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Abstract Gyroresonant wave-particle interactions with electromagnetic ion cyclotron (EMIC) waves are
a potentially important loss process for relativistic electrons in the Earth's radiation belts. Here we perform
a statistical analysis of the EMIC waves observed by the Combined Release and Radiation Effects Satellite
(CRRES) to determine the global morphology and spectral properties of the waves and to help assess their
role in radiation belt dynamics. Helium band EMIC waves, with intensities, Bﬁl, greater than 0.1 nT?, are most
prevalent during active conditions (AE > 300 nT), from 4 < L* < 7 in the afternoon sector, with an average
percentage occurrence of 2.7%. Hydrogen band EMIC wave events, with intensities greater than 0.1 nT?, are
also most prevalent in the afternoon sector during active conditions in the same region, but they are less
frequent with an average percentage occurrence of 0.6%. The average intensity of the helium and
hydrogen band EMIC waves in the region 4 < L* < 7 in the afternoon sector during active conditions

is 2 nT2 and 0.5 nT?, respectively, and suggests that the waves can cause strong diffusion. However, the
time-averaged properties are very different, being a factor of 30-50 lower for helium and hydrogen band
EMIC waves, respectively, suggesting that the overall effect will be correspondingly weaker. Nevertheless,
the moderate and strong EMIC wave events with B2 > 0.1 nT? reported on here will contribute to relativistic
electron loss in the Earth’s radiation belts and should be included in radiation belt models.

1. Introduction

Relativistic electrons in the Earth’s Van Allen radiation belts generally occupy two torus-shaped zones
separated by a slot region [Van Allen and Frank, 1959]. The inner radiation belt, which extends from approxi-
mately 1.1 to 2 Earth radii (R;) in the geomagnetic equatorial plane, tends to remain stable except during the
most intense geomagnetic storms [Baker et al., 2007]. However, the outer radiation belt, which extends from
3 to 7 Rg, is highly variable [Paulikas and Blake, 1979; Baker et al., 1986]. Here the flux of relativistic electrons
can change by a factor of 100 or more on a variety of timescales ranging from minutes to tens of days

[e.g., Blake et al., 1992; Baker et al., 1994]. Understanding how these so-called “killer” electrons behave is
important since enhanced fluxes of relativistic electrons damage satellites [Wrenn, 1995; Baker, 2001; Wrenn
et al., 2002] and pose a risk to astronauts on extravehicular activities [e.g., Dachev et al., 2013].

Studies at geosynchronous orbit show that the fluxes of relativistic electrons in the outer radiation belt
increase by a factor of 2 or more during approximately half of all moderate and intense storms [Reeves et al.,
2003]. However, about one in five of these storms result in a reduction of the flux by a factor of 2 or more
[Reeves et al., 2003]. It is thus important to study loss as well as acceleration processes. Indeed, intense rela-
tivistic electron precipitation has been observed during the recovery phase of geomagnetic storms [Clilverd
et al., 2007; Millan et al., 2007; Rodger et al., 2008], and such loss will compete with any ongoing injection
and/or acceleration processes. A quantitative knowledge of the loss processes is therefore essential to
understand, model, and ultimately predict the dynamics of relativistic electrons in the Earth'’s radiation belts.

Gyroresonant wave-particle interactions play a key role in the acceleration and loss of relativistic elec-
trons in the Earth’s radiation belts [e.g., Horne, 2002; Thorne, 2010]. These interactions, which break

the first and second adiabatic invariant, lead to both pitch angle and energy diffusion [e.g., Kennel and
Petschek, 1966]. One potentially important interaction, whose role in radiation belt dynamics has yet to
be fully evaluated, is gyroresonant pitch angle scattering by electromagnetic ion cyclotron (EMIC) waves
[Horne and Thorne, 1998].

EMIC waves propagate at frequencies below the proton gyrofrequency which, in the inner magnetosphere,
lie in the ultralow frequency Pc1-2 band (0.1-5 Hz). They are observed in three distinct frequency bands.
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Hydrogen band EMIC waves, which are observed between the helium ion gyrofrequency, f ., and the
proton gyrofrequency, f_,, are mainly found outside the plasmapause [Fraser and Nguyen, 2001]. In con-

cp’
trast, helium band EMIC waves, which are observed between the oxygen ion gyrofrequency, fo, and f ..,

cO+
are observed both inside and outside the plasmapause [Fraser and Nguyen, 2001]. EMIC waves below f_,,,
referred to as oxygen band EMIC waves, are rarely observed. The excited band is controlled by the level of

geomagnetic activity [Brdysy et al., 1998], the location with respect to the plasmapause [Fraser and Nguyen,

2001] and by the ion composition and anisotropy [Kozyra et al., 1984; Horne and Thorne, 1994].

EMIC waves are observed over a wide range of L shells, ranging from L = 3 to L = 10. The percentage occur-
rence tends to increase with increasing L, irrespective of local time [e.g., Anderson et al., 1992a; Usanova et al.,
2012] and maximize in the afternoon sector [Bossen et al., 1976; Roux et al., 1982; Fraser and McPherron, 1982;
Clausen et al., 2011; Keika et al., 2013]. For example, using Active Magnetospheric Particle Tracer Explorers
(AMPTE)/CCE data, Anderson et al. [1992a] found that EMIC waves with peak to peak amplitudes greater than
0.8 nT occurred most frequently in the region 7 < L <9 for 11 < magnetic local time (MLT) < 15, with a
percentage occurrence of 10-20%. More recently, Usanova et al. [2012], using Time History of Events and
Macroscale Interactions during Substorms (THEMIS) data together with an automated EMIC wave detec-
tion algorithm, found peak rates of the order 6-8% in the region 8 < L < 10 primarily in the noon and
dusk sectors. In the inner magnetosphere, inside L = 6, the percentage overall occurrence is lower and typ-
ically of the order of a few percent [Erlandson and Ukhorskiy, 2001; Usanova et al., 2012]. By type, hydrogen
band EMIC waves are most common in the outer magnetosphere with a percentage occurrence of the order
10% in the region 7 < L < 9in the afternoon sector regardless of magnetic activity [Keika et al., 2013].

In contrast, helium band EMIC waves occur most frequently in the inner magnetosphere with a percent-
age occurrence of the order 5-10% in the region 4 < L < 7 on the prenoon to duskside under disturbed
conditions (Dst < —50nT) [Keika et al., 2013].

EMIC waves are generated by anisotropic (T, > T,) medium energy (1-100 keV) ring current ions which
are formed in the inner magnetosphere during enhanced earthward convection which occurs during
geomagnetic storms and substorms [Cornwall et al., 1970; Jordanova et al., 2001] and in the outer day-
side magnetosphere, where they have been found to be associated with solar wind pressure fluctuations
[Anderson and Hamilton, 1993; Arnoldy et al., 2005; Usanova et al., 2008]. They are preferentially excited in
regions of high density and hence are strongest in regions where the ring current overlaps the plasmas-
phere [e.g., Yahnina et al., 2003; Pickett et al., 2010] and dayside drainage plumes [Morley et al., 2009].

EMIC waves can efficiently scatter energetic ring current ions into the loss cone and contribute to the loss
of ring current ions during geomagnetic storms [Cornwall et al., 1970; Jordanova et al., 2001]. They lead to
proton precipitation in the energy range 1-100 keV [e.g., Yahnina et al., 2003] and have been associated with
detached subauroral proton arcs [Sakaguchi et al., 2007; Yuan et al., 2010], subauroral proton spots [Yahnin
et al., 2007], and subauroral proton aurora flashes [Yahnina et al., 2008]. They are also able to resonate with
highly relativistic electrons [Lyons and Thorne, 1972; Horne and Thorne, 1998; Summers et al., 1998] causing
pitch angle scattering and loss to the atmosphere [Thorne, 1974; Thorne and Andreoli, 1980]. If conditions
are particularly favorable, they can resonate with electrons with energies of the order of 1 MeV and may be
strong enough to cause strong diffusion scattering [Meredith et al., 2003].

In a survey of over 800 EMIC wave events observed by the Combined Release and Radiation Effects Satellite
(CRRES), Meredith et al. [2003] found that while the minimum resonant energy was above 2 MeV for the
majority of the events, it could fall below 2 MeV for wave frequencies just below f.; and f,,, in regions of
high plasma density and/or low magnetic field. Since the average intensity of these lower-energy scattering
events (~1 nT?) [Meredith et al., 2003] is sufficient to cause strong diffusion scattering [Summers and Thorne,
2003], it was inferred that EMIC waves could play an important role in the loss of radiation belt electrons.

To assess the precise role of these waves in radiation belt dynamics, diffusion codes require comprehensive
information on the spectral distribution of the EMIC wave magnetic field power spectral density as a func-
tion of spatial location and geomagnetic activity. Previous statistical studies have examined the occurrence
of EMIC waves [e.g., Anderson et al., 1992a; Usanova et al., 2012; Keika et al., 2013] but have not examined the
spectral characteristics of the waves. In this study we fit spectral profiles to the EMIC wave events observed
by CRRES to obtain information on the spectral properties of the waves and to examine the distribution

of the waves as a function of spatial location and magnetic activity. The instrumentation and data analy-

sis techniques are described in section 2, followed by a description of the EMIC wave database in section 3.

MEREDITH ET AL.

©2014. American Geophysical Union. All Rights Reserved. 5329



@AG U Journal of Geophysical Research: Space Physics 10.1002/2014JA020064

AE index (nT)

Frequency (Hz)
IS

uT 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00
MLT 12:23 13:28 14:14 14:53 15:30 16:08 16:53 17:54
MLA -15.2 -13.5 -10.7 =7.71 —4 4! -1.01 2.76 7.34
L 4.32 5.21 5.63 82 5.86 62 5.10 4,14
T o) | Orbit: 0968

Date: 30—Aug-91
91.242

0.01 0.10 1.00 10.00 100.00
Power Spectral Density (nTsziw)

Figure 1. Survey plot of the wave power spectral density for CRRES (bottom) orbit 968 as a function of frequency and
Universal Time, together with a trace of the (top) AE index. The solid white line denotes the proton gyrofrequency, the
dashed line the helium ion gyrofrequency, and the dash-dotted line the oxygen ion gyrofrequency.

We present global maps of EMIC wave occurrence and percentage occurrence for helium and hydrogen
band EMIC waves in section 4. The spectral properties of the EMIC waves are then described in section 5.
Finally, the results are discussed and our conclusions are presented in sections 6 and 7, respectively.

2. Instrumentation and Data Analysis

CRRES was launched on 25 July 1990 into a highly elliptical (350 x 35,548 km), low-inclination (18.1°),
geosynchronous transfer orbit [Johnson and Kierein, 1992]. The satellite operated in this region for approxi-
mately 15 months before finally failing on 11 October 1991. During the course of the mission the magnetic
local time of apogee ranged from 08 through midnight to 14 MLT, leaving a gap in coverage near apogee
primarily in the prenoon sector. The orbital period was approximately 10 h so that the satellite traversed
the radiation belts about 5 times per day, giving good coverage of the radiation belt environment for
approximately 15 months.

The three-component EMIC wave and main field data were provided by the fluxgate magnetometer [Singer
et al., 1992]. The three-component fluxgate data, sampled at 16 Hz, were analyzed orbit by orbit. The spec-
tral analysis used a fast Fourier transform length of 1600 points with a 400 point step, corresponding to a
frequency resolution of 10 mHz and a time step of 25.6 s. The resulting wave spectra covered the frequency
range from 0 to 8 Hz in steps of 10 mHz at a time resolution of 25.6 s. A typical wave survey spectrogram
from the fluxgate magnetometer during the CRRES mission is shown in Figure 1. Here the wave power spec-
tral density in nT?Hz ™" is plotted as a function of frequency and Universal Time (UT) for orbit 968 (Figure 1,
bottom), together with a trace of the AE index (Figure 1, top). The Universal Time is marked at hourly inter-
vals together with the magnetic local time, MLT, the magnetic latitude, 4,,,, and L* [Roederer, 1970]. The
solid white line denotes the proton gyrofrequency, the dashed line the helium ion gyrofrequency, and

the dash-dotted line the oxygen ion gyrofrequency. During this orbit strong helium band EMIC waves are
seen between 13:00 and 15:10 UT and between 17:00 and 18:20 UT. These observations were made during
high geomagnetic activity in the afternoon sector over a range of L* (5.1-5.8). Some strong hydrogen band
EMIC waves were also observed just before 15:00 UT, but they only lasted for about 10 min and were not as
extensive as the helium band waves.

The period of enhanced EMIC waves during the outbound leg is shown in more detail in Figure 2. Here
the wave power spectral density is plotted as a function of frequency and UT from 0 to 2 Hz and 12:30
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Figure 2. Expanded plot of the wave power spectral density from 12:30 to 15:30 UT on 30 August 1991 during CRRES
orbit 968 as a function of frequency and Universal Time, together with a trace of the (top) AE index in the same format
as Figure 1.

to 15:30 UT, respectively. The bursty nature of the waves is apparent with strong waves appearing and
disappearing on a timescale of minutes.

For our chorus wave database [Meredith et al., 2012] we initially averaged the wave data as a function of

L* and half orbit in steps of 0.1L*. The dwell time in each 0.1L* bin ranged from several minutes to tens of
minutes depending on location. Since the EMIC waves may come and go on a timescale of minutes aver-
aging the data into bins of length 0.1L* would result in the loss of key information on the power and its
spectral distribution. The best way to preserve the spectral information is to analyze each individual spectral
profile and here we fit each individual spectral profile with two Gaussian functions, one in the helium band
and the other in the hydrogen band. This approach has the advantage of removing noise spikes and bands
which do not have Gaussian profiles. The statistics can then be conducted on the resulting fit parameters.
We, therefore, fitted a Gaussian profile to the wave power spectral density, PSD, in each band of the form

ffom )2

PSD = PSD,e (o (1)
where PSD,, is the peak power spectral density, f,, is the peak frequency, and df is the width. Since helium
band EMIC waves can be observed close to the helium ion gyrofrequency, as observed in this example, for
these waves we fit to the data between the oxygen ion gyrofrequency and 0.05 Hz above the helium ion
gyrofrequency to make sure that we capture all of the appropriate power. Hydrogen band EMIC waves tend
to be observed at frequencies well below the proton gyrofrequency and for these waves we fit to the data
between the helium ion gyrofrequency and the proton gyrofrequency.

The wave power spectral density at 15:01 UT on 30 August 1991 is plotted as a function of frequency in
Figure 3. The linear least squares best fit to a Gaussian profile is shown in green and the local helium ion
gyrofrequency is shown as a dotted red vertical line. The peak frequency is 0.312 Hz, the spectral width is
0.053 Hz, and the intensity is 2.6 nT2. This is an example of a strong wave (va > 1 nT?) observed in a region
where the ratio of the electron plasma frequency, f, to the electron gyrofrequency, f, is high (f. /f., > 10)
with a peak frequency > 0.6f,.,. This type of event could play a significant role in radiation belt loss
[Meredith et al., 2003]. The question is how often does this type of event occur and what fraction of the
events result in the strong diffusion of electrons with energies of the order 1 MeV.

MEREDITH ET AL.

©2014. American Geophysical Union. All Rights Reserved. 5331



@AG U Journal of Geophysical Research:

Space Physics 10.1002/2014JA020064

LY UT MLT  am

5.82 15:01 14:52 -7.6

1000.00
r B 2. 2.599 nT? 1
w
- f:0.312 Hz 1
m
100.00 | df: 0.053 Hz E
T F fopes: 0411 Hz ]
ks f_:11.58
o 3 M pe/ ce’ 1
C I N
~ 10.00 -
> E : 1
‘a F : ]
2 3 : ]
5 | :
g C ]
s L | ]
5 100k { -
g 3 E
7] r ]
. C ]
() - 4
B
o -
o
0.10F <
0.01 n n n 1 n n n 1 n n n 1 n n n 1 n n n
0.0 0.2 0.4 0.6 0.8

Frequency (Hz)

Figure 3. Trace of the wave spectral density as a function of fre-

quency at 15:01 UT on 30 August 1991. The Gaussian fit is shown in
green. The dotted red line represents the helium ion gyrofrequency.
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A summary of the results for orbit 968 are
presented in Figure 4. Figure 4 (top row)
shows the wave intensity (left), the peak
frequency (middle), and the spectral width
(right) as a function of UT for the helium
band (blue) and the hydrogen band

(red) EMIC waves. Figure 4 (middle row)
shows the ratio f,. /f, (left), the peak fre-
quency of the helium, and hydrogen band
waves normalized to the local helium and
local proton gyrofrequency respectively
(middle), and the peak frequency of the
helium and hydrogen band waves nor-
malized to the equatorial helium and
proton gyrofrequency respectively (right)
as a function of UT. Figure 4 (bottom row)
shows the spacecraft location as a function
of L* (left), MLT (middle), and 4,, (right) as
a function of UT.

During this orbit bursty helium band EMIC
waves were observed for a large portion
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Figure 4. Summary plot of the results of the EMIC wave fitting for orbit 968. (top row, from left to right) Wave intensity,
peak frequency, and spectral width as a function of UT for the helium band (blue) and the hydrogen band (red) EMIC
waves. (middle row, from left to right) Ratio f,,. /f.., peak frequency of the helium and hydrogen band waves normalized
to the local helium and local proton gyrofrequency, respectively, and peak frequency of the helium and hydrogen band
waves normalized to the equatorial helium and proton gyrofrequency, respectively, as a function of UT. (bottom row,

from left to right) L*, MLT, and 4,,, as a function of UT.
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Figure 5. (top) Number of helium band EMIC wave events greater than 0.1 nT2 as a function of L* and MLT for, from left to right, quiet, moderate, and active
conditions. The number of events is shown in the large panels and the corresponding number of samples is shown in the small panels. In the large panels regions
that were covered by CRRES but contain no EMIC wave events are shaded grey. Regions at low L* (L* <~ 3.2), where EMIC waves cannot be identified in the data,
and regions at high L* not sampled by CRRES are color-coded white. (bottom) Percentage occurrence of helium band EMIC wave events greater than 0.1 nT2 in

the same format.

of the interval from 13:00 to 18:20 UT. During this period the spacecraft was located in the afternoon sector
in the region 5.1 < L* < 5.9 over a range of magnetic latitudes from —15° to the magnetic equator. The
intensities of the observed helium band waves ranged from 0.1 to 10 nT? and peak frequencies covered a
range of normalized frequencies from 0.3 to 0.9f,.. . There are a number of interesting helium band EMIC
wave events during this orbit with f,, > 0.6f,,., and intensities greater than 1 nT? in regions of f,,. /f., > 10
which could result in significant diffusion rates for 1 MeV electrons. The hydrogen band EMIC waves were
largely observed between 1300 and 1600 UT and were less intense with normalized frequencies between
0.3 and 0.5,

3. EMIC Wave Database

In the inner magnetosphere observations from CRRES suggest that EMIC waves are excited over a broad lat-
itudinal range within +£11° of the magnetic equator [Loto'aniu et al., 2005]. While the CRRES orbital coverage
extends to +£30° magnetic latitude, the majority of the EMIC wave events are restricted to within +20° of the
magnetic equator [Meredith et al., 2003]. Given the broad source region, the limited latitudinal extent of the
majority of the wave events observed by CRRES, and uncertainties in the external magnetic field, particu-
larly during active conditions [McCollough et al., 2008], we conduct our analysis by normalizing the observed
frequency to the local proton gyrofrequency.

The three-component fluxgate data, sampled at 16 Hz, were analyzed orbit by orbit. In a previous study of
CRRES EMIC wave data Fraser and Nguyen [2001] identified 830 EMIC wave event intervals, from 169 of their
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Figure 6. (top) Number of helium band EMIC wave events greater than 1 nT2 and (bottom) percentage occurrence of helium band EMIC wave events with
intensities greater than 1 nT2 in the same format as Figure 5.

analyzed 906 orbits, covering 96 h of the analyzed 7248 h, equivalent to 1.33% of the total observations.
For each event interval we performed Gaussian fits to the wave data in the hydrogen and helium band at
the 25.6 s resolution of the data set. For each successful fit we recorded the band, the peak spectral den-
sity, the peak frequency, the spectral width, and the wave intensity integrated over the wave band. We then
constructed two databases, one for the helium and one for the hydrogen band waves. In each database
we recorded the Universal Time, the satellite position in magnetic coordinates (L*, MLT, 4,,,), the geomag-
netic activity as monitored by the AE, Dst, and Kp indices, the local proton gyrofrequency, and the plasma
frequency. This information was stored for each wave spectra in each of the 906 orbits. When a successful
fit was achieved, we also stored the fit parameters as described above. For the database L* and MLT were
computed using the Office National d’Etudes et de Recherche Aérospatiales Département Environnement
Spatial (ONERA-DESP) library V4.2, (D. Boscher et al., ONERA DESP library V4.2, 2008) with the International
Geomagnetic Reference Field at the middle of the appropriate year and the Olson-Pfitzer quiet time model
[Olson and Pfitzer, 19771. Since the ONERA DESP library is designed for particles and we are using it for waves,
we calculate L* assuming a local pitch angle of 90°. The magnetic latitude was calculated using a simple
dipole magnetic latitude, and the local proton gyrofrequency was calculated from the local ambient mag-
netic field determined by the fluxgate magnetometer instrument [Singer et al., 1992]. The plasma density
was derived from measurements of the plasma wave spectra by the Plasma Wave Experiment [Anderson

et al., 1992b] as described in Meredith et al. [2002].

4, Global Morphology

Since the occurrence rate of EMIC waves in the inner magnetosophere is associated with disturbed
conditions [e.g., Usanova et al., 2012; Keika et al., 2013], we conducted a statistical analysis of the wave
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Figure 7. (top) Number of hydrogen band EMIC wave events greater than 0.1 nT2 and (bottom) percentage occurrence of hydrogen band EMIC wave events
greater than 0.1 nT? in the same format as Figure 5.

databases to obtain global maps of the number of events and percentage occurrence for waves above given
thresholds in each of the bands as a function of geomagnetic activity as monitored by the AE index. The
geomagnetic activity was divided into three levels according to the value of the AE index at the time of the
measurement, which we defined to be quiet when AE < 100 nT, moderate when 100 < AE < 300 nT and
active when AE > 300 nT. The resulting global maps for the helium band and hydrogen band waves are
presented in sections 4.1 and 4.2, respectively.

4.1. Helium Band EMIC Waves

The number of helium band EMIC wave events for which va > 0.1 nT? is plotted as a function of L*, MLT,
and geomagnetic activity in Figure 5 (top), for, from left to right, quiet, moderate, and active conditions. The
number of events is shown in the large panels and the corresponding number of samples is shown in the
small panels. In the large panels regions that were covered by CRRES but contain no EMIC wave events are
shaded grey. Regions at low L* (L* <~ 3.2), where EMIC waves cannot be identified in the data due to the
high background magnetic field, and regions at high L* not sampled by CRRES are color-coded white. Each
plot extends linearly out to L* = 8 with noon at the top and dawn to the right. The percentage occurrence of
helium band EMIC waves with B2 > 0.1 nT? is plotted as a function of L*, MLT, and geomagnetic activity in
Figure 5 (bottom) in the same format. Helium band EMIC waves are rare during quiet conditions with inten-
sities exceeding 0.1 nT? for only 0.06% of the time in the region 4 < L* < 7 over all MLT. They are observed
more frequently during moderate conditions with intensities greater than 0.1 nT? in the region 4 < L* <7
over all MLT for 0.3% of the time. Helium band EMIC waves are most prevalent during active conditions,
with intensities greater than 0.1 nT? being observed 1.2% of the time in the region 4 < L* < 7 over all MLT.
By sector the largest percentage occurrence is in the noon to dusk sector during active conditions, where
intensities exceed 0.1 nT? 2.7% of the time.
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Figure 8. (top) Number of hydrogen band EMIC wave events greater than 1 nT2 and (bottom) percentage occurrence of hydrogen band EMIC wave events greater
than 1 nTZ in the same format as Figure 5.

EMIC waves with intensities greater than 1 nT? are typically required to put resonant electrons on strong
diffusion [Thorne and Kennel, 1971; Summers and Thorne, 2003]. The number of helium band EMIC wave
events for which B2 > 1 nT? is plotted as a function of L*, MLT and geomagnetic activity in Figure 6, together
with the corresponding percentage occurrence. Helium band EMIC waves with intensities greater than 1 nT?
are rarely seen during quiet and moderate conditions. Helium band EMIC waves with intensities greater than
1 nT2 are most prevalent during active periods, being observed 0.5% of the time in the region 4 < L* <7
over all MLT. By sector the largest percentage occurrence is again in the noon to dusk sector during active
conditions where waves with intensities greater than 1 nT? are seen approximately 1% of the time.

4.2, Hydrogen Band EMIC Waves

The number of hydrogen band EMIC wave events for which va > 0.1 nT? is plotted as a function of L*, MLT
and geomagnetic activity in Figure 7, together with the corresponding percentage occurrence. Hydrogen
band EMIC waves are very rare during quiet conditions with intensities exceeding 0.1 nT? for only 0.008% of
the time in the region 4 < L* < 7 over all MLT. They are also rare during moderate conditions with intensities
greater than 0.1 nT? in the region 4 < L* < 7 over all MLT for 0.1% of the time. Hydrogen band EMIC waves
are most prevalent during active conditions, with intensities greater than 0.1 nT? being observed for 0.26%
of the time in the region 4 < L* < 7 over all MLT. By sector the largest percentage occurrence is in the noon
to dusk sector during active conditions where waves with intensities greater than 0.1 nT? are seen 0.6% of
the time.

The number of hydrogen band EMIC wave events for which va > 1 nT? is plotted as a function of L*, MLT,
and geomagnetic activity in Figure 8, together with the corresponding percentage occurrence. Hydrogen
band EMIC waves with intensities greater than 1 nT? are never seen during quiet conditions and are very rare
during moderate conditions. Hydrogen band EMIC waves with intensities greater than 1 nT? are also rare
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Figure 9. Scatter plot of the spectral properties of the helium band EMIC waves and the ratio f,. /f.. as a function of L*
in the afternoon sector. (a) The power spectral density, (b) the intensity, (c) the normalized peak position, (d) the spectral
width, and (e) the ratio fpe/fce, color-coded according to the geomagnetic activity as monitored by the AE index.

during active periods being observed 0.04% of the time in the region 4 < L* < 7 over all MLT. By sector the
largest percentage occurrence is again in the noon to dusk sector during active conditions but waves with
intensities greater than 1 nT? are only seen 0.09% of the time in this region.

5. Spectral Properties

Information on the spectral properties of the helium and hydrogen band EMIC waves is required to assess
the role of the waves in radiation belt dynamics. Figure 9 shows a scatter plot of the wave parameters for the
helium band EMIC wave events as a function of L* in the afternoon sector, where the majority of the helium
band EMIC wave events occur. The peak power spectral density and the intensity are shown as a function of
L* in Figures 9a and 9b, respectively. In these panels the solid and dotted lines represent the event-averaged
and time-averaged value of the plotted parameter, respectively, for active conditions. The normalized peak
frequency, normalized spectral width, and the ratio f,, /., are shown as a function of L* for the more signif-
icant EMIC wave events, with va > 0.1 nT?, in Figures 9c to 9e, respectively. In these panels the solid lines
represent the corresponding event-averaged values for active conditions. The intensity (Figure 9b) covers
over 3 orders of magnitude, ranging from 0.01 to greater than 10 nT2. The average value of a helium band
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Figure 10. Scatter plot of the spectral properties of the hydrogen band EMIC waves and the ratio f,e /fce as a function
of L* in the afternoon sector. (a) The power spectral density, (b) the intensity, (c) the normalized peak position, (d) the
spectral width, and (e) the ratio f,. /f., color-coded according to the geomagnetic activity as monitored by the AE index.
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EMIC wave event during active conditions is of the order of 2 nT? (solid line). However, when all observa-
tions are taken into account, the time-averaged helium band EMIC wave intensity is much lower, typically
0.07 nT? (dashed line). The peak frequency for the helium band wave events with Bﬁv > 0.1 nT? (Figure 9¢)
ranges from just above the oxygen ion gyrofrequency to just below the helium ion gyrofrequency. However,
the bulk of the events lie between 0.1 and 0.2f_, with an average value of 0.15f,, which shows no signifi-
cant variation with L*. The spectral widths of the helium band wave events with va > 0.1 nT?(Figure 9d)
vary by an order of magnitude with an average value of 0.02f, during active conditions. The ratio of f, /.
(Figure 9e) is an important parameter that determines the resonant energy, and hence, the energy where
electron diffusion is likely to be most effective. The ratio f,, /f., during the helium band EMIC wave events
with Bﬁl > 0.1 nT? (Figure 9e) is large and typically greater than 10.

Figure 10 shows a scatter plot of the wave parameters for the hydrogen band EMIC wave events as a func-
tion of L* in the afternoon sector in the same format as for Figure 9. The intensity (Figure 10b) covers 3
orders of magnitude, ranging from 0.01 to greater than 10 nT2. The average value of a hydrogen band EMIC
wave event during active conditions is of the order of 0.5 nT? (solid line). However, when all observations are
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taken into account, the time-averaged hydrogen band EMIC wave intensity is much lower, typically less than
0.01 nT? (dashed line). The peak frequency for the hydrogen band wave events with more significant wave
power ranges (Figure 10c) from just above the helium ion gyrofrequency to about 0.6f.,, with an average
value of 0.4f_, which shows no significant variation with L*. The spectral widths of the hydrogen band wave
events with Bﬁv > 0.1 nT? (Figure 10d) vary by more than an order of magnitude with an average value

of 0.05f., during active conditions. The ratio f,, /f., during the hydrogen band EMIC wave events with

B2 > 0.1 nT? (Figure 10e) is also large and typically around 10.

6. Discussion

Our observations show that both hydrogen band and helium band EMIC waves are substorm dependent
and occur most frequently in the region 4 < L* < 7 in the postnoon sector during active conditions.
The EMIC wave percentage occurrences reported here are generally consistent with the results from the
AMPTE CCE [Anderson et al., 1992a], CRRES [Fraser and Nguyen, 20011, and THEMIS [Usanova et al., 2012] in
this region. The location of the observed waves and their dependence on magnetic activity suggest that the
waves observed by the CRRES satellite are most likely generated by anisotropic ring current ions injected
into this region during enhanced convection associated with the enhanced magnetic activity. We note that
larger percentage occurrences are observed further out (L* > 7) on the dayside [e.g., Anderson et al., 1992b;
Usanova et al., 2012] in association with magnetospheric compressions, but this region was not sampled by
the CRRES missions and is not studied here. A second, albeit smaller, peak in EMIC wave occurrence has also
been observed near dawn [e.g., Anderson et al., 1992al], but this peak occurs further out at L > 8, in a region
not sampled by the CRRES satellite.

In the inner magnetosphere EMIC waves are generated by anisotropic medium energy ring current ions
injected during storms and substorms [Cornwall et al., 1970; Jordanova et al., 2001] so that a measure of the
ring current, such as the Dst index might also be expected to be a useful proxy for EMIC waves. To investi-
gate this possibility, we repeated the analysis using the Dst index to monitor the geomagnetic activity but
found no obvious trend with decreasing Dst. This is most likely due to the fact that substorm activity, and
hence EMIC wave generation, can be prolonged and enhanced during high-speed solar wind streams, which
have little or no significant signatures in Dst [e.g., Denton and Borovsky, 2008] and also during the recovery
phase of geomagnetic storms when the Dst index is returning to quiet time levels.

The average intensity of the helium and hydrogen band EMIC waves in the region 4 < L* < 7 in the after-
noon sector during active conditions is 2 nT? and 0.5 nT?, respectively, and suggests that the waves can
cause strong diffusion [e.g., Summers and Thorne, 2003]. However, the time-averaged properties are very dif-
ferent, being a factor of 30-50 lower for helium and hydrogen band EMIC waves, respectively, suggesting
that the overall effect will be correspondingly much weaker. This raises a conceptually difficult question: do
several short duration bursts of EMIC waves that could cause strong diffusion locally give the same results
as averaging the wave intensity and applying the lower average diffusion rates over the drift path of the
electrons? This is beyond the scope of this study but it is one that may be addressed by radiation belt codes.

Previous studies have shown that helium band minimum resonant energies fall below 2 MeV in regions of
high plasma density and/or low magnetic field (f,. /f.. > 10) and are associated with wave frequencies in the
range 0.6f ., < f < fye, [Meredith et al., 2003]. Of the 1286 helium band EMIC wave events with intensities
greater than 1 nT? during active conditions in the region 12-18 MLT, 574 have peak frequencies in the range
0.6fqie < f < fyye, and are observed in regions of f, /f., > 10. This equates to approximately 0.5% of
the observations during active conditions in this region, suggesting that helium band EMIC waves can drive
strong diffusion of electrons with energies in the range 1 < E < 2 MeV, but that it is relatively rare.

Hydrogen band minimum resonant energies fall below 2 MeV in regions of high plasma density and/or
low magnetic field (f,. /f.. > 10) and are associated with wave frequencies in the range 0.4f,, < f < f,
[Meredith et al., 2003]. Of the 102 helium band EMIC wave events with intensities greater than 1 nT? during
active conditions in the region 12-18 MLT, 13 have peak frequencies in the range 0.4f, < f < f_, and are
observed in regions of f,. /f.. > 10. This equates to approximately 0.01% of the observations during active
conditions in this region and suggests that hydrogen band EMIC waves do not contribute to the strong
diffusion of < 2 MeV electrons.
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Our results suggest that EMIC waves will contribute to relativistic electron loss during enhanced geomag-
netic activity. The wave properties determined in this study can be used to calculate energy and pitch angle
diffusion coefficients [Glauert and Horne, 2005] for use in radiation belt models [e.g., Glauert et al., 2014], to
assess the role of EMIC waves in radiation belt dynamics. Indeed, there is evidence linking EMIC waves to
relativistic electron precipitation [Millan et al., 2007; Miyoshi et al., 2008; Carson et al., 2013], but it is unlikely
to be strong enough or persistent enough to give rise to the electron flux dropouts commonly seen during
the storm main phase, as established by recent particle observations [Horne et al., 2009; Meredith et al., 2011;
Turner et al., 2012].

7. Conclusions

We have used CRRES data to develop a global model of the percentage occurrence of hydrogen and
helium band EMIC waves and to examine the spectral properties of the waves. Our principle findings are
the following:

1. Helium band EMIC waves, with intensities greater than 0.1 nT2, are most prevalent during active condi-
tions from 4 < L* < 7 in the afternoon sector, with an average percentage occurrence of 2.7%.

2. Hydrogen band EMIC wave events, with intensities greater than 0.1 nT?, are also most prevalent in the
noon to dusk sector during active conditions in the same region, but they are less frequent than the
corresponding helium band wave events with an average percentage occurrence of 0.6%.

3. The average intensity of a helium band wave event during active conditions in the afternoon sector,
where the waves are most frequent, is of the order 2 nT2. However, the time-averaged intensity of the
helium band EMIC waves during active conditions in this region is about a factor of 30 lower.

4.The average peak frequency and width of the moderate and strong helium band wave events
(va > 0.1 nT?) during active conditions, in the afternoon sector where the waves are most frequent, is

0.15f, and 0.02f,, respectively.

5. The average intensity of a hydrogen band wave event during active conditions in the afternoon sector,
where the waves are most frequent, is of the order 0.5 nT2. However, the time-averaged intensity of the
hydrogen band EMIC waves during active conditions in this region is about a factor of 50 lower.

6. The average peak frequency and width of the moderate and strong hydrogen band wave events (82, >
0.1 nT?) during active conditions, in the afternoon sector where the waves are most frequent, is O.4fCp and

0.05f,,, respectively.

The data on the spectral properties and the distribution of the hydrogen band and helium band EMIC
waves provided here can be used to calculate energy and pitch angle diffusion coefficients [Glauert and
Horne, 2005] and used in radiation belt models [e.g., Glauert et al., 2014], to assess the role of EMIC waves in
radiation belt dynamics and to improve radiation belt forecasts.
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