the footprint of the inverted-V structures reveal counter
propagating and folded/vortical discrete auroral forms
moving with speeds of �14–18 km/s. We show that the
flow shear inferred from this motion exceeds that required for
instability to the emission of Alfvén waves on scales of the
order of an electron inertial length. The emission of these
waves provides a likely means for driving the low energy
dispersed electron bursts we observe. Citation: Asamura, K.,

et al. (2009), Sheared flows and small-scale Alfvén wave generation

in the auroral acceleration region, Geophys. Res. Lett., 36, L05105,

doi:10.1029/2008GL036803.

1. Introduction

[2] A number of studies have speculated that shear
Alfvén waves on transverse scales of the order of an
electron inertial length (le) may drive fine-scale (�1 km)
auroral features [e.g., Goertz, 1984]. On these scales shear
Alfvén waves are often called inertial Alfvén waves (IAWs)
and provide a feasible mechanism for field-aligned, small-
scale electron acceleration at altitudes of a few thousand
kilometers above the aurora [Hasegawa, 1976; Goertz and
Boswell, 1979; Goertz, 1984; Stasiewicz et al., 2000;
Chaston et al., 2002; Lysak and Song, 2003]. Kletzing
[1994] showed IAWs could accelerate background electrons
up to twice of local Alfvén velocity (with inertial correction)
in the field-aligned direction. Plasma observations and
numerical simulations confirm that downward energy fluxes
of electrons accelerated by IAWs can reach sufficient levels
to excite visible aurorae [Chaston et al., 2003]. Despite
these successes however, significant challenges in develop-
ing a self-consistent understanding of the operation of this

process remain [e.g., Stasiewicz et al., 2000; Lysak and
Song, 2003; Watt et al., 2005; Seyler and Liu, 2007].
[3] Travelling IAWs accelerate electrons through a reso-

nant interaction with the field-aligned electric field (Ek)
carried by the wave. The efficient operation of this process
requires significant spectral energy densities at k?le � 1
where k? is the wavenumber perpendicular to the geomag-
netic field B0. Hence the efficacy of the acceleration process
is density dependent. Observations and Vlasov solutions
[Ergun et al., 2000] for density and potential distributions
along geomagnetic field-lines through the auroral accelera-
tion region reveal an abrupt interface between the tenuous
plasmas of the magnetosphere and the much more dense
plasmas of topside ionosphere. This interface, which delin-
eates the base of the auroral acceleration region, occurs
typically at altitudes above �3000 km. At altitudes below
this the efficiency of electron acceleration in IAWs is
significantly reduced since k?le � 1 is shifted to larger
wavenumbers with smaller spectral energy density. Conse-
quently, this interface approximately defines the source
altitude for electron energy-time dispersion often observed
from sounding rockets and spacecraft [e.g., McFadden et
al., 1987; Kletzing and Torbert, 1994; Clemmons et al.,
1994; Semeter et al., 2001; Tanaka et al., 2005a]. The
typical time scale of the dispersion is �1 s or less and has
been convincingly modelled using fluid simulations of Alfvén
wave propagation and test particle electrons [Kletzing and Hu,
2001; Chen et al., 2005; Tanaka et al., 2005b].
[4] Despite the large number of in-situ observations of

field-aligned dispersed electrons and Alfvén waves, there
remains a scarcity of conjunctive optical and in-situ plasma
measurements which identify a one-to-one correlation be-
tween specific auroral features and Alfvén wave accelerated
electrons. This is due to the difficulty of unambiguously
matching kilometer scale optical features at �100 km
altitude with plasma measurements from rapidly transiting
spacecraft at much higher altitudes and the rareness of such
close conjunctions. However, Hallinan et al. [2001]
reported a transient tall rayed arc associated with lower
energy electrons (less than �1 keV) spreading in energy
where Alfvén waves were identified with electric and
magnetic field measurements, based on sounding rocket
and ground-based observations. Also Semeter and Blixt
[2006] found a time-dependent auroral arc structure which
could be explained through IAW acceleration by assuming
that the structure represented the projection of the IAW Ek
into the B0? plane.
[5] In this paper, we present a case study of fine-scale

auroral arc structures driven by inverted-V electrons and
embedded dispersive electron bursts observed from the
Reimei spacecraft. This spacecraft flies in a roughly polar
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circular orbit at an altitude of �650 km and is equipped
with high-time resolution particle analyzers and auroral
cameras. These instruments allow us to simultaneously
observe both particle energy spectra with full pitch-angle
coverage, and auroral images in which the geomagnetic
footprint of the spacecraft is captured, through the imple-
mentation of attitude control of the spacecraft. The high
time resolution particle measurements combined with the
high temporal and spatial resolution of the optical measure-
ments allow unambiguous study of the spatial/temporal
evolution of small scale auroral forms and the electron
distributions which drive them.

2. Instrumentation

[6] The Reimei spacecraft carries electron/ion electrostatic
energy analyzers and auroral imagers. Time resolutions
are 40 ms and 120 ms for the particle energy spectra and
the auroral images, respectively. Measured wavelengths of
the imager are 670 nm, 557.7 nm, and 427.8 nm, which are
filtered and detected separately. Detailed specifications of
the instruments are described in other papers [Asamura
et al., 2003; Sakanoi et al., 2003; Obuchi et al., 2008].
Unfortunately, no scientific instruments measuring electric
and magnetic fields are onboard Reimei spacecraft,
although pitch angles of measured particles are deduced with
an attitude magnetometer.
[7] In order to get the conjunction observations, locations

of the geomagnetic footprints for every spacecraft positions
are calculated. An altitude of the geomagnetic footprint is

set to be 110 km, since the onboard auroral imagers measure
emissions typically coming from the ionospheric E-region.
Then the footprint locations are numerically calculated by
field-line tracings from spacecraft location to the footprint
altitude. The geomagnetic field is given by the IGRF-10
model.

3. Observation

[8] Reimei spacecraft made the particle – auroral image
simultaneous measurement in the midnight auroral oval at
10:05:43–10:06:42 UT, Jan. 3, 2006. Figure 1 shows
measured differential energy fluxes of electrons between
10:06:09 and 10:06:19 UT. Figures 1a, 1b, and 1c show the
energy fluxes of precipitating (pitch angles of 0�–30�),
perpendicular (60�–120�), and upgoing (150�–180�) elec-
trons, respectively. Figure 1d shows corresponding pitch
angle distributions with an energy range from 50 to 500 eV.
Note that the perpendicular fluxes with energies less than
�50 eV are affected by instrumental effects significantly.
There are two inverted-V structures which are continuously
located, 10:06:09.5–10:06:13.5 UT and 10:06:13.5–
10:06:28 UT (latter half is not shown). Both inverted-V
structures are colocated with precipitating beams whose
energies are lower than those of the inverted-Vs at time
periods of 10:06:10.5–10:06:12.5 UT and 10:06:14.0–
10:06:15.5 UT. These low-energy precipitating beams are
time-dispersed, and confined with pitch angles less than
30�. Figure 1e shows electron energy fluxes in precipitating
direction (pitch angles of 0�–60�). Note that half of loss
cone angle is �60�. Solid and dotted lines show the energy
fluxes with energy ranges of 1–12 keV and 0.01–1 keV,
respectively. They primarily correspond to the inverted-V
structures and the low-energy beams, respectively, at the
time periods when the low-energy precipitating beams
appear. Most of precipitating electron energy flux is
contained in the inverted-V electrons.
[9] Figure 2 shows observed image sequences of auroral

emissions with a wavelength of 670 nm at time periods
when the low-energy precipitating beams appear in the
electron data. The sequence periods are 10:06:11.0–
10:06:12.9 UT and 10:06:14.0–10:06:15.9 UT, which are
also indicated as blue horizontal lines in Figure 1. Yellow
cross marks and dotted lines on the images indicate the
geomagnetic footprints corresponding to the spacecraft
locations and trajectories, respectively (i.e., locations of
the electron measurements). There are four distinct arcs,
labelled A, B, C, and D from poleward to equatorward.
These arcs contain fine structures as curls and folds with
typical spatial scales of �5–10 km. The fine structures in
arc C are moving eastward, and those of arc D are moving
westward, as shown by white arrows schematically in
Figure 2. The same feature also appear for arcs A and B,
although they are connected by a hairpin turn (large-scale
fold) in the lefthand (west) side of the image. At the hairpin
turn, the fine structures move clockwise, forming a contin-
uous flow from arc B to arc A. Flow velocities of fine
structures in arcs A, B, C, and D are 14 (eastward), 17
(westward), 15 (eastward), and 18 km/s (westward) on the
average in a reference frame of the earth (rotating), respec-
tively, where the velocities are calculated with a minimum

Figure 1. Observed electron energy fluxes of electrons in
(a) precipitating, (b) perpendicular, and (c) upgoing
directions. (d) Pitch angle distributions. (e) Electron energy
fluxes in precipitating direction. Solid and dotted lines show
the energy fluxes with energy ranges of 1–12 keV and
0.01–1 keV, respectively. Blue horizontal lines show time
periods when sequences of auroral images presented in
Figure 2 are taken.
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mean square error analysis described by Ebihara et al.
[2007].

4. Discussion and Conclusion

[10] The plasma measurements reveal two distinct elec-
tron populations often identified from spacecraft traversing
high-latitude fieldlines above discrete auroral arcs. Since
auroral emission intensity is roughly proportional to the
precipitating electron energy flux, Figure 1e demonstrates
that the inverted-V electron population is responsible for the
auroral luminosity shown in Figure 2. The lower energy
time-dispersed population while not contributing signifi-
cantly to the auroral luminosity, provides a useful diagnostic
for examining processes in the region where the inverted-V
electron acceleration is occurring. These electrons have the
properties of electrons accelerated in IAWs (see section 1)
including (1) field-aligned pitch-angle distributions,
(2) time-dispersion on scales of �0.5 s, and (3) energies
less than the mono-energetic peak of the inverted-V. The
presence of these ‘Alfvénic’ electrons embedded within
the inverted-V is indicative of a process whereby the
accelerating potential structure may be unstable to the
emission of IAWs.
[11] A possible free energy source for this instability is

suggested by the correlation of the ‘Alfvénic’ electrons with
the camera observations of counterstreaming auroral forms.
These forms travel eastward and westward on the poleward
(arcs A and C) and equatorward arcs (arcs B and D) shown
in Figure 2. It has previously been demonstrated that these
counterstreaming features arise naturally from flow shears
due to E � B drift [Hallinan and Davis, 1970] in the
converging electric field structures known to bracket
inverted-V electron structures above aurora [Temerin et
al., 1981]. Instabilities in the sheared flows are thought to

account for the formation of the small scale arc-aligned
(azimuthal) folds and curls visible in these images and have
been documented previously [Hallinan and Davis, 1970;
Davis, 1978; Haerendel et al., 1996]. The correlation
between ‘Alfvénic’ electrons and flow shear we report here
however, suggest that in addition to driving the well known
azimuthal structuring of auroral forms, instabilities in these
sheared flows may drive the emission of IAWs.
[12] The generation of shear Alfvén waves through

velocity shear in the auroral acceleration region has been
predicted from theory by Peñano and Ganguli [2000] and
Wu and Seyler [2003]. The instability involves the resonant
interaction of the wave with the flow given by w � kyVy(x) =
0 where w is the wave angular frequency, ky the azimuthal
wavenumber and Vy(x) the azimuthal flow speed at the
location of the resonance. A necessary threshold criterion
for this instability is given by Wu and Seyler [2003] as
(ws/Wi)(ky/kz) > 2 where ws = @Vy/@x is the shear frequency,
and Wi, and kz are the ion cyclotron frequency, and wave-
number along the geomagnetic field direction respectively.
In addition to satisfying this condition, significant wave
growth requires multiple interactions of the wave with the
flow. This may be provided by wave reflection from
transverse density gradients present on the edges of auroral
acceleration regions [Ergun et al., 1998] or by reflections
from the ionosphere [Lysak, 1991]. The required observ-
ables to determine the range of unstable wavenumbers for
our case study example include the local geomagnetic field
strength where the instability occurs and the magnitude of
the flow shear at the same altitude. Both of these can be
estimated from Reimei observations as we now detail.
[13] The altitude of the lower boundary of the auroral

acceleration region can be estimated, as described in the
introduction, from the energy dependent arrival times of
the ‘Alfvénic’ electrons. An altitude of �3000 km on the

Figure 2. Image sequences of auroral emissions with a wavelength of 670 nm at time periods when the precipitating
beams of low-energy electrons appear. An image on the lower left is magnified one for 2006/01/03 10:06:14.9 UT
(sequence number 8). Yellow cross marks and dotted lines indicate the geomagnetic footprints corresponding to the
spacecraft locations and trajectories, respectively. White arrows on the image schematically indicate flow directions of
auroral fine structures. Directions shown at the lower right indicate geomagnetic north and east. Equator is located at
southward.
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average is estimated by performing this analysis for the
dispersed electrons measured at 10:06:10.83–11.11 UT,
10:06:14.83–15.11 UT, and 10:06:15.11–15.31 UT, which
is consistent with FAST spacecraft observations [Paschmann
et al., 2002]. ws can then be estimated from the motion of the
auroral forms under the assumption that the cross-field
displacement of the inverted-Velectrons through the regions
of Ek is less than the E � B drift they experience above and
through the acceleration region. We acknowledge that there
is some uncertainty as to the validity of this assumption and
refer to the arguments given by Hallinan [1981, p. 46] in
support of its use. Mapping the observed azimuthal flow
speeds up the geomagnetic field from 110 km to 3000 km
altitude yields speeds of Vy � 30 km/s. At 3000 km altitude
an E � B drift speed of this size requires an electric field of
Ex � 5 � 102 mV/m. Such field strengths are often observed
by spacecraft traversing the auroral acceleration region
[Ergun et al., 1998]. The optical measurements shown in
Figure 2, indicate widths across each auroral arc system of
�5–10 km with the finer scale counterstreaming elements
on �1 km scales similar to expected values for le in the
acceleration region. The gradients in the observed flows
therefore provide ws/WHþ � 0.01 and ws/WOþ � 0.17 at
3000 km altitude. Consequently the flows may be unstable
to IAWs at this altitude with ky/kz > 190 and 12 for H+ and
O+ ions, respectively. The ion plasma at 3000 km altitude in
the auroral region may contain a significant fraction of O+

and so the appropriate threshold will be intermediate
between these two values. We also note that since the ratio
ws/WHþ scales with 1/B0 the unstable wavenumber range
will increase with altitude above 3000 km to include less
oblique angles of propagation. For this reason the unstable
range we identify at 3000 km altitude represents a conser-
vative estimate of the likely unstable range. Nonetheless,
this range is consistent with the observations of IAWs from
the Freja [Wahlund et al., 1998] and FAST [Chaston et al.,
2006] spacecraft where interferometric measurements have
revealed wavevectors nearly perpendicular to B0. These
estimates therefore provide a plausible argument for the
emission of IAWs from sheared flows in the auroral
acceleration region.
[14] Resonance with the flow for Alfvén wavelengths

along the arc similar to the spatial periodicity of folds/curls
observed in the counterstreaming forms (�8 km) defines a
range of wave frequencies of �1 Hz and less. Significantly
this range includes the resonant frequencies of the iono-
spheric Alfvén resonator (IAR) [Lysak, 1991]. The trapping
of these waves between the ionosphere and the auroral
acceleration region within the IAR provides a means to
pump-up wave amplitude through repeated resonant inter-
action with the flow. This is in addition to the possible wave
growth driven by the feedback response of the ionosphere
[Lysak and Song, 2002]. We suggest that this combined
interaction may provide IAW amplitudes sufficient to
drive electron acceleration and account for the low energy
dispersive electron fluxes we observe coincident with the
inverted-V electrons and the counterstreaming auroral
forms.
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