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Observation of electromagnetic oxygen cyclotron

waves in a flickering aurora
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Abstract. Instruments on the Auroral Turbulence
rocket detected several intervals of weak electromag-
netic oscillations at frequencies of 6-13 Hz in a strongly
flickering auroral arc. These oscillations have ampli-
tudes of up to éB ~ 3 nT and 6E ~ 4 mV/m and
have downward field-aligned Poynting fluxes of up to
~ 1075 W/m?. Fluctuations in the parallel electron
flux at about 9 Hz were observed in association with the
strongest of these oscillations. Simultaneous ground-
based optical data show that the arc was flickering at
frequencies of 8-15 Hz. The observed frequencies would
match the oxygen cyclotron frequency at ~ 4500 km
altitude. In one wave/particle event the apparent lag
of the waves behind the modulated electrons implies a
modulation source altitude of 2500-5000 km. We inter-
pret these waves as electromagnetic ion cyclotron waves
originating in the auroral acceleration region.

Introduction

There have been several reports of particle modula-
tions near 10 Hz in auroral arcs. Ewvans [1967] found
modulations throughout the 1-120 keV range of his par-
ticle detectors, especially at higher energies. Arnoldy
[1970] showed that the modulated electron distribution
is primarily field aligned. The initial observations were
made at energies above the peak of the precipitating
electron flux; however, the modulations can also ex-
tend to energies of 1 keV or less [McFadden et al., 1987,
Temerin et al., 1986]. An association between these os-
cillations and flickering aurora [Beach et al., 1968] was
long suspected but not established until the BIDARCA
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campaign of 1984 [Temerin et al., 1986]. In the model
of Temerin et al. [1986, 1993], oblique electromagnetic
oxygen and hydrogen cyclotron waves accelerate the
electrons which cause the flickering aurora.

Many satellite observations have been made of elec-
tromagnetic oxygen cyclotron waves, most recently with
Freja [Erlandson et al., 1994]. In contrast, there are
fewer published observations of electromagnetic oxy-
gen cyclotron waves at rocket altitudes. Temerin et
al. [1986] reported broad-band electric field noise be-
low 15 Hz in association with the particle modulations,
but no specific association with coherent waves was
found (M. H. Boehm, personal communication, 1995).
Broad-band electromagnetic noise below the oxygen cy-
clotron frequency was also found on DE-1 [Gurnett et
al., 1984]. Some authors have reported observations of
electrostatic Ot [e.g., Bering, 1984] and OF [Bale et al.,
1992] cyclotron waves. In this letter we report a sound-
ing rocket observation of simultaneous wave activity at
6-13 Hz and fluctuations in the field-aligned particle
flux at these frequencies. We identify these waves as
electromagnetic oxygen cyclotron waves originating in
the auroral acceleration region.

Description of Data

The Auroral Turbulence sounding rocket (40.005UE)
was launched March 6, 1994, at 0821 UT from Poker
Flat, Alaska, into a breakup aurora. The main payload
instrumentation included a three-axis magnetometer,
several electric field measurements in the rocket spin
plane, a Plasma Frequency Probe (PFP) for electron
density measurements, and electron and ion detectors.
The magnetic and electric field data were digitized to
sixteen bits, giving resolutions of 1.8 nT and 16 uV/m,
respectively. The spin axis was aligned within a few
degrees of the background magnetic field. Two sub-
payloads did not obtain any useful data due to prema-
ture separation of a payload system connector. Ground-
based cameras at Poker Flat and Kaktovik (Barter Is-
land) recorded the optical aurora during the flight.

The payload traversed an arc structure at an altitude
of about 400 kin 272-302 seconds after launch. As the
payload entered the arc it encountered a westward trav-
elling surge which evolved into an S-fold while the pay-
load was in the arc. Figure 1 shows 3.6 keV field-aligned
electron flux, magnetic east-west § F/, and a perpendicu-
lar electric field spectrogram from the arc traversal. The
residual rocket spin of 0.39 Hz has been removed with
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Figure 1. (a) 3.6 keV field-aligned electrons, (b) mag-
netic east-west electric field, and (c) perpendicular elec-
tric field spectrogram from an arc traversed by the Au-
roral Turbulence main payload at an altitude of 400 km.
The data have been high pass filtered at 1.0 Hz to re-
move DC offsets and the fundamental and second har-
monic of the rocket spin (the spin rate was 0.39 Hz).
The particle data dropped out from about 298-302 s
due to a change in telemetry mode. The interval be-
tween the dashed lines is expanded in Figure 2.

a 1-Hz highpass filter. The bursts of 1-7 Hz electro-
magnetic waves at 272-275 s and 293-297 s, which are
associated with the edges of the surge, are interpreted
as Alfvén waves with downward Poynting flux [Torbert
et al., 1994]. The amplitude of these waves does not
drop to zero in the middle of the arc structure.

A narrow-field camera at Poker Flat recorded strong
flickering at 8-15 Hz in both this arc and a second equa-
torward arc during this arc traversal. Since the camera
was operated unfiltered during the flight, much of the
signal was due to the 557.7 nm [O I] line, which has a ra-
diative lifetime of 0.8 s. This line would tend to smear
out 10 Hz signals, so the fluctuation in shorter-lived
lines would have had to be very deep for the flickering
to be so readily visible in the image.

This letter focuses on smaller amplitude oscillations
at 7-13 Hz in the electric and magnetic field channels.
These oscillations appear sporadically throughout the
arc traversal but not during the preceding and follow-
ing intervals. An example of these fluctuations is shown
in Figure 2, which shows the spin-plane components of
the electric and magnetic fields and the 3.6 keV and
5.9 keV channels of field-aligned electrons from the pe-
riod 282.5-284.5 s. The maximum amplitude of these
waves is 4 mV/m and 3 n'T. The waves in this event are
linearly polarized with §E mainly northeast-southwest
and 6B mainly southeast-northwest; they carry a down-
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ward field-aligned Poynting flux of ~ 107 W/m?. No
coherent fluctuations are visible in the spin-axis com-
ponent of B.

The electron data in Figure 2 are at pitch angles of
10° or less. Flux modulations were also detected at
larger pitch angles. There is no clear dispersion in the
particle data. Due to our sampling interval of 35.6 ms,
however, such a dispersion would not be discernable for
sources below about 6000 km. The flux modulations
in Figure 2 precede the waves by about 0.4 s, although
this dispersion is more ambiguous in other events.

Figure 3 shows the spectra of the electric and mag-
netic fluctuations for a 0.66-second interval beginning
at 283.5 s. Also shown are the frequency spectra of
the 3.6 keV electron channels for pitch angles less than
10° and 11-19° from an interval 0.4 s earlier than the
wave spectra. All six spectra are peaked at 9 Hz. The
wave spectra are similar to the magnetic field spectrum
shown in Figure 2 of Erlandson et al. [1994] up to about
100 Hz. Our electric field spectra show wave activity at
100-250 Hz which might be consistent with electromag-
netic hydrogen cyclotron waves [Temerin et al., 1993;
Erlandson et al., 1994], but this identification must be
regarded as tentative.

The PFP measured density perturbations én/n of
a few percent in association with the EMIC waves in
the arc. Due to unfavorable placement of the PFP
antenna on the side of the rocket, however, this mea-
surement was severely modified by a ram-wake effect
which raised (lowered) the density to ~ 3 x 10* cm™3
(< 1.5 x 10* cm™3) in the ram (wake) direction. In the
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Figure 2. An expanded view of spin-plane fields 282.5-
284.5 seconds after launch and electron differential en-
ergy flux at 5.9 keV and 3.6 keV at pitch angles of 10°
or less during this interval. Coherent wave fluctuations
begin near 283.5 s, about 0.4 s after coherent flux mod-
ulations at the same frequency. Spectra of the intervals
between the dashed lines are shown in Figure 3.
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Spectra of Oxygen Cyclotron Event
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Figure 3. Spectra of the spin-plane components of E
(top) and B (middle) and of the differential energy
fluxes at 3.6 keV in two different pitch angle ranges
for the coherent fluctuations shown in Figure 2. The
wave spectra are from a 0.66-second interval beginning
283.50 s after launch; the particle spectra are from an
interval beginning 283.10 s after launch.

presence of such large density gradients, an electromag-
netic ELF wave can produce sizeable density fluctua-
tions. The plasma motion relative to the rocket pro-
duces a wake with density gradient Vn ~ n/d, where
n is background density and d is a rocket body di-
mension, and an electric field Eg = —vrp xBg in the
rocket frame. A long-wavelength ELF wave with am-
plitude §E < FEy will perturb this electric field, mod-
ifying vgp and shifting the wake direction by an an-
gle 8 = 6E x Eq/EZ. The wake will move a distance rf
~ where 7 is the effective density probe length including
geometrical factors, producing én/n ~ r6E/dE,. For
Auroral Turbulence r ~d ~ 1 m and Ey ~ 50 mV/m
(vrp ~ 1 km/s), implying én/n ~ 0.08, comparable to
the observed fluctuations.

Mode Identification and Discussion

Several observational facts indicate that these waves
are electromagnetic oxygen cyclotron waves originat-
ing in the auroral acceleration zone, as in the model
of Temerin et al. [1986]. We will defer discussion of the
generation mechanism to a future paper.

The electric field fluctuations shown in Figure 2 are
similar to the fluctuations reported at 200 km by Bale
et al. [1992], which were interpreted as electrostatic oF
cyclotron waves. Their hypothesis cannot explain our
observations: the waves we see are electromagnetic, and
the OF concentration is negligible at 400 km.
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The upper frequency cutoffs of the observed EMIC
bursts range from 11-13 Hz; the cutoff for the event
we focus on is 11 Hz, while the frequency of maximum
power frax is 9 Hz. Since EMIC modes exist below the
ion gyrofrequencies f.;, let us assume that these cutoffs
represent f.o+ in the source region. This assumption
implies frax/f.o+ = 0.7-0.8, in agreement with the
maximum growth frequencies predicted by Forslund et
al. [1979] for current-driven EMIC waves. Using the
IGRF to trace f.g+, feHe+, and f.o+ as a function of
altitude on the rocket’s field line, we find that f.o+ is
11 Hz at an altitude of about 4500 km. Also, f.g+
and f,ge+ remain far above the observed wave frequen-
cies throughout the auroral acceleration region, so these
modes are unlikely to account for the observed waves.

If the waves were locally generated, the two candidate
modes would be Alfvén waves [Fejer and Kan, 1969]
and Doppler-shifted EMIC waves [Forslund et al., 1979].
The velocity of keV electrons would match the phase
velocity of neither mode, so inducing modulations of
the observed magnitude would be difficult. The Alfvén
mode spectrum would probably also be broader than
the spectrum which we observe. The local oxygen cy-
clotron mode would require significant Doppler shifting.
Assuming kpo+ ~ 1, where k is the wavenumber and
po+ is the oxygen gyroradius, we find that T; < 7000 K
for a rocket travelling at vg = 1.5 km/s to see a 46 Hz
wave Doppler shifted to 9 Hz. Such ion temperatures
are often observed in the quiet nightside ionosphere.
Nonetheless, we consider such a large Doppler shift un-
likely; to account for the observed line width, k- vg
could not vary by more than ~ 10%, which would im-
ply an unrealistic k spectrum for these waves.

If, on the other hand, the waves have a distant source
and are below all of the local ion gyrofrequencies every-
where along the path, then the waves will propagate
as Alfvén waves. One way to test this hypothesis is
by comparing the ratio of amplitudes §E/6B to the lo-
cal Alfvén speed .From the spectral peaks in Figure 3,
SE /6B is 1400 km/s for this event; other wave events
yield  E/6B values in the range 800-1600 km/s. The
PFP measured a density of about 2.5 x 10* cm™2 dur-
ing the event shown. For an oxygen-dominated plasma,
this density gives a local Alfvén speed v4 of about
1700 km/s. Since the ionosphere should partially reflect
Alfvén waves, 6 E/6 B should be somewhat less than v4
[Knudsen et al., 1990].These events are therefore con-
sistent with Alfvén mode propagation.

From the apparent 0.4-s lag of the waves behind the
particles in Figure 2, we can estimate the source al-
titude of the modulated electrons by integrating the
Alfvén speed up the field line. The altitude thus ob-
tained should be lower than the resonance altitude since
the wave must have time to grow and then modu-
late the electrons. Let us correct the analytic model
of Lysak [1991] for the radial dependence of the mag-
netic field: v4(2) = var(zo/2)3(e? + e~ (x=20)/h)=1/2
where var = 1700 km/s is the ionospheric Alfvén speed,

= 6770 km is the geocentric altitude of the iono-
spheric measurement, ¢ = 10™% is the mass density
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ratio between the magnetosphere and ionosphere, and
h = 300 km is the ionospheric density scale height. The
result of this calculation depends strongly on A and e,
so it should be regarded mainly as a consistency check.
For the above parameters, the wave-particle delay of
0.4 s for 3-6 keV electrons implies a source altitude of
about 5000 km. This result is slightly higher than the
estimate from the observed frequency spectrum and on
the low end of the 4000-8000 km range obtained by Mc-
Fadden et al. [1987] from energy dispersion of electrons
modulated at about 4 Hz.

Summary and Conclusion

A sounding rocket detected electromagnetic fluctua-
tions at frequencies of 6-13 Hz at an altitude of about
400 km in a strongly flickering auroral arc. The ob-
served features of the waves are consistent with elec-
tromagnetic oxygen cyclotron waves originating in the
auroral acceleration region and that the field-aligned
electron flux is modulated at the wave frequency.

Our observations appear to confirm the model of
Temerin et al. [1986], which predicts that oxygen cy-
clotron waves will produce the electron flux modula-
tions which cause flickering aurora. The observed waves
are consistent with electromagnetic oxygen cyclotron
waves. In addition, we see corresponding modulations
in the field-aligned electron flux. The modulated elec-
trons appear to precede the waves; from a simple model
of the Alfvén speed we find that the observed lag is con-
sistent with the source altitude range inferred from the
frequency spectrum. The time resolution of the elec-
trons detectors was not sufficient to resolve dispersion.

These waves may also contribute to the distortion of
incoherent scatter radar spectra during scattering from
the auroral ionosphere. Knudsen et al. [1993] studied
the effect of spatial fluctuations in the radar scattering
volume and temporal fluctuations during the integra-
tion period; they concluded that in some cases the mea-
sured ion temperature can be significantly higher than
expected. The presence of Alfvén waves at the frequen-
cies reported here could result in such errors even for
very short integration times.

Acknowledgments. The authors wish to thank the en-
gineers who helped assemble the payload and the team at
NASA Wallops Flight Facility which supported the mission
during integration and launch. Support for this work was
provided by NASA under grants NAG5-5039, NAG5-663,
NGT-50936, NAG5-656, and NGR6-020.

References

Arnoldy, R. L., Rapid fluctuations of energetic auroral par-
ticles, J. Geophys. Res., 75, 228, 1970.

Bale, S. D., et al., Observation of electrostatic ion waves
near a diffuse aurora, Fos Trans. AGU, 78, 477, 1992.

LUND ET AL.: AURORAL ION CYCLOTRON WAVES

Beach, R., et al., Flickering, a 10-cps fluctuation within
bright auroras, Planet. Space Sci., 16, 1525, 1968.

Bering, E. A., The plasma wave environment of an auro-
ral arc: Electrostatic ion cyclotron waves in the diffuse
aurora, J. Geophys. Res., 89, 1635, 1984.

Erlandson, R. E., et al., Freja observations of electromag-
netic ion cyclotron ELF waves and transverse oxygen ion
acceleration on auroral field lines, Geophys. Res. Lett., 21,
1855, 1994.

Evans, D. S., A 10-cps periodicity in the precipitation of
auroral-zone electrons, J. Geophys. Res., 72, 4281, 1967.

Fejer, J. A., and J. R. Kan, A guiding centre Vlasov equation
and its application to Alfvén waves, J. Plasma Phys., 3,
331, 1969.

Forslund, D. W., J. M. Kindel, and M. A. Stroscio, Current
driven electromagnetic ion cyclotron instability, J. Plasma
Phys., 21, 127, 1979.

Gurnett, D. A., et al., Correlated low-frequency electric and
magnetic noise along the auroral field lines, J. Geophys.
Res., 89, 8971, 1984.

Knudsen, D. J., et al., Distinguishing Alfvén waves from
quasi-static field structures associated with the discrete
aurora: sounding rocket and HILAT satellite measure-
ments, Geophys. Res. Lett., 17, 921, 1990.

Knudsen, D. J., et al., Incoherent scatter radar spectrum
distortions from intense auroral turbulence, J. Geophys.
Res., 98, 9459, 1993.

Lysak, R. L., Feedback instability of the ionospheric reso-
nant cavity, J. Geophys. Res., 96, 1553, 1991.

McFadden, J. P.,, C. W. Carlson, M. H. Boehm, and T. J.
Hallinan, Field-aligned electron flux oscillations that pro-
duce flickering aurora, J. Geophys. Res., 92, 11,133, 1987.

Temerin, M., et al., Production of flickering aurora and field-
aligned electron flux by electromagnetic ion cyclotron
waves, J. Geophys. Res., 91, 5769, 1986.

Temerin, M., C. Carlson, and J. P. McFadden, The acceler-
ation of electrons by electromagnetic ion cyclotron waves,
in Auroral Plasma Dynamics, edited by R. L. Lysak,
p- 155, AGU, Washington, D. C., 1993.

Torbert, R. B., et al., Observations of Alfvén waves at the
edge of auroral arcs, Fos Trans. AGU, 75, 572, 1994.

S. D. Baker and M. C. Kelley, Engineering and Theory
Center, Cornell University, Ithaca, NY 14853

H. U. Frey and G. Haerendel, Max-Planck-Institut fur
extraterrestrische Physik, D-85740 Garching, Germany

C. A. Kletzing, K. Liou, W. Peria, and R. B. Torbert,
Space Science Center, Morse Hall, University of New
Hampshire, Durham, NH 03824

J. LaBelle and E. J. Lund, Department of Physics and
Astronomy, Dartmouth College, 6127 Wilder Laboratory,
Hanover, NH 03755 (ejlund@einstein.dartmouth.edu)

F. Primdahl, Department of Electrophysics, Technical
University of Denmark, DK-2800 Lyngby, Denmark

A. Ranta, Geophysical Observatory, SF-99600
Sodankyla, Finland

H. C. Stenbaek-Nielsen, Geophysical Institute,
University of Alaska, Fairbanks, AK 99775-0800

{received March 15, 1995; revised June 26, 1995;
accepted July 17, 1995.)



