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Key Points:

+ Case studies of relativistic microbursts with EMIC and/or chorus waves occurring.

« Statistically, there is an increase in VLF wave amplitude at the time of relativistic
microbursts, consistent with chorus.

« Statistically, there is no increase in EMIC activity at the time of relativistic mi-
crobursts.
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Abstract

Relativistic electron microbursts are a known radiation belt particle precipitation phe-
nomenon, however, experimental evidence of their drivers in space have just begun to be
observed . Recent modeling efforts have shown that two different wave modes (whistler
mode chorus waves and EMIC waves) are capable of causing relativistic microbursts. We
use the VLF/ELF Logger Experiment (VELOX) and search coil magnetometer at Halley,
Antarctica, to investigate the ground based wave activity at the time of the relativistic mi-
crobursts observed by the Solar Anomalous Magnetospheric Particle Explorer (SAMPEX).
We present three case studies of relativistic microburst events, which have one or both of
the wave modes present in ground based observations at Halley. To extend and solidify
our case study results we conduct superposed epoch analyses of the wave activity present
at the time of the relativistic microburst events. Increased VLF wave amplitude is present
at the time of the relativistic microburst events, identified as whistler mode chorus wave
activity. However there is also an increase in Pcl — Pc2 wave power at the time of the rel-
ativistic microburst events, but it is identified as broadband noise and not structured EMIC
emissions. We conclude that whistler mode chorus waves are, most likely, the primary
drivers of relativistic microbursts. However, case studies confirm the potential of EMIC
waves as an occasional driver of relativistic microbursts.

1 Introduction

Relativistic electron microbursts are small-timescale (< 1 s) intense precipitation
events of > 1 MeV electrons from the outer radiation belt into the atmosphere [Blake
et al., 1996], typically observed in morning Magnetic Local Times (MLT) [Nakamura
et al., 2000; O’Brien et al., 2003; Thorne et al., 2005; Johnston and Anderson, 2010; Blum
et al., 2015]. It is believed relativistic electron microbursts are significant contributors to
radiation belt losses, with the suggestion that a single storm containing relativistic mi-

crobursts could empty the entire outer radiation belt relativistic electron population [Lorentzen

et al., 2001a; Clilverd et al., 2006; Dietrich et al., 2010].  The net flux in the radiation
belts is delicate balance between loss and energization [Reeves et al., 2003], therefore we
require better understanding of the conditions under which relativistic microbursts occur,
and moreover, the physical processes in space driving this type of precipitation.

It is well known that lower energy electron microbursts (energy of tens to hun-
dreds of keV) are a result of wave particle interactions with whistler mode chorus waves
[Lorentzen et al., 2001b][Fennell et al., 2014]. For some time it has been suggested that
relativistic microbursts are also a result of pitch angle scattering of radiation belt elec-
trons by whistler mode chorus waves. However, there is little direct experimental evidence
in the existing literature to demonstrate this. There are a number of experimental studies
published in support of the chorus wave driver of relativistic microbursts. These are pri-
marily based on the overlap in L and MLT of large scale regions of relativistic microburst
occurrence and whistler mode chorus wave occurrence or power (e.g., Nakamura et al.
[2000]; Lorentzen et al. [2001b]; Johnston and Anderson [2010]; Kersten et al. [2011];
Kurita et al. [2016]Anderson et al. [2017]). A recent study by Breneman et al. [2017]
shows the first direct evidence of simultaneous observations of relativistic microbursts
and whistler mode chorus waves during a single case study. Modeling efforts show that
rising tone elements of whistler mode chorus waves propagating away from the equator
along the field line (high magnetic latitude) can cause relativistic microbursts at the same
time as low energy microbursts [Nakamura et al., 2000; Lorentzen et al., 2001b; Thorne
et al., 2005; Kersten et al., 2011; Saito et al., 2012; Miyoshi et al., 2015]. Although, there
is an absence of simultaneous < 100 keV precipitating electrons in subionospheric obser-
vations during two relativistic microburst precipitation events studied in detail by Rodger
et al. [2007], recent observations by FIREBIRD II have shown microburst precipitation
spanning 200 keV to 1 MeV [Crew et al., 2016].



70

ul

72

73

74

75

76

7

78

79

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

17

Recently Omura and Zhao [2013] focused upon anomalous cyclotron resonance be-
tween relativistic electrons (> 1 MeV) and electromagnetic ion cyclotron (EMIC) triggered
emissions. These authors reported that this resonance is highly effective, and should result
in the efficient precipitation of relativistic electrons through nonlinear trapping by coher-
ent EMIC triggered emissions as they increase in frequency. This work has been expanded
upon in Kubota and Omura [2017], who found a combination of nonlinear EMIC wave
trapping and scattering at low pitch angles can cause relativistic microbursts. Douma et al.
[2017] have undertaken an in depth study of relativistic microburst occurrence distribu-
tion over L and MLT and compared this to the EMIC wave (and chorus wave) distribu-
tions. They have shown that microbursts occurring in the 8—17 MLT region are consistent
with scattering by EMIC waves, while microbursts occurring in the 8-13 MLT or 22-24
MLT region are consistent with scattering by either whistler mode chorus or EMIC waves.
These comparatively new studies indicate there is uncertainty as to the dominant scatter-
ing process which leads to relativistic microbursts, suggesting that the occurrence of these
precipitation events should be further examined.

For reference, whistler mode chorus waves are electromagnetic emissions charac-
terized by a sequence of discrete elements typically in the range 0.1 — 0.8 f.. (wWhere f.
is the electron gyrofrequency) [Santolik et al., 2003]. They are observed in two different
bands; above (upper band) and below (lower band) half the electron gyro-frequency [7su-
rutani and Smith, 1974]. The generation region of chorus is located outside the plasma-
pause near the geomagnetic equator [LeDocq et al., 1998; Santolik et al., 2003] and is as-
sociated with enhanced fluxes of suprathermal electrons injected from the plasma sheet
[Anderson and Maeda, 1977]. Chorus waves have been observed to occur mainly on the
morningside MLT (0000 - 1200 MLT) and across a wide range of L shells [Li et al., 2009].
EMIC waves are Pcl — Pc2 (0.1 — 5 Hz) waves that are generated near the magnetic equa-
tor by anisotropic ring current protons [Jordanova et al., 2008]. The waves are generated
in three different frequency bands; below the hydrogen, helium, and oxygen ion gyrofre-
quencies respectively. EMIC waves have been observed across a wide range of L shells
[Usanova et al., 2012; Meredith et al., 2014] and recent studies have shown the occurrence
of EMIC events is higher on the dayside than the nightside of the magnetosphere [Saikin
etal., 2015].

In our study we address this lack of direct comparison between relativistic elec-
tron microbursts and potential wave drivers. Due to the difficulty of comparing measure-
ments from moving satellite platforms, we choose to use a Low Earth Orbiting satellite
and ground-based observations for our comparison. We will begin by presenting three
case study events with differing radio wave conditions. We will present an example of
whistler mode chorus waves at a similar time to the microburst activity, an example of
EMIC waves at a similar time to the microburst activity, and an example of both EMIC
and chorus waves at a similar time to the microburst activity. Based on these case studies
it is unclear which plasma wave is the primary driver of the relativistic microbursts. Thus,
we will expand our investigation from the three case studies to a large statistical analysis
of the whistler mode chorus and EMIC wave activity present at Halley, Antarctica during
the time of the observed relativistic microbursts. In particular we will focus on superposed
epoch analyses of the wave activity present at the time of observed relativistic microbursts
that occurred close to Halley or its magnetic conjugate.

2 Instrumentation

In this study, we follow the method outlined in Douma et al. [2017] to identify rela-
tivistic microbursts. We use the > 1 MeV electron flux channel on the Solar Anomalous
Magnetospheric Particle Explorer (SAMPEX) satellite. A detailed instrument descrip-
tion of the HILT instrument and SAMPEX spacecraft is given in Klecker et al. [1993]
and Baker et al. [1993] and summarized in Douma et al. [2017] along with a detailed de-
scription of the detection algorithm used. The algorithm employed is an application of
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the work undertaken by O’Brien et al. [2003] and Blum et al. [2015]. The O’Brien et al.
[2003] algorithm given in Equation 1, where Njoo is the number of counts in 100 ms and
Asqo is the centered running average of Njgy over five 100 ms intervals, is applied to all
the SAMPEX Heavy Ion Large Telescope (HILT) data from 23 August 1996 through to 11
August 2007. Note, however, the detection algorithm does not perform well at either low
radiation belt fluxes, or during strong pitch angle diffusion [O’Brien et al., 2003].

Nioo — Asoo

\ll + A500

In the current study we no longer make use of the 193,694 individual microbursts
but combine the relativistic microbursts into sets of microbursts we term “events” to avoid
double counting in any accompanying wave analysis (i.e., to ensure the same wave event is
not included in the dataset more than once). An event is defined as a group of microbursts
occurring within a 4 minute window (roughly equivalent to one pass of SAMPEX through
the outer radiation belt). We have a total of 22023 relativistic microburst events observed
between the start of 1996 and the end of 2007, which is a combination of 193694 indi-
vidual microbursts. From the start of 2005 through to the end of 2007 we only have 4199
relativistic microburst events, a combination of 32871 individual microbursts.

> 10 (D

The wave analysis is achieved using the scientific instruments at the British Antarc-
tic Base, Halley, located at a geographic location of -75.5 °N and 333.4 °E. It is situated
at an L of 4.56 and an MLT of 1444 at local noon UT [Engebretson et al., 2008]. In par-
ticular, we use two ground based wave detection instruments; the VLF/ELF Logger Exper-
iment (VELOX) and the Search Coil Magnetometer (SCM).

Both whistler mode chorus and EMIC waves propagate from their respective gen-
eration regions into both hemispheres [Loto’aniu et al., 2005]. Therefore, we must also
investigate relativistic microbursts occurring at Halley’s magnetic conjugate location in the

Northern Hemisphere. We use the IGRF model (https://omniweb.gsfc.nasa.gov/vitmo/cgm_vitmo.html)

at SAMPEX altitude for each year in our analysis to determine that Halley’s magnetic
conjugate location is at average geographic coordinates of 55.2 °N and 304.4 °E.

The Halley search coil magnetometer started operation in February 2005 and contin-
ued to take measurements through until January 2017. It is capable of measuring wave
power in the Pcl — Pc2 frequency range (EMIC waves). There were some significant
outages in measurements during this time window and periods of unusable data due to
calibration or other issues. The main period of unusable data affecting our 2005 — 2007
analysis is from April 2005 to June 2005, with only a few days of good data existing over
these months. This data outage was due to an electrical grounding problem which caused
the amplitude to decrease drastically [Engebretson et al., 2008]. By rescaling the color-
bar of the quick look plots we can restore readability of the images, however, as the exact
scaling is unknown we were unable to use these days in our superposed epoch analyses
(section 4.2).

The Halley VELOX started operation in 1992 and continued to take measurements
through until 2007, when it was replaced with the VELOXnet instrument. A detailed in-
strument description of VELOX is given in Smith [1995] and summarized here. VELOX
has 8 logarithmically spaced frequency bands (0.5, 1, 1.5, 2, 3, 4.25, 6, 9.3 kHz) with an
amplitude resolution of 0.376 dB, where the 0 dB reference level is 10733 T?2Hz™!. The
system noise level is 15 — 20 dB and the saturation level is ~75 dB. VELOX measures
the average log amplitude occurring in each frequency channel at 1 second resolution.
The upper frequency channels (6 kHz and 9.3 kHz) are dominated by thunderstorm noise
(spherics) which are strongest at night and largely repeatable from day to day. The low-
est frequency channel (0.5 kHz) is affected by spherics and ELF hiss (and occasionally
by wind noise), and the measured amplitude remains relatively constant over time. In the
middle frequency channels (1 — 4 kHz) the influence of distant spheric noise is reduced
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by attenuation in the Earth-Ionosphere waveguide. Thus these channels are dominated

by magnetospheric emissions, namely whistler mode hiss and chorus [Smith et al., 2004].

Note, however, that the 1 s temporal resolution of VELOX is not sufficient to distinguish

between the two, i.e., VELOX cannot detect the high time resolution variation of the cho-
rus elements.

3 Case Studies

Previous studies presented in the literature have found relativistic microbursts occur-
ring coincident in time with whistler mode chorus waves. In particular, Lorentzen et al.
[2001b] presented case studies of relativistic microburst observations made by SAMPEX
and whistler mode chorus waves observed on Polar occurring in a similar local time sec-
tor, separated by 1 — 3 L and 1 MLT. Kersten et al. [2011] showed case studies of rela-
tivistic microburst observations made by SAMPEX at similar L shell but separated by 1
— 5 MLT with whistler mode chorus waves observed by the Solar Terrestrial Relations
Observatory (STEREO). Here we present one such case study of relativistic microbursts
observed by SAMPEX occurring concurrently with whistler mode chorus wave observa-
tions made on the ground at Halley. In addition, we present case studies of relativistic mi-
crobursts observed by SAMPEX and concurrent EMIC wave observations on the ground,
which, to the best of the authors knowledge, are missing in the existing literature. The
EMIC wave activity has been investigated within a two hour window of the relativistic
microburst event to allow comparison of the results with Hendry et al. [2016]. For consis-
tency we have also investigated the chorus wave activity within a two hour window of the
relativistic microburst event. In the following three case studies the detected microbursts
have essentially the same time duration and structure despite the apparent differences in
the scattering mechanisms.

It will be important to note whether the relativistic microbursts in the case studies
are occurring during the day ionosphere or night ionosphere. The absorption of VLF and
ULF (in the Pcl — Pc2 frequency range) signals is higher during the day for penetration
through the ionosphere when compared to the night ionosphere [Engebretson et al., 2008;
Smith et al., 2010]. Thus in the day ionosphere we will have reduced penetration of the
VLF/ULF waves through the D-region ionosphere which will result in reduced detection
of VLF/ULF waves on the ground. We calculate the solar zenith angle at 100 km for each
case study to describe the state of ionospheric conditions. Solar zenith angle <90° indi-
cates a sunlit ionosphere, solar zenith angle >108° indicates a dark ionosphere, and angles
between these indicates that the ionosphere is transitioning from sunlight to darkness (fol-
lowing Seppiild et al. [2008]). All three of our case studies occur during low Dst and Kp
activity, and elevated AE activity.

3.1 Case 1: Whistler Mode Chorus Wave Activity Only

The first case study we present occurred on 2 March 2005 at 12:25:56 UT, dur-
ing sunlight conditions at Halley (solar zenith angle of 60.6° at 100 km). At the start of
the microburst event SAMPEX was located at a latitude of 56.1 °N and a longitude of
306.6 °E, as shown in Figure la. At the altitude of SAMPEX there is 1.8 °latitude and
1.6 °longitude separation between the SAMPEX location (at the start of the microburst
event (blue diamond)) and Halley’s magnetic conjugate location (red diamond). SAMPEX
observed the relativistic microburst event while at an average IGRF L of 5.8 (the event
was seen from L = 5.3 — 6.3). Figure 2a presents the > 1 MeV flux observed by SAMPEX
during the time of this microburst event, with the microburst algorithm triggers (described
in more detail in Douma et al. [2017]) indicated by the red crosses. This microburst event
consists of 16 individual microbursts detected by the algorithm, occurring during an AE
index value of 298 nT (Dst of -11 nT, and Kp of 3). Although geomagnetic activity is low



216 with the exception of AE, our case study occurs during sunlit conditions at Halley and
217 hence we expect to see reduced penetration of the VLF/ULF waves as stated above.

218 Figure 1. Maps of the SAMPEX satellite track (blue line), the location of the SAMPEX observed mi-
219 croburst (blue diamond) and Halley’s conjugate location (red diamond, off the East coast of Canada) for the
220 case study events (a.) 2 March 2005, (b.) 1 July 2005, and (¢.) 19 May 2005.

228 Figure 2b presents the Halley VELOX quick look plot on 2 March 2005. The start
229 of the relativistic microburst event (shown in Figure 2a) is identified by the red line in

230 Figure 2b. Two white lines representing times 1 hour prior and after the microburst event
21 onset are shown. In Figure 2b we note a clear increase in the wave amplitude (above the
232 background) in the 1 — 4 kHz frequency range during the two hour window surrounding
233 the relativistic microburst event. As noted previously, this increase in ground detected

234 wave amplitude in the 1 — 4 kHz frequency range is an indication of either whistler mode
235 chorus or hiss activity. We can further identify the wave activity by the delayed enhance-
236 ment of wave power at higher frequencies in the 2 — 4 kHz frequency range inside this

237 temporal window compared with the initial enhancement at ~0.5 kHz. This rounded shape
238 is identified as evidence of whistler mode chorus wave activity (see for example Smith et
230 al. [1999]; Collier and Hughes [2004]; Abel et al. [2006]). Although the ionosphere above
240 Halley is sunlit during the relativistic microburst event, we have evidence of strong cho-
241 rus wave activity detected on the ground.

242 We investigate the EMIC activity within a two hour window of the relativistic mi-
213 croburst event onset following the analysis of Hendry et al. [2016], and to remain con-

214 sistent with the chorus wave investigation. Figure 2c presents the Bz component of the

245 Halley search coil magnetometer spectrogram on 2 March 2005, where the relativistic mi-
246 croburst event is identified in the same way as Figure 2b. All three components of the

oa7 magnetometer show the same wave power structure, but we have only presented the Bz

248 component as it has the lowest noise. From Figure 2c it is clear there is no wave power
219 present (above the background) inside the two hour window of the relativistic microburst
250 event start. As Halley is sunlit during this relativistic microburst event, the EMIC waves
251 may not be able to penetrate the ionosphere and reach the ground [Engebretson et al.,

252 2008]. This could be the cause of our lack of EMIC wave observations in the Halley mag-
253 netometer.
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Figure 2. (a.) The SAMPEX > 1.05 MeV electron flux (log scale) on 2 March 2005, with each red cross in-
dicating a microburst reported by the algorithm. The red line identifies the onset of the relativistic microburst
event. (b.) Halley VELOX quick look plot of the wave amplitude in the 1 — 10 kHz frequency range on 2
March 2005. The red line identifies the start of the relativistic microburst event and the two white lines indi-
cate +1 hour from event onset. (c.) The spectrogram of the Bz component of the Halley magnetometer wave
power in the 0 — 1 Hz frequency range on 2 March 2005. The red line identifies the onset of the relativistic

microburst event and the two white lines indicate +1 hour from event onset.

Thus, we conclude this satellite observed relativistic microburst event was co-incident
with ground-based detected whistler mode chorus waves, while no ground-based detected
EMIC waves occurred in the same time period.

3.2 Case 2: EMIC Wave Activity Only

The second case study we present occurred on 1 July 2005 at 19:36:30 UT, dur-
ing night conditions at Halley (solar zenith angle of 109.5° at 100 km). As the iono-
sphere is in darkness we will not discuss further the effects of trans-ionospheric absorp-
tion. Figure 1b (similar to Figure 1a) shows at the start of the microburst event SAMPEX
was located at a latitude of 54.6 °N and a longitude of 302.1 °E, with 0.2 °latitude and
2.9 °longitude separation between the SAMPEX location (at the start of the microburst
event) and Halley’s magnetic conjugate location (at SAMPEX altitude). SAMPEX ob-
served the relativistic microburst event at an IGRF L of 4.99. The microburst event con-
sisted of 3 individual microbursts detected by the algorithm shown in Figure 3a in the
same way as Figure 2a. The relativistic microburst event occurred during a period with an
AE value of 402 nT (Dst of -2 nT, and Kp of 4+).

Although there is an underlying precipitation structure in Figure 3a, the individ-
ual bursts of precipitation last <1 s, which is consistent with the definition of relativistic
microbursts. Additionally, the small number of microbursts detected in this event is not
uncommon. In fact 60% of our relativistic microburst events contain <5 individual mi-
crobursts. This could be the result of SAMPEX passing through the edge of the larger
microburst precipitation region. Alternatively, it could be the result of SAMPEX passing
through microburst precipitation regions of differing sizes.
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Figure 3. As Figure 2 but for the relativistic microburst event on 1 July 2005. Note in (b.) and (c.) the
temporal range is from 08:00 UT, 1 July 2005 to 08:00 UT, 2 July 2005.
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Figure 3b presents the Halley VELOX quick look plot from 08:00 UT, 1 July 2005
to 08:00 UT, 2 July 2005, in the same way as Figure 2b. In Figure 3b we note there is no
wave amplitude increase evident above the background level in the 1 — 4 kHz frequency
range during the two hour window surrounding the relativistic microburst event. Recall
the ionosphere was not sunlit and there was low geomagnetic activity so we would expect
VLF waves to be able to penetrate the D-region of the ionosphere close to Halley.

Figure 3c presents the Bz component of the Halley search coil magnetometer spec-
trogram from 08:00 UT, 1 July 2005 to 08:00 UT, 2 July 2005, following the layout of
Figure 2c. Again, the Bz component had the lowest noise. Inside the two hour window of
the relativistic microburst event, the spectrogram shows clear bursts of wave power present
in the Pcl — Pc2 frequency range. The rising tone structure and clear lower limit of the
wave power is identified as IPDP (Intervals of Pulsations of Diminishing Periods) EMIC
waves [Troitskaya, 1961]. Assuming the microburst event observed by SAMPEX is caused
by the EMIC wave, we can use the satellite location to estimate the ion gyro-frequencies
at the IGRF-determined geomagnetic equator. The IGRF magnetic field at the geomag-
netic equator was calculated using the International Radiation Belt Environment Modeling
library IRBEM-lib) [Boscher et al., 2015]. Comparing the calculated ion gyro-frequencies
with the frequency range of the EMIC wave observed at Halley, we find the EMIC wave is
between the Helium and Oxygen ion gyro-frequencies, i.e., is a Helium band EMIC wave.
The EMIC wave was also found to be Helium band when the Tsyganenko 1989 magnetic
field model was used [Tsyganenko, 1989].

Thus, we conclude this satellite observed relativistic microburst event was observed
occurring concurrently with Helium band IPDP EMIC waves detected on the ground,
while no concurrent whistler mode chorus waves were detected on the ground in the same
time period. The authors believe this is the first published example of a relativistic mi-
croburst event which might be driven by an EMIC electron scattering mechanism pro-
posed by Omura and Zhao [2013].
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3.3 Case 3: Whistler Mode Chorus and EMIC Wave Activity

The third case study we present occurred on 19 May 2005 at 12:14:58 UT, dur-
ing the recovery period of a geomagnetic storm (onset 15 May 2005, minimum Dst -
247 nT). At this time, Halley was experiencing partial sunlight conditions (solar zenith
angle of 86.9° at 100 km). Figure 1c (similar to Figure 1a) show the 1.9 °latitude and
5.7 °longitude separation between the SAMPEX location (at the start of the microburst
event) and Halley’s magnetic conjugate location (at SAMPEX altitude). SAMPEX ob-
served the start of the relativistic microburst event at an IGRF L of 5.7, at a latitude of
56.3 °N, and at a longitude of 299.3 °E. The microburst event consisted of 4 individual
microbursts detected by the algorithm, shown in Figure 4a (similar to Figure 2a). The rel-
ativistic microburst event occurred during a period with an AE index value of 188 nT (Dst
of -37 nT, and Kp of 2-).

Figure 4b presents the Halley VELOX quick look plot on 19 May 2005, following
the layout of Figure 2b. In Figure 4b we note a slight increase in the wave amplitude
(above the background) in the 1 — 4 kHz frequency range inside the two hour window
surrounding the relativistic microburst event. As in Case 1, the rounded shape of the wave
amplitude in the 2 — 4 kHz frequency range inside this temporal window identifies it as
whistler mode chorus wave activity.
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Figure 4. As Figure 2 but for the relativistic microburst event on 19 May 2005.

Figure 4c presents the Bz component of the Halley search coil magnetometer spec-
trogram on 19 May 2005, following the layout of Figure 2c. As the relativistic microburst
event occurred during the recovery stage of a geomagnetic storm there is likely to be im-
proved propagation of EMIC waves to the ground [Engebretson et al., 2008]. In Figure 4c
we can see bursts of Pcl — Pc2 wave power inside the temporal window of the microburst
event. The clear lower limit of the wave power identifies it as an EMIC wave [Hendry
et al., 2016], although not IPDP as in Case 2. If we assume the relativistic microburst
event observed by SAMPEX is caused by the EMIC wave, we can use the satellite lo-
cation to estimate the ion gyro-frequencies as before. Here we find the EMIC wave is
between the Hydrogen and Helium ion gyro-frequencies, i.e., is a Hydrogen band EMIC
wave, for both the IGRF and Tsyganenko 1989 magnetic field models.
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4 Statistical Data Processing

From the three presented case studies it is not clear whether the relativistic mi-
croburst events are primarily associated with whistler mode chorus waves, or EMIC waves,
or equally associated with both chorus and EMIC waves. To investigate the chorus wave
driver we have expanded our analysis to cover the years from 1996 to 2007 where we
have overlapping data from SAMPEX, and Halley VELOX. To investigate the EMIC wave
driver, we reduce the temporal period to between 2005 and 2007, where we have a data
overlap between SAMPEX and the Halley search coil magnetometer.

4.1 Whistler Mode Chorus Wave Activity

In order to test the relationship between whistler mode chorus waves and relativis-
tic microbursts we undertake a superposed epoch analysis of the 1 minute averaged wave
amplitude in the 2 kHz channel of the Halley VELOX. We initially outline the algorithm
used and any data processing, and then discuss the results from the superposed epoch
analysis. Recall that we can not confirm the occurrence of whistler mode chorus waves
through a superposed epoch analysis due to limitations of the VELOX instrument resolu-
tion. However, we can investigate the link between relativistic microbursts and VELOX
reported VLF wave amplitude observed on the ground.

4.1.1 Microburst Chorus Algorithm

The first step in our analysis is to limit our database of relativistic microburst events
to those which occur close to Halley (or Halley’s conjugate location). We map Halley’s
location (and Halley’s conjugate location) to SAMPEX altitudes using a field line tracer
based on the IGRF model using the year of the microburst event. We then define a rel-
ativistic microburst event as being close to Halley (and Halley’s conjugate location) if it
occurs within +15° longitude of Halley (or Halley’s conjugate region). Note, +15° lon-
gitude is equivalent to +1 hour in MLT [Hendry et al., 2016]. This reduces our dataset
of relativistic microburst events to 2239 events (~10% of the entire microburst database),
resulting from a combination of 21708 individual microbursts. We further limit our rela-
tivistic microburst database to events which occur in the L shell range of L =4 - 5 (i.e.,
close to the L of Halley), as whistler mode chorus waves propagate along a field aligned
path to lower altitudes (i.e., undergoes ducted propagation) [Smith et al., 2010]. This re-
duces our dataset of relativistic microburst events to 1074 events (a combination of 9228
individual microbursts).

Whistler mode chorus waves undergo strong attenuation as they propagate in the
Earth-Ionosphere waveguide to Halley [Smith et al., 2010]. Figure 2b of Smith et al. [2010]
indicates the attenuation of the signals reaches a peak at 2 kHz. High attenuation limits
the ability of the VLF waves to propagate horizontally in the Earth-Ionosphere waveg-
uide, thus any signals received by VELOX in this frequency range should be entering
the waveguide close to Halley. Furthermore, recall that the absorption of VLF signals
is higher during day for penetration through the ionosphere when compared to the night
ionosphere [Smith et al., 2010]. This absorption difference will be of importance to our
investigation as it will strongly influence the detection efficiency of the VELOX instru-
ment. To address this issue, we have investigated the VLF wave amplitude in the 2 kHz
frequency range at Halley separately for the Halley summer (Nov, Dec, Jan, and Feb) and
winter (May, June, July, and Aug). Note, due to Halley’s location the summer (winter) is
largely sunlit (darkness). We have 242 relativistic microburst events during Halley winter
and 170 relativistic microburst events during Halley summer.

We have also created a database of random epochs for both summer and winter. The
random epochs have been constrained to the same season as the true microburst epochs.
We have 242 random epochs during Halley winter and 170 random epochs during Halley
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summer. This will give us a baseline with which to compare the results of the superposed
epoch analysis using the true microburst events.

The VELOX data has a resolution of 1 second with calibration tones occurring on
each minute (1 s long), on each 10 minutes (3 s long), and on each hour (10 s long) [This
information in supplied in the BAS data manual for VELOX, which is available on re-
quest.]. To remove this calibration effect, we calculate the mean wave amplitude in the
2 kHz channel over each minute, removing the first 3 s of each minute and the first 10 s
of each minute on the hour. Due to a slight drift in the VELOX clock over its lifetime, we
must remove 3 s of data each minute to ensure the removal of both the 1 s and 3 s long
calibration tones.

4.1.2 Superposed Epoch Analysis

Presented here in Figure 5 is the superposed epoch analysis of the VLF wave ampli-
tude in the 2 kHz channel of VELOX (Figures 5a and 5b) and its statistical significance
(Figures 5c and 5d). The Halley winter (summer) relativistic microburst events are pre-
sented in Figures 5a and S5c (Figures 5b and 5d). The black line in Figures 5a and 5b
is the median wave amplitude for +15 hours from the time of the relativistic microburst
event. The red lines indicate the 95% confidence interval on the median, and the blue
lines indicate the interquartile range. The green line in Figures 5a and 5b is the median
wave amplitude found using the random epochs (baseline). The black line in Figures 5c
and 5d is the median wave amplitude of the microburst events minus the median wave
amplitude of the random events. In contrast the red line shows the lower 95% confidence
interval of the microburst events minus the upper 95% confidence interval of the random
events. When the differences in the confidence intervals (red line of Figures 5c and 5d)
are positive, the confidence intervals between the microburst events and the random events
no longer overlap, and thus the median wave amplitude difference is significant.

From Figure 5 it is clear that during both the Halley winter and Halley summer
there is an increase in the 2 kHz median wave amplitude for relativistic microbursts events
when compared to the random events. The increase in the 2 kHz median wave amplitude
observed on the ground begins roughly 30 minutes (1 hour) prior to the onset of winter
(summer) relativistic microburst events seen during the satellite overpass. It remains el-
evated for ~9 hours (~13 hours) following the winter (summer) microburst event epoch
onset. The median wave amplitude reaches a peak ~4 hours after the onset for both sum-
mer and winter relativistic microburst events. However, there is a larger increase (aver-
age of 3.1 dB increase from the random events over the ~9 hours of elevation) in the me-
dian wave amplitude during the winter relativistic microburst events when compared to
the summer relativistic microburst events (average of 2.0 dB increase from the random
events over the ~13 hours of elevation). This difference is consistent with expected sea-
sonal changes in ionospheric absorption. The difference between the median wave ampli-
tudes for microburst events and random events is significant for ~9 hours following the
start of the winter relativistic microburst events. For the summer events there are occa-
sional periods with significant differences in the medians, namely 1 hour prior to the start
of the summer microburst events, ~3 — 5 hours, and ~10 — 12 hours following the summer
microburst events.

We have supported this analysis with a manual investigation of the wave amplitude
in VELOX. The VELOX quick look plots were visually inspected for wave amplitude in-
creases in the 1 — 4 kHz frequency range within the +1 hour window of the microburst
events (following the method outlined in the case studies). We find ~75% of the winter
relativistic microburst events contain VLF wave amplitude increases inside the two hour
window surrounding the microburst event onset. The rounded shape of the VLF wave am-
plitude increases observed suggests we may be identifying whistler mode chorus waves.
Only ~58% of the random epochs during winter have increased wave amplitude present
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Figure 5. A superposed epoch study of the VLF wave amplitude in the 2 kHz channel of VELOX using the
(a.) winter time and (b.) summer time relativistic microburst events. The median wave amplitude is given by
the black line, the red lines are the 95% confidence interval on the median, the blue lines are the interquartile
range, the green line is the median wave amplitude using the random epochs (baseline), and the black vertical
line denotes the time of the relativistic microburst event onset, i.e., the epoch. The black line in (c.) winter
and (d.) summer is the median of the microburst events minus the median of the random events while the red

line gives the lower 95% confidence interval (C.1.) of the microburst events minus the upper 95% confidence

interval of the random events.

within the two hour temporal window encompassing the microburst event onset. A sim-
ilar trend is found during the summer microburst events, where ~73% of the microburst
events contain VLF wave amplitude increases inside the microburst temporal window.
Only ~50% of the random epochs during summer have increased wave amplitude present
within the two hour temporal window. We suggest the change in chorus-linked wave am-
plitude enhancements from summer to winter reflects the ionospheric absorption limited
detection efficiency of the Halley VELOX.

The final test we conduct to support this analysis is a superposed epoch analysis of
the AE index at the time of the relativistic microburst events, presented here as Figure 6
following the layout of Figure 5a. The winter relativistic microbursts are investigated in
Figure 6a and the summer events are investigated in Figure 6b. From Figure 6 it is clear
that during both the Halley winter and Halley summer relativistic microbursts events there
is an increase in the median AE value when compared to the random events. The increase
in the median AE value begins approximately 1.5 days (not shown) prior to the onset of
both winter and summer relativistic microburst events and remains elevated for ~1 day fol-
lowing both the winter and summer relativistic microburst events. The median AE value
reaches a peak ~30 minutes prior to the onset of both summer and winter relativistic mi-
croburst events. However, there is a larger increase (increases by 470 nT from the random
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events) in the median AE value during the winter relativistic microburst events than in the
summer relativistic microburst events (increases by 279 nT from the random events). It
would appear that, in this study, the summer events are occurring during quieter geomag-
netic conditions than the winter events.
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Figure 6. As in Figure 5 but for the AE index during the (a.) winter time and (b.) summer time relativistic

microburst events.

The AE index reaches a maximum ~30 minutes prior to the onset of the relativis-
tic microburst events, while the VLF wave amplitude reaches a maximum ~4 hours after
the onset of the microburst events. Therefore, we suggest the change in the wave ampli-
tude seen on the ground might reflect triggering of whistler mode chorus by substorms
[Smith et al., 1996; Rodger et al., 2016]. However, we have unusually strong substorm ac-
tivity, producing very large AE values (i.e., median AE of ~410-600 nT). The relativistic
microburst events are occurring concurrently with increases in the VLF wave amplitude in
the 1 — 4 kHz frequency range, identified as magnetospheric emissions (either hiss or cho-
rus). On the basis of this analysis we suggest the relativistic microbursts events are in fact
occurring concurrently with whistler mode chorus waves (based on the visual inspection).

4.2 EMIC Wave Activity

In order to investigate the suggested relationship between EMIC waves and rela-
tivistic microbursts we undertake a superposed epoch analysis of the mean wave power in
the 0.1 — 0.8 Hz frequency range. We also undertake a superposed epoch analysis of the
entire spectrogram. Initially, we outline the algorithm used and any data processing, and
then discuss the results from the superposed epoch analyses. Recall, we use the microburst
events occurring from 2005 through to 2007.

4.2.1 Microburst EMIC Algorithm

Again, we limit our database of relativistic microburst events to those which occur
close (within +15° longitude) to Halley (or Halley’s conjugate location) following the
method outlined earlier. This reduces our dataset of relativistic microburst events to 418
of the 4471 occurring between 2005 and 2007 (~10% of the dataset), a combination of
3773 individual microbursts. We only consider a longitudinal separation following the
method of Hendry et al. [2016]. We have usable magnetometer data for 295 of the 418
(71%) microburst events.
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We have also created a database of random epochs which have been constrained to
the same time period (2005 — 2007) as the true relativistic microburst epochs, and periods
of usable magnetometer data. We have 295 random epochs which will give us a baseline
comparison with the results of the superposed epoch analysis using the true microburst
events.

Furthermore, we have inspected the quick look plots of the Halley magnetometer
in order to identify times when the microbursts are associated with clear (strong) EMIC
signatures (henceforth referred to as EMIC-linked microburst events) and also times when
the microbursts are associated with broadband noise (henceforth referred to as broadband
noise linked microburst events). These two datasets will be used as a comparison for all
the microburst events. From the inspection we have 75 EMIC-linked microburst events
and 127 broadband noise linked microburst events. In addition there were 93 microburst
events not linked to either EMIC wave activity or broadband noise.

To test the link between the relativistic microbursts and EMIC waves, we first find
the mean wave power measured by the Halley magnetometer in the 0.1 — 0.8 Hz fre-
quency range at 1 minute temporal resolution. We use the lower frequency cutoff of 0.1 Hz
to match the EMIC wave definition and the upper frequency cutoff of 0.8 Hz to contain
the majority of the EMIC wave activity (based on our visual investigation). We superpose
the mean wave power for the 295 relativistic microburst events for which we have usable
magnetometer data. Additionally, we investigate the wave power in each frequency band
of the 0 — 1 Hz range through a superposed epoch analysis of the magnetometer spectro-
gram for the 295 relativistic microburst events. We only consider the Bz component of the
magnetometer as it has lower noise (as seen in the case studies).

4.2.2 Superposed Epoch Analysis

Presented here in Figure 7 (following the layout of Figure 5a) is the superposed
epoch analysis of the mean wave power in the 0.1 — 0.8 Hz frequency range, measured
by the Bz component of the magnetometer, at the time of all relativistic microburst events
(Figure 7a), EMIC-linked microburst events (Figure 7b), and broadband noise linked mi-
croburst events (Figure 7c). From Figure 7a it is clear that during the set of all satellite
observed relativistic microburst events there is an increase in the Halley reported median
0.1 — 0.8 Hz wave power when compared to the random events. The increase in the me-
dian wave power begins approximately 2.5 hours prior to the onset of the relativistic mi-
croburst events and remains elevated for ~5 hours following the microburst events. The
median wave power peaks at ~10~7 nT>Hz, 30 minutes after the onset of the relativistic
microburst epochs. The EMIC (broadband noise) linked microburst events median wave
power peaks at ~10~7 nT?Hz (~107% nT?Hz), 30 minutes after the onset of the relativistic
microburst events. The increase in the median wave power begins much earlier and re-
mains elevated longer for the broadband noise linked events. The EMIC linked events only
show increased wave power within a two hour window of the microburst events, consistent
with our identification method. From this analysis we note the wave power increase seen
for all microburst events may have an EMIC wave contribution, however it appears to be
dominated by broadband noise.

Figure 8 presents the superposed epoch analysis of the wave power in each fre-
quency band between 0 and 1 Hz for the Bz component of the magnetometer (hereafter
referred to as the superposed spectrogram). Figure 8a is the superposed spectrogram of
all of the microburst events over approximately one day (+8 hours from epoch onset), Fig-
ure 8b is the superposed spectrogram of the random epochs, Figure 8c is the EMIC linked
microburst events, and Figure 8d is the broadband noise linked microburst events. The
vertical dashed white line in each panel of Figure 8 identifies the onset of the relativistic
microburst events.
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Figure 7. As in Figure 5 but for the Bz component of the Halley magnetometer mean wave power in the
0.1 — 0.8 Hz frequency range at the time of (a.) all relativistic microburst events, (b.) EMIC linked microburst

events, and (c.) broadband noise linked microburst events. Note C.I. refers to the confidence interval.

From Figure 8a it is clear that during the relativistic microbursts events there is an
increase in the median wave power in all frequencies at the time of the relativistic mi-
croburst events compared to the random events. The increase in the median wave power
begins ~2 hours prior to the onset of the relativistic microburst events and remains ele-
vated for ~3 hours following the microburst events. The median wave power reaches a
peak of ~107® nT?Hz in the 0.1 — 0.2 Hz frequency range at the onset of the relativistic
microburst events. Over the entire 0 — 1 Hz frequency range we have an average wave
power of ~10~7 nT?Hz, in agreement with Figure 7. However, there is no distinguish-
able lower limit in the increased wave power of the superposed spectrogram in Figure 8a.
When we only consider the EMIC linked microburst events we note a very subtle lower
limit to the wave power at ~0.1 Hz, shown in Figure 8c. Although we have identified
clear upper and lower frequency limits for all of the individual EMIC linked microburst
events, the values of these limits were not consistent from event to event. Thus, the aver-
age response shown by the superposed epoch method is spread over a range of upper and
lower frequency limits. The median wave power for EMIC linked microburst events peaks
in the 0.15 — 0.4 Hz frequency range at ~10~% nT?Hz while for broadband noise linked
microburst events peaks in the 0 — 0.4 Hz frequency range with much higher wave power
(i.e., ~107 nT?Hz). The superposed spectrogram of all microburst events is more simi-
lar to the superposed spectrogram of the broadband noise linked microburst events than
the EMIC linked microburst events. Therefore the burst of associated wave power for all
microbursts is dominated by broadband noise and not EMIC wave activity. The broad-
band noise is likely a ULF perturbation generated in the ionosphere by auroral particle
precipitation [Arnoldy et al., 1998; Engebretson et al., 2008], likely a result of geomag-
netic storms and substorms. As a result of this analysis, we support the earlier suggestion
that the increased ULF wave power seen in Figure 7 is not dominated by an increase in
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Figure 8. A superposed epoch study of the Bz component of the magnetometer wave power present in the
0 -1 Hz frequency range at the time of (a.) all relativistic microburst events, (b.) random epochs, (¢.) EMIC-

linked microburst events, and (d.) broadband noise linked microburst events. The dashed white vertical line

denotes the time of the event onset.

EMIC wave activity, but rather dominated by an increase in broadband noise, which is not
expected to scatter electrons.

We have supported this analysis with a manual investigation of the wave power
in the Bz component of the Halley magnetometer. The magnetometer quick look plots
were visually inspected for wave power bursts in the 0 — 1 Hz frequency range during
the two hour window around the microburst events, following the method outlined in the
case studies and Hendry et al. [2016]. We find ~25% of the relativistic microburst events
contain bursts of wave power in the 0 — 1 Hz frequency range, which are consistent with
EMIC wave activity (i.e., with a clear lower and upper frequency cutoff), within the two
hour temporal window surrounding the microburst event onset. However, we also find
~26% of the random epochs contain bursts of EMIC wave power within the two hour
temporal window encompassing the microburst event onset. This is similar to the ran-
dom occurrence rate of ~23% found by Hendry et al. [2016]. Thus, EMIC wave activity
is observed coincident with the relativistic microbursts at the same rate as EMIC waves
are coincident with random epochs. This supports the suggestion that the increased wave
power seen in the superposed epoch analysis is not a result of increased EMIC activity,
but is rather due to an increase in broadband noise.

The final test we conduct to support this analysis is a superposed epoch analysis of
the AE index at the time of the relativistic microburst events, presented here in Figure 9
(following the layout of Figure 6). Figure 9a shows the median AE values one day either
side of the relativistic microburst event onset, while Figure 9b shows the median AE val-
ues three days either side of the relativistic microburst event onset. From Figure 9 it is
clear that during the relativistic microbursts events there is an increase in the median AE
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Figure 9. As in Figure 6 for the AE index at the time of the relativistic microbursts on (a.) hourly timescale

and (b.) daily timescale.

value when compared to the random events. The increase in the median AE value begins

approximately 1.5 days prior to the onset of the relativistic microburst events and remains
elevated for ~1 day following relativistic microburst events. The median AE value reaches
a peak of 344.5 nT (baseline value of 95 nT, a difference of 249.5 nT) 1 hour prior to the

onset of the relativistic microburst events.

Figure 7a demonstrates there is an increase in wave power in the 0.1 — 0.8 Hz fre-
quency range at the onset of the relativistic microbursts. Based on this result we might
assume the increased wave power was a result of increased EMIC wave activity. How-
ever, Figure 8 demonstrates the increased wave power is a result of increased broadband
noise (supported by our visual inspection). The increase in the AE index is occurring
close (within 2 hours) to the onset of the relativistic microbursts, when we also note the
largest increase in broadband noise. Therefore, we suggest the increase in broadband noise
observed in the Halley magnetometer is a result of magnetic storms or substorms (i.e., re-
configuration), rather than coherent wave activity [Engebretson et al., 2008].

5 Summary and Conclusions

In this paper we presented 3 case study events of SAMPEX satellite observed rel-
ativistic microburst events occurring concurrently with ground-based wave measurements
made at Halley, Antarctica. We have three different wave observations for the three differ-
ent case studies, relativistic microbursts occurring concurrently with whistler mode chorus
waves measured by VELOX, EMIC waves measured by the search coil magnetometer, and
evidence on the ground of both whistler mode chorus and EMIC waves.

Based on the superposed epoch analysis of the Halley VELOX instrument we find
there is an increase in VLF wave amplitude in the 1 — 4 kHz frequency range (the fre-
quency range of whistler mode chorus waves) at the onset of the relativistic microburst
events. We suggest the increase in VLF wave amplitude observed in the Halley VELOX
instrument is a result of whistler mode chorus wave emissions, consistent with these waves
scattering relativistic electrons.

From the superposed epoch analysis of the Halley search coil magnetometer we find
there is an increase in wave power in the 0.1 — 0.8 Hz frequency range (the frequency
range of EMIC waves) at the onset of the relativistic microburst events. However, the in-
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creased wave power is typically a result of increased broadband noise and not increased
EMIC wave activity. We suggest the increase in broadband noise observed in the Hal-
ley magnetometer is a result of magnetic reconfiguration or ULF noise generated in the
ionosphere as a result of incoherent energetic particle precipitation, rather than coherent
ion-cyclotron waves.

Thus we support the conclusion of Douma et al. [2017], that whistler mode chorus
waves are the primary drivers of relativistic microbursts. However, the evidence presented
in Case 2 (EMIC wave activity present at the time of the microburst with no whistler
mode chorus wave activity observed) does not allow us to rule out EMIC waves as a sec-
ondary, and possibly rare, driver of relativistic microbursts.

It should be noted that most of the relativistic microburst events occurred during
very high AE values (AE > 300 nT) [Douma et al., 2017]. With this level of geomag-
netic disturbance it is possible that the plasma waves are not able to propagate through the
ionosphere to the ground. This could explain our lack of EMIC wave activity observed on
the ground during the microburst events [Engebretson et al., 2008]. However, such activity
would also be expected to attenuate whistler mode chorus waves.
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