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Abstract

We study the occurrence of relativistic microbursts observed by the Solar Anomalous
Magnetospheric Particle Explorer (SAMPEX) satellite. An algorithm is used to iden-

tify 193,694 relativistic microbursts in the > 1.05 MeV electron fluxes occurring across
the time period 23 August 1996 to 11 August 2007, nearly a full solar cycle. Our obser-
vations are normalized to provide the change in absolute occurrence rates with various
parameters. We find that relativistic microbursts are mostly confined to the outer radi-
ation belt, from L = 3 — 8, occurring primarily on the morning side, between 0 and 13
Magnetic Local Time (MLT). This L and MLT distribution is consistent with the L and
MLT distribution of whistler mode chorus amplitude. Thus our observations favor whistler
mode chorus wave activity as a driver of relativistic microbursts. Relativistic microbursts
become more frequent as the geomagnetic activity level increases and are more frequent
during equinoxes than during the solstices. The peak occurrence frequency of the relativis-
tic microbursts moves to lower L as the geomagnetic activity increases, reaching a peak
occurrence rate of one microburst every 10.4 s (on average) at L = 4 for 6.6 < Kp < 8.7.
Microbursts primarily occur outside of the plasmapause and track the inward movement
of the plasmapause with increasing geomagnetic activity. The L and MLT distribution of
the relativistic microbursts exhibit a peak occurrence of one microburst every 8.6 (98.0) s
during active (disturbed) conditions, with the peak located at L = 5 (L = 5.5) and 08 (08)
MLT.

1 Introduction

Relativistic electron microbursts are intense short-duration (< 1 s) precipitation events
of > 1 MeV electrons from the outer radiation belt into the atmosphere [Blake et al., 1996].
Relativistic microburst precipitation events are believed to be significant contributors to
radiation belt losses. It has been suggested that relativistic microbursts occurring during
a single storm could empty the entire relativistic electron population [Lorentzen et al.,
2001a; Clilverd et al., 2006; Dietrich et al., 2010]. Thus, it is important to better under-
stand the conditions under which relativistic microbursts occur, as well as the physical

processes in space which drive this type of precipitation.

Many previous studies have been undertaken on relativistic microbursts using var-
ious satellites, most commonly using observations from the Solar Anomalous Magneto-

spheric Particle Explorer (SAMPEX) satellite. Additionally, an algorithm has been pub-
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lished in O’Brien et al. [2003] describing how to detect these relativistic microbursts in
SAMPEX satellite data, which will be presented in detail below. Various other authors
have used this algorithm including, but not limited to O’Brien et al. [2004], Johnston and
Anderson [2010], Blum et al. [2015], and Kurita et al. [2016]. However, the majority of
relativistic microburst studies thus far have only considered relatively short time periods,
ranging from a few case study storms [Lorentzen et al., 2001a] to a few months of data
[Nakamura et al., 2000]. Studies using longer time periods have focused on particular
storm types, for example Blum et al. [2015] only considered High Speed Stream (HSS)
driven storms. This is a deficiency we correct in the current study. We summarize below
the primary conclusions regarding microburst occurrence which have appeared in the liter-

ature to date.

Relativistic microbursts are most often observed in the morning Magnetic Local
Time (MLT) sector, between midnight and noon [Nakamura et al., 2000; O’Brien et al.,
2003; Thorne et al., 2005; Johnston and Anderson, 2010; Blum et al., 2015]. Furthermore,
relativistic microbursts primarily occur in the L = 3.5 — 6 region [Nakamura et al., 2000;
Blum et al., 2015] with the greatest frequency of occurrence at L = 5 [O’Brien et al., 2003].
However, relativistic microbursts have been observed at comparatively large L (up to L =

8) [Nakamura et al., 1995].

It is known that the occurrence of relativistic microbursts depends on the storm
phase, with activity beginning at the onset of a geomagnetic storm and continuing well
into the recovery phase [Nakamura et al., 2000; Lorentzen et al., 2001a; O’Brien et al.,
2003, 2004; Johnston and Anderson, 2010; Comess et al., 2013; Blum et al., 2015]. There
is further evidence of this storm dependence through the relationship between relativistic
microburst occurrence and geomagnetic indices. Relativistic microburst occurrence rates
tend to increase during geomagnetically active periods [Nakamura et al., 1995; Comess
et al., 2013] and correlate strongly with variations in both Dst and Kp [Lorentzen et al.,

2001a; O’Brien et al., 2003; Comess et al., 2013].

Additionally, the relativistic microburst MLT distribution evolves with geomagnetic
activity level. During low Kp values the maximum occurrence of relativistic microbursts
is located near MLT midnight, but, as the Kp values increase, the maximum moves toward
MLT dawn [Lorentzen et al., 2001b]. A similar evolution was reported by O’Brien et al.

[2003] using the Dst index. The maximum occurrence of relativistic microbursts is located
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near MLT midnight for weak Dst activity and moves to the pre-noon MLT sector for in-

creased Dst activity [O’Brien et al., 2003].

Relativistic microbursts occur primarily outside the plasmapause [Lorentzen et al.,
2001b; O’Brien et al., 2003; Johnston and Anderson, 2010] and generally move to lower
L during geomagnetic storms, following the inward radial movement of the plasmapause
[Nakamura et al., 1995, 2000; Lorentzen et al., 2001a; Johnston and Anderson, 2010; Blum
etal., 2015].

It has been suggested for some time that relativistic microbursts are driven by pitch
angle scattering of radiation belt electrons interacting with whistler mode chorus waves.
However, at this stage there has been little direct experimental evidence to demonstrate
this. Many studies in the current literature have concluded that their observations are con-
sistent with chorus waves as the driver of relativistic microbursts. These arguments are
based on an overlap, in both L and MLT space, of the active chorus regions with the mi-
croburst occurrence regions [Nakamura et al., 2000; Lorentzen et al., 2001b; Johnston and
Anderson, 2010; Kersten et al., 2011; Kurita et al., 2016] and the timescale of the cho-
rus risers being comparable to the duration of the microbursts [Nakamura et al., 2000;
Lorentzen et al., 2001b; Kersten et al., 2011]. Furthermore, modelling efforts show that
chorus wave particle interactions at high magnetic latitudes (waves propagating away from
the equator along the field line) can cause relativistic electron microbursts [Thorne et al.,
2005; Saito et al., 2012] (Added: [Miyoshi et al., 2015]) and the rising tone elements in
chorus waves can reproduce the few Hz modulation of microbursts observed by SAM-
PEX [Saito et al., 2012]. This relationship has led to the suggestion that observations of
relativistic microbursts might be used as a proxy for chorus wave activity [O’Brien et al.,
2003], while noting that the microburst frequency drops off more rapidly than the chorus
amplitude with increasing L. However, the absence of simultaneous < 100 keV precipi-
tating electrons in both satellite and subionospheric observations during two relativistic
microburst precipitation events fundamentally disagrees with the conclusion that whistler

mode chorus waves are the drivers of the scattering [Rodger et al., 2007].

Recently a study was published by Omura and Zhao [2013] focused upon anoma-
lous cyclotron resonance between relativistic electrons (> 1 MeV) and electromagnetic
ion cyclotron (EMIC) triggered emissions. These authors reported that this resonance is

effective, resulting in the efficient precipitation of relativistic electrons through nonlinear
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trapping by EMIC triggered emissions. Omura and Zhao [2013] conducted test particle
simulations with a large number of relativistic electrons and found that in the presence of
coherent EMIC triggered emissions with increasing frequencies the relativistic electrons

at high pitch angles are guided to lower pitch angles resulting in relativistic microbursts.
This comparatively new theoretical work indicates there is uncertainty as to the dominant
scattering process which leads to relativistic microbursts, suggesting that the occurrence of

these precipitation events may need to be re-examined.

In this paper we use the O’Brien et al. [2003] method to produce a very large database
of SAMPEX relativistic microburst detections that occurred across a long time period,
and over a broad range of geomagnetic conditions. By using this very large dataset we
can reliably correct for the sampling bias in the satellite observations. Hence we can es-
tablish for the first time how the absolute relativistic microburst occurrence rate varies
across multiple parameters. We discuss the distribution of the relativistic microbursts when
projected onto the Earth’s atmosphere and the influence of the Russell-McPherron effect.
Additionally, we examine the L and MLT distribution of relativistic microbursts and in
particular, contrast the differences between various geomagnetic activity levels. Lastly, we
compare the L and MLT distribution of relativistic microbursts to those of whistler mode

chorus and EMIC waves, provided in the literature.

2 Experimental Dataset

The Solar Anomalous Magnetospheric Particle Explorer (SAMPEX) satellite was
launched in July 1992, re-entering the atmosphere in late 2012 [Baker et al., 2012]. SAM-
PEX was in a low altitude orbit (520 — 670 km) with an inclination of 82° [Baker et al.,
1993]. The altitude of SAMPEX satellite drops over the period analyzed. The SAMPEX

data is available from the SAMPEX Data Centre (http://www.srl.caltech.edu/sampex/DataCenter).

SAMPEX carried the Heavy Ion Large Telescope (HILT) instrument, which pro-
duced high sensitivity and high time resolution > 1.05 MeV electron and > 5 MeV proton
flux measurements with an effective geometric factor of ~60 cm?sr [Klecker et al., 1993].
The HILT instrument samples different pitch angles over different regions of the Earth,
but primarily samples the atmospheric loss cones [Dietrich et al., 2010]. HILT is com-
posed of a large area ion drift chamber, two position sensitive proportional counters, an

array of 16 silicon solid state detectors and a Csl crystal unit [Klecker et al., 1993]. In
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the current study we use row 4 of the solid state detector array as the temporal resolution
of the sampling rate of this dataset did not change over the lifetime of the satellite. Row
4 (SSD4) has a temporal resolution of 100 ms. All available HILT data at the SAMPEX
Data Centre from 8 August 1996 through to the end of the dataset on 3 November 2012

are included in our initial analysis.

The HILT instrument responds to both electron and protons, thus, as an initial pro-
cessing step we remove all data coinciding with solar proton events. In order to define a
solar proton event (SPE) we use the 5 minute average > 10 MeV proton flux measure-
ments from the National Oceanic and Atmospheric Administration (NOAA) Geostationary
Operational Environmental Satellites (GOES) spacecraft, available in the NASA High Res-
olution OMNI data set. The threshold level generally used by NOAA to define a SPE are
times when the proton flux is above 10 pfu (where pfu is the > 10 MeV proton flux unit

'sr=lem™2 at geostationary orbit]). However, Cresswell-Moorcock et al.

[i.e., protons s~
[2015] found that the D-region of the upper atmosphere can respond to SPEs below the
official threshold flux level, indicating that the official threshold may not remove all SPE
contamination. Therefore we have applied a more conservative threshold, such that a solar

proton event is defined as the > 10 MeV proton flux above 3 pfu in the 5 minute GOES

measurements.

As HILT responds to both protons and electrons we must also remove periods when
SAMPEX was inside the South Atlantic Magnetic Anomaly (SAMA), where inner belt
protons will reach SAMPEX-altitudes. There is a flag in the data to indicate when SAM-
PEX is inside the SAMA, thus, any periods where this flag variable had a value of 1 were

removed from the analysis.

3 Event Selection

We apply the O’Brien et al. [2003] algorithm to row 4 of the HILT solid state de-
tector array after the SPE removal. It was found that the algorithm did not correctly de-
tect relativistic microbursts when SAMPEX was in a spinning mode. Thus, as part of fur-
ther data processing we ensure the satellite is not in the spin mode. There is another data
flag, the attitude flag, which defines the quality of the data and also describes the mode

of the satellite. Values in the attitude flag of 100 or 101 are an indication of high quality
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data from a spin mode, while values of 0 or 1 indicate high quality data from a non-spin

mode. Thus, we only include in our analysis data that has an attitude flag value of O or 1.

We apply the O’Brien et al. [2003] algorithm to all the SAMPEX/HILT data from
23 August 1996 through to 3 November 2012 (after the removal of SPEs, SAMA regions
and times of spin mode). Unfortunately, the satellite was continuously in spin mode from
late 2007 until re-entry, limiting us to the period from 23 August 1996 through to 11 Au-
gust 2007. The algorithm is as follows:

Nioo — Asgo

> 10,
\/1 + A5()0

where Njgo is the number of counts in 100 ms and Asqg is the centered running average
of Nigo over five 100 ms intervals (i.e., over 500 ms). It should be noted that the algo-

rithm does not perform well at either low radiation belt fluxes, or during strong pitch an-
gle diffusion [O’Brien et al., 2003], which has been taken into account when interpreting

the results presented later in this paper.
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Figure 1. The SAMPEX > 1.05 MeV HILT electron flux on 17 August 1999, with each red cross indicating

a trigger from the O’Brien et al. [2003] algorithm, identified as a relativistic microburst. Note the log scale of

the fluxes.

Figure 1 is an example of the microbursts detected by the algorithm on 17 August
1999 from 04:13:00 to 04:14:30 UT, where each red cross is a trigger in the algorithm
identified as a relativistic microburst. There are 27 microbursts detected by the algorithm

in the time from 04:13:00 to 04:14:00 UT. It is common to get multiple triggers of rela-
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tivistic microbursts over one pass through the radiation belt as relativistic microbursts are

known to occur in trains of numerous bursts [Lorentzen et al., 2001b].

We detect 193,694 relativistic electron microbursts between 23 August 1996 and
11 August 2007, after which SAMPEX was in spin mode. In the following sections we
will discuss the absolute occurrence rates of relativistic microbursts. We have corrected
the statistics presented below for any satellite sampling bias. We normalize the global mi-
croburst occurrence counts by the number of satellite samples in each latitude/longitude
bin. We normalize the L and MLT distribution of relativistic microbursts by the number of

satellite samples in each L/MLT bin.

4 Global Occurrence

The absolute occurrence rate of relativistic electron microbursts are distributed over
the Earth as shown in Figure 2, which has been corrected for any satellite sampling bias.
The resolution of Figure 2 is 2° in both latitude and longitude. The vast majority of the
microbursts occur inside the region of the outer radiation belt, projected onto the Earth.
The color bar in Figure 2 indicates the frequency with which we observe relativistic mi-
crobursts, which is slightly higher in the North Atlantic region and to the west of the
Antarctic Peninsula. The relativistic microburst frequency is lower to the east of the Antarc-
tic Peninsula. Comparing this to Figure 3 of Dietrich et al. [2010], the North Atlantic mi-
croburst occurrence frequency increase overlaps with the regions in which HILT measures
only the Bounce Loss Cone (BLC). Furthermore, part of the region where we note de-
creased relativistic microburst frequency corresponds to HILT sampling the trapped flux
along with the BLC and the Drift Loss Cone (DLC). Thus, we conclude these differences
in the relativistic microburst frequency over the Earth are a result of the HILT pitch angle

sampling and the emptying of the loss cone in the longitudes of the Antarctic Peninsula.

5 Russell-McPherron Effect and Solar Cycle Dependence

The Russell-McPherron effect, outlined in Russell and McPherron [1973], explains
the semi-annual variation in geomagnetic activity occurring during both active and quiet
geomagnetic conditions. The maximum activity occurs near the equinoxes (strong for in-
ward (outward) interplanetary fields in the northern hemisphere spring (autumn)) while
the minimum activity occurs near the solstices [Russell and McPherron, 1973]. This is

caused by a semi-annual variation in the effective southward component of the interplane-
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Figure 2. Frequency of occurrence of the relativistic microbursts identified between 1996 and 2007 pro-

jected onto the Earth.

tary magnetic field (IMF), leading to the Earth extracting approximately 40% more energy
from the solar wind during the equinoctial months than during the solstitial months [Rus-
sell and McPherron, 1973]. Both the maximums and the minimums in geomagnetic activ-
ity occur later during quiet years than during active years [Russell and McPherron, 1973].
(Added: Strong coupling during the equinoctial months is further limited by the spring-
toward, fall-away rule [Miyoshi and Kataoka, 2008; Kellerman et al., 2015], which influ-
ences the effectiveness of the solar wind driving inner magnetosphere activity. The spring-
toward, fall-away conditions require the projection of the IMF geocentric solar ecliptic
(GSE) y component to be “toward” (IMF azimuthal angle from the x axis ranges from
270° to 360°) during the months of Northern Hemisphere spring (February, March, April,
May) or “away” ((IMF azimuthal angle from the x axis ranges from 90° to 180°) during
the Northern Hemisphere autumn (August, September, October, November) [Miyoshi and
Kataoka, 2008]. Under these conditions there is an enhancement of the Southward geo-
centric solar magnetic (GSM) IMF B, component of the IMF such that the Southward
GSM B, couples most efficiently to the Earth’s magnetosphere. Under the opposite con-
ditions (spring-away, fall-toward) there is a suppression of the Southward IMF GSM B,
component reducing the efficiency of a Southward GSM IMF B, coupling to the Earth’s

magnetosphere [Miyoshi and Kataoka, 2008; Kellerman et al., 2015].)

A semi-annual variation was also seen in relativistic electron fluxes by McPherron

et al. [2009]. They found that if the IMF is predominantly northward, substorm activity
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will be at a minimum, allowing loss processes to dominate over acceleration of relativis-
tic electrons [McPherron et al., 2009]. In contrast if IMF is predominantly southward,
substorm activity will be stronger and persist for longer intervals, enhancing the internal
processes that accelerate electrons [McPherron et al., 2009; Rodger et al., 2016] (Added:
and control whistler mode chorus wave activity [Miyoshi and Kataoka, 2008; Miyoshi

et al., 2013]). Furthermore, Baker et al. [1999] reported that the equinoctial electron fluxes
throughout the outer trapping zone are nearly a factor of 3 larger than the solstitial fluxes,

consistent with the Russell-McPherron effect.

The Russell-McPherron effect can also be seen in the relativistic microbursts as
shown in Figure 3a. The frequency of occurrence between L = 3 — 8 and over all MLTs
maximizes in April and October (approximately the equinoctial months) and minimizes
in June and December (approximately the solstitial months). The asymmetry seen in the
size of the maxima is a result of only analyzing data inside one solar cycle, if we were
able to average over multiple solar cycles the maxima would be expected to be symmetric

[Russell and McPherron, 1973].

(Added: Additionally, we investigate the IMF sector polarity associated with the mi-
crobursts. We use the spring-toward, fall-away rule outlined above as applied by Miyoshi
and Kataoka [2008]. We undertook a superposed epoch analysis technique to investigate
the B, polarity around the time of the microbursts. We find that all our microburst events
are associated with a Southward B, component. The IMF B, has stronger values South-
wards for microburst events which occur when there is less efficient coupling to the mag-
netosphere (spring-away, fall-toward) when compared with those which occur when there
is more efficient coupling (spring-toward, fall-away). This is consistent with the Russell-
McPherron effect as the IMF is offset northward at times of less efficient coupling to the
magnetosphere (spring-away, fall-toward), requiring a larger Southward B, in order for the

Solar wind to couple to the magnetosphere and reconnection to occur.)

We also consider how the relativistic microburst frequency is related to the solar cy-
cle, as we have coverage of nearly an entire solar cycle (August 1996 to August 2007).
Figure 3b presents the frequency of relativistic microbursts every three months for the en-
tire temporal period. There is a clear peak in microburst frequency occurring in 2003 dur-
ing the declining phase of solar cycle 23 and corresponds to the peak smoothed monthly

average Ap values of solar cycle 23. There is also a peak between 1999 and 2000 which

—10-
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corresponds to the peak in the sunspot number of solar cycle 23. The year 2002 also cor-
responds to a peak in the sunspot number however, we observe very little microbursts oc-

curring during this year.

~ &

Frequency of microbursts (s ')
Frequency of microbursts (s ')

0
Jan  Feb Mar Apr May Jun Ju  Aug Sep Oct Nov Dec

Figure 3. (a.) The monthly distribution of microburst frequency from L = 3 — 8 and over all MLTs, display-

ing the Russell-McPherron effect. (b.) The three monthly distribution of microburst frequency from L =3 — 8

and over all MLT, displaying the solar cycle dependence.

6 L and MLT Properties

The histogram of the relativistic microburst L values (corrected for satellite sampling
bias), Figure 4a, indicates these precipitation events are contained within L = 3 — 8§, the
expected location of the outer radiation belts. The peak in the occurrence frequency of the
relativistic microbursts occurs at L = 5, at a rate of 0.012 microbursts s~! (ie,atL =5
over all MLT one microburst is detected, on average, every 83 seconds). The occurrence
frequency drops more rapidly as one moves inwards in L compared with outwards in L.
Nakamura et al. [2000] observed relativistic microburst events in similar L-shells based
on their observations of relativistic microbursts occurring in the northern hemisphere from
September to December 1993. Both the upper and lower L values as well as the L value
of peak microburst activity agrees with O’Brien et al. [2003], whose results are based on
relativistic microbursts observations from 1996 to 2001 (recall we extend this up to 2007
in the dataset we analyze in the current study, so that it now includes the declining phase

of the solar cycle as well).

The histogram of the occurrence with MLT (corrected for satellite sampling bias) in

which we observe relativistic microbursts, Figure 4b, indicates relativistic microbursts are
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more frequent on the morning side, from 0 — 13 MLT. The peak in occurrence frequency
of relativistic microbursts occurs at 8 MLT, at a rate of 0.01 microbursts s (i.e., one mi-
croburst is detected every 100 seconds). The occurrence frequency drops more rapidly for
later MLT locations when compared to the change from the peak location towards earlier
MLT locations. The occurrence frequency of relativistic microbursts minimizes at 15 MLT
with a rate of 6 x 10~ microbursts s™! (i.e., one microburst detected every 28 minutes).
The MLT morning sector peak in microburst occurrence has been well established in the
literature using smaller datasets (e.g. Nakamura et al. [2000], O’Brien et al. [2003], and
Blum et al. [2015]) and our larger dataset confirms the result. However, Figure 4b also in-
dicates there is a small population of relativistic microbursts occurring prior to midnight,
from 20 — 24 MLT, with an occurrence rate at 23 MLT of 3 x 1073 microbursts s, i.e.,

1/3 of the peak morning side rate.
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Figure 4. (a.) The L distribution and (b.) the MLT distribution of the frequency of occurrence of relativistic

microbursts, corrected for satellite sampling bias.

7 Geomagnetic Activity

The L distribution of relativistic microbursts is highly dependent on the level of ge-
omagnetic activity. This variation is presented in Figure 5a with five geomagnetic activity
levels, all corrected for the satellite sampling bias. During quiet geomagnetic conditions,
Kp < 3 (the black line in Figure 5a), relativistic microbursts are very infrequent at all
L values, with a peak occurrence of only 0.004 microbursts s~! at L = 5.5. During dis-
turbed geomagnetic conditions, 3 < Kp < 4.6 (the blue line), relativistic microbursts be-
come more frequent over the L values from 3 to 8 (recall there is little microburst activity

outside these L values), with a peak occurrence of 0.033 microbursts sl at L = 5. This
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trend continues and as the geomagnetic activity level increases, the relativistic microbursts
become more frequent over the range of L values at which relativistic microbursts are
observed. During moderate conditions, 4.6 < Kp < 6.4 (the green line), relativistic mi-
crobursts have a peak occurrence of 0.068 microbursts s~! at L = 5. The relativistic mi-
crobursts become most frequent for severe geomagnetic conditions, 6.6 < Kp < 8.7 (the
red line), with a peak occurrence of 0.096 microbursts s™! at L = 4. This peak relativistic
microburst occurrence rate of 0.096 microbursts s~ equates to an average of 1 microburst
occurring every 10.4 s. Our dataset does not contain any extreme geomagnetic conditions

with Kp > 8.7.
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Figure 5. (a.) The L distribution of the frequency of the relativistic microbursts for various geomagnetic
activity levels. The black line indicates quiet conditions (Kp < 3), the blue line is associated with disturbed
conditions (3 < Kp < 4.6), the green line is associated with moderate storms (4.6 < Kp < 6.4) while the red

line is associated with severe storms (6.6 < Kp < 8.7). (b.) The frequency of relativistic microbursts relative

to the plasmapause. Here the red line indicates the modeled location of the plasmapause.

Thus, we observe that the microbursts become more frequent as the geomagnetic
activity level increases. Again this agrees with previous studies of smaller datasets, in
particular, with O’Brien et al. [2003] who found a similar relationship of relativistic mi-
croburst occurrence frequency with Dst, based on observations from 1996 to 2001. Addi-
tionally, we observe the peak occurrence frequency of the relativistic microbursts moves
to a lower L value, i.e., the microbursts move inward in L with increased geomagnetic ac-
tivity. This is also seen in the literature based on smaller datasets [Nakamura et al., 1995,
2000; Lorentzen et al., 2001a; Johnston and Anderson, 2010; Blum et al., 2015] and was

described above.

—13-



342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

362

363

364

365

366

367

368

369

370

372

To investigate how the relativistic microbursts relate to the plasmapause, we use the

O’Brien and Moldwin [2003] Kp based plasmapause model. The model is as follows;
8.3m b
Lpp = (=0.39 +0.1326 cos(¢ — T))max[Kp(_%’_z)] + (5.6 +0.672 cos(¢ — Z)’

where max[Kp(_36,-2)] is the maximum value of Kp taken from the previous 36 hours

to the previous 2 hours and ¢ = 2n(MLT/24) [O’Brien and Moldwin, 2003]. The error
of this model is given as 0.74 L in O’Brien and Moldwin [2003]. In Figure 5b we show
the difference between the location of the relativistic microbursts and the location of the
plasmapause in terms of L. Here a positive value corresponds to a location outside the
plasmapause, and a negative value corresponds to inside the plasmasphere. The red line in
Figure 5b indicates the location of the plasmapause. We can conclude that the relativistic
microbursts almost always occur outside of the plasmapause with the highest occurrence
frequency AL = 2 beyond the plasmapause location. Given the uncertainty in the plasma-
sphere location model, we suggest that it is most likely that all microbursts occur outside

the plasmapause.

The relativistic microbursts move inward in L with increased geomagnetic activity,
however, they still remain outside of the plasmapause. Therefore, we conclude that the
relativistic microbursts are tracking the inward movement of the plasmapause during en-
hanced geomagnetic activity. This tracking of the plasmapause has been reported earlier

by Johnston and Anderson [2010] in the case study storms they considered.

Recall that the whistler mode chorus wave activity is observed outside the plasma-
pause [Summers et al., 1998, 2007]. In contrast, EMIC waves have been observed both

inside and outside of the plasmapause [Meredith et al., 2003].

8 Comparison with Chorus and EMIC Occurrence Characteristics

As discussed above it is often thought that whistler mode chorus waves are driving
the pitch angle scattering which lead to relativistic microbursts. However, recently there
has been evidence published that EMIC waves could also produce relativistic microbursts.
As a step towards answering which of the two waves are the dominant cause of relativistic
microbursts we compare the L and MLT distribution of the relativistic microbursts with
those published in the literature for chorus and EMIC waves. Figure 6 presents the L and
MLT distribution of the relativistic microbursts at three different levels of geomagnetic ac-

tivity as measured by AE*. Here we use the same definition of AE* as used by Li et al.
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[2009], where AE* is the mean of AE over the previous one hour. The L and MLT distri-
butions of the relativistic microbursts presented in Figure 6 have a resolution of 0.5 L and
1 hour MLT. The colorbar describes the absolute frequency at which the relativistic mi-
crobursts occur on a log scale. In the following sections all ranges in MLT are described

using a counter-clockwise rotation in Figure 6.
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Figure 6. The L and MLT distribution of the frequency of relativistic microbursts during three levels of

geomagnetic activity as measured by AE*. (a.) Quiet conditions, defined as AE* < 100 nT, (b.) disturbed

log, (Microburst frequency (s )

conditions, defined as 100 < AE* < 300 nT, and (c.) active conditions, defined as AE* > 300 nT. Note, all

three panels have the same log color scale.

8.1 Whistler Mode Chorus Comparison

Quiet geomagnetic conditions, AE* < 100 nT, are presented in Figure 6a. It appears
there are two distinct peaks in the L and MLT distribution of relativistic microbursts. One
peak occurring prior to midnight, with an occurrence rate of 1.2 x 10~ microbursts s~!
at L = 5.5 and =23 MLT, and the other occurring prior to noon, with an occurrence rate
of 8.8 x 10™* microbursts s™! at L = 5.5 and ~10 MLT. These peaks are about three
times larger than the rate midway between these points at L = 5.5 and =4 MLT of =
3 x 10™* microbursts s~'. (Deleted: Ceontrasting)(Added: We compare) the relativistic
microburst occurrence distribution to (Deleted: that-fer) the average root mean square
chorus wave amplitudes presented (Added: in) Li et al. [Fig. 2, 2009] and reproduced
here as Figure 7(Replaced: ; replaced with: .) (Added: Kersten et al. [2011] and Cattell
et al. [2008] have shown that there is a relationship between large amplitude whistler
mode chorus and microbursts. Li et al. [2009] has presented the L and MLT distribution
of whistler mode chorus for three categories of whistler mode amplitude, which has a very

similar distribution to the Figure presented here. Note Figure 7 is the result of a statis-
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tical analysis of both lower amplitude chorus and large amplitude chorus. Contrasting
Figure 6 to Figure 7) we note that the equatorial chorus wave amplitude distribution for
AE* < 100 nT is highest in the dawn MLT sector (7 — 13 MLT). However, the strongest
chorus wave activity is occurring at much higher L values than where relativistic mi-
crobursts occur in Figure 6a. Furthermore, there is no evidence of large amplitude chorus

waves in the region prior to midnight (21 — 24 MLT).

AE* < 100nT 100nT < AE* < 300nT AE* > 300nT
a. 1z 12 12

log, (B, (oT)

\ogm(# of samples)

Figure 7. The global distribution of chorus adapted from Li et al. [Fig. 2, 2009]. The global distribution
of chorus observed at the L-shells between 5 and 10 categorized by different AE* in the near equatorial
(IMLAT] < 10°) regions. The larger plots (a.) show RMS chorus wave amplitudes (pT) and the smaller plots

(b.) indicate the number of samples in each bin.

Relativistic microburst activity located near midnight during quiet geomagnetic con-
ditions has been previously reported by Lorentzen et al. [2001b] (during low Kp values)
and by O’Brien et al. [2003] (during weak Dst activity). Recall, however, that the O’Brien
et al. [2003] algorithm does not perform well when radiation belt fluxes are low. There-
fore, the distribution described above may not be representative of the relativistic mi-
croburst activity during quiet geomagnetic conditions, and may be an artifact of the poor
triggering rate of the algorithm at these times. Thus, we cannot make any firm conclusion
about whether the relativistic microbursts occurring during quiet conditions are a result
of scattering by whistler mode chorus waves. A modification of the algorithm and a re-

analysis of the quiet-time MLT distribution may resolve this uncertainty in future work.
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Relativistic microburst distributions are presented in Figure 6b for disturbed condi-
tions and Figure 6¢ for active conditions. During both disturbed, 100 < AE* < 300 nT,
and active, AE* > 300 nT, geomagnetic conditions we see there is only one peak in the
L and MLT distribution of relativistic microbursts. Furthermore, relativistic microbursts
are frequent over a much larger continuous MLT range, beginning prior to midnight and
continuing through until noon i.e., from 21 MLT to 13 MLT. Relativistic microbursts are
much more frequent during active geomagnetic conditions, with a peak occurrence rate of
~0.1 microbursts s™! at L = 5 and from 6 — 10 MLT. In contrast, the peak occurrence rate
for disturbed conditions is about ten times lower with a value of ~0.01 microbursts s~ at

L = 5.5 and from 7 — 10 MLT.

To the best of our knowledge the L-MLT distribution of whistler mode chorus wave
occurrence has not as yet been analyzed for different levels of geomagnetic activity. Thus
we will compare the relativistic microburst occurrence rates with the results of previous
studies examining whistler mode chorus wave amplitudes. The equatorial whistler mode
root mean square chorus wave amplitude distribution for active and disturbed conditions
reported by Li et al. [Fig. 2, 2009] and reproduced here as Figure 7, has significant chorus
activity at much lower L during disturbed and active geomagnetic conditions than that ob-
served during quiet conditions. Further, stronger chorus wave amplitude is observed from
MLT midnight through to noon (i.e., from 0 — 12 MLT) for disturbed conditions. Dur-
ing active conditions there is even stronger chorus wave amplitude observed prior to MLT
midnight and through to post-noon (i.e., from 22 — 13 MLT). This strongly coincides with
the relativistic microburst distributions we present in Figure 6. Therefore we conclude that
the majority of relativistic microburst activity is consistent with a whistler mode chorus

wave driver, in agreement with the previous speculation in the literature described above.

We note that we have microbursts occurring in the region of 18 MLT where the cho-
rus wave amplitude is < 4 pT. If it was only chorus waves driving the scattering resulting
in microbursts then chorus waves with amplitudes of < 4 pT should be able to scatter the
relativistic electrons and drive microbursts. We point this out as a potential challenge to

the modelling community.
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8.2 EMIC Wave Comparison

We will not compare the EMIC distributions in L and MLT with the relativistic mi-
croburst occurrence during quiet conditions due to the algorithm limitations discussed
above. Note that we find the L and MLT distributions of the relativistic microbursts are
indistinguishable when the geomagnetic activity is defined by either AE or AE* so we

will compare to EMIC wave distributions using either of the geomagnetic activity indices.

Intense (B2 > 0.1 nT?) helium band EMIC waves are most prevalent in the after-
noon sector (from 12 — 18 MLT) from 4 < L* < 7 during active conditions (AE > 300 nT)
with an average percentage occurrence of 2.7% and an average intensity of 2 nT? [Mered-
ith et al., 2014]. Intense (sz > 0.1 nT?) hydrogen band EMIC waves are also most preva-
lent in the same MLT and L region during active conditions, but they have a lower av-
erage percentage occurrence of 0.6% and a lower average intensity of 0.5 nT? [Meredith
et al., 2014]. Comparing this to our distribution of relativistic microbursts observed during
active conditions, Figure 6¢, we find significant relativistic microburst activity in the same

MLT sector as the intense EMIC waves.

Rising or falling tone EMIC emissions, which occur in > 30% of all EMIC wave
events, are observed mainly around noon (12 MLT) and do not appear to occur in the
nightside MLT region [Nakamura et al., 2016]. During low AE* values (AE* < 300 nT)
rising and falling tone EMIC wave events are observed at ~10 MLT while under higher
AE* values (AE* > 300 nT) they are observed at ~15 MLT over L = 5 — 10 [Nakamura
et al., 2016]. Comparing this to our distribution of relativistic microburst occurrence rate
during active conditions, Figure 6¢c, we observe the reported peak in EMIC rising/falling
tone emissions for lower AE* values coincides with our peak region of relativistic mi-
croburst occurrence. During more active AE* conditions the MLT and L region of peak
EMIC rising/falling tone emissions no longer coincides with the peak relativistic microburst
occurrence, although we do observe less frequent microbursts at ~15 MLT. It appears that
reported occurrence properties of EMIC rising/falling tone emissions are unable to account

for the relativistic microbursts occurring in the nightside MLT region.

Overall EMIC waves are most often observed in the dayside outer magnetosphere
with occurrence rates reaching ~10% during intervals of moderate (100 < AE < 300 nT)
and enhanced (AE > 300 nT) substorm activity [Usanova et al., 2012]. During moderate

geomagnetic conditions (100 < AE < 300 nT) the peak occurrence of EMIC waves is at 8
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— 17 MLT at L > 4 [Saikin et al., 2016]. While during active conditions (AE > 300 nT)
the peak occurrence of EMIC waves is in the afternoon MLT sector (12 — 18 MLT) from
L = 4 — 6 with an occurrence rate of ~25% [Usanova et al., 2012; Saikin et al., 2016].
More recently EMIC waves have also been observed in the dusk MLT sector (from 18 —
24 MLT) with occurrence rates increasing with geomagnetic activity [Saikin et al., 2016].
That study found the average occurrence rate of EMIC waves in this MLT sector reach
~15% over L = 4 — 6 during active geomagnetic conditions [Saikin et al., 2016]. Compar-
ing this to the L and MLT distribution of relativistic microbursts we note some similarities
in the distributions. The EMIC activity observed during both moderate and active geo-
magnetic conditions from 8 — 17 MLT is coincident in L with the relativistic microburst
activity along with the EMIC activity observed in the dusk sector, from 18 — 24 MLT.
However the frequent relativistic microburst activity from 24 — 8 MLT does not coincide
with that seen in the patterns of EMIC activity. Therefore, only some of the relativistic

microburst activity is consistent with an EMIC wave driver.

EMIC waves might be the cause of the smaller population of precipitation events
seen in the MLT region from 13 — 22 MLT, where chorus amplitudes are very low [Li

etal., Fig. 2, 2009].

9 Summary and Conclusions

We have applied the O’Brien et al. [2003] algorithm to row 4 of the HILT instru-
ment on board the SAMPEX satellite from 1996 to 2012, excluding periods of SPE, satel-
lite spin and regions within the SAMA. From this we identify 193,694 relativistic mi-
crobursts in the > 1.05 MeV electron fluxes occurring across the time period from 23 Au-

gust 1996 through to 11 August 2007.

From this large dataset of events we find that relativistic microbursts are largely con-
fined to the outer radiation belt, from L = 3 — 8. Furthermore, they occur primarily on the
morning side, between 0 and 13 MLT. Additionally, the Russell-McPherron effect is ob-
served. Relativistic microbursts become more frequent as the geomagnetic activity level
increases as measured by either Kp, or AE*, with microbursts being most frequent dur-
ing active geomagnetic conditions. The peak occurrence frequency of the relativistic mi-
crobursts moves inward (to lower L) as the geomagnetic activity increases, to reach a peak

occurrence rate of one microburst every 10.4 s at L = 4 for 6.6 < Kp < 8.7. Microbursts
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primarily occur outside of the plasmapause. We suggest the relativistic microbursts track

the inward movement of the plasmapause as geomagnetic activity increases.

During quiet geomagnetic conditions, as measured by AE*, the L and MLT distri-
bution of relativistic microbursts appears to have two distinct occurrence rate peaks. One
of these is located prior to MLT midnight, with a peak occurrence rate of one microburst
every 13.8 minutes at L = 5.5 and =23 MLT, and the other occurring prior to noon, with
a peak occurrence rate of one microburst every 18.9 minutes at L = 5.5 and =10 MLT.
However, due to the poor triggering rate of the algorithm under these conditions we can-
not conclude whether these relativistic microbursts are a result of scattering by whistler

mode chorus, EMIC waves, or some other source.

During disturbed and active geomagnetic conditions, as measured by AE*, the L
and MLT distribution of the relativistic microbursts has only one peak occurrence loca-
tion, with an occurrence of one microburst every 8.6 (98.0) s during active (disturbed)
conditions at L = 5 (L = 5.5) and 08 (08) MLT. Whistler mode chorus waves have large
amplitudes in the MLT region from 22 — 13 MLT coincident in L with the relativistic mi-
croburst activity. EMIC wave occurrence is most frequent from 8 — 17 MLT during both
moderate and active conditions and from 18 — 24 MLT during active conditions, indicating

some coincidence in L with the relativistic microburst activity.

The relativistic microbursts occurring from 22 — 13 MLT are consistent with scatter-
ing by whistler mode chorus waves. In contrast, relativistic microbursts in the 8§ — 17 MLT
region are consistent with scattering by EMIC waves. There are two regions of overlap
from 8 — 13 MLT and from 22 — 24 MLT where the relativistic microbursts are consis-
tent with scattering by either whistler mode chorus waves or EMIC waves. However, as
relativistic microbursts are far more frequent in the 22 — 13 MLT region than other MLT
regions our observations favor whistler mode chorus wave activity as the primary driver of

relativistic microbursts during geomagnetically active periods.

Finally, we caution that correlation does not imply causation, and care must be taken
in conclusions drawn from comparisons of the overall L and MLT distributions. Our study
provides more suggestive evidence towards the potential linkages between these waves and
the relativistic electron microbursts, as has been suggested by theory. As yet a direct one
to one linkage between such waves, in-situ scattering, and these microbursts, is lacking

from the literature.
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List of Changes

Added: [Miyoshi et al., 2015], on page 4, line 95.

Added: Strong coupling during the equinoctial months is further limited by the spring-
toward, fall-away rule [Miyoshi and Kataoka, 2008; Kellerman et al., 2015], which
influences the effectiveness of the solar wind driving inner magnetosphere activity.
The spring-toward, fall-away conditions require the projection of the IMF geocen-
tric solar ecliptic (GSE) y component to be “toward” (IMF azimuthal angle from
the x axis ranges from 270° to 360°) during the months of Northern Hemisphere
spring (February, March, April, May) or “away” ((IMF azimuthal angle from the
x axis ranges from 90° to 180°) during the Northern Hemisphere autumn (August,
September, October, November) [Miyoshi and Kataoka, 2008]. Under these condi-
tions there is an enhancement of the Southward geocentric solar magnetic (GSM)
IMF B, component of the IMF such that the Southward GSM B, couples most ef-
ficiently to the Earth’s magnetosphere. Under the opposite conditions (spring-away,
fall-toward) there is a suppression of the Southward IMF GSM B, component re-
ducing the efficiency of a Southward GSM IMF B, coupling to the Earth’s mag-
netosphere [Miyoshi and Kataoka, 2008; Kellerman et al., 2015]., on page 9, line
226.

Added: and control whistler mode chorus wave activity [Miyoshi and Kataoka, 2008;

Miyoshi et al., 2013], on page 10, line 245.

Added: Additionally, we investigate the IMF sector polarity associated with the mi-
crobursts. We use the spring-toward, fall-away rule outlined above as applied by
Miyoshi and Kataoka [2008]. We undertook a superposed epoch analysis technique
to investigate the B, polarity around the time of the microbursts. We find that all
our microburst events are associated with a Southward B, component. The IMF B,
has stronger values Southwards for microburst events which occur when there is
less efficient coupling to the magnetosphere (spring-away, fall-toward) when com-
pared with those which occur when there is more efficient coupling (spring-toward,
fall-away). This is consistent with the Russell-McPherron effect as the IMF is oft-
set northward at times of less efficient coupling to the magnetosphere (spring-away,
fall-toward), requiring a larger Southward B, in order for the Solar wind to couple

to the magnetosphere and reconnection to occur., on page 10, line 257.
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Deleted: Centrasting, on page 15, line 389.

Added: We compare, on page 15, line 389.

Deleted: thatfor, on page 15, line 390.

Added: in, on page 15, line 391.

Replaced: ; replaced with: ., on page 15, line 392.

Added: Kersten et al. [2011] and Cattell et al. [2008] have shown that there is a rela-
tionship between large amplitude whistler mode chorus and microbursts. Li et al.
[2009] has presented the L and MLT distribution of whistler mode chorus for three
categories of whistler mode amplitude, which has a very similar distribution to the
Figure presented here. Note Figure 7 is the result of a statistical analysis of both
lower amplitude chorus and large amplitude chorus. Contrasting Figure 6 to Fig-
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