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[11 Frequency-banded electromagnetic VLF waves up to 2000 Hz are observed
concurrently with warm (10 s to 10,000 s of eV) energy-banded ions in the low latitude
auroral and sub-auroral zones during every large geomagnetic storm encountered by the
FAST and DEMETER satellites. The banded ions and waves persist for several FAST

or DEMETER orbits, lasting up to 12 h, in both dawn and dusk sectors, in both the
northern and southern hemispheres. If the waves are generated at harmonics of the proton
gyrofrequency, the inferred source region would be ~4000 km altitude. Previous
investigations have shown that such waves can propagate from this source region to the
locations of both spacecraft. An investigation into the growth of waves at harmonics of f;
in the inferred source region suggests that these emissions could be generated by ion bands
similar to those observed at the same time as the waves. Magnetospheric waves such as
these play a role in energy transfer between distinct particle populations and may contribute
to ion heating and ion outflow as well as electron energization. All of these phenomena
occur during the strongest magnetic storms. The appearance of the banded ions and
associated wave activity suggests that there may be distinct changes in the geospace system

that characterize large magnetic storms.
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1. Introduction

[2] Banded VLF emissions are commonly observed in the
inner magnetosphere and are typically interpreted as harmo-
nics of either an artificial transmission frequency or a funda-
mental resonance such as the ion (or electron) gyrofrequency
or plasma frequency. In addition to the well-documented ion
cyclotron harmonics [Kintner, 1980; Koskinen et al., 1987;
Chaston et al., 2002], these banded emissions include VLF
chorus [Burtis and Helliwell, 1969], VLF Hiss [Titova et al.,
2007], Power Line Harmonic Radiation [Némec et al., 2006],
and Magnetic Line Radiation [Némec et al., 2009] among
others. In the low altitude auroral region, waves at harmonics
of the ion cyclotron frequency have been observed with
FAST in association with both downgoing [Cattell et al.,
2002] and upgoing [Chaston et al., 2002] ion beams. Dif-
ferent types of banded emissions are observed during quiet,
active, and storm times; from here on we focus on storm time
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observations. Liu et al. [1994] observed emissions near
oxygen cyclotron harmonics with the Akebono satellite dur-
ing very strong storms, in the morning sector in the low
altitude plasmasphere (L = 1.5 ~ 2.5).

[3] Ions banded in energy have been observed on auroral
field lines from satellites at low-, mid-, and high-latitudes.
Most recently, Cluster has observed ions in narrow energy
bands within the plasmasphere [Dandouras et al., 2009]. In
the low altitude auroral zone, energy-banded ions have been
observed during quiet times, interpreted as either convective
drift dispersion [Hirahara et al., 1997] or time-of-flight dis-
persion [Boehm et al., 1999]. Warm (10 s to 10,000 s of eV)
energy-banded ions in the low latitude auroral zone, coinci-
dent with electromagnetic emissions banded in frequency,
and associated with very strong geomagnetic storms, repre-
sent an entirely new phenomenon. These ion bands were first
reported in association with the Halloween storms [Cattell
et al., 2004; Kozyra et al., 2004; Huang et al., 2005] and
were further examined in a statistical study of observations
from 2000 [Yao et al., 2008].

[4] The energy-banded ions are an energetically important
component of the inner magnetosphere during the most
intense magnetic storms. Evidence suggests that the banded
ions may be the energy or particle source for many previously
reported but unexplained phenomena during superstorms,
including unusually intense stable auroral red (SAR) arcs [cf.
Baumgardner et al., 2007], intense midlatitude ion-atom
auroras [Zhang et al., 2006], and the enhanced low energy
(<30 keV) component of the ring current [cf. Hamilton et al.,
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1988]. Protons within the energy range of the banded ions
provide an additional major source of Coulomb drag heating
of plasmaspheric electrons [Kozyra et al., 1997], not present
during smaller storms, and thus a natural explanation for
the dramatic intensification of SAR arcs at these times. The
charge exchange loss of the energy-banded ions due to col-
lisions with the dense geocorona below 4000 km altitude,
and at MLATS as low as 28°, must provide a significant,
and possibly the dominant, source of energetic neutral atoms
for strong midlatitude ion-atom auroras seen in association
with the largest storms. Finally, evidence suggests that the
energy-banded ions make a significant contribution to the
low-energy portion of the ring current, which is enhanced
during superstorms. During the February 1986 superstorm,
Hamilton et al., [1988] estimated that 1-30 keV ions con-
tributed 36% of the ring current energy density at storm
maximum on the dawn side at L values of 2-3, in the same
region and during the same time interval that Swider [1990]
reported penetration of the precipitating component of low
energy ions to as low as L ~ 1.2 using observations from two
polar-orbiting DMSP satellites at 840 km altitude. The ions
observed at DMSP most often represent only the lowest
energy bands seen at FAST altitudes because these are the
energy bands with a precipitating component. The statistical
study carried out by Yao et al. [2008] included both storm-
time and quiet time ion bands, but the bands reported there
did not extend to the low latitudes (~45°) or persist for as
long as the storm-time bands reported here (although the
lowest latitude bands reported in Yao et al. [2008] did coin-
cide with the times of highest 4AL). A detailed examination of
the storm-time energy-banded ions, including statistical and
case studies, as well as an investigation into both the previ-
ously proposed generation mechanisms and other plausible
mechanisms, are being presented in a separate paper (C. A.
Colpitts et al., manuscript in preparation, 2013).

[5] Independent of these observations, Parrot et al. [2006a]
reported the occurrence of banded emissions seen by
DEMETER and associated with these same strong storms.
The observation of these emissions during the same storms as
the banded ions suggests a possible physical connection
between the two phenomena, and leads us to investigate
banded waves in the FAST data during these geomagnetic
storms. Unlike the banded ions, which can last for tens of
hours or more, often throughout an entire storm, the emis-
sions reported by Parrot et al. [2006a] typically last for
several minutes and are confined to the local density trough.
Observations of a different type of banded VLF electromag-
netic emission on both FAST and DEMETER during the very
large storms, lasting several hours, most intense during times
of enhanced density rather than in the trough, and coincident
with observations of banded ions, are reported herein.

[6] The appearance of the banded ions and the associated
wave activity raises questions about the changes in the geo-
space system that characterize large magnetic storms and the
role that the waves play in major storm phenomena. In this
study, we attempt to characterize the waves, the conditions
under which they occur, and investigate one possible gener-
ation mechanism. In Section 2 a brief description is given
of the instrumentation onboard the FAST and DEMETER
satellites which provided the data for this study. Section 3
presents the observations from both satellites, with specific
case studies from very strong geomagnetic storms. In

COLPITTS ET AL.: BANDED WAVES IN LARGE STORMS

A10211

Section 4 we discuss the results and investigate possible
means for the generation of these banded emissions. Section 5
outlines our conclusions and potential future work in exam-
ining the nature of these waves.

2. Instrumentation

[7] The data presented in this study come from two low-
altitude polar orbiting satellites, FAST and DEMETER. Both
satellites carry a full complement of field and particle
detectors. The FAST satellite, launched August 21, 1996 into
an elliptical polar orbit with perigee 350 km and apogee
4175 km, traverses the auroral zone four times per orbit
across a wide range of altitudes and local times. The spin
period is ~5 s and the satellite is oriented in ‘“cartwheel”
mode, having its spin axis nearly perpendicular to the orbital
plane. FAST data presented herein come from the electro-
static analyzers (ESAs), described in detail by Carlson et al.
[2001], the TEAMS (Time-of-flight Energy Angle Mass
Spectrograph) instrument [Klumpar et al., 2001], the EFI
(Electric Field Instrument) [Ergun et al., 2001], and the
magnetic field instrument [Elphic et al., 2001]. The ESAs
cover the energy range 0.004-32 keV for electrons and
0.003-24 keV for ions. The TEAMS instrument uses an ESA
and an accelerating potential to separate ions into individual
species (H', He+, He++, and O+) from 0 to 10 keV, and
covers all polar angles. The electric field quantities are cal-
culated from the voltage difference between pairs of spheri-
cal probes on three-axis dipole antennas, and the spectral
coverage is from DC to ~4 MHz. The DC and AC magnetic
fields are measured with three-axis fluxgate and search-coil
magnetometers, covering frequencies from DC to ~500 kHz.

[s] The DEMETER satellite was launched on June 29,
2004 into a circular sun-synchronous polar orbit at an altitude
of 710 km, with data recorded at all invariant latitudes less
than ~65°. DEMETER data shown here are from the electric
field instrument (described in further detail by Berthelier
et al., [2006a]), search coil magnetometer [Parrot et al.,
2006b], Langmuir probe [Lebreton et al., 2006], and ther-
mal ion spectrometer [Berthelier et al., 2006b]. The electric
field is obtained from voltage differences between four
probes giving the three components covering the frequency
range from DC to 3.3 MHz, although only one component in
the VLF range is transmitted. The search coil magnetometer
measures the three components of the magnetic field from a
few Hz up to 20 kHz. The electron density and temperature
are measured with the Langmuir probe, and the ion density,
temperature, composition, and velocity are measured with
the thermal ion spectrometer.

3. Data Presentation

[v] Figure 1 shows a typical example of banded ions
observed during very strong (Dst <—100 nT) geomagnetic
storms. In all panels the x axis represents time from 06:48—
06:58 UT on November 8, 2004, with invariant latitude,
magnetic local time, and altitude also indicated. This time
corresponds to the main phase of the storm, ~2 h after onset,
when Dst was ~—370 nT and solar wind speed was
~700 km/s. The top panel shows the energy flux of the
downgoing (150° < # < 210°) ion population, from 10 to
10,000 eV, with the log of the energy flux in the color scale.
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Figure 1. Banded ions observed during a strong geomagnetic storm from 06:48—06:58 UT on November 8,
2004, with time, altitude, invariant latitude, magnetic local time, and L-shell on the x axis. From top to
bottom: energy flux of the downgoing (150° < § < 210°) ion population, from 10 to 10,000 eV, with the
log of the energy flux in the color scale; perpendicular (60° < 6 < 120°) or trapped ion energy flux;
0-360 degree pitch angle distribution over the energy range 10-300 eV; 300-10,000 eV pitch angle dis-
tribution; energy flux (averaged over all pitch angles) of H" ions; and energy flux of O+ ions.

The second panel shows the perpendicular (60° < 6 < 120°)
or trapped ion energy flux, with the same scales, and the third
and fourth panels show the 0-360 degree pitch angle dis-
tributions over two different energy ranges, 10-300 eV and
300-10,000 eV, with the same color scale. These energy
ranges were selected to illustrate specific features in the two
populations as described below.

[10] Banded ions are visible in the top two panels as
intense (red) fluxes, occurring in discrete bands at energies
~10-10,000 eV and lasting from ~6:48-6:58 UT (ILat

~—45.5 to —57.0; MLT ~7.9-8.5). They are distinct from
the broadband dispersive ion injection events, reported by
McFadden et al. [2001], which are visible in the second panel
at high energies and low latitudes, though the bands seem to
co-exist with the broadband injections in this region. The
energy flux of the banded ions peaks in the perpendicular
population (second panel), but is also observed in the lower
energy bands in the precipitating ions (top panel). There is
little or no upgoing component (not shown here) in the bands.
This pitch angle distribution is shown in the third and fourth
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Table 1. List of Major Geomagnetic Storms Investigated

Date Min Dst Banded ITons Banded Waves
FAST Waves
05/03-05/07/98 —205 Y Y
08/26-08/31/98 —155 Y Y
09/25-09/26/98 —-207 Y Y
09/22-09/24/99 —173 Y Y
10/22-10/25/99 —237 Y Y
04/06-04/08/00 —288 Y Y
07/15-07/17/00 -301 Y P
08/12-08/14/00 —235 Y P
09/17-09/19/00 —201 Y Y
10/04-10/06/00 —182 Y Y
11/06-11/07/00 —159 Y Y

DEMETER Waves

07/26-07/30/04 —-197 Y Y
08/30-08/31/04 —126 Y Y
11/07-11/12/04 —373 Y Y
01/18-01/20/05 —121 Y P
01/21-01/23/05 —105 Y Y
05/08-05/10/05 —127 Y P
05/15-05/19/05 —263 Y Y
05/20-05/22/05 —103 Y Y
05/30-05/31/05 —138 Y Y
06/12-06/13/05 —106 Y Y
08/24-08/26/05 -216 Y Y
08/31-09/03/05 —131 Y Y
09/11-09/12/05 —147 Y Y
04/14-04/15/06 —111 Y Y
12/15-12/16/06 —146 Y Y

panels, with a clear double loss cone at the higher energies
(fourth panel) and the downgoing loss cone largely filled in
at lower energies (third panel). This is the typical pitch angle
structure of the ion bands, although, in some cases, a sig-
nificant upgoing ion component appears at low invariant
latitudes. As is typical of these banded ion observations, the
lower energy bands extend farther equatorward (to the right
in Figure 1). The rise in energy at higher invariant latitudes,
visible in this case, is often but not always observed. These
bands were observed over several orbits at similar latitudes
in both dawn and evening (not shown) sectors. The signature
was more pronounced in the dawn sector, as is typically
observed. In this event the banded ions lasted ~10 h. Similar
banded ions, lasting in some cases up to 12 h, are observed
in every very large (Dst <—150 nT) geomagnetic storm
observed with the FAST satellite (launched August 1996),
but no Dst <—150 nT events occurred before May 1998 or
after August 2005. Between those times a total of 26 storms
with Dst <—150 nT occurred, 15 during times when either
FAST or DEMETER carried out wave observations.
Because DEMETER was operational during a less active
time period, Dst <—100 nT events were also considered,
adding another 10 events to the study, all of which included
banded wave observations. See Table 1 for storm details.
[11] The bottom two panels of Figure 1 show the energy
flux of H" and O+ ions, using the TEAMS ion mass spec-
trometer data. Note that the color scales are different in each
panel. Ion bands are observed in both species, which is not
uncommon. There are several bands visible at the same
energies in both species, particularly the lower energy bands
(~20-300 eV) as well as some higher energy bands. The
design of the TEAMS instrument coupled with the large
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difference in mass/charge ratio of these species (including
the He+ ions shown in Figure 6) ensures that there is not
significant cross-talk between the channels and that the
presence of these bands in multiple species is physical rather
than instrumental [Klumpar et al., 2001]. The two widely
accepted means for generation of ion bands, time-of-flight
dispersion and convective drift dispersion, both result in
banding of different species at the same velocity, and there-
fore different energies. The ion bands observed here during
superstorms represent a new phenomenon that requires a new
explanation, and examination of the concurrent banded
waves could provide insight into these banded ions.

[12] The wave electric field data needed to examine
these banded emissions are only available on FAST through
January 2001, and therefore are not available for the interval
in Figure 1. For strong storms after January 2001, it is useful
to look at wave data from other satellites that cover similar
L-shells, altitudes and local times as FAST, in conjunction
with the FAST ion data. Figure 2 shows data from the
DEMETER satellite during the same storm for which FAST
ion data were shown in Figure 1, from 06:24:30—07:02:30
on November 08, 2004, with MLT and geomagnetic latitude
and longitude included for reference. This is the same half-
orbit plotted in Figure 1 of Parrot et al. [2006a], and the top
three panels are quantities also plotted in that figure. The top
two panels of Figure 2 show 0—1500 Hz spectrograms of one
component of the electric and magnetic fields. The electric
field component is perpendicular to the orbital plane.

[13] Several emissions are visible in these spectrograms
which are not the focus of this study, most notably the intense
“bursty” emissions at ~650-1250 Hz from ~6:54—6:57
which were the focus of Parrot et al. [2006a]. We focus on
the banded emissions, evident in both the electric and mag-
netic field during two intervals, ~06:29-06:43 and ~06:45—
06:55, that appear as discrete frequency bands between ~120
and ~650 Hz separated by ~100 Hz. These banded emis-
sions persist for several DEMETER orbits, lasting ~8 h, in
both the northern and southern hemispheres.

[14] Table 1 lists all of the storms investigated for this
study, along with the minimum Dst and a summary of the
observations for each storm. Banded ions are observed on
FAST during every large geomagnetic storm investigated,
and banded waves are observed during all storms for which
there are DEMETER data. A statistical study of DEMETER
banded wave observations was performed, and the waves
were observed on 45 orbits during 15 separate strong storms
from 2004 to 2006 (see Table 1). This study also included
quiet time observations, with 600 randomly selected orbits
during extended quiet times (>1000 h. of Dst continually
>—50 nT). Within these quiet time observations there was
some evidence of similar banding waves, but these quiet
time bands lasted only for minutes (in contrast to the several
hour duration of the storm time bands), were 1-2 orders of
magnitude weaker than the storm time bands, and were not
evident in the wave magnetic field data. Banded ions on
FAST during these quiet time observations, when there was
data available, were either not present or much less intense
than the storm time ion bands. The storm time banded waves
can be observed during either the main phase or the recovery
phase of the storms, and in some storms they are observed
throughout both phases. In some cases (indicated by a ‘P’ in
Table 1) there is evidence of wave banding but the waves
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Figure 2. DEMETER satellite data from 06:24:30-07:02:30 on November 08, 2004, with UT, MLT and
geomagnetic latitude and longitude on the x axis. From top to bottom: 0—-1500 Hz spectrogram of the com-
ponent of the electric field perpendicular to the orbital plane; 0—1500 Hz spectrogram of one component of
the magnetic field; electron density; and ion density separated into its components: O+ (red, the dominant

component in this region), He+ and H" (near noise

do not share all of the characteristics of the emissions
reported here. Specifically in these cases there was either
only one visible frequency band or the bands were observed
intermittently.

[15] In addition to characterizing the waves of interest, the
data in Figure 2 allow us to examine the plasma conditions
in which the waves are observed. The bottom two panels of
Figure 2 show the electron and ion densities measured with
the ISL (Langmuir probe) and IAP (thermal ion spectrome-
ter) instruments, with the ion density separated into its
components: O+, the dominant component in this region, is
the only species shown; He+ and H" are near the noise level
and not shown. The banded emissions appear to correlate
with enhancements in both the electron and warm ion den-
sities. To investigate the relationship between density and

level, not shown).

observations of the banded emissions, Figure 3 shows
0-1500 Hz spectrograms of a time period selected from
Figure 2, 06:29:00-06:42:30, along with the ion and electron
densities. The banded emissions correlate fairly well with
enhancements in both electron and warm ion density, and
closer examination indicates that they follow the observed
warm ion density more closely. In particular, several brief
periods of increased intensity of the waves from ~06:35—
06:39 coincide with increases in warm ion density that are
not apparent in the electron density. Given that quasi-
neutrality requires that the total electron and ion densities are
roughly equal, the differences are most likely due to the dif-
ferent energy ranges covered or other instrumental effects.
[16] The DEMETER satellite included a burst mode, pro-
viding for higher time resolution electric and magnetic field
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Figure 3. Expanded 0-1500 Hz spectrograms of a time period selected from Figure 2, 06:29:00—
06:42:30, along with the ion and electron densities. The banded emissions correlate well with enhance-

ments in the density.

waveforms and allowing for a closer examination of the
observed density correlation. As the burst mode was not
generally triggered by VLF wave activity, there are relatively
few bursts during the times of banded wave observations.
Figure 4 shows one such interval, from 03:17:30-03:19:00
on November 8, 2004, during the same storm as the previous
two figures but two orbits earlier. The banded emissions are
visible in both the electric and magnetic field, ranging from
~150-650 Hz and separated by ~100 Hz. The E/B ratio of
the waves is ~10° m/s, consistent with electromagnetic
emissions. The burst data show a clear correlation between
the waves and enhancements in both the warm ion and
electron densities. There are no DEMETER DC magnetom-
eter data available from the exact times of Figures 2, 3, and 4,
but calculations using a model magnetic field, as well as data
from adjacent orbits when the spacecraft is in the same

location, give a proton cyclotron frequency of f, = ~350—
550 Hz in this region. Thus, the frequency separation Af is
much less than the local cyclotron frequency, and if the
waves are generated at harmonics of f,, their source region
must be at considerably higher altitudes (~5000 km for ., =
Af ~ 100 Hz). These waves would then propagate to the
DEMETER spacecraft location, as described below. As dis-
cussed by Pfaff et al. [2008], scattering due to plasma irreg-
ularities associated with density depletions could explain
why the waves are less intense in the regions of lower
density.

[17] For storms when there are FAST AC electric field
data, we observe banded wave emissions at the same location
as the banded ions. Figure 5 shows an example of simulta-
neous FAST observations of banded ions and banded VLF
wave emissions from 05:06-05:08 on August 30, 1998

6 of 18



A10211

DEMETER Date

1500 crorom E12

COLPITTS ET AL.: BANDED WAVES IN LARGE STORMS

: 2004/11/08

A10211

Orbit: 01871_1

N 1125
>
g 750
[}
=]
4
2 375
0
1500
w1125
>
g 750
[}
=]
g
2 375
0
108 5
T o10d -
(8]
T
z
104 |
—
g AP lon density (Ni)
10° 3
T 5
g 1074
L ]
= ]
10% 5
uTt 03:17:30 03:17:52
MLT 22.78 22.76
L 1.29 1.27
Geom. Lat. -23.25 -21.91
Geom. Long. 1.25 0.92

03:18:15 03:18:37 03:19:00
22.75 22.73 22.72
1.26 1.24 1.28
-20.57 -19.23 -17.88
0.59 0.27 359.95

Figure 4. DEMETER burst data from 03:17:30-03:19:00 on November 8, 2004, providing for higher
time resolution electric and magnetic field waveforms. From top to bottom: 0—1500 Hz spectrogram of
the component of the electric field perpendicular to the orbital plane; 0—-1500 Hz spectrogram of one com-
ponent of the magnetic field; electron density; and ion density separated into its components: O+ (red, the
dominant component in this region), He+ and H" (near noise level, not shown).

(during the recovery phase of the storm, ~3 days after the peak
Dst of —155 nT, with Dst ~—50 nT and solar wind speed
~570 km/s). The top panel shows the “omni-directional”
(spin plane only) wave electric field power computed
onboard with the DSP (digital signal processor), over the
frequency range 0-2.5 kHz. The second panel shows the ion
energy flux (averaged over all pitch angles). Banded ions
are observed throughout this time period at energies from
~200 eV to 10 keV. Banded waves at frequencies ~700—
2000 Hz, appearing as discrete frequency bands separated by
~200 Hz, are also observed during periods within this
interval, most notably ~05:07:15-05:07:40 and ~05:08:20—
05:09:00, when the banded ions are most intense. Similar
waves are observed during the times of the banded ion

observations in every storm for which the FAST satellite
transmitted AC electric field data (Table 1). As was the case
for DEMETER observations, during some storms (‘P’ in
Table 1) the banded waves observed by FAST don’t share all
of the characteristics of the emissions reported here. In these
cases the waves either didn’t last long enough to get a clear
determination of their structure or the bands did not remain at
constant frequency.

[18] The third panel of Figure 5 shows the ion pitch angle
distribution for energies from 4 to 30,000 eV. Unlike in
the example shown in Figure 1, the downgoing loss cone
is completely filled in, and in this case the downgoing
and perpendicular ion energy flux is approximately the
same, with bands at the same energies in both populations.
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Figure 5. Simultanecous FAST observations of banded ions and banded VLF wave emissions from
05:06:15-05:09:00 on August 30, 1998. From top to bottom: omni-directional wave electric field power
computed onboard with the DSP (digital signal processor), over the frequency range 0-2.5 kHz;
ion energy flux (averaged over all pitch angles); ion pitch angle distribution for energies from 4 to
10,000 eV; 4-30,000 eV electron energy flux (averaged over all pitch angles); and ion density, approxi-
mated by integrating the particle flux over the energy range 4-30,000 eV, and averaged over every 2.0 s

to eliminate large fluctuations.

The fourth panel shows the 4-30,000 eV electron energy
flux (averaged over all pitch angles). The bottom panel
shows the warm ion density, approximated by integrating
the ion flux over the energy range 4-30,000 eV, and aver-
aged over every 2.0 s to ecliminate large fluctuations. The
banded waves occur during warm ion density enhancements,
visible in both the increased intensity of the ion bands in the
second panel and increases in ion density in the bottom
panel, during the times of the banded wave emissions. This
is consistent with the enhanced ion density during the
DEMETER observations, which can be seen in the calcu-
lated ion density (Figures 2, 3, and 4 (bottom)), though there
is no instrument on DEMETER with which to see possible

energy bands in the ions. The banded waves also appear
anti-correlated with large fluxes of broadband (4-1000 eV)
electrons. The magnetic field data (not shown) indicate field-
aligned currents (FAC) during the times of the strong
broadband electron events, with little or no FAC during the
times of the wave observations.

[19] Figure 6 shows the energy flux from 4 to 10,000 eV,
averaged over all pitch angles, of three ion species from the
TEAMS instrument during the same time period as Figure 5.
The top panel is the total ion energy flux, and the bottom
three panels are the H', O+, and He+ energy flux respec-
tively. As in the case shown in Figure 1, several energy
bands are visible in the H, O, and He" populations at the
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Figure 6. The 4-10,000 eV energy flux of three ion species from the TEAMS instrument during the
same time period as Figure 5, averaged over all pitch angles: total ion energy flux (first panel) and H,
O+, and He+ energy flux (second, third, and fourth panels).

same energies (in particular ~2000 and ~5000 eV from
05:07:15-05:07:45), ruling out time of flight mechanisms
for the generation of the bands.

[20] An expanded view of the interval from 05:07:05—
05:07:45 is shown in Figure 7. The top panel shows the
0-3 kHz wave spectrogram, with the local proton gyrofre-
quency (f, ~195 Hz), the 4th and 5th harmonics of fp,
and the lower hybrid frequency (fin = [(fi*f.e) ' + i S
calculated from the ion density shown in Figure 5 and the
proton gyrofrequency) overplotted. The calculated lower
hybrid frequency includes the integrated ion flux as a proxy

for the density, and is unlikely to vary as much as indicated in
the plot over this time, but is included to show that it is on the
order of the frequency of the lowest observed bands. The
lower panel shows the total ion energy flux (averaged over all
pitch angles). The banded waves are very close to multiples
of the proton gyrofrequency, without the fundamental and
lowest harmonics, the lowest band is at ~4{,, close to fj,.
[21] Figure 8 (top) shows a single line spectra at 05:07:29,
with electric field power as a function of frequency. Several
individual bands are evident, and the amplitudes of the bands
relative to each other and to the background can be seen. The
spacing between the peak amplitudes of the bands during this
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Figure 7. Expanded view of the interval from 05:07:05—
05:07:45. (top) The 0-3 kHz wave spectrogram, with the
local proton gyrofrequency (f, ~195 Hz), the 4th and 5th
harmonics of f,, and the lower hybrid frequency (calculated
from the ion density shown in Figure 5 and the proton gyro-
frequency) overplotted. (bottom) Total ion energy flux

(averaged over all pitch angles).

time was found to be ~185 Hz, slightly lower than the local
proton gyrofrequency (~195 Hz), and therefore equal to the
proton gyrofrequency at a slightly higher altitude. The 4th
and 5th harmonics of f., are overplotted, fj, at this time is
~500 Hz (not shown). Figure 8 (bottom) shows a similar line
plot generated from the magnetic field spectrogram of the
same time period (B-field spectrogram not shown as strong
spin tones mask the banded waves in the spectrogram). The
banded waves are also evident in the magnetic field, indi-
cating a magnetic component to the observed emissions.
The magnetic component is comparable to that observed in
the DEMETER emissions, with both yielding values of
(E/B) ~ 10° m/s, consistent with electromagnetic emissions.

[22] FAST also included a burst mode, which provided
3-D electric and magnetic field measurements, enabling
investigation of the polarization of the banded waves by
looking at the electric field power both parallel and perpen-
dicular to the earth’s magnetic field. Figure 9 shows banded
waves observed in the FAST burst data during the same
storm as Figures 5-8 (08-30-1998), but one orbit earlier,
from 02:53:30-02:55:00. The banded waves were observed
throughout this storm, and the orbits shown in Figures 5-9
are representative orbits showing a clear example of banded
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A10211

waves as well as an example of burst data from 3 h earlier.
The 4-30,000 eV ion energy flux (averaged over all pitch
angles) is shown in the top panel. The lower three panels
show the omni-directional electric field power, the compo-
nent of the electric field power parallel to the ambient mag-
netic field, and the perpendicular component. The banded
waves, evident in both the parallel and perpendicular com-
ponents, again peak when the banded ions are most intense.
There is more power in the perpendicular component, but
there is a significant amount of power in the parallel com-
ponent, suggesting that these waves are polarized obliquely
to the geomagnetic field. Additionally, the lower frequency
bands are more intense in the perpendicular component, and
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Figure 8. Single line spectra from 05:07:29. (top) Electric
field power as a function of frequency. (bottom) Magnetic
field power as a function of frequency. Several individual
bands are evident in both E and B. The spacing between
the peak amplitudes of the bands during this time was found
to be ~185 Hz, slightly lower than the local proton gyrofie-
quency (~195 Hz), and therefore equal to the proton gyro-
frequency at a slightly higher altitude. The 4th and Sth
harmonics of the local f, are overplotted, fy, at this time is
~500 Hz (not shown).
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Figure 9. FAST burst mode data from 02:53:30-02:55:00 on 08-30-1998. From top to bottom:
4-30,000 eV ion energy flux (averaged over all pitch angles), omni-directional electric field power,
the component of the electric field power parallel to the ambient magnetic field, and the perpendicular

component of the electric field power.

extend into the region of less intense, higher energy ion
bands (02:54:20-02:54:40).

[23] These banded emissions are observed over several
orbits in every strong storm encountered by the FAST sat-
ellite. Figure 10 shows ion and wave data during four sep-
arate FAST passes through the southern hemisphere auroral
zone on 05 May 1998. The top panels show the ion energy
flux, integrated over all pitch angles, and the bottom panels
show the omni-directional wave electric field power. In each
pass, banded ions are visible in the top panels at energies
100-10,000 eV, and banded waves in the frequency range

0.2-1.6 kHz are evident in the bottom panels. As in the
previous cases shown, the intensity of the banded emissions
peaks when the banded ions are strongest, and the spacing
between the banded waves (~150-200 Hz) suggests har-
monic emissions, again with the lowest harmonics often not
present.

[24] The banded emissions in Figure 10 are not as constant
in frequency as, e.g., those shown in Figures 2, 3 and 7, and
there are also fewer visible bands in Figure 10. The banded
ions in Figure 10 are slightly less intense than the strong band
visible in Figure 7, and tend to decrease in energy with
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Figure 10. Ion and wave spectrograms from four FAST auroral passes on 05-05-1998, each with the ion
energy flux, integrated over all pitch angles, in the top panel and the omni-directional wave electric field
power in the bottom panel: (top left) 18:17:00-18:23:00 UT, (top right) 18:46:00—18:50—00 UT, (bottom
left) 22:45:00-22:49:00 UT, and (bottom right) 22:55:00-22:05:00 UT.

decreasing latitude, similar to those in Figure 1. The lower
intensity and changing energy of the ion bands may be
associated with the changing frequency and fewer bands
evident in the waves shown in Figure 10. Like the previous
cases, the waves appear anti-correlated with large broadband
electron fluxes (not shown), with the banded ions and waves
appearing equatorward of the auroral electrons. Also as with
the previous examples, the waves in Figure 10 have a sig-
nificant magnetic component (E/B ~ 10°, consistent with
electromagnetic emissions) when the magnetic field data
is available.

[25] Figure 11 shows ion and electric field spectrograms
from 6 orbits during a separate storm, on 13 August 2000.

The panels are the same as in Figure 10, and each pair of
panels again represents one southern hemisphere auroral
FAST pass. As in Figure 10, banded ions (top panels, in the
energy range 20-20,000 eV) and banded waves (bottom
panels, frequency 0.3-2.3 kHz) are evident on each orbit.
Again the spacing between the banded waves suggests har-
monic emissions, the waves occur equatorward of the auroral
electrons (not shown), and there is a significant magnetic
component when available (also not shown).

[26] Figure 12 shows data from an expanded time during
the last orbit shown in Figure 11, with ion and electron
energy flux in the top two panels (integrated over all pitch
angles), omni-directional electric field power in the third, and
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Figure 11. Ion and wave spectrograms from four FAST auroral passes on 08-13-2000, each with the ion
energy flux, integrated over all pitch angles, in the top panel and the omni-directional wave electric field
power in the bottom panel: (top left) 02:34:00-02:41:00 UT, (top middle) 03:05:00-03:12-00 UT,
(top right) 04:50:00-04:57:00 UT, (bottom left) 07:04:00-07:09:00 UT, (bottom middle) 07:39:00—
07:44:00 UT, and (bottom right) 14:01:00-14:06:00 UT.

magnetic field power in one perpendicular direction in the
bottom panel. The broadband auroral electrons are visible
from ~07:30-07:37 UT, and the banded waves are evident in
both the electric and magnetic field from 07:38-07:46. This
anti-correlation of the banded emissions with the electrons
and significant magnetic component are seen throughout all
the geomagnetic storms.

[27] The ion (and wave) bands in Figures 10—12 are not as
constant in energy (frequency) as those shown, e.g., in
Figure 7, and tend to be slightly less intense. However, these
two figures show that the banded ions and waves persist over
several hours throughout major geomagnetic storms. The
presence of the banded emissions coincident with the most
intense banded ions, equatorward of the auroral electrons,
and throughout the storms provides evidence that the waves

are associated with these storm-time banded ions, which will
be investigated further in the next section.

4. Discussion

[28] The coincidence of the frequency-banded wave emis-
sions with energy-banded ions during very large geomag-
netic storms suggests that the ions may play a role in the
generation of the banded waves. Specifically, the free energy
in the ion distribution, arising from the positive slope in the
ion velocity due to the bands, can give rise to wave growth at
certain resonant frequencies. André et al. [1986] observed
wave emissions at harmonics of the ion gyrofrequency with
the S3-3 satellite and confirmed the observed wave growth
theoretically with a positive slope in a model ion distribution.
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Figure 12. Ion, electron, electric field, and magnetic field data from an expanded time of the last FAST
orbit shown in Figure 11, 07:30-07:56 UT on 13 August 2000. From top to bottom: ion energy flux,
integrated over all pitch angles; electron energy flux, integrated over all pitch angles; omni-directional
wave electric field power; and magnetic field power along one perpendicular direction.

Cattell and Hudson [1982] observed lower hybrid waves
and ion gyroharmonics near the lower hybrid frequency,
also with S3-3, and found that wave growth at these fre-
quencies resulted from coupling of the lower hybrid and ion
Bernstein instabilities using a model ion ring distribution.
Roth et al. [1983] reported wave observations at gyro-
harmonics near the lower hybrid frequency resulting from
an artificially injected plasma beam as part of the Porcupine
sounding rocket experiment, also invoking a combination of
the lower hybrid instability and resonant particle interaction
at ion gyroharmonics to theoretically generate the observed

emissions. Roth and Hudson [1985] further separated the
wave-particle interaction exciting these waves (observed on
both S3-3 and DE) into linear growth, trapping, and non-
linear diffusion, and found that the resulting waves play an
important role in heating heavier ions and energizing ion
conics in the cusp. To explore the possible generation of the
waves reported here, we first consider the ion gyrofrequency
at the location of the observed waves relative to the frequency
of the wave bands to see if the emissions could be locally
generated at these frequencies, and then employ a linear
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Table 2. WHAMP Particle Input Parameters

One Ring, H" Only

Species Density (cm-3) Temp (keV)
H" 10 0.9
H -8 0.15
e— 2 0.02
Two Rings, H" Only
Species Density Temp
H" 10 0.9
H" -3.5 0.15
H" 3 4
H -7.5 2
e— 2 0.02
One Ring, H" and O+
Species Density Temp
H" 10 0.9
H -8 0.15
O+ 10 0.9
O+ -8 0.15
e— 4 0.02

dispersion relation solver to investigate wave growth at spe-
cific frequencies.

[20] For the storms with FAST wave data, such as the
example in Figures 5-9, we can compare the frequency
spacings between bands directly with the local ion cyclotron
frequency. As shown in Figure 7, the proton cyclotron
frequency during the times of the wave observations was
~195 Hz, and from Figure 8 the spacing between bands
was determined to be ~185 Hz. If the waves were generated
at harmonics of the proton gyrofrequency, such that Af=f_,
at a slightly higher altitude than that of the FAST satellite
at this time (~4000 km), the resulting frequency structure
would match that observed.
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[30] Forthe DEMETER satellite observations (at ~710 km
altitude), the statistical study of banded waves observed on
36 orbits during 14 separate strong storms that was carried
out also included calculations of the local gyrofrequency.
The local proton gyrofrequency at this altitude is much
higher (~300-600 Hz), but the spacing between bands
(~60-200 Hz) is comparable to that observed on FAST and
is always less than f,, ranging from 0.1 to 0.55 f;, with most
observations near 0.2 f.,. This implies that if the waves are
generated at harmonics of the proton gyrofrequency, they
would have to be generated at a considerably higher altitude
than DEMETER, but at altitudes comparable to those implied
by the FAST observations. Waves such as these, electro-
magnetic waves at harmonics of the proton gyrofrequency,
have been shown to propagate freely from such a source
region, across L-shells and down to DEMETER altitudes
[Lund and LaBelle, 1997, Parrot et al., 2006a].

[31] To investigate whether ion bands consistent with
those observed concurrently with the banded waves could be
responsible for the wave growth at these frequencies, we
used modeled banded ion distributions as input to the
WHAMP code [Ronnmark, 1982] and looked for wave
growth near the ion gyrofrequency and its harmonics. For a
given input particle distribution, one can use the WHAMP
code to look at wave growth (or decay) on any wave mode
surface in any given frequency range. The input particle
distributions used in this study are listed in Table 2. To
model a single ion band (or ring in velocity space) distri-
bution, we use two ion species, one of positive and one of
negative density (both 10 cm ), with the positive density
population having a temperature of 950 eV and the negative
having a temperature of 150 eV. Figure 13 (right) shows the
ion energy flux of this model particle distribution (for H"
ions) with parallel energy on the x axis and perpendicular
energy on the y axis, both from —10% to 10® eV. For com-
parison, Figure 13 (left) shows the actual ion flux from the
FAST data at 05:07:30 on 08-30-1998, a time taken from the
interval shown in Figures 5—8 during which there was one

Log Perp. Energy (eV)

Log,o(eV/(cm’—s—sr—eV))

Log Para. Energy (eV)

Figure 13. (left) Polar plot of ion energy flux, with parallel and perpendicular energy on the x- and y-axes
in log format. (right) Ion energy flux of model particle distribution for a single H" ion band, using two ion
species, one of positive and one of negative density (both 10 cm ™), with the positive density population
having a temperature of 950 eV and the negative having a temperature of 150 eV (see Table 2).
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Figure 14. WHAMP output using the distribution shown in Figure 10 as input. The z axis is fre-
quency in units of the proton gyrofrequency from 1 to 1.022, and the color scale shows wave growth from
—0.02 (blue) to 0.02 (brown). Wave growth is seen in a narrow band just above the proton gyrofrequency,
with growth rates of ~0.01-0.02 times the proton gyrofrequency.

particularly intense ion band. The model is not intended to
exactly replicate the observations, but the single strong ion
band is evident in both plots. Note that there is also a single
loss cone in the observed data, which is not included in the
model.

[32] Figure 14 shows the WHAMP results for the distri-
bution shown in Figure 13 (right). The z axis in Figure 14
is frequency in units of the proton gyrofrequency from
1 to 1.022, and the color scale shows wave growth from
—0.02 (blue) to 0.02 (brown). Wave growth is seen in a
narrow band just above the proton gyrofrequency, with
growth rates of ~0.01-0.02 f,. This represents significant
wave growth, consistent with the generation of a band of
wave emissions as observed. The wave polarization at an
oblique angle to the ambient magnetic field is consistent with
the observations shown in Figure 9. The E/B ratio for the
resulting waves is ~10°-107, comparable to the observed
waves and consistent with electromagnetic emissions.
Additionally, the slope of the wave surface implies electro-
magnetic waves capable of propagation, consistent with the
observation of these banded waves in both the electric and
magnetic field, and with their persistence for several hours at
a range of altitudes, L-shells, and latitudes. Similar wave
growth is also observed at higher harmonics of the proton
gyrofrequency (not shown). Wave growth specifically at
harmonics closest to the lower hybrid frequency, such as that
observed, involves coupling between the ion Bernstein and
lower hybrid instabilities and is not replicable using the
WHAMP code. However, the WHAMP results serve to
illustrate that banded ions can generate waves at ion gyro-
harmonics. Independent simulations by Gary et al. [2011]
demonstrate that similar ion distributions, with a hot veloc-
ity ring component derived from storm time observations and
ring current models, generate obliquely propagating electro-
magnetic waves at harmonics of the proton gyrofrequency,
including the higher harmonics such as those reported here.

[33] The multiple energy band ions can be modeled by
adding additional components to the WHAMP input. The

WHAMP output for an input of two proton rings is shown in
Figure 15. This additional ion band reduces the growth in this
wave band to 0.002-0.004 f,, but otherwise the results are
the same. In the FAST data, there are observations of both
single and multiple ion bands, and the WHAMP results
support the idea that these bands could generate banded
waves similar to those observed. The addition of ion bands of
other species such as oxygen provides more free energy and
allows for wave growth at other, lower frequencies. Specifi-
cally, the addition of an oxygen band with the same tem-
perature and density as the proton band shown in Figure 13
results in the same wave growth at the proton cyclotron
frequency as well as a narrow band of wave growth (about
0.01-0.02 f,,) in the frequency band f = (1-1.12) f,,, where
f.o is the oxygen cyclotron frequency given by f., = 0.0625 £,

V

1.007

T

T

0002

T
Real F"equency

Figure 15. WHAMP output for an input of two proton
rings (see Table 2). This additional ion band reduces the
growth in this wave band to 0.002-0.004 times the proton
gyrofrequency, but otherwise the results are the same.
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However, as most of the observed energy flux is in the
proton bands and waves at frequencies in this lower range
are not observed, it is likely the free energy in the proton
distribution is the source responsible for wave growth in the
observed bands.

5. Conclusions

[34] Electromagnetic VLF emissions in the frequency
range ~75-2000 Hz, appearing as discrete frequency bands
between separated by 60-200 Hz, are observed indepen-
dently on the FAST and DEMETER satellites during very
strong geomagnetic storms. The VLF emissions are coinci-
dent with FAST observations of warm energy-banded ions in
the low latitude auroral and sub-auroral zone. These banded
emissions persist for several orbits, lasting up to 12 h, in
both the northern and southern hemispheres. The emissions
are evident in both the electric and magnetic fields, with
E/B ~ 10° m/s for both the FAST and DEMETER obser-
vations. The banded wave observations are correlated with
ion and electron density enhancements, i.c., the waves are
observed during enhancements in the density and drop out
when the density decreases. These waves could play a role in
energy transfer between particle populations, ion heating,
and mass outflow during large geomagnetic storms.

[35] These banded waves are observed coincident with
energy-banded ions, suggesting that free energy in the ion
distributions may be responsible their generation. The FAST
wave observations, close to the inferred source region, are
near the lower hybrid frequency, so the mechanism proposed
by Cattell and Hudson [1982] where a coupling between the
lower hybrid instability and ion Bernstein modes was found
to generate electrostatic banded waves near the lower hybrid
frequency, is likely to be involved in the generation of the
waves observed here. This coupling could explain why the
lower harmonics of f;, far from fj;,, are not observed. Both the
FAST and DEMETER observations include a significant
magnetic wave component, with an E/B ratio of ~10° m/s,
consistent with electromagnetic emissions unlike the elec-
trostatic waves investigated by Cattell and Hudson [1982],
but in both cases banded waves are observed most intense
around fj, in the inferred source region, implying the same
coupling mechanism is responsible for the generation of
the waves.

[36] Banded electromagnetic waves similar to those
observed on FAST and DEMETER have been shown to arise
from free energy in a proton velocity ring distribution by
Gary et al. [2011], who refer to these waves as proton
Bernstein waves, and discuss the difficulties associated
with inconsistent nomenclature in the literature for waves
observed in different areas of the magnetosphere. As such,
we refer to the emissions reported herein simply as banded
electromagnetic emissions; though the observed waves are
oblique EM waves like those shown in the Gary et al. [2011]
simulations, they represent a new phenomenon, distinct from
previous observations. Using model particle distributions of
banded ions similar to those observed on FAST at the same
time as the wave observations, the calculated wave growth at
harmonics of the source region proton gyrofrequency was
significant, suggesting that these emissions could be gener-
ated by the observed ions. To match harmonics of the local
proton gyrofrequency in the source region, these waves
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would have to be generated just above ~4000 km, above the
location of both satellites; such waves have previously been
shown to be capable of propagating to the spacecraft
locations.

[37] These emissions are observed on two different satel-
lites, which were operating in two different locations under
different plasma conditions. Given the limited range in both
latitude and altitude covered by these satellites, it is impos-
sible to definitively state that the waves observed on
DEMETER and FAST arise from the same source. However,
their similar frequency range, frequency-time structure, and
E/B values, together with their coincidence with energy-
banded ions and occurrence during the strongest magnetic
storms, suggests that they are examples of the same phe-
nomenon. We put forth that the banded ion distribution, and
the free energy therein, generates waves at harmonics of the
local proton gyrofrequency. Coupling with the lower hybrid
instability causes the bands closest to f, to appear more
intense, and the waves then propagate to the spacecraft
locations where they are observed. It should be noted that the
persistence of the banded ions over several orbits, coupled
with the intermittent nature of the banded wave emissions
during these intervals, suggests that the banded ion distribu-
tion is a necessary but not sufficient condition for the gen-
eration of these waves. Further investigation into the nature
of the instability will be carried out to examine the details
of their generation mechanism.
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