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Abstract Electromagnetic ion cyclotron (EMIC) waves have been suggested to be a cause of radiation belt
electron loss to the atmosphere. Here simultaneous, magnetically conjugate measurements are presented of
EMIC wave activity, measured at geosynchronous orbit and on the ground, and energetic electron precipitation,
seen by the Balloon Array for Radiation belt Relativistic Electron Losses (BARREL) campaign, on two consecutive
days in January 2013. Multiple bursts of precipitation were observed on the duskside of the magnetosphere
at the end of 18 January and again late on 19 January, concurrent with particle injections, substorm activity, and
enhanced magnetospheric convection. The structure, timing, and spatial extent of the waves are compared
to those of the precipitation during both days to determine when and where EMIC waves cause radiation belt
electron precipitation. The conjugate measurements presented here provide observational support of the
theoretical picture of duskside interaction of EMIC waves and MeV electrons leading to radiation belt loss.

1. Introduction

Wave-particle interactions play a critical role in radiation belt dynamics, providing a source of both
acceleration and loss of energetic electrons in the inner magnetosphere. Particle precipitation into the
atmosphere due to pitch angle scattering by waves is an important loss process, the causes and
consequences of which are of great interest to the radiation belt community. Among these waves are
electromagnetic ion cyclotron (EMIC) waves, which can resonate with MeV electrons and scatter them into
the loss cone (see Millan and Thorne [2007] for a review). EMIC waves are generated by anisotropic ion
distributions and are often observed on the duskside of the inner magnetosphere, where freshly injected
ions drift in from the tail [Cornwall et al., 1970; Anderson et al., 1996]. They have also been observed in the
morning sector and across the dayside at larger radial distances during compressions of the dayside
magnetosphere [e.g., Anderson and Hamilton, 1993; Keika et al., 2013]. Duskside EMIC waves occur more
often in the helium (He*) band (between the oxygen and helium cyclotron frequencies) and with left-hand
polarization, while the dawnside and dayside EMIC waves tend to lie in the hydrogen (H*) band (between the
helium and hydrogen cyclotron frequencies) and are more often linearly or right-hand polarized [Min et al.,
2012]. Wave occurrence rates in both regions peak during geomagnetic storms and substorms as well as
periods of enhanced solar wind dynamic pressure [Erlandson and Ukhorskiy, 2001; Halford et al., 2010; Usanova
et al, 2012]. Theory and simulations have shown that strong resonant interactions can occur between EMIC
waves and MeV electrons, leading to the hypothesis that these waves are a source of precipitation and loss of
radiation belt electrons [Lyons and Thorne, 1972; Summers and Thorne, 2003; Ukhorskiy et al, 2010]. The
presence of dense cold plasma lowers the minimum resonant energy of radiation belt electrons interacting
with EMIC waves; thus, the duskside of the magnetosphere, where cold, dense plasmaspheric bulges and
plumes extend and overlap ring current ions, has been suggested as a preferential region for EMIC-electron
interactions [e.g., Thorne and Kennel, 1971; Jordanova et al., 2008].

MeV electron precipitation has been observed by a number of different platforms, including balloons and
low-altitude satellites. While millisecond-long microburst precipitation occurs primarily on the dawnside of
the magnetosphere, measurements of longer-duration MeV electron precipitation all show a peak in
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occurrence in the dusk sector [Nakamura et al., 2000; Carson et al., 2013; Comess et al., 2013; Wang et al., 2014;
Blum et al., 2015]. During the MeV Auroral X-ray Imaging and Spectroscopy (MAXIS) balloon campaign,
electron precipitation was observed at all local times in the magnetosphere, but the harder-spectrum
relativistic electron precipitation, or “REP”, events were constrained to the duskside, between noon and
midnight [Millan et al, 2002]. Radial and local time distributions of MeV precipitation events have led
many to suggest that they are the observational signatures of EMIC wave interaction with and scattering
of radiation belt electrons [Vampola, 1977; Bortnik et al., 2006]. Imhof et al. [1986] found simultaneous keV
ion and MeV electron precipitation on a number of occasions, a signature often associated with EMIC wave
scattering as these waves can resonate with both these particle populations [e.g., Sandanger et al., 20071.
Such concurrent ion and electron precipitation was observed along with ground-based measurements of
EMIC waves by Miyoshi et al. [2008] on 5 September 2005. During another event on 17 January 2013, Li
et al. [2014] modeled the expected radiation belt electron precipitation spectrum from an observed EMIC
wave event and found good agreement with balloon-measured precipitation.

Here we present further observational evidence for the association between duskside relativistic electron
precipitation and EMIC waves via magnetically conjugate measurements from the Balloon Array for
Radiation belt Relativistic Electron Losses (BARREL) balloon 1C and GOES 13. Two periods of relativistic
electron precipitation and EMIC wave activity are observed on two consecutive days in January 2013. The
solar wind and geomagnetic conditions during these events are investigated to reveal the temporal and
spatial characteristics of the observed waves and precipitation as well as the conditions under which these
events can occur.

2. Primary Observations

Two BARREL balloon campaigns were conducted out of Antarctica during January-February 2013 and 2014.
A summary of the mission and balloon instrumentation can be found in Millan et al. [2013]. On any given day
during the campaigns, multiple balloons were aloft at a range of local times and latitudes, providing an array
of measurements spanning the foot points of the outer radiation belt [Woodger et al., 2015]. At their altitude
of ~30km, the balloons measure bremsstrahlung X-rays produced by precipitating electrons impacting
Earth’s atmosphere, rather than the precipitating electrons directly.

Figure 1a shows the X-ray spectrogram measured by BARREL balloon 1C on 18-19 January 2013. Three large
bursts of precipitation occurred from 22:00 UT 18 January to 01:00 UT 19 January, followed by four more
bursts roughly 24 h later, at the end of 19 January (precipitation periods are marked by dashed purple
lines in Figure 1). Each of these precipitation events produced X-rays of energies exceeding ~500keV at
count rates above background levels, indicating that relativistic electron precipitation was occurring.
Precipitating 0.5-1.6 and 1.6-3.8 MeV electrons were also observed at a magnetically conjugate location by
the Colorado Student Space Weather Experiment (CSSWE), a CubeSat in low-Earth orbit [Li et al., 2012],
during the first set of precipitation bursts. (CSSWE was not in the right location to observe the second set,
see Blum et al. [2013] for further details.) Figure 1b shows the magnetic spectral density measured by the
GOES 13 magnetometer, with 0.512s sampling period, during the same 2 day period. Local O*, He™, and
H* ion gyrofrequencies are indicated by the white lines. EMIC wave activity was observed in the H" band
from ~12:00 UT 18 January to ~01:00 UT 19 January. This subsided until later on 19 January when bursts
of wave activity were observed first in the H" band ~18:00 UT and later in the H* and He* bands
at ~21:30-23:30 UT. Some O* band wave activity may also have been present but is difficult to distinguish
from other more broadband signatures during this period.

Figures 1c-1g present solar wind conditions and geomagnetic indices for the same 2 day period in January
2013. Interplanetary magnetic field (IMF) B,, solar wind dynamic pressure Pqyn, and interplanetary electric
field (IEF) E,, a measure of magnetospheric convection, are displayed in Figures 1c, 1d, and Te,
respectively. These are provided by the OMNI database and have been time shifted to the nose of Earth'’s
bow shock. Below these, in Figures 1f and 1g, are AE and SYM-H indices, also from the OMNI database. Two
pressure pulses occurred under northward IMF, marked by the red vertical dashed lines around 12:00 UT
18 January and 18:00 UT 19 January, both of which were accompanied by EMIC wave activity observed by
GOES 13. Some time after each of these pulses, B, turned southward, |EF E, became positive, and substorm
activity commenced. During these periods, electron precipitation and strong EMIC wave activity were
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Figure 1. (a) BARREL balloon 1C observations, (b) GOES 13 wave measurements, (c—e) solar wind conditions, and (f and g) geomagnetic AE and SYM-H indices on
18-19 January 2013. The red vertical dashed lines mark the sudden enhancements in the solar wind dynamic pressure and the purple dashed lines and shaded
regions the times of relativistic electron precipitation.

observed, marked by the purple dashed lines and shaded regions. Following the recovery phase of a
geomagnetic storm on 17 January 2013, the SYM-H index remained above ~—25nT during these periods
(see Figure 1g), indicating a very weak geomagnetic storm signature, if any at all.

Figure 2 shows the location, in L shell and magnetic local time (MLT), of the equatorial foot points of balloon
1C and GOES 13 during the two precipitation periods. Figure 2a is a snapshot of the inner magnetosphere at
23:00 UT 18 January, during the first set of precipitation bursts, and Figure 2b from 22:00 UT 19 January, at the
start of the second period of precipitation. In each panel, locations of the six Los Alamos National Laboratory
(LANL) geosynchronous satellites, whose observations will be discussed in the following section, are marked
with colored circles, GOES 13 and GOES 15 with dark and light pink triangles, and balloon 1C with a purple
square. The purple lines indicate the trajectory of balloon 1C over the few-hour periods of precipitation.
The balloon location and path have been mapped to the equatorial plane using the T89 magnetic field
model, with Kp as an input [Tsyganenko, 1989], which has been shown to accurately map on the duskside
during periods of quiet to moderate geomagnetic activity such as the ones presented here [McCollough
et al., 2008]. Throughout the 2 day period, balloon 1C and GOES 13 remained roughly aligned in MLT and
within ~1.5 L shells of each other. An additional BARREL balloon, 1G, tracked closely in MLT to balloon 1C
and mapped to L =7-8 on the dayside (and L > 8 on the duskside) during this period. This balloon did not
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Figure 2. (a and b) Snapshots of the inner magnetosphere during the two precipitation periods. GOES spacecraft are marked with triangles; LANL geosynchronous
satellites with circles; the mapped location of balloon 1C with a square; and the plasmapause, as calculated by test-particle simulations [Goldstein et al., 2014a], in dark
green. The balloon trajectory during the duration of the precipitation events, calculated using T89, is shown with the solid purple line. Local noon is to the left.

see any radiation belt precipitation during this 2 day period, consistent with balloon 1C's dayside observations.
The location of the plasmapause, as determined from test particle simulations described in Goldstein et al.
[2014a] and driven by Kp and IEF E,, is shown in dark green. Extended density structures and remnant
plasmaspheric plumes wrapped around the night and afternoon sectors appear on both occasions.

Figures 1 and 2 show the close alignment in space and time of radiation belt electron precipitation measured
by BARREL balloon 1C and EMIC wave activity observed by GOES 13. Figure 2 also shows that the location of
balloon 1C during these events mapped to a region near dusk likely to contain dense plasmaspheric plume
material and structure. The next section presents additional wave and particle measurements to investigate
further the timing and distribution of the waves, as well as the associated geomagnetic conditions during the
two precipitation events.

3. Discussion: EMIC Wave Timing, Extent, and Drivers

In addition to the EMIC wave observations at GOES 13, spectrograms from GOES 15 and ground stations at
Halley and the Canadian Array for Real-time Investigations of Magnetic Activity (CARISMA) network are
shown in Figure 3. The Halley and GOES spectrograms were produced by applying a 256-point fast Fourier
transform (FFT) to differenced magnetic field data. The GOES data [Singer et al., 1996] were sampled at
0.512's cadence (~2 Hz sampling rate), and Halley data [Engebretson et al., 2008] were originally sampled at
10 Hz but averaged to 2 Hz for this study. CARISMA spectrograms were generated using a sliding window
FFT applied to induction coil magnetometer data (<0.2 pTy/Hz sensitivity at 1 Hz, 30 Hz Nyquist frequency)
[Mann et al., 2008]. The times of the pressure pulses, identified in Figure 1, are marked here as well by the
vertical dashed red lines. The solar wind dynamic pressure enhancements around 12:00 UT 18 January and
18:00 UT 19 January generate waves across the dayside magnetosphere, measured by GOES 13 and
multiple ground stations, including Halley, FCHU, and DAWS. Compressions of the magnetopause are able
to generate anisotropic ion populations, the free energy source for EMIC wave growth, across the dayside
magnetosphere due to drift shell splitting, Shabansky orbits, and adiabatic heating [Olson and Lee, 1983;
McCollough et al., 2010]. Observations have shown that EMIC wave occurrence rates increase across the
dayside magnetosphere, particularly at larger radial distances (L > 6), during periods of enhanced solar
wind dynamic pressure [Anderson and Hamilton, 1993; Usanova et al., 2012]. These dayside EMIC waves
often occur in the H* band, consistent with the wave observations on these 2 days, while EMIC waves
observed on the duskside at and within geosynchronous orbit are more often of larger amplitude and at
lower frequencies, below the He* gyrofrequency [Min et al., 2012; Keika et al., 2013; Meredith et al., 2014],
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Figure 3. (top) GOES 13 and GOES 15 spectrograms and (bottom) ground observations from Halley and the CARISMA network on 18-20 January 2013. GOES 15 trails
GOES 13 by 4 h, and the CARISMA ground stations span longitudes roughly between the two GOES satellites. The red vertical dashed lines mark the times of sudden
increases in the solar wind dynamic pressure, as identified in Figure 1.

as was seen during the precipitation event late on 19 January. Conversely, the precipitation event on 18
January appears in association with H* band waves. However, balloon 1C maps further inside
geosynchronous orbit, and closer to the model plasmapause, during this period (see Figure 2), and there is
a less direct correlation between the bursty precipitation and wave structure than was seen at the end of
19 January; thus, it is possible that the waves generating the precipitation observed at balloon 1C have
different characteristics than those measured by GOES during this first event. Simulations by Denton et al.
[2014] suggest that He" band EMIC wave excitation is preferred in high-density plasma, while H band waves
are more likely to occur in the plasma trough. This would be consistent with the location of balloon 1C at the
plasmapause, measuring precipitation driven by He™ EMIC waves, while GOES 13 was further out in the
plasma trough and measured H* band waves (Figure 2a). The particular frequency band of EMIC waves can
influence the range of electron energies precipitated, particularly the lower cutoff energy [e.g., Clilverd et al.,
2015], and in the cold plasma approximation, waves below and approaching the He" gyrofrequency can
resonate most easily with radiation belt electrons of lower energy [e.g., Ukhorskiy et al., 2010].

In addition to these wave observations, particle measurements from geosynchronous orbit also exist from
this period. LANL Synchronous Orbit Particle Analyzer (SOPA) measurements of energetic ions and
electrons are available from six geosynchronous satellites, distributed in MLT as shown in Figure 2. Figure 4
shows six electron (Figure 4a) and ion (Figure 4b) energy channels, ranging from 50 keV to ~1 MeV, from each
spacecraft. Particle injections can be seen in both species, at multiple spacecraft, from just before 21:00 UT on
18 January to ~03:00 UT 19 January (left) and again around 20:00-24:00 UT on 19 January (right). The relative
dispersion of these injections measured at different spacecraft, at different local times, suggests that the
particles were injected in the midnight sector, with electrons drifting around to the dawn and ions to the
dusk. Dawnward propagation of electrons can be observed, for example, around 23:00 UT 19 January, when a
dispersionless injection appeared first at LANL-97A (close to midnight MLT), becoming more dispersed in
energy as it reached LANL-04A, 02A, 01A, etc. (downward through the panels of Figure 4). The reverse pattern
is observed in the ions at this time, the injection starting at 1994-084 and becoming more dispersed moving
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Figure 4. LANL SOPA electron and ion observations (50 keV to ~1 MeV) from six geosynchronous spacecraft distributed in local time. Injection signatures, both
dispersed and dispersionless, are visible in the ions and electrons (left) from ~21:00 UT 18 January to 02:00 UT 19 January and (right) again at ~20:00-24:00 UT
19 January. Note that the lower energy proton channels have high background noise levels that mask some of the dynamics at those energies.

up through the panels of Figure 4. In addition to magnetopause compressions, particle injections can provide a
free energy source for EMIC wave growth as well, bringing fresh anisotropic ion populations to the duskside
through adiabatic heating [Cornwall and Schulz, 1971; Jordanova et al., 2006]. Lorentzen et al. [2000] observed
similar particle injections during an MeV electron precipitation event measured by a balloon as part of the
1996 Interball and Balloon Observations of Aurora (INTERBOA) campaign [Foat et al., 1998], but they did not
have any direct wave observations with which to compare.

While anisotropic ion distributions provide the free energy source for EMIC waves, cold plasma can play a role
both in EMIC wave growth as well as resonant interactions with radiation belt electrons [e.g., Thorne and
Kennel, 1971; Gendrin, 1975]. Figure 2 shows that balloon 1C and GOES 13 lie just outside the model
plasmapause during the precipitation events, between this boundary and remnant plume structures.
During this period, the test particle-modeled plasmapause crossings were within ~0.4 Rg of measured
crossings by the Van Allen Probes, whose apogee was in the postmidnight sector [Goldstein et al., 2014al].

BLUM ET AL.

EMIC WAVES AND ELECTRON PRECIPITATION 5732



@AG U Geophysical Research Letters 10.1002/2015GL065245

The long-lived remnant plume structures that frequently appear in the simulations have also been observed
by spacecraft, but there is often a significant amount of density structure measured within these features that
is not captured by the simulations [Goldstein et al., 2014b]. While the exact location of the remnant plumes
and plasmapause shown in Figure 2 may not be accurate, the simulation results suggest that there were
likely substantial density enhancements and structure in the area around balloon 1C and GOES 13 during
the precipitation events, particularly during the second precipitation event late on 19 January. During the
first precipitation event, balloon 1C lies close to the plasmapause, while GOES 13 may lie in the plasma
trough, as was discussed earlier and which would be consistent with the observed EMIC wave frequency
spectrum. Simulations have shown that, in addition to enhanced cold plasma density, density gradients
can be associated with EMIC wave growth as well [Chen et al., 2009; de Soria-Santacruz et al., 2013];
however, observational evidence of this is still lacking [e.g., Halford et al., 2015]. Thus, this cold plasma
density structure may play a range of roles in the EMIC wave growth and electron precipitation observed
on the duskside during these events. However, the lack of direct density measurements in these events
precludes a more detailed study of those effects here.

The 2 day period examined here exhibited solar wind pressure enhancements coincident with EMIC waves
observed across the dayside magnetosphere. However, it was not until a few hours after each pressure
pulse, during enhanced magnetospheric convection, substorm activity, and particle injections, as balloon
1C and GOES came into the dusk sector, that MeV electron precipitation was observed in close
conjunction with the EMIC waves. The injection signatures and multipoint wave observations, combined
with the solar wind conditions shown in Figure 1, suggest that there were two separate precipitation
events occurring in a similar region on two consecutive days, rather than the same event persisting as
GOES 13 and balloon 1C drifted back around to the duskside. These observations demonstrate the
importance of wave properties and drivers and ambient plasma conditions for determining when EMIC
waves may cause relativistic electron precipitation. In the events shown here, it is the duskside EMIC waves
observed during periods of enhanced convection and substorm activity that are effective at driving
radiation belt loss, rather than the dayside H* band EMIC waves generated by compressions of the
magnetopause. The combination of larger wave amplitude, wave frequencies closer to the He
+ gyrofrequency, and enhanced cold plasma density and structure on the duskside may all contribute to a
lower minimum electron resonant energy and stronger scattering rates, thus leading to efficient radiation
belt electron precipitation. The relative contribution of injections as compared to concurrent enhanced
global convection and the reconfiguration of the plasmasphere for EMIC wave generation and resonance
with MeV electrons will be explored in future investigations. The examples shown here provide a possible
explanation for differences in the global distributions of EMIC waves, often observed across the day and
afternoon sectors, and MeV electron precipitation events, whose occurrence rates peak between dusk and
midnight. Determining when and where EMIC waves resonate with and scatter radiation belt electrons has
important implications for assessing the loss rate due to these waves.

4. Summary

Simultaneous, magnetically conjugate measurements of energetic electron precipitation, as observed by
BARREL, and EMIC wave activity, seen by GOES 13, are presented from a period in January 2013. Two
periods of precipitation were observed on consecutive days, each occurring during periods of enhanced
convection, energetic particle injections, and substorm activity. Both events occurred as balloon 1C drifted
across the dusk sector at latitudes mapping to the outer radiation belt close to geosynchronous orbit,
during which times GOES 13 observed strong EMIC wave activity with similar structure and modulation as
the observed precipitation. This work presents an important first step toward determining when and
where EMIC waves resonate with and scatter MeV electrons and why the dusk sector is the favorable
region for precipitation loss of radiation belt electrons. A summary of the observations as well as their
implications are given below:

1. Concurrent wave and precipitation measurements provide strong observational support of the theoreti-
cal picture of duskside interaction between EMIC waves and MeV electrons leading to precipitation.

2. EMIC wave activity and radiation belt precipitation losses occurred during this period under substorm
activity alone, without an associated geomagnetic storm.
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3. Solar wind pressure pulses generated EMIC waves across the dayside magnetosphere, but it was the
duskside wave activity, associated with nightside particle injections and enhanced magnetospheric
convection, that was observed to be radiation belt effective during these events on 18-19 January 2013.
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