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Abstract

Relativistic (>1 MeV) electron microbursts (<1 s duration) are particle pre-
cipitation events, thought to be significant contributors to radiation belt
losses. Although these events are known to be intense, the exact prop-
erties of this intensity are unknown. There are two different plasma
waves (whistler mode chorus and Electromagnetic Ion Cyclotron (EMIC)
waves) capable of causing relativistic microbursts. However, the domi-
nant scattering mechanism has yet to be experimentally verified.

The O’Brien et al. [2003] and Blum et al. [2015] algorithms are used to
identify relativistic microbursts in the Solar Anomalous Magnetospheric
Particle Explorer (SAMPEX) satellite >1.05 MeV electron fluxes. A total
of 193,694 relativistic microbursts were detected from 23 August 1996 to
11 August 2007, spanning nearly a full solar cycle.

Statistically processing this large database of relativistic microbursts con-
firms that their occurrence is largely confined from L = 3 – 8. Their peak
occurrence of 0.012 microbursts/s is located at L = 5, while their peak flux
magnitude of 1,554 (MeV cm2 sr s)�1 occurs at L = 4.5.

Relativistic microbursts are more frequent in the morning Magnetic Lo-
cal Time (MLT) region, from 0 – 13 MLT. A secondary MLT peak occurs in
the premidnight MLT region, from 20 – 24 MLT, with occurrence frequen-
cies 33% lower than the morning MLT region. There is little variation in
the average flux magnitude over MLT.

Overall, we observe orders of magnitude variation in the relativistic mi-
croburst occurrence frequencies while we observe only factors of 2 – 3
variation in the relativistic microburst durations and flux magnitudes.

A comparison with trapped flux levels indicates microburst flux mag-
nitudes are not limited by the trapped flux population. However, more
microbursts occur when the trapped population is enhancing, suggest-
ing relativistic microburst occurrence may be linked to the acceleration
processes causing the increasing trapped fluxes.
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Lower band equatorial chorus waves in the 21 – 15 MLT (morning side)
region and EMIC waves in the 08 – 12 and 18 – 24 MLT regions overlap
with both enhanced microburst occurrence frequency and flux magni-
tude. Off equatorial chorus waves have reduced overlap with microburst
activity.

Case studies between SAMPEX and Halley present the first experimental
evidence of the proposed EMIC scattering mechanism, while also pro-
viding evidence of chorus wave driven microburst activity. A super-
posed epoch analysis of the Halley VLF instrument shows an increase in
the 2 kHz wave amplitude associated with relativistic microburst clus-
ters, identified as chorus wave activity. A superposed epoch analysis
of the Halley magnetometer shows an increase in the 0.1 – 0.8 Hz wave
power associated with relativistic microburst clusters, identified as in-
creased broadband noise and not EMIC wave activity.

We suggest the dominant relativistic microburst scattering mechanism
is individual lower band equatorial chorus wave elements generated
by strong geomagnetic substorm activity. Furthermore, we suggest rel-
ativistic microburst scattering is occurring alongside acceleration pro-
cesses resulting in increasing trapped fluxes. The evidence presented in
the case studies does not allow us to rule out EMIC waves as a secondary,
and possibly rare, driver of relativistic microbursts.
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1 | Introduction

1.1 Motivation of Research

Fundamental research on Earth’s space radiation environment is essential for the
operations of communications, weather, and navigation satellites that fly in the hos-
tile radiation belt regions above the Earth’s atmosphere [Choi et al., 2011; Yearby et al.,
2014; Eastwood et al., 2017; Lanzerotti and Baker, 2017]. The satellites flying in these re-
gions encounter large numbers of energetic particles, causing damage in the follow-
ing ways: electronic upsets by internal charging, housekeeping noise, degradation
to solar arrays, upper atmosphere–induced changes to orbit dynamics (increases
in ambient atmospheric dynamics), high levels of accumulated radiation, false sig-
nals in optical sensing equipment, and phantom commands (which in rare cases
can cause rogue satellites) [Barbieri and Mahmot, 2004; Lohmeyer and Cahoy, 2013;
Loto’aniu et al., 2015; Eastwood et al., 2017; Lanzerotti and Baker, 2017]. To alleviate
this damage designers and operators of satellites apply shielding to their sensitive
electronic equipment. The level of shielding required to keep satellites operational
for the duration of their missions is based on models of the radiation belt environ-
ment. These models predict the quantity of energetic particles a satellite will likely
encounter along its orbit throughout the mission. To update these models and im-
prove their accuracy detailed knowledge of the Earth Space environment and the
processes affecting this region is required.

An excellent historical example of radiation belt damage to satellites was the
creation of an artificial radiation belt on 9 July 1962 [Hess, 1963]. This artificial radi-
ation belt was an expected result of the nuclear explosion of 1.4 megatons, named
“Starfish”, at 400 km above Johnston Island (in the Pacific) [Hess, 1963]. Three days
after the Starfish explosion, the Ariel satellite had stopped transmitting any useful
data, 21 days later the Transit 4-B satellite stopped transmitting any data, and 12
days after that satellite failure the Transit Research and Attitude Control (TRAAC)
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satellite shut down [Hess, 1963].

A major and well-established cause of radiation damage to satellites are relativis-
tic electrons (>1 MeV energies) which can penetrate the satellite surface material
[Meredith et al., 2015]. A possibly significant loss mechanism of relativistic electrons
from the radiation belt environment are relativistic microbursts. It has been sug-
gested that relativistic microbursts occurring during a single storm could empty the
entire relativistic electron population of the radiation belts [Lorentzen et al., 2001a;
Clilverd et al., 2006; Dietrich et al., 2010]. As these events potentially have a large im-
pact on the radiation belt environment it is important to understand their properties,
which will be useful for the risk analysis of any satellites operating in the radiation
belt environment.

Throughout this thesis we will describe the conditions under which relativistic
microbursts occur and discuss the physical processes in space which drive this type
of precipitation. We also attempt to quantify the effects of these precipitation events
on the atmosphere.

1.2 Thesis Overview

The work presented in this thesis has been categorised into both ‘chapters’ and
‘parts’ to aid the reader and keep all of the relevant material together. Each ‘part’ of
this thesis contains 3 – 4 chapters. There is a total of 5 parts to this thesis, and a total
of 18 chapters.

The first part of this thesis contains all of the reference material required to un-
derstand any results presented in later parts. We begin (Chapter 2) with a broad
overview of the Earth-Space environment, including discussions on the magneto-
sphere and radiation belts, and describe the influences of the Sun on this system.
We then describe in more detail the dynamics of the radiation belt environment
(Chapter 3), including the particle motion in this region, the plasma waves gener-
ated in this region, and the interaction between the particles and the plasma waves.
Chapter 4 provides a detailed review of the current relativistic microburst literature
and the known properties of these precipitation events. The last chapter of this part
(Chapter 5) describes all of the instrumentation used in this thesis, including both
satellites and ground based instruments.

In the second part of this thesis we describe the preliminary results and the rel-
ativistic microburst detection algorithm. Chapter 6 provides the evidence that rela-
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tivistic electrons can undergo strong diffusion. Chapter 7 describes (in detail) the rel-
ativistic microburst detection algorithm, its implementation on the SAMPEX data,
and any contamination to the SAMPEX data that must be accounted for. Chapter 8
provides examples of the range of microburst cluster sizes (number of microbursts
detected within one pass of the radiation belt) evident in the SAMPEX data.

In the third part, we discuss all of the statistical properties of relativistic mi-
crobursts. Chapter 9 describes the occurrence properties of microbursts, including
a discussion on how these properties change with differing levels of geomagnetic
activity. Chapter 10 describes the relativistic microburst flux magnitude properties,
following the layout of Chapter 9. In Chapter 11 we compare the changes in the oc-
currence and flux magnitude properties of relativistic microbursts to the changes in
the trapped flux level. Lastly, in Chapter 12 we describe the relativistic microburst
duration, which again follows the layout of Chapter 9 (and also Chapter 10). A dis-
cussion of our definition of relativistic microburst duration and the caveats to this
definition is included at the beginning of Chapter 12.

The fourth part considers the potential wave drivers of relativistic microbursts.
In Chapter 13 we compare the relativistic microburst occurrence and flux magni-
tude to the whistler mode chorus and EMIC wave occurrence and amplitude. The
statistical results of the plasma wave occurrence and amplitudes are sourced from
the literature. In Chapter 14 we describe case study examples of conjunctions be-
tween relativistic microburst observations and plasma wave observations. Finally,
Chapter 15 describes a statistical analysis of the plasma wave occurrence observed
on the ground at the time of the relativistic microbursts.

The fifth (and final) part of this thesis describes the implications of these mi-
croburst precipitation events on the Earth’s atmosphere (Chapter 16) and contains
the concluding material. Chapter 17 concludes the results presented in each of the
previous parts, and includes a discussion of the overall conclusions of this work.
The final chapter of this thesis (Chapter 18) provides some suggestions of further
studies that could complement (and possibly improve) the results presented here.

We also have 5 appendices in this thesis. Appendix A describes the sources of all
of the data used in our analysis. Appendix B provides a copy of all three publica-
tions that have resulted from the work presented in this thesis. Appendix C contains
a table with all of the start and end times of the Solar Proton Events identified in the
GOES satellite data. Appendix D describes the parameters used when producing
the DEMETER satellite ‘Quick Look’ plots. Lastly, Appendix E describes how to use
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the DOS software in order to read the .dat files of the VELOX instrument data.

1.3 Contribution to Scientific Literature

During the course of this PhD, we have published three scientific papers in the geo-
physical research literature. Two of the scientific papers (on which I am the first au-
thor) are published in the Journal of Geophysical Research, and the third scientific
paper (on which I am second author) is published in Geophysical Research Letters.

The first publication, Douma et al. [2017], discusses the relativistic microburst
occurrence presented in Chapter 9, and includes some of the material comparing
the chorus and EMIC wave distributions to the relativistic microburst occurrence
distributions, presented in Chapter 13.

The second publication, Douma et al. [2018], begins by considering the case study
conjunctions between SAMPEX and the Halley ground station, presented in Sec-
tion 14.3, specifically case studies 5 – 7. Following the case studies is the statistical
data processing described in Chapter 15.

The third publication, Seppälä et al. [2018], discusses the atmospheric impact of a
typical relativistic microburst precipitation region, presented in Chapter 16. As evi-
denced by the author list order, the atmospheric modelling work in this publication
was undertaken by Annika Seppälä.

All three of these peer-reviewed publications are provided in Appendix B.

1.4 Contribution to Thesis by Others

Typically, scientific research is a collaborative process and this thesis is no exception.
The work presented in this thesis is not solely the work of the author but includes
work and analysis undertaken by other scientists in the field. Here we clearly out-
line the contribution to this thesis that was not undertaken by the author. We will
remind the reader of these contributions in the relevant chapters and include the
appropriate references in the corresponding sections.

The basis of all of the research discussed in this thesis was made possible by
implementing the relativistic microburst detection algorithm, produced by O’Brien
et al. [2003] and extended by Blum et al. [2015], to the SAMPEX data. This algo-
rithm is explained in great detail in Section 7.1. In order to correctly implement the
detection algorithm, the author of this thesis received help from Dr Lauren Blum,
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including some figures and data files. These are described in detail in Section 7.6.
The initial processing of the satellite data used in this thesis was undertaken

by past and present members of the Otago Space Physics Group. Specifically, the
SAMPEX data was converted into MATLAB data files (.mat files) by Professor Craig
Rodger, the POES data was converted and processed into .mat files by Dr Aaron
Hendry, and the DEMETER data was converted and processed into .mat files by Dr
Rory Gamble. Details of the POES data processing can be found in Hendry [2017],
and details of the DEMETER data processing can be found in Gamble [2011].

Various different MATLAB codes were provided by Professor Craig Rodger, Dr
Annika Seppälä and Dr Aaron Hendry. These were used to produce some of the
figures (provided by Dr Aaron Hendry), calculate distances along the surface of the
Earth (provided by Prof Craig Rodger), and calculate solar zenith angles (provided
by Dr Annika Seppälä). Additionally, Dr Aaron Hendry aided the author in identi-
fying EMIC waves in magnetometer data. Dr Mark Clilverd aided the author in the
initial data processing of the VELOX data (described in further detail in Appendix E)
and with identifying whistler mode chorus waves in the processed VELOX data.

The results presented in Chapter 16 are the outcome of a collaboration between
the author, Prof Craig Rodger, Dr Annika Seppälä, and Dr Jacob Bortnik. The mod-
elling discussed in that chapter and the majority of the data interpretation (including
the production of the figures) was undertaken by Dr Annika Seppälä, the relativis-
tic microburst flux inputs were provided by the author, and the microburst energy
spectra was provided by Prof Craig Rodger and Dr Jacob Bortnik.

Various other suggestions to improve the analysis undertaken by this author
were given at conferences and during paper review processes. Notably, Dr Joe
Borovsky suggested we consider whether the Russell-McPherron effect was evident
in the relativistic microburst occurrence. This was formalised during the review pro-
cess of Douma et al. [2017], after a reviewer suggested considering the IMF depen-
dence to present further evidence of this effect. Additionally, Dr Paul O’Brien sug-
gested that the relativistic microburst flux intensity may be affected by the trapped
flux level at the time the scattering process is occurring, leading to the results pre-
sented in Chapter 11.
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2 | Overview of the Earth-Space En-
vironment

As we mentioned earlier electronic circuits operating in space (i.e., satellites) are at
risk of radiation induced upsets [Choi et al., 2011; Yearby et al., 2014; Eastwood et al.,
2017; Lanzerotti and Baker, 2017]. This chapter will outline the basic structure of the
Earth-Space environment starting with the Earth’s magnetic field. We then describe
the Earth’s plasmasphere, radiation belts and magnetosphere. Lastly we discuss the
solar influences on the Earth-space environment and provide a description of the
geomagnetic indices which describe the level of solar influence at any given time.

2.1 Earth’s Magnetic Field

Its common to approximate the Earth’s magnetic field as a tilted dipole with the
Earth’s magnetic axis inclined by 11.3� with respect to the Earth’s rotation axis
[Kallenrode, 2004]. Close to the surface of the Earth this approximation is valid, how-
ever, moving away from the Earth’s surface the pure dipole field approximation
begins to break down [Anderson et al., 1992; Tsurutani and Lakhina, 1997; Kallenrode,
2004; Zhou et al., 2013]. This is particularly evident in the magnetosphere, which is
discussed in further detail below.

The Earth’s magnetic field is offset from the centre of the Earth by 436 km in the
direction of the West Pacific [Kallenrode, 2004]. This offset and the tilted nature of
the Earth’s magnetic field leads to an unusually small magnetic flux density (weak
magnetic field) over Brazil and eastward into the South Atlantic Ocean region [Tsu-
rutani and Lakhina, 1997; Kallenrode, 2004; Clilverd et al., 2016; Lanzerotti and Baker,
2017], shown in Figure1 2.1. This weak magnetic field region is known as the South

1This image was obtained from the NASA Earth Observatory, at the following link:
https://eoimages.gsfc.nasa.gov/images/imagerecords/84000/84266/magneticfield_swa_201406_lrg.jpg.
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Figure 2.1: The Earth’s magnetic field strength (nT) obtained from the NASA Earth Obser-

vatory.

Atlantic Magnetic Anomaly (SAMA).
A parameter commonly used to describe the location in space where an event is

occurring is known as the L shell. This parameter is defined in Equation 2.1 for a
pure dipole field, where r

eq

is the largest distance of a magnetic field line from the
Earth’s centre in the equatorial plane and R

E

is the Earth’s radius.

L =

r

eq

R

E

. (2.1)

Physically, the L shell parameter is described as the distance in Earth radii to the
equatorial crossing of a given geomagnetic field line, as indicated by Figure 2.2
[Kallenrode, 2004], such that L = 1 corresponds to the geomagnetic equator on the
surface of the Earth. The McIlwain L, L

m

, is a modification to this definition of
L that accounts for the non-dipolar nature of the Earth’s magnetic field [McIlwain,
1961]. It is the McIlwain L that is used in this thesis.

In many experimental and theoretical studies a modified version of the L pa-
rameter is used, referred to as the Roederer L shell or L*. This parameter is defined
as:

L

⇤
=

2⇡k0

�

, (2.2)
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where k0 is the magnetic dipole parameter, k0 = µ0ME

/(4⇡), µ0 is the magnetic
permeability of free space, M

E

is the Earth’s dipole moment and � is given by:

� =

I

C

dL.A =

I

S

da.B, (2.3)

where A is the magnetic vector potential, C is the curve encompassing the entire
drift shell of the particle, S is the area outside the drift shell, and B is the magnetic
field [Roederer, 1970; Schulz, 1996].

Figure 2.2: A depiction of the L shell (r/r
E

) description obtained from [Kallenrode, Fig. 8.2,

2004].

2.2 Earth’s Space Environment

The Earth’s space environment describes a region known as the magnetosphere,
where the particle motion is dominated by the Earth’s magnetic field. The Earth’s
magnetosphere is formed by the interaction between the solar wind (discussed be-
low) and the Earth’s magnetic field, distorting the magnetic field away from the
dipole field [Kallenrode, 2004]. An overview of the Earth’s magnetosphere is shown
in Figure 2.3, which is a modified version of the infographic produced by the NASA
Jet Propulsion Laboratory (JPL), obtained from https://www.jpl.nasa.gov/

infographics/infographic.view.php?id=10686.
In the Space Physics field it is common to discuss the Sun-Earth system using a

frame of reference where the Sun-Earth axis is fixed [Kallenrode, 2004]. In this frame
of reference the magnetosphere is fixed in place and the Earth is rotating inside
it [Kallenrode, 2004]. The parameter used to describe the location of a geographic
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point on Earth with respect to the magnetosphere is known as the Magnetic Local
Time (MLT). If the Earth’s geographic point is facing the Sun, along the Sun-Earth
axis, then it is at 12 MLT. If the Earth’s geographic point is facing away from the
Sun, along the Sun-Earth axis, it is at 24 MLT. If the Earth’s geographic point is
facing perpendicular to the Sun-Earth axis (in the plane perpendicular to the axis
of rotation), it is at either 6 or 18 MLT. These MLT locations have been added to
Figure 2.3.

The interaction between the solar wind and the Earth’s magnetic field com-
presses the Sunward side (12 MLT) of the Earth’s magnetic field and stretches the
nightside (24 MLT) of the Earth’s magnetic field, as shown in Figure 2.3 [Anderson
et al., 1992; Kallenrode, 2004; Zhou et al., 2013]. Detailed models of the Earth’s mag-
netic field that take into account this distortion are the International Geomagnetic
Reference Field (IGRF) model [Thébault et al., 2015] and the Tysganenko models [Tsy-
ganenko, 1989, 1996, 2002a, b].

Figure 2.3: A depiction of the Earth’s magnetosphere modified from the NASA JPL info-

graphics. Four MLT locations have been added to the image.
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2.2.1 Magnetopause

The outer boundary of the magnetosphere is known as the magnetopause. The
magnetopause separates the Earth’s magnetic field from the Sun’s magnetic field
and deflects the majority of the solar wind [Kallenrode, 2004]. At the magnetopause
the solar wind kinetic pressure is equivalent to the Earth’s geomagnetic pressure
[Kallenrode, 2004]. Beyond the magnetopause, particle motion is dominated by the
Sun’s magnetic field and the Earth’s magnetic field has little to no influence.

2.2.2 Ionosphere

The inner boundary of the magnetosphere is sometimes defined as the ionosphere.
The ionosphere starts at a height of ⇠70 km and makes up the charged component
of the Earth’s atmosphere [Kallenrode, 2004]. The ionosphere is formed through the
ionisation of Earth’s atmospheric components (usually by electromagnetic radiation
in the UV and EUV range) [Kallenrode, 2004]. The ionosphere is divided into layers,
specifically the F region (ranging from 200–800 km), E region (ranging from 100–200
km) and D region (ranging from 60–90 km) [Kallenrode, 2004].

2.2.3 Radiation Belts

In 1957 Professor James Van Allen discovered (using the United States Explorer 1
satellite) intense radiation in the space environment above the Earth’s atmosphere
[Van Allen, 1983]. Since 1957, there has been a lot of interest in this radiation environ-
ment and it is an area of active research. The current understanding of this region
is that there are commonly two radiation belts with a slot region between them and
occasionally a third belt, as depicted in Figure2 2.4.

2This image was obtained from NASA at the following link:
https://www.nasa.gov/sites/default/files/thumbnails/image/van_allen_probes_discov_new_rad_belt_cal.jpg.
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Figure 2.4: A depiction of the Earth’s radiation belts obtained from NASA.

Closest to Earth’s surface is the inner Van Allen belt. This belt extends from just
above the dense atmosphere out to L = 2 [Lanzerotti and Baker, 2017]. The inner Van
Allen belt is comprised dominantly of very energetic protons (including galactic
cosmic rays) [Lanzerotti and Baker, 2017]. The particle populations in the inner zone
are relatively stable and long lived [Kallenrode, 2004].

The outer Van Allen belt has a greater spatial extent than the inner Van Allen
belt, ranging from L = 3 – 7 [Meredith et al., 2015; Lanzerotti and Baker, 2017]. This
belt is comprised of highly relativistic electrons (⇠100 keV to 10 MeV) and is highly
dynamic [Lanzerotti and Baker, 2017]. The level of fluxes present in the outer Van
Allen belt can vary by several orders of magnitude in less than a day (largely driven
by solar influences) [Zhang et al., 2016]. Recent observations from the Van Allen
Probes found that there is a distinct (and transient) belt contained in the inner zone
of the outer Van Allen belt, termed the storage ring, that is comprised of relativistic
electrons (>2 MeV energies) with relatively long life times (compared to other outer
Van Allen belt electrons) [Baker et al., 2013].

The region between the inner and outer Van Allen belts is known as the slot
region, where the fluxes of particles is significantly depleted when compared to the
Van Allen belts [Kallenrode, 2004].
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2.2.4 Plasmasphere

The plasmasphere is dominated by a high density cold (particle energies of 1 –
100 eV) plasma of ionospheric origin that corotates with the Earth [Kallenrode, 2004].
The plasmasphere partially coincides with the radiation belt region. This is demon-
strated in Figure 1 from Rodger and Clilverd [2008] (included here as Figure 2.5) where
the plasmasphere is the purple coloured region and the two jelly bean like shapes are
the inner and outer radiation belts. The plasmasphere can extend up to heights of
3 – 5R

E

[O’Brien et al., 2003; Kallenrode, 2004; Summers et al., 2007b] and it is roughly
circular in shape with a bulge in the dusk (⇠18) MLT sector (when viewed in the
equatorial plane) [Kallenrode, 2004].

The outer boundary of the plasmasphere is known as the plasmapause. There
has been a lot of effort in modelling the plasmapause location (see for example Car-
penter and Anderson [1992] or Moldwin et al. [2002]) with the generally accepted mod-
els defined by O’Brien and Moldwin [2003]. The O’Brien and Moldwin [2003] plasma-
pause models are discussed in greater detail in Section 9.3.

Figure 2.5: A depiction of the Earth’s plasmasphere and radiation belts obtained from

Rodger and Clilverd [Fig. 1, 2008].
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2.3 Solar Influences

The main driver of changes in the Earth’s space environment is the Sun, through
the solar wind. The solar wind is a stream of high speed particles that are continu-
ously being radially ejected from the solar corona into interplanetary space [Baumjo-
hann and Treumann, 1999]. The solar wind travels with velocities between 300 and
1400 km/s, and carries the Sun’s magnetic field radially out into interplanetary
space (i.e., the Sun’s magnetic field is stored in the solar wind), forming the In-
terplanetary Magnetic Field (IMF) [Baumjohann and Treumann, 1999].

The Sun rotates with a 27 day period, causing the radial outflow of the solar
wind (and consequently the IMF) to become bent into an Archimedean Spiral, as
demonstrated in Figure 2.6 [Baumjohann and Treumann, 1999]. This Archimedean
Spiral causes a 5� offset in the solar wind direction from the radial direction when
the solar wind reaches the Earth [Baumjohann and Treumann, 1999]. This offset de-

Figure 2.6: A depiction of the Sun’s solar wind and the Archimedean Spiral, obtained from

[Baumjohann and Treumann, Fig. 8.4, 1999].
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creases with increasing solar wind speeds, such that solar wind travelling at veloc-
ities of ⇠1000 km/s reaches the Earth along the radial direction (i.e., an offset of 0�)
[Baumjohann and Treumann, 1999].

The Sun is a highly variable influence on the Earth’s space environment, un-
dergoing periods of very active activity, resulting in large influences on the Earth’s
space environment and periods of little activity, resulting in little influence on the
Earth’s space environment. A measure of this solar activity is the sunspot number
[Kallenrode, 2004]. During solar minimum, the Sun is almost spotless [Kallenrode,
2004]. The number of sunspots then increases until solar maximum, where we ob-
serve the maximum number of sunspots [Kallenrode, 2004]. Following solar maxi-
mum, the number of sunspots decreases again to solar minimum levels [Kallenrode,
2004]. This cycle in solar activity, termed the solar cycle, has a period of roughly
11 years (ranging from 7 – 15 years), with large variation in solar activity between
different solar cycles [Kallenrode, 2004]. This is demonstrated in Figure 2.7, which

Figure 2.7: The monthly number of solar sunspots from 1749 – 2018, demonstrat-

ing the 11 year solar cycle. Image obtained from the Royal Observatory of Belgium,

https://www.spaceweatherlive.com/en/solar-activity/solar-cycle/historical-solar-cycles.
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shows the monthly sunspot number from 1749 – 2018. It is clear that each solar cycle
in Figure 2.7 contains a different maximum (and sometimes minimum) number of
sunspots.

In this section we will describe additional effects from the sun, including Solar
Proton Events (SPEs), geomagnetic storms and substorms, and the Russell-McPherron
effect.

2.3.1 Solar Proton Events

A Solar Proton Event (SPE) results in a large flux increase of solar origin energetic
protons (>5 MeV energies) that are guided by the Earth’s magnetic field toward the
poles [Rodger et al., 2013]. SPEs lead to large amounts of proton precipitation in the
polar regions and this enhanced energetic proton precipitation can be detected by
most polar orbiting satellites [Rodger et al., 2013].

2.3.2 Geomagnetic Storms and Substorms

A geomagnetic storm, made up of three phases, generally results from an increased
solar wind speed. The increased solar wind speed pushes the magnetopause in-
wards and compresses the magnetosphere [Kallenrode, 2004]. This is known as the
storm sudden commencement phase [Kallenrode, 2004]. During the storm main
phase, there is an injection of particles from the magnetotail into the radiation belts,
building up the ring current (particles drifting around the Earth) and decreasing
the magnetic field strength measured at Earth’s surface (near the equator) [Tsuru-
tani and Lakhina, 1997; Baumjohann and Treumann, 1999; Kallenrode, 2004]. The storm
main phase typically lasts 1 day [Baumjohann and Treumann, 1999; Kallenrode, 2004].
During the final phase of a geomagnetic storm (termed the recovery phase), there
is a loss of the (enhanced) ring current particles through wave-particle interactions
and other processes, leading to an increase in the field strength at the equator [Tsu-
rutani and Lakhina, 1997; Baumjohann and Treumann, 1999; Kallenrode, 2004]. Overall a
geomagnetic storm can last 1 – 5 days.

Roughly 70% of geomagnetic storms produce large changes in radiation belt
populations by either producing a net increase (53% of storms) or decrease (19%
of storms) of relativistic electron radiation belt fluxes [Reeves et al., 2003] by orders
of magnitude on time scales of less than a day [Hendry et al., 2013]. During magneto-
spheric storms particles can be lost through precipitation, magnetopause shadowing
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(magnetopause moving inward in L and particles being lost to the magnetosphere),
or an adiabatic loss (sometimes referred to as the “Dst effect”) [Tu and Li, 2011;
Turner et al., 2013]. On the other hand particles can be gained through injections
from the magnetotail and in situ acceleration of lower energy particles [Baumjohann
and Treumann, 1999; Kallenrode, 2004; Jaynes et al., 2015]. The resulting change in radi-
ation belt fluxes from geomagnetic storms is a delicate balance between these losses
and gains [Reeves et al., 2003].

A geomagnetic substorm is the most frequent type of geomagnetic activity, typi-
cally lasting 1 – 3 hours [Baumjohann and Treumann, 1999; Kallenrode, 2004]. Geomag-
netic substorms are also composed of three phases: growth phase, onset/expansion
phase, and the recovery phase [Baumjohann and Treumann, 1999; Kallenrode, 2004].
During the growth phase there is enhanced convection and a loading of magnetic
flux in the magnetotail [Baumjohann and Treumann, 1999]. This will typically last
for ⇠1 hour, at which point the magnetotail becomes saturated with magnetic en-
ergy and unstable [Baumjohann and Treumann, 1999]. During the onset/expansion
phase, there is a reconnection of the magnetic field lines in the magnetotail region,
causing a small fraction of particles from the magnetotail region to be accelerated
towards Earth and injected into the radiation belt region (also known as a sub-
storm injection) [Baumjohann and Treumann, 1999; Kallenrode, 2004]. The remainder
of the plasma enhancement is accelerated deeper into the magnetotail [Kallenrode,
2004]. The onset/expansion phase typically lasts 30 – 60 minutes [Baumjohann and
Treumann, 1999]. During the recovery phase of a substorm, there is a decrease in ac-
tivity and return to quiet geomagnetic conditions [Baumjohann and Treumann, 1999].

2.3.3 Russell-McPherron Effect

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,
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 IMF, leading to the Earth extracting approximately 40% more energy from the
solar wind during the equinoctial months than during the solstitial months [Russell
and McPherron, 1973]. This is shown geometrically in Figure 2.8 where the Earth’s
B

z

and the IMF B

z

are aligned during the equinoxes and misaligned during the sol-
stices. Both the maxima and the minima in geomagnetic activity occur later during
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Figure 2.8: The seasonal changes in the Earth’s magnetic field B

z

direction (green arrows)

with respect to the IMF (black arrows). Image courtesy of the National Weather Service.

quiet years than during active years [Russell and McPherron, 1973].

Strong coupling during the equinoctial months is further limited by the spring-
toward, fall-away rule [Russell and McPherron, 1973; Miyoshi and Kataoka, 2008; Keller-
man et al., 2015], which influences the effectiveness of the solar wind driving inner
magnetosphere activity. The spring-toward, fall-away conditions require the projec-
tion of the IMF geocentric solar ecliptic (GSE) y component to be “toward” (IMF az-
imuthal angle from the x axis ranges from 270� to 360�) during the months of North-
ern Hemisphere spring (February, March, April, May) or “away” ((IMF azimuthal
angle from the x axis ranges from 90� to 180�) during the Northern Hemisphere au-
tumn (August, September, October, November) [Miyoshi and Kataoka, 2008]. Under
these conditions there is an enhancement of the Southward geocentric solar mag-
netic (GSM) IMF B

z

component of the IMF such that the Southward GSM B

z

cou-
ples most efficiently to the Earth’s magnetosphere. Under the opposite conditions
(spring-away, fall-toward) there is a suppression of the Southward IMF GSM B

z

component reducing the efficiency of a Southward GSM IMF B

z

coupling to the
Earth’s magnetosphere [Miyoshi and Kataoka, 2008; Kellerman et al., 2015].

There are two further limitations on the coupling efficiency of the solar wind
to the Earth’s geomagnetic field [Kellerman et al., 2015]. First, the orientation of the
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Earth’s magnetic axis depends on the local time, with the magnetic axis being 11�

closer to or further from the Sun every 12 hours [Kellerman et al., 2015]. This results
in a diurnal variation in the coupling efficiency [Kellerman et al., 2015]. Second, the
Sun’s rotation axis is tilted 7.5� away from the Sun-Earth plane [Kellerman et al.,
2015]. These final limitations cause the peak coupling efficiency of the solar wind
to the Earth’s magnetic field to occur at 22 UT on 5 April and at 10 UT on 5 October
[Kellerman et al., 2015].

This semi-annual variation in geomagnetic activity also drives a semi-annual
variation in relativistic electrons fluxes contained in the radiation belts [McPherron
et al., 2009]. For example, Baker et al. [1999] reported that the equinoctial electron
fluxes throughout the outer Van Allen belt were nearly a factor of 3 larger than the
solstitial fluxes, consistent with the Russell-McPherron effect.

2.4 Geomagnetic Indices

As we stated earlier, solar activity is responsible for the majority of the changes ob-
served in the Earth’s space environment. There are many different ways to measure
the solar activity and the level of geomagnetic disturbance caused. In this thesis we
will use the Auroral Electrojet (AE), Planetary K (Kp), Planetary A (Ap), and the
Disturbance Storm Time (Dst) indices.

The K index is a quasi-logarithmic number between 0 and 9 [Kallenrode, 2004].
It is determined at the end of specified 3 hour intervals at 13 representative ground
magnetometer stations [Kallenrode, 2004; Thomsen, 2004]. These 13, largely subauro-
ral, K index values are then averaged to provide a planetary K index (Kp) [Kallen-
rode, 2004; Thomsen, 2004]. The planetary A (Ap) index is a linearised version of the
Kp index [Kallenrode, 2004].

The Dst index is a measure of the ring current, which typically causes a reduc-
tion in the geomagnetic field at the Earth’s surface [Baumjohann and Treumann, 1999;
Kallenrode, 2004]. The Dst index is typically negative and is based on hourly averages
from four low latitude observatories: Honolulu, San Juan, Hermanus, and Kakioka
[Baumjohann and Treumann, 1999; Kallenrode, 2004]. All four of these observatories
are within 20 – 30� of the magnetic equator and are distributed (roughly) evenly in
local time [Baumjohann and Treumann, 1999]. The Dst index is typically used as a
measure of geomagnetic storm activity [Baumjohann and Treumann, 1999; Kallenrode,
2004].
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The AE index is a measure of the auroral electrojet current [Baumjohann and
Treumann, 1999]. It is a combination of 1 minute readings from 12 auroral zone ob-
servatories [Baumjohann and Treumann, 1999]. These observatories are located from
65 – 70� in magnetic latitude (on the Earth’s surface) and have longitudinal spacings
from 10 – 40� [Baumjohann and Treumann, 1999]. The AE index is typically used as
a measure of the geomagnetic substorm activity [Baumjohann and Treumann, 1999;
Kallenrode, 2004].

In this thesis the Kp, Ap, Dst, and AE indices are obtained from the World Data
Center for Geomagnetism Kyoto, http://swdcwww.kugi.kyoto-u.ac.jp.
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3 | Dynamics of the Radiation Belt
Environment

The radiation belt regions are highly dynamic structures in the Earth-space envi-
ronment where particle fluxes can change dramatically over varying timescales. In
this chapter we describe the motion of charged particles in the radiation belt region,
and the characteristics of some of the plasma waves present in the radiation belt
region, including a description of their generation mechanisms. The plasma waves
presented here are the only waves that will be discussed in the remainder of this
thesis. We then explain the wave-particle interactions that occur in the radiation
belt region and briefly describe the strength of this interaction.

3.1 Particle Motion

The radiation belt region contains many charged particles (electrons, protons, and
ions) with a wide range of energies. These charged particles experience a variety
of forces as they move through the Earth’s magnetic field (magnetosphere). Fig-
ure 3.1 depicts the three main motions resulting from the forces that a charged par-
ticle in the radiation belts will undergo, namely: gyration, bounce and drift motion
[Baumjohann and Treumann, 1999].

Charged particles gyrate around magnetic field lines with frequencies obeying
Equation 3.1, where f

c

defines the gyrofrequency, q the particle charge, B the magni-
tude of the magnetic field and m the particle mass [Baumjohann and Treumann, 1999].

f

c

=

qB

m

(3.1)

The Earth’s magnetic field (which in a simple approximation can be thought of as
dipolar) is weakest at the equator and strongest at the poles (due to the converging
field lines). Charged particles moving along these field lines will experience a force
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opposing their field-aligned velocity as they approach the stronger magnetic fields
in the polar region [Baumjohann and Treumann, 1999]. This is termed the mirror force
as it causes charged particles to change the direction of their velocity and return to
the geomagnetic equator [Baumjohann and Treumann, 1999]. The distance along the
fieldline where these particles have changed direction is termed the ‘mirror point’.
Charged particles will experience this mirror force in both the Northern and South-
ern Hemispheres, resulting in the bounce motion of charged particles between the
two respective mirror points [Baumjohann and Treumann, 1999].

The final motion that charged particles in the Earth’s magnetosphere undergo
is an azimuthal drift around the Earth due to the curvature and gradient of the
Earth’s magnetic field [Baumjohann and Treumann, 1999]. Positively charged ions and
protons will drift westward around the Earth while negatively charged electrons
will drift eastward around the Earth [Baumjohann and Treumann, 1999].

Figure 3.1: The motion of a charged particle in the Earth’s magnetic field obtained from

[Baumjohann and Treumann, Fig. 3.1, 1999].

The pitch angle (↵) of a particle is defined as the angle between the particle’s
velocity and the magnetic field line along which it travels. Specifically, the parti-
cle’s pitch angle is given by Equation 3.2 where ⌫? is the perpendicular component
of the particle’s velocity and ⌫|| is the parallel component of the particle’s velocity
[Baumjohann and Treumann, 1999]. The pitch angle at the geomagnetic equator (↵

eq

)
can also be defined by the ratio between the magnetic field value at the equator (B

eq

)
and at the particles mirror point (B

m

), as in Equation 3.3 [Baumjohann and Treumann,
1999]. Pitch angles are limited to between 0 and 90�. Small equatorial pitch angles
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(↵
eq

⇠ 0�) result from large parallel velocities (or small perpendicular velocities), in-
dicating that the particles mirror far down the field line from the geomagnetic equa-
tor [Baumjohann and Treumann, 1999]. Large equatorial pitch angles (↵

eq

⇠ 90�) result
from small parallel velocities (or large perpendicular velocities) and thus, particles
with large equatorial pitch angles mirror close to the geomagnetic equator [Baumjo-
hann and Treumann, 1999].

↵ = tan

�1
(

⌫?

⌫||
) (3.2)

↵

eq

=

B

eq

B

m

(3.3)

Particles that mirror below roughly 100 km will be lost in collisions with atmo-
spheric constituents [Baumjohann and Treumann, 1999]. These particles are said to
be in the Bounce Loss Cone1 (BLC) as they will be lost (a.k.a precipitate) within
a few bounce periods [Rodger et al., 2013; Clilverd et al., 2016]. Furthermore, these
particles have equatorial pitch angles smaller than the equatorial loss cone angle
(↵

l

), defined by Equation 3.4 (under the dipole field approximation [Baumjohann and
Treumann, 1999]). Figure 3.2 demonstrates how the size of the equatorial loss cone,
which is only dependent on L, changes with distance from the Earth. At L > 4 the loss
cone is small, <5�, and only particles with pitch angles lower that 5� will precipitate
[Baumjohann and Treumann, 1999]. The local loss cone is wider than the equatorial
loss cone as we move along the field line away from the equator. The loss cone at
15 – 30� along the magnetic field line (from the magnetic equator) is ⇠7� wide, which
is 3� wider than the equatorial loss cone [Rodger et al., 2007].

↵

l

= (4L

6 � 3L

5
)

�1/2 (3.4)

In the SAMA region, where the Earth’s magnetic field is weaker, the mirror
points of particles are shifted to lower altitudes [Tsurutani and Lakhina, 1997; Clil-
verd et al., 2016]. Thus, particles drifting around the Earth that successfully mirror
at other longitudes (i.e., are outside the BLC) may still encounter atmospheric con-
stituents in this SAMA region [Clilverd et al., 2016]. Particles that enter the BLC in
the SAMA region and successfully mirror at other longitudes are said to be in the
Drift Loss Cone (DLC) [Rodger et al., 2013; Clilverd et al., 2016].

1Note that the Bounce Loss Cone defines the range of pitch angles (or parallel velocities) that will
precipitate into the atmosphere.
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Figure 3.2: The size of the equatorial loss cone as a function of L distance from the Earth,

obtained from [Baumjohann and Treumann, Fig. 3.6, 1999].

3.2 Plasma Waves

The motion (and resulting energy dependent distributions) of charged particles in
the Earth’s magnetosphere can excite plasma waves with a variety of frequencies
and polarisations. In this thesis we focus on two types of plasma waves: whistler
mode waves, and ion-cyclotron mode waves.

3.2.1 Whistler Mode Waves

Whistler mode waves are right hand polarised (rotating around the magnetic field
line in the same direction as electron gyration [Kallenrode, 2004]) and dispersive, with
typically the mid frequencies of the wave travelling with higher phase velocities and
the higher and lower frequencies of the wave travelling with lower phase velocities
[Tsurutani and Lakhina, 1997]. When these wave modes travel any substantial dis-
tance the mid frequency component arrives before the lower frequency components
[Tsurutani and Lakhina, 1997], causing the audiofrequency whistle like sound after
which they are named. The two types of whistler mode waves we introduce here
are whistler mode chorus and whistler mode hiss waves.
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Whistler Mode Chorus Waves

Whistler mode chorus waves (sometimes referred to as chorus waves) propagate
through the Earth’s magnetosphere at frequencies between a few hundred Hz to
several kHz (covering the VLF range) [Santolik et al., 2003]. They consist of discrete
elements, either rising or falling in frequency, which last a tenth to a few tenths of
a second [Santolik et al., 2003]. On the nightside and dawnside the discrete chorus
elements last, on average, 0.12 s [Teng et al., 2017]. An example2 of whistler mode
chorus observed by Timed History of Events and Macroscale Interactions during
Substorms (THEMIS) A is provided in Figure 3.3, where the red emissions from
⇠500 – 800 Hz are identified as rising tone structures. The chorus wave elements
increase in frequency with an average rate of 4 kHz/s [Craig Kletzing, personal com-
munication, 2018].

Figure 3.3: The magnetic field spectrogram from THEMIS A, from near the equatorial plane

at 8R
e

and 15 MLT. Image courtesy of the University of Calgary.

Whistler mode chorus waves are observed predominantly in the frequency range
0.1 – 0.8 f

ce

, where f
ce

is the electron gyrofrequency [Tsurutani and Smith, 1974; Mered-
ith et al., 2001]. There is little chorus wave power observed at 0.5 f

ce

due to the
nonlinear damping of these waves as they propagate along the magnetic field lines
[Omura et al., 2009]. Thus, chorus waves are usually categorised into either upper
band (0.5 – 0.8 f

ce

) or lower band (0.1 – 0.5 f
ce

) chorus [Tsurutani and Smith, 1974; Bur-
tis and Helliwell, 1976; Meredith et al., 2001; Santolik et al., 2003]. These two wave
bands can be identified in Figure 3.3, where upper band chorus occurs from 1000 –

2This example of whistler mode chorus emissions was obtained from the University of Calgary
at: https://www.ucalgary.ca/above/science/chorus.
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1200 Hz and lower band chorus occurs from 300 – 900 Hz. With the recent launch of
the Van Allen Probes (in 2012) there have also been observations of chorus waves
with frequencies below 0.1 f

ce

, termed ‘low-frequency chorus waves’ [Meredith et al.,
2014a; Gao et al., 2016].

Whistler mode chorus waves travel along the entire field line [Summers et al.,
2007b], with their source region near the equator at L⇠ 4.5 [Burtis and Helliwell, 1976;
Meredith et al., 2002; Horne and Thorne, 2003; Santolik et al., 2003]. Chorus waves are
generally excited by a temperature anisotropy at low energies (<100 eV) [Meredith
et al., 2002; Horne et al., 2003]. Geomagnetic substorm activity can excite chorus
emissions in the outer magnetosphere [Summers et al., 1998; Meredith et al., 2002;
O’Brien et al., 2003; Summers et al., 2007b], while equatorial chorus can be excited by
cyclotron resonance with anisotropic 10 – 100 keV electrons injected near midnight
from the plasmasheet [Kennel and Petschek, 1966]. The growth of chorus waves is
confined to within ⇠4� of the magnetic equator and has a growth period typically
0.5 s [Horne et al., 2003].

Whistler mode chorus waves occur predominantly outside the plasmasphere
(which is inside the magnetosphere) [Meredith et al., 2001, 2003; Summers et al., 2007b;
Clilverd et al., 2016]. There is a suggestion that the whistler mode chorus waves have
a ⇠1 L standoff distance from the plasmapause [Allison Jaynes, personal communica-
tion, 2018]. The inner boundary of chorus wave emissions moves to lower L with
the plasmapause during periods of strong geomagnetic activity [Burtis and Helliwell,
1976; Meredith et al., 2001].

Whistler Mode Hiss Waves

Whistler mode hiss waves (sometimes referred to as hiss waves) are broadband
emissions in the frequency range from ⇠100 Hz to several kHz (ELF emissions)
[Thorne and Kennel, 1971; Summers et al., 2007b]. They are usually observed inside
the plasmapause (i.e., inside the plasmasphere) [Thorne and Kennel, 1971; Summers
et al., 2007b; Clilverd et al., 2016; Malaspina et al., 2016], and are present even during
geomagnetically quiet periods [Summers et al., 2007b].

There are two possible sources of whistler mode hiss waves. One source is the
temperature anisotropy of >1 keV energy electrons [Horne et al., 2003]. The other
possible source is whistler mode chorus waves that have entered the plasmasphere
and evolved into hiss waves [Bortnik et al., 2008]. The growth of hiss waves is con-
fined to within ⇠12� of the magnetic equator and they typically have a growth pe-
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riod of 0.5 s [Horne et al., 2003].

Whistler mode hiss waves are believed to be responsible for the formation of the
slot region (L⇠ 2.5) between the inner and outer radiation belts [Thorne and Kennel,
1971].

3.2.2 Electro Magnetic Ion Cyclotron Waves

Electro Magnetic Ion Cyclotron (EMIC) waves are a subset of ULF waves which are
left hand polarised (rotating around the magnetic field line in the opposite direction
to electron gyration but the same direction as ion gyration) [Tsurutani and Lakhina,
1997; Meredith et al., 2003; Kallenrode, 2004].

EMIC waves can be generated in three distinct bands; below the hydrogen (H+),
helium (He+) and oxygen (O+) ion gyrofrequencies [Summers et al., 2007b], how-
ever, they are rarely experimentally observed in the band below the oxygen gyrofre-
quency [Meredith et al., 2003]. EMIC waves in the H+ band (between the helium and
hydrogen gyrofrequencies) are mainly found outside the plasmapause, while those
in the He+ band (between the oxygen and helium gyrofrequencies) may be observed
both inside and outside the plasmapause [Meredith et al., 2003]. Recent observations
of O+ band EMIC waves from the Van Allen Probes showed that these relatively
rare waves occurred primarily inside the plasmasphere [Saikin et al., 2015].

EMIC waves are generally excited in regions where cold (<1 eV) dense plasma
coincides with hot anisotropic (in terms of temperature) ions [Zhang et al., 2016].
Typically these regions occur in the ring current, plasmasphere or plasmaspheric
plumes [Zhang et al., 2016]. EMIC waves are generated primarily in the magneto-
spheric equatorial region [Anderson et al., 1992]. Sharp gradients in the plasmapause
(which are common in the morning MLT region of the plasmapause) cause reduced
EMIC wave growth, while a broad plasmapause (which is common in the afternoon
MLT region) causes enhanced EMIC wave growth [Anderson et al., 1992].

EMIC waves are generally observed in the frequency range 0.1 – 5 Hz and re-
cent observations show that EMIC waves can contain rising tone structures [Pickett
et al., 2010; Nakamura et al., 2014] and coherent subpacket structures [Pickett et al.,
2010]. Nakamura et al. [Fig. 2, 2014] provide an example of a rising tone EMIC wave
(included here as Figure 3.4) observed by the instrumentation on the THEMIS E
satellite.
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Figure 3.4: The magnetic field spectrogram from THEMIS E, image from Nakamura
et al. [Fig. 2, 2014]. Note that the geomagnetic latitude (gmlat) is the distance along the

fieldline from the geomagnetic equator, while the R value is given in terms of Earth Radii

(R
E

)

3.3 Wave-Particle Interactions

A change in the pitch angle of a particle without a corresponding change in energy
is usually the result of a wave particle interaction [Kennel and Petschek, 1966; Tsuru-
tani and Lakhina, 1997]. There are two known ways in which particles and plasma
waves (specifically, EMIC and chorus waves) can interact: waves and particles prop-
agating towards each other (known as normal resonance) and particles overtaking
the waves (known as anomalous resonance) [Tsurutani and Lakhina, 1997]. Electrons
can interact with whistler mode waves through normal resonance, and with EMIC
waves through anomalous resonance [Tsurutani and Lakhina, 1997].

Particles in cyclotron resonance use their velocity parallel to the magnetic field to
Doppler-shift the wave frequency to their cyclotron frequency (or a multiple thereof)
[Kennel and Petschek, 1966]. The resonant particle and wave energy are conserved
together and only the pitch angle anisotropy energy (a small fraction of the total ki-
netic energy) of a resonant particle is available for wave growth [Kennel and Petschek,
1966; Baker et al., 1979]. In anomalous cyclotron resonance electrons must overtake
the (EMIC) wave with sufficient velocity to Doppler-shift the wave frequency [Sum-
mers et al., 1998].

There exists a minimum value of the particle kinetic energy E

min

for which gy-
roresonant wave-particle interaction can take place [Summers et al., 2007a]. The min-
imum resonant energy increases as the background magnetic field increases or as
the cold plasma electron number density increases [Summers et al., 2007a].
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3.3.1 Electron Precipitation due to Whistler Mode Chorus Waves

Gyroresonant interactions between electrons and whistler mode chorus waves can
lead to precipitation of these electrons into the loss cone. Off equatorial (15 – 30�

from the magnetic equator) lower band whistler mode chorus can resonate with
electron energies between 250 keV – 1 MeV and precipitate them into the local loss
cone [Lorentzen et al., 2001b; Thorne et al., 2010].

Higher latitude (>30� from the equator) whistler mode chorus waves are capable
of efficiently pitch angle scattering particles near the edge of the equatorial loss cone
[Horne and Thorne, 2003; Thorne et al., 2005; Summers et al., 2007b].

3.3.2 Electron Acceleration due to Whistler Mode Chorus Waves

Whistler mode chorus waves could provide a viable mechanism for electron acceler-
ation through gyroresonant interactions during the recovery phase of geomagnetic
storms [Summers et al., 1998, 2007b] or during periods of prolonged substorm ac-
tivity [Summers et al., 2007b]. Specifically, whistler mode chorus waves have been
shown to energise the trapped high-energy radiation belt electrons to MeV elec-
trons [Summers et al., 1998; Horne and Thorne, 2003; O’Brien et al., 2003; Summers et al.,
2007a, b].

Equatorial lower band chorus waves can effectively accelerate MeV electrons
with sufficiently large pitch angles (pitch angles close to 90�) [O’Brien et al., 2003;
Summers et al., 2007b]. As the chorus waves propagate away from the equatorial
region the efficiency of their electron acceleration increases [Summers et al., 2007b].

3.3.3 Electron Precipitation due to EMIC Waves

EMIC waves can generally scatter electrons of >1 MeV energies through anomalous
cyclotron resonance [Thorne and Kennel, 1971; Tsurutani and Lakhina, 1997; Horne et al.,
2009]. This EMIC scattering of electrons is particularly effective during geomagnetic
storms. However, the duration of this resonance is short as outer radiation belt rel-
ativistic electrons (>1 MeV) spend <1% of their drift orbit in the region of enhanced
EMIC wave activity [Meredith et al., 2003], leading to longer timescales of electron
scattering.
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3.4 Particle Scattering Timescales

Comparing the timescale of particle pitch angle scattering, resulting from wave-
particle interactions, to the particle bounce period identifies two distinct diffusion
regimes: weak diffusion and strong diffusion.

3.4.1 Weak Diffusion

Weak diffusion describes particle scattering that occurs on timescales longer than
1/4 of the particle bounce period [Kennel and Petschek, 1966]. Physically, this means
the particles are scattered into the loss cone at a much slower rate than they are
lost to the atmosphere. During weak diffusion processes, the equatorial loss cone is
essentially empty [Zhou et al., 2013] and there are many more particles at the edge
of the loss cone (i.e., in the DLC) than in the center of the loss cone (i.e., in the BLC)
[Kennel and Petschek, 1966].

Weak diffusion processes can be observed in experimental data by particle pre-
cipitation that is restricted in geographic longitudes to the SAMA region (Antarctic
Peninsula region) and occurring primarily in the Southern Hemisphere [Horne et al.,
2009; Rodger et al., 2013; Clilverd et al., 2016]. This limited spatial range of particle
precipitation is evidence of particles being lost from the DLC.

3.4.2 Strong Diffusion

Strong diffusion describes particle scattering that occurs across all pitch angles on
timescales shorter than 1/4 of the particle bounce period [O’Brien et al., 2003; Bort-
nik et al., 2006; Zhou et al., 2013]. During this rapid scattering process, the loss cone
is essentially filled and the pitch angle distribution of radiation belt particles ap-
proaches isotropy (from a distribution that was peaked at 90� pitch angles) [Kennel
and Petschek, 1966; Clilverd et al., 2013; Zhou et al., 2013]. In the limit of strong diffu-
sion, where the loss cone is saturated, precipitation lifetimes are estimated to be ⇠1
hour [Cornwall et al., 1970].

Strong diffusion processes can be identified in experimental data by particle pre-
cipitation that is occurring into the Northern and Southern Hemisphere in the lati-
tude range of the radiation belt and across all longitudes [Horne et al., 2009; Rodger
et al., 2013; Clilverd et al., 2016]. This extensive region of particle precipitation is
evidence of particles being lost from the BLC.
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4 | Review of the Relativistic Microburst
Literature

Electron precipitation is often observed on a variety of timescales. In this thesis
we focus on relativistic (>1 MeV) electron microbursts which occur on very short
timescales, specifically <1 s [Blake et al., 1996]. These precipitation events are in-
tense and are believed to be significant contributors to radiation belt losses. As the
net electron flux in the radiation belts is a delicate balance between loss (precipi-
tation) and acceleration [Reeves et al., 2003], we require better understanding of the
conditions under which relativistic microbursts occur, and moreover, the physical
processes in space driving this type of precipitation.

Many previous studies have been undertaken on relativistic microbursts using
a variety of satellites. Most commonly, observations from the Solar Anomalous
Magnetospheric Particle Explorer (SAMPEX) satellite have been presented in the
literature. However, the recent launch of the Focused Investigations of Relativis-
tic Electron Burst Intensity, Range, and Dynamics II (FIREBIRD II) and AeroCube-6
(AC6) CubeSats has resulted in a renewed interest in relativistic microburst precipi-
tation. Unfortunately, the majority of relativistic microburst studies in the literature
thus far have only considered relatively short time periods, ranging from a few case
study storms [e.g. Lorentzen et al., 2001a] to a few months of data [e.g. Nakamura
et al., 2000]. The small number of 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.

In this chapter we provide an extensive literature review on the known proper-
ties of relativistic microbursts along with the theory and experimental evidence of
the plasma wave scattering mechanisms that result in relativistic microbursts.
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4.1 Properties of Relativistic Microbursts

Relativistic microbursts are primarily observed in the morning Magnetic Local Time
(MLT) region, between midnight and noon (00 – 12 MLT) and in the L range, L = 3.5 –
6 [Imhof et al., 1992; Nakamura et al., 2000; Lorentzen et al., 2001b; O’Brien et al., 2003;
Thorne et al., 2005; Johnston and Anderson, 2010; Comess et al., 2013; Blum et al., 2015].
The magnitude of relativistic microbursts varies over all MLT values in the L range
L = 4 – 6 [Blum et al., 2015]. The greatest microburst occurrence frequency is located
at L = 5 [O’Brien et al., 2003; Comess et al., 2013], however, relativistic microbursts
have been observed at comparatively large L (up to L = 8) [Nakamura et al., 1995].

Relativistic microbursts occur primarily outside the plasmapause, in regions of
low plasma density [Blake et al., 1996; Lorentzen et al., 2001b; O’Brien et al., 2003;
Thorne et al., 2005; Johnston and Anderson, 2010] and generally move to lower L dur-
ing geomagnetic storms, following the inward radial movement of the plasmapause
[Nakamura et al., 1995, 2000; Lorentzen et al., 2001b; Johnston and Anderson, 2010; Blum
et al., 2015].

It has been shown that relativistic microburst occurrence is related to the level
of geomagnetic activity. 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]. The L and MLT distribution of relativistic microburst
occurrence evolves with the level of geomagnetic activity. During low Kp values the
maximum occurrence of relativistic microbursts is located near midnight MLT, but,
as the Kp values increase, the maximum moves toward dawn MLT and to lower
L [Lorentzen et al., 2001b]. A similar evolution from the midnight MLT region to
the pre-noon MLT region was reported by O’Brien et al. [2003] using the Dst index
to describe the level of geomagnetic activity present. Relativistic microbursts were
also found to be more active during intervals of high solar wind velocity [O’Brien
et al., 2003].

In addition to this dependence of microburst occurrence on the level of geo-
magnetic activity, relativistic microburst activity is also dependent on the phase of
geomagnetic storms. Relativistic microbursts begin with the onset of a geomag-
netic storm and continue well into the recovery phase of the storm [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]. In fact, there is enhanced microburst ac-
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tivity during the recovery phase of a geomagnetic storm [Lorentzen et al., 2001b;
O’Brien et al., 2003, 2004]. Specifically, Lorentzen et al. [2001b] found that the rela-
tivistic microbursts generally increase in intensity and move to lower L shells dur-
ing the recovery phase of a geomagnetic storm. O’Brien et al. [2003] found rela-
tivistic microbursts were associated with the rising trapped fluxes during the recov-
ery phase and were not merely a side effect of the high flux levels. Although mi-
croburst occurrence varies with storm phase, Blum et al. [2015] discovered that the
microburst magnitudes did not significantly vary with high speed stream driven
storm phases, in fact the microburst magnitudes remained approximately constant
at 103 (MeV cm2 sr s)�1.

As noted earlier, individual relativistic microbursts last <1 s. More specifically,
the average duration of relativistic microbursts was found by Lorentzen et al. [2001a]
to be ⇠200 ms. However, episodes of microburst activity can last for several hours,
up to 6 – 9 hours in total [Dietrich et al., 2010; Comess et al., 2013; Anderson et al., 2017].
These long lasting relativistic microburst precipitation regions may drift outward in
L over time [Anderson et al., 2017].

There is some discrepancy in the literature as to whether microbursts are a spa-
tial or temporal structure in the radiation belt region i.e., whether relativistic mi-
crobursts are limited to a particular spatial region that the satellites fly through, or
whether they are limited to a temporal period that encompasses a large spatial re-
gion. Both Nakamura et al. [1995] and Lorentzen et al. [2001b] observed relativistic
microbursts over several bounce periods and described the events as short lived
temporal structures rather than persistent spatial structures. Recent results from the
two FIREBIRD II CubeSats showed simultaneous observations of microbursts on
the spatially separated satellites, suggesting that they are indeed a temporal struc-
ture [Crew et al., 2016]. However, Anderson et al. [2017] recently observed the same
episode of relativistic microburst precipitation on one of the FIREBIRD II CubeSats,
the AC6 CubeSat and in the BARREL balloons, and identified the microburst pre-
cipitation region as a spatial rather than temporal structure.

The spatial scale of relativistic microbursts was found to be 120 km in radial ex-
tent at the geomagnetic equator [Crew et al., 2016]. This result was based on the
simultaneous observations of relativistic microbursts on the FIREBIRD II CubeSats
with 11 km spatial separation between the two satellites [Crew et al., 2016]. At sep-
arations greater than 11 km, there were no longer simultaneous observations of rel-
ativistic microbursts in the FIREBIRD II CubeSats [Crew et al., 2016], however, there
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were observations of a relativistic microburst event undergoing multiple bounces
[Shumko et al., 2018]. For this bouncing microburst event, the latitudinal extent at the
spacecraft was found to be 29 km while the longitudinal extent was energy depen-
dent and for >1 MeV electrons was found to be >50 km [Shumko et al., 2018]. Map-
ping this region into the equatorial plane, Shumko et al. [2018] found the radial extent
of an individual microburst was 500 km while the azimuthal extent was >530 km. In
contrast, the ionospheric footprint of individual relativistic microbursts was found
to be <4 km when comparing relativistic microburst observations to their associated
ionospheric perturbations observed in long range VLF paths [Dietrich et al., 2010].

Some observations of relativistic microbursts have been accompanied with lower
energy microbursts [Imhof et al., 1992; Blake et al., 1996; Lorentzen et al., 2001b], how-
ever, detailed comparison of the >1 MeV instrument and the >150 keV instrument
onboard the SAMPEX satellite showed that the two microburst energies had dif-
ferent latitudinal widths and there was no direct one to one correspondence be-
tween the microbursts at the two energies [Blake et al., 1996]. Based on the Blake et al.
[1996] study, the relativistic microbursts and lower energy microbursts were treated
as two separate phenomenon. Recently results from the FIREBIRD II CubeSats have
found a one to one correspondence between microburst precipitation across their
entire energy range, 250 keV – 1 MeV, and concluded that an individual relativistic
microburst covers the energy range from 250 keV – 1 MeV [Crew et al., 2016]. The
future launch of additional CubeSats and larger satellite missions (for example the
NASA Compact Radiation Belt Explorer (CeREs) CubeSat and the Korean Small
scale magNetosphere and Ionosphere Plasma Experiment (SNIPE) CubeSat) could
extend this energy range of an individual microburst.

4.2 Theoretical Scattering Mechanisms

It is well known that lower energy electron microbursts (energy of tens to hundreds
of keV) are the result of wave particle interactions with whistler mode chorus waves
near the magnetic equator [Lorentzen et al., 2001b; Hikishima et al., 2010; Fennell et al.,
2014; Mozer et al., 2018]. For some time it has been suggested that relativistic mi-
crobursts are also a result of pitch angle scattering of radiation belt electrons by
whistler mode chorus waves.

In order for whistler mode chorus waves to pitch angle diffuse relativistic elec-
trons through nonlinear cyclotron resonance (and higher order resonances), the wave-
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particle interaction must occur at higher geomagnetic latitudes (further along the
fieldline from the magnetic equator) [Hikishima et al., 2010; Rodger et al., 2007]. Mod-
eling efforts have shown that this is indeed possible. Simulations of rising tone
whistler mode chorus wave elements that propagate away from the magnetic equa-
tor (along the magnetic fieldline) can gyroresonantly interact with radiation belt
electrons to cause relativistic microbursts at the same time as lower energy mi-
crobursts [Nakamura et al., 2000; Lorentzen et al., 2001b; Thorne et al., 2005; Rodger et al.,
2007; Hikishima et al., 2010; Kersten et al., 2011; Saito et al., 2012; Miyoshi et al., 2015].
Additionally, Saito et al. [2012] used test particle simulations to show that the repe-
tition period of the whistler mode chorus elements creates a few Hz modulations in
the resulting relativistic microburst precipitation. Thus the few Hz modulation of
microbursts observed in the SAMPEX data can be explained by gyroresonant inter-
actions with a series of rising tone whistler mode chorus wave elements [Saito et al.,
2012].

Recently Omura and Zhao [2013] focused upon the resonance between relativistic
electrons (>1 MeV) and coherent rising tone structures of electromagnetic ion cy-
clotron (EMIC) waves1. These authors conducted test particle simulations with a
large number of relativistic electrons and reported that a series of coherent EMIC
waves with increasing frequency could scatter relativistic electrons to lower pitch
angles in timescales of <1 s. This nonlinear wave-particle interaction resulted in rel-
ativistic electron microbursts. The EMIC scattering theory was investigated further
by Kubota and Omura [2017], who found a combination of nonlinear EMIC wave
trapping and scattering at low pitch angles could cause relativistic microbursts.
These comparatively new theoretical studies indicate that there is an uncertainty
around the dominant scattering process leading to relativistic microbursts, which
will be investigated in this thesis.

4.3 Experimental Evidence of Scattering Mechanism

The whistler mode chorus wave interaction described above was for a long time
believed to be the only cause of relativistic microbursts, but until recently there had
been little direct experimental evidence in the existing literature to demonstrate this

1It should be noted that this resonance is not the standard anomalous cyclotron resonance that
was discussed earlier but requires frequency chirping of the wave in order to interact with this energy
range on short timescales.
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wave-particle interaction.

Previously, the experimental studies published in support of the chorus wave
driver of relativistic microbursts were primarily based on overlapping regions, in
terms of L and MLT, of relativistic microburst activity and strong/frequent chorus
wave activity [e.g., Nakamura et al., 2000; Lorentzen et al., 2001b; Johnston and Ander-
son, 2010; Kersten et al., 2011; Kurita et al., 2016; Anderson et al., 2017]. Further evi-
dence consisted of the timescale of the whistler mode chorus rising tone elements
being comparable to the duration of the relativistic microbursts [Tsurutani and Smith,
1974; Nakamura et al., 2000; Lorentzen et al., 2001b; Kersten et al., 2011].

Recently, for the first time, Breneman et al. [2017] observed relativistic microburst
activity occurring simultaneously with rising tone lower band whistler mode cho-
rus wave elements. They described a case study conjunction event where FIRE-
BIRD II observed microbursts, covering the energy range 220 keV – 1 MeV, and Van
Allen Probe A observed rising tone lower band chorus waves in the region magnet-
ically conjugate to the microburst observations. No other significant wave activity
was present in the Van Allen Probes data during this conjunction [Breneman et al.,
2017]. The two satellites were separated by <0:03 MLT, equivalent to ⇠280 km, and
at the same L value of L = 5.6 [Breneman et al., 2017]. The authors suggested that
this conjunction took place within the larger flux tube defined by a single chorus
wave packet. The rising tone lower band chorus wave elements observed by the
Van Allen Probes had similar cadences and durations to the FIREBIRD II observed
microbursts, providing further evidence that whistler mode chorus waves were re-
sponsible for microbursts over the energy range 220 keV – 1 MeV [Breneman et al.,
2017].

The Breneman et al. [2017] case study, though illuminating, is by no means conclu-
sive of all relativistic microburst generation. For example, O’Brien et al. [2003] have
observations of whistler mode chorus waves occurring in the Combined Release
and Radiation Effects Satellite (CRRES) without generating any microburst activity
as observed by SAMPEX, while Lorentzen et al. [2001b] observed microburst activity
with SAMPEX, located within 3 hours of local midnight, occurring in the absence
of any observed chorus wave activity by the Polar satellite. Thus, more direct ex-
perimental evidence of whistler mode chorus waves associated with relativistic mi-
crobursts is required before concluding that chorus waves are the dominant plasma
wave driver of relativistic microburst precipitation.
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4.4 Impact on Radiation Belt Fluxes

As we mentioned earlier, the net electron flux in the Earth’s radiation belts is a del-
icate balance between loss (precipitation) and acceleration [Reeves et al., 2003]. Rel-
ativistic microbursts are known to be an effective loss mechanism, however their
exact impact on the total electron content of the radiation belt is still somewhat un-
known.

It is generally agreed upon that relativistic electron microbursts will substan-
tially deplete the MeV electrons in the outer radiation belt during storms [O’Brien
et al., 2004; Thorne et al., 2005; Clilverd et al., 2006; Dietrich et al., 2010]. Typically, the
relativistic microburst driven losses from the radiation belts are greatest during the
main phase of the storm and the first few hours of the recovery phase [O’Brien et al.,
2004; Thorne et al., 2005]. Lorentzen et al. [2001a] suggested that relativistic electron
microbursts occurring during a single storm of 6 hour duration could empty the
entire relativistic electron population. In contrast, Millan et al. [2002] estimated that
relativistic microbursts occurring during a geomagnetic storm could empty the en-
tire relativistic electron content of the outer radiation belt in ⇠3 days. More recently,
Breneman et al. [2017] estimated relativistic microbursts would deplete a flux tube
within ⇠10 hours. These timescales are based on modelling results of the relativistic
electron loss from microbursts, assuming the total electron content in a flux tube is
constant over the lifetime of the storm i.e., they do not account for any acceleration
of electrons, or loss of electrons through other mechanisms.

The exact timescale and extent of the relativistic microburst MeV electron loss
from the radiation belts is difficult to quantify from experimental data as the accel-
eration of lower energy electrons to MeV energies, which could be occurring simul-
taneously with the relativistic microbursts, may be replenishing the MeV electron
content of the radiation belts and masking the loss signal in the trapped fluxes.

39



40



5 | Instrumentation and Data

The results discussed in this thesis are based on a combination of ground and space
based instruments. We will consider these two types of instruments individually in
the following two sections. Specifically, we utilise five different satellite constella-
tions (made up of one or more individual satellites) and two ground based instru-
ments (both based at the same ground station in Antarctica). A detailed account of
all data sources is given in Appendix A.

5.1 Space Based Instruments (Satellites)

5.1.1 Geostationary Operational Environmental Satellites (GOES)

The Geostationary Operational Environmental Satellites (GOES) were launched into
a circular, geosynchronous1 orbit in the Earth’s geographic equatorial plane (over
the continental United States) [Meredith et al., 2015]. Geosynchronous satellites op-
erate at an altitude of approximately 35,790 km corresponding to L = 6.6 [Onsager
et al., 2004; Meredith et al., 2015]. The temporal range covered by each GOES satellite
is provided on the NGDC Data Website [2017] and reproduced here in Table 5.1.

The GOES satellites operate at two primary geographic longitudes, referred to
as GOES West and GOES East, located at 135�W and 75�W respectively [Onsager
et al., 2004; Meredith et al., 2015]. Due to the Earth’s dipole tilt, satellites at these two
locations operate at slightly different L shells. GOES East is ⇠0.2 L farther from the
Earth and typically measures lower radiation belt fluxes than GOES West [Onsager
et al., 2004; Meredith et al., 2015]. The sensors on GOES 8, 9, 11, and 12 are pointed
westward, the GOES 10 sensors are pointed eastward and GOES 13 – 15 carry a pair
of sensors; one directed eastward and the other westward [The Boeing Company Data
Book, 2005; Rodriguez et al., 2014].

1A geosynchronous orbit has the same period as the Earth’s rotation.
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Table 5.1: Temporal coverage of each GOES satellite obtained from the NGDC Data
Website [2017].

Satellite Name Time Period
SMS - 1 July 1974 - October 1974
SMS - 2 February 1975 - April 1976

GOES - 1 January 1976 - May 1978
GOES - 2 August 1977 - May 1983
GOES - 3 July 1978 - August 1980
GOES - 4 No Data
GOES - 5 January 1983 - February 1987
GOES - 6 May 1983 - November 1994
GOES - 7 March 1987 - August 1996
GOES - 8 January 1995 - June 2003
GOES - 9 April 1996 - July 1998

GOES - 10 July 1998 - December 2009
GOES - 11 July 2000 - February 2011
GOES - 12 January 2003 - August 2010
GOES - 13 April 2010 - Present
GOES - 14 December 2009 - Present
GOES - 15 September 2010 - Present
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GOES Particle Sensor

The three-axis, bodystabilised spacecraft design of GOES enables the sensors to be
directed earthwards at all times [Onsager et al., 2004; Rodriguez et al., 2014]. In this
thesis we focus on the particle sensor instrument which has been flown on all GOES
satellites (including SMS-1 and -2) [Rodriguez et al., 2014]. This was known as the
Energetic Particle Sensor (EPS) on GOES 8 – 12 [Rodriguez et al., 2014] and as the
Energetic Proton, Electron and Alpha Detector (EPEAD) on GOES 13 – 15 [The Boeing
Company Data Book, 2005].

The particle sensor instrument comprises a telescope detector and dome de-
tectors [The Boeing Company Data Book, 2005]. The telescope detector is two Solid
State Detectors (SSDs) that measure protons in three energy bins: 0.74 – 4 MeV, 4.2 –
8.7 MeV, and 8.7 – 14.5 MeV [The Boeing Company Data Book, 2005]. The dome de-
tectors are three sets of two SSDs, with differing shielding thickness [The Boeing
Company Data Book, 2005]. The dome detectors have a large field of view, ±30� in
azimuth and ±45� in elevation [Onsager et al., 2004]. They measure protons in four
energy ranges: 15 – 40 MeV, 38 – 82 MeV, 84 – 200 MeV, and 110 – 900 MeV, and elec-
trons in three energy ranges: >0.6 MeV, >2 MeV, and >4 MeV [The Boeing Company
Data Book, 2005]. The 15 – 40 MeV proton channel has a temporal resolution of 8.2 s,
while the remaining three proton channels have temporal resolutions of 32.8 s [The
Boeing Company Data Book, 2005]. The >0.6 MeV electron channel has a temporal
resolution of 4.1 s, while the >2 and >4 MeV electron channels have a temporal reso-
lution of 16.4 s [The Boeing Company Data Book, 2005]. The GOES particle sensor has
a noise floor of 1 (cm2 s sr)�1.

The fluxes from the GOES 8 – 12 satellites have been corrected for backgrounds
of a non-solar origin (e.g., galactic cosmic rays) and higher energy proton contami-
nation [Rodriguez et al., 2014].

5.1.2 Polar Orbiting Environmental Satellites (POES)

The Polar Orbiting Environmental Satellites (POES) were launched into Sun-synchronous
polar orbits with 800 – 850 km altitudes [Rodger et al., 2010b]. The precise launch
date of each of the satellites contained in the POES constellation is given in Table 5.2
[Hendry, 2017]. The POES constellation is operated by NOAA in order to support
their environmental modelling and weather forecasting efforts [Yando et al., 2011].
The POES constellation was operated such that a pair of satellites were active at
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the same time, allowing complete global coverage every 6 hours [Yando et al., 2011].
The POES satellites fly at an inclination2 of 98.7� and have an orbital period of 102
minutes [Yando et al., 2011].

Table 5.2: Temporal coverage of each POES satellite [Hendry, 2017].

Satellite Name Time Period
NOAA 15 May 1998 – present
NOAA 16 September 2000 – June 2014
NOAA 17 June 2002 – April 2013
NOAA 18 May 2005 – present
NOAA 19 February 2009 – present
MetOp 01 April 2013 – present
MetOp 02 May 2007 – present

POES Medium Energy Proton and Electron Detector (MEPED)

The Medium Energy Proton and Electron Detector (MEPED)3 is capable of measur-
ing protons in the energy range 30 keV to 200 MeV and electrons in the energy range
30 – 2500 keV [Evans and Greer, 2000]. The MEPED instrument has four directional
telescopes (an electron telescope pair and a proton telescope pair) and four omni-
directional detectors [Rodger et al., 2010b; Yando et al., 2011]. The particle telescope
pairs consist of one 0� detector, pointing outward along the local zenith, and one 90�

detector, pointing perpendicular to the 0� detector [Rodger et al., 2010b]. The four
particle telescopes have a field of view of ±15�, while the omnidirectional detectors
have a field of view of ±60� [Rodger et al., 2010b].

The 0� telescopes monitor particles in the atmospheric loss cone (precipitating
particles) when the spacecraft is poleward of 35� (i.e., L > 1.5 – 1.6) and the 90� tele-
scopes monitor trapped particles [Rodger et al., 2010b, 2013]. At POES altitude the
BLC is significantly larger than the ±15� telescope field of view of the 0� detector
[Rodger et al., 2013]. Thus, in reality, the 0� telescope observes only a fraction of the
BLC [Rodger et al., 2013]. At best, 10% of the BLC area is sampled but this can drop
to <2.5% depending on the satellite location [Hendry et al., 2013].

2Note, the inclination of a satellite places a geographic limit on its field of view [Treichel, 2009].
3The MEPED instrument is part of the Space Environment Monitor-2 (SEM-2) package that is

carried by the POES satellites.
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The proton telescope includes 6 energy channels, while the electron telescope
has only 3 energy channels [Yando et al., 2011; Rodger et al., 2013]. The energy reso-
lution of each channel is summarised in Table 5.3. The MEPED instrument has a 2
second resolution. There is a 1 second accumulation time in the telescopes and this
alternates between the 0� and 90� detectors [Rodger et al., 2010b; Yando et al., 2011].

For further discussion on the MEPED (and SEM-2) instrument see Evans and
Greer [2000].

Table 5.3: The energy resolution of the MEPED channels [Rodger et al., 2010b; Hendry,
2017].

Channel Energy Resolution Detector Type
E1 >30 keV Telescope
E2 >100 keV Telescope
E3 >300 keV Telescope
P1 30 – 80 keV Telescope
P2 80 – 240 keV Telescope
P3 240 – 800 keV Telescope
P4 800 – 2500 keV Telescope
P5 2.5 – 6.9 MeV Telescope
P6 >6.9 MeV Telescope
P6 16 – 250 MeV Omni-directional
P7 35 – 250 MeV Omni-directional
P8 70 – 250 MeV Omni-directional
P9 140 – 250 MeV Omni-directional

Contamination of MEPED

The POES MEPED instrument suffers from some contamination issues [Rodger et al.,
2010b; Yando et al., 2011; Rodger et al., 2013]. Yando et al. [2011] have shown that the
proton telescope, specifically the P1, P2, P3 and P6 channels, have a non-negligible
response to electrons. The P4 and P5 energy channels were found to be uncontami-
nated by incident electrons [Yando et al., 2011]. The electron contamination of the P6
channel means it is sensitive to relativistic electrons [Yando et al., 2011; Hendry et al.,
2013]. Thus, the P6 channels can double as a relativistic electron channel, measuring
approximately �1 MeV electrons, as long as the satellite is not in the SAMA region
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and there are no SPEs occurring [Rodger et al., 2010b; Yando et al., 2011; Rodger et al.,
2013].

Rodger et al. [2010b] and Yando et al. [2011] also show that the electron channels
have some proton contamination above L = 7. Additionally, the 0� electron telescope
has significant levels of low energy proton contamination in the L = 4.5 – 5.5 region
[Rodger et al., 2010b].

For a detailed discussion of the POES data conversion and correction for con-
tamination see Hendry [2017].

5.1.3 Solar Anomalous Magnetospheric Particle Explorer (SAM-
PEX)

The Solar Anomalous Magnetospheric Particle Explorer (SAMPEX) satellite was
launched in July 1992, re-entering the atmosphere in late 2012 [Baker et al., 2012].
SAMPEX was in a low altitude polar orbit (520 – 670 km) with an inclination of 81.6�

[Baker et al., 1993]. SAMPEX had a ⇠96 min orbit [Dietrich et al., 2010] and passed
through the radiation belts four times with each orbit (⇠4 min pass through the
radiation belts). The local time of the satellite repeats with a period of ⇠80 days
[Nakamura et al., 2000] thus we have a good sample of L and MLT over 3 months.

Heavy Ion Large Telescope (HILT)

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 [Klecker et al., 1993]. The HILT instrument samples dif-
ferent pitch angles over different regions of the Earth. Dietrich et al. [2010] found
HILT samples a combination of precipitating and trapped electron fluxes, repub-
lished here in Figure 5.1. SAMPEX was sampling the BLC in the North Atlantic
Region (NAR), a combination of the trapped, DLC and BLC fluxes in the Antarc-
tic Peninsula Region (APR), and a combination of DLC and BLC fluxes in all other
regions.

HILT was composed of a large area ion drift chamber, two position sensitive
proportional counters, an array of 16 silicon SSDs and a CsI crystal unit [Klecker et al.,
1993]. The array of SSDs were arranged into four rows of four detectors, labelled
SSD1 – SSD4, with an effective geometric factor of ⇠60 cm2 sr (15 cm2 sr per row)
[Klecker et al., 1993].
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Figure 5.1: Reproduction of Figure 3, Dietrich et al. [2010]. World map showing the chang-

ing radiation belt population observed by SAMPEX’s HILT instrument. Here T indicates

trapped flux, DLC is drift loss cone, and FL BLC is field line bounce loss cone.

These SSD rows are placed next to each other and sample slightly different pitch
angle distributions [Blake et al., 1996]. When the loss cone is filled, the electrons
are isotropic over the HILT aperture, and, as a result, all four detector rows show
the same count rate [Blake et al., 1996]. The temporal resolution of SSD1 – SSD3
varies between 20 ms and 100 ms while SSD4 remains constant at 100 ms [SAMPEX
data website, 2015]. The SSD rows on HILT saturate at a particle flux of 104 elec-
trons cm�2 s�1 sr�1 [Dietrich et al., 2010].

5.1.4 Detection of Electro-Magnetic Emissions Transmitted from
Earthquake Regions (DEMETER)

The Detection of Electro-Magnetic Emissions Transmitted from Earthquake Regions
(DEMETER) micro-satellite (130 kg) was launched on 29 June 2004 [Cussac et al.,
2006; Zhima et al., 2013] and the mission was officially stopped on 9 December 2010.
DEMETER was launched into a Sun-synchronous orbit of 710 km [Cussac et al., 2006;
Zhima et al., 2013] with an inclination of 98.3�. However, the instruments onboard
were only operated in invariant latitudes below 65� to coincide with seismic zones
[Cussac et al., 2006; Lagoutte et al., 2006; Zhima et al., 2013]. The satellite underwent
15 orbits per day, corresponding to an orbital period of 1.6 hours [Zhima et al., 2013].

DEMETER was flown with two modes of operation: burst and survey mode.
Burst mode collected data with a high bit rate of 1.6 Mb/s above seismic regions
[Cussac et al., 2006]. Survey mode collected averaged data all around the Earth with
a bit rate of 25 kb/s [Cussac et al., 2006]. DEMETER was switched from survey mode
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to burst mode automatically when the satellite crossed into a seismic zone4 or cam-
paign locations [Lagoutte et al., 2006]. The selected seismic regions do not correspond
to regions of high electron precipitation, thus in our study we largely have access to
only survey mode data.

The science payload of DEMETER is composed of five instruments that allow
measurements of the six components of the electromagnetic wave field in a wide
frequency interval and the determination of the plasma parameters, ion compo-
sition, electron density and temperature, and energetic electron flux [Cussac et al.,
2006]. We focus on three of the instruments; the particle, electric, and magnetic field
instruments described in detail below.

The DEMETER experiment data files are organised per data identifier and per
half orbit [Lagoutte et al., 2006]. The data is processed by the Scientific Mission Centre
and organised into four levels; 0, 00, 1, and 2 [Lagoutte et al., 2006]. Stored in level 0
is the raw DEMETER data, and in level 1 is the calibrated data [Lagoutte et al., 2006].
Level 00 corresponds to an intermediate level with low-resolution data available,
while level 2 contains the high resolution displays [Lagoutte et al., 2006].

Electric Field Instrument (ICE)

A detailed description of the Electric Field Instrument, ICE, is given in Berthelier et al.
[2006] and summarised here.

ICE consists of 4 spherical electrodes (60 mm diameter) with embedded pre-
amplifier electronics mounted on the ends of 4 m booms or antenna ‘arms’. It mea-
sures the electric field in four frequency ranges defined as: DC/ULF (0 – 15 Hz), ELF
(15 Hz – 1 kHz), VLF (15 Hz – 17.4 kHz), and HF (10 kHz – 3.175 MHz).

The DC/ULF electric field measurements are made in four channels. The signals
are sampled at 39.0625 Hz, with a corresponding resolution of 40µV/m. This data
is available at the same resolution in both burst and survey modes. The ELF electric
field measurements are made in three channels. The signals are sampled at 2.5 kHz
and the detailed propagation characteristics of the electromagnetic waves are only
available in burst mode.

For VLF electric field measurements, there is only one channel and the signal is
sampled at 40 kHz. In burst mode, the power spectrum is computed by the BANT
module with a 19.53 Hz frequency resolution and a 2.048 s temporal resolution. In
survey mode, the power spectrum is stored in 3 ICE sub-modes. In the first one,

4The seismic zones were predefined during the programming phase of the satellite.
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labeled (0), the frequency and temporal resolutions are identical to those of the burst
mode, in the second one (1) the temporal resolution is increased to 0.512 s and in the
third one (2) the frequency resolution is decreased to 78.125 Hz by averaging over
4 consecutive frequencies. The power spectrum is mainly used for ‘Quick Look’
purposes.

For the HF electric field measurements the same electric field component used
for the VLF range is processed. The signal is sampled at 6.66 MHz. Individual
power spectra are calculated for each of 40 data snapshots (0.6144 ms long) with
a frequency resolution of 3.25 kHz and averaged to provide a power spectrum ev-
ery 2.048 s. In burst mode, the averaged power spectrum and waveform data for
a single 0.6144 ms interval are available. In survey mode, the power spectra is the
only information available and there are 3 sub-modes similar to those in the VLF
survey mode, with varied frequency and temporal resolution: (0) and (1) provide a
3.25 kHz frequency resolution with, respectively a 2.048 s and 0.512 s temporal reso-
lution, while (2) provides a 13 kHz frequency resolution (averaging over 4 consecu-
tive frequencies) and a 2.048 s temporal resolution.

The Magnetic Field Instrument (IMSC)

A detailed description of the Magnetic Field Instrument, IMSC, is given in Parrot
et al. [2006] and summarised here.

The IMSC instrument is composed of 3 orthogonal Search Coil Magnetometers
(SCMs) placed at the end of 1.9 m anntenae. The SCMs consist of 12,000 turns of cop-
per wire wound onto a permalloy5 core. There is also a secondary coil that has a few
turns, which is used as a flux feedback. This gives the instrument a flat frequency
response, with a bandwidth centered on the resonance frequency of the main coil.
There is an electrostatic screen that maintains a uniform potential around the coils.

The frequency range of the IMSC instrument is from 100 Hz up to 17.4 kHz. In
burst mode both the waveform (sampled at 2.5 kHz) and the spectra of the three
magnetic components in the ELF range (up to 1 kHz) are stored. While in the VLF
range (from 3 kHz up to 17 kHz) only one magnetic component of the waveforms
(sampled at 40 kHz) is stored. In survey mode only the spectra of one magnetic
component over the whole frequency range (100 Hz – 17.4 kHz) are stored.

There is a calibration sequence implemented on the experiment during the telecom-
munication phase. This calibration is fixed by telecommand to occur either every 4,

5Permalloy is a high permeability material.
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8, or 12 minutes.

Instrument for Particle Detection (IDP)

A detailed description of the Instrument for Particle Detection, IDP, is given in
Sauvaud et al. [2006] and summarised here.

The IDP instrument consists of a collimator, optics, and a silicon detector. The
collimator is constructed from aluminium and provides a view angle of ±16�. There
is also a 6 mm aluminium shield placed on the optics to stop <500 keV protons. The
silicon detector (1 mm thick) looks perpendicular to the orbit plane of the satellite,
resulting in detected particles with 90� pitch angles. The maximum geometric factor
of the IDP instrument is 1.2 cm2 sr.

The IDP instrument measures electrons in the energy range 70 keV to 2.34 MeV in
254 channels. Two additional channels measure electrons with energies >2.34 MeV
and <70 keV. In the satellite burst mode all 256 channels are used to obtain an elec-
tron energy spectrum every second. In this satellite operational mode, the energy
resolution is greater than 10 keV. In the satellite survey mode the energy channels
are grouped by two, such that 128 channels are used to obtain an electron energy
spectra. These electron energy spectra are obtained every 4 s in survey mode (as
opposed to every 1 s in burst mode).

5.1.5 Highly Elliptical Orbit (HEO)

The Highly Elliptical Orbit (HEO) satellites are part of a U.S military program,
which limits the available information on the satellites. There are three different
HEO satellites that make up the mission; HEO1, HEO2 and HEO3. The HEO2 satel-
lite data has not yet been released by the U.S military.

HEO1, also known as spacecraft 1994-026, was launched in 1994 into a highly
elliptical orbit with an inclination of -62� and a fixed argument of perigee6 of 270�

[Blake et al., 1997; O’Brien et al., 2007]. It orbits with a slowly varying perigee in
the range 1.13 – 1.4R

E

and an apogee of 7.2R
E

, with a 12 hour period [Blake et al.,
1997; O’Brien et al., 2007; Ripoll et al., 2015]. HEO3, also known as spacecraft 1997-
068, was launched in 1997 into the same orbit as HEO1 [O’Brien et al., 2007; Ripoll

6Satellite perigee is defined as the point in the satellite’s orbit where the satellite is closest to the
Earth. Satellite apogee is defined as the point in the orbit where the satellite is furthest from the
Earth.
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et al., 2015]. The two satellites cross the magnetic equator at L⇠ 2, such that most
of the outer zone particle data is taken far from the equator [O’Brien et al., 2007].
Both satellites have L values calculated from the IGRF model up to L = 8 [O’Brien
et al., 2007]. HEO1 and HEO3 have orbits that begin at perigee and are divided into;
inbound, outbound, even, odd, high altitude and low altitude [HEO data website,
2017]. The two satellites sample approximately the same magnetic field value (B) for
each L on the high altitude modes of the orbit due to their “critically inclined” orbits
[O’Brien et al., 2007]. The HEO3 satellite data has a variable temporal resolution
between 4- 60 seconds, with 15 s as the most common temporal resolution.

Both HEO1 and HEO3 have dosimeters and an electron-proton telescope. The
electron-proton telescope has a two-detector stack with two discriminator thresh-
olds to set on the rear detector with a ⇠15� conical field of view [Ripoll et al., 2015].
The dosimeters make omnidirectional integral flux measurements above a given
threshold set by the aluminium shield over them [Ripoll et al., 2015].

The electron-proton telescope on both HEO1 and HEO3 measures >0.13 and
>0.23 MeV electron counts, and >0.080, >0.160, and >0.320 MeV proton counts [Ripoll
et al., 2015; HEO data website, 2017]. The HEO3 dosimeters measure >0.45 MeV,
>0.63 MeV, >1.5 MeV, and >3.0 MeV electron counts, and >5 MeV, 8.5 – 35 MeV, 16 –

Table 5.4: Description of the HEO3 particle channels.

Name Energy (MeV) G (Geometric factor) (cm2 sr) Notes
E1/Elec1 >0.13 5.4e�3 Telescope
E2/Elec2 >0.23 5.4e�3 Telescope
E3/Elec3 >0.45 0.4615 D1 (Telescope)
E4/Elec4 >0.63 0.45 D2
E5/Elec5 >1.5 0.45 D3
E6/Elec6 >3.0 0.45 D4
P1/Prot1 >0.080 5.4e�3 Telescope
P2/Prot2 >0.160 5.4e�3 Telescope
P3/Prot3 >0.320 5.4e�3 Telescope
P4/Prot4 >5 0.4615 D1 (Telescope)
P5/Prot5 8.5 – 35 0.45 D2
P6/Prot6 16 – 40 0.45 D3
P7/Prot7 27 – 45 0.45 D4
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40 MeV, and 27 – 45 MeV proton counts [O’Brien et al., 2007; Ripoll et al., 2015; HEO
data website, 2017]. These energy ranges are summarised7 in Table 5.4. The HEO1
dosimeters measure >1.5 MeV, >4.0 MeV, >6.5 MeV, and >8.5 MeV electron counts,
and >20 MeV, >40 MeV, >55 MeV and >66 MeV proton counts [Blake et al., 1997; O’Brien
et al., 2007; HEO data website, 2017]. In order to convert the counts to fluxes we use
Equation 5.1, where C is the counts per second, F is the fluxes and G is the geometric
factor8.

F =

C

G

(5.1)

There is a temperature dependent response in the low energy proton channels
on both HEO1 and HEO3 and the >5 MeV proton channel on HEO3 has significant
electron contamination [http://virbo.org/HEO]. Furthermore, the electron channels on
HEO3 occasionally have significant proton contamination [O’Brien et al., 2007]. A
saturation correction has been performed on electron data that has been contami-
nated by trapped and solar protons [O’Brien et al., 2007].

5.2 Ground Based Instruments

In this thesis we have used two ground based instruments. Both of these instru-
ments are hosted at one of the British Antarctic Survey (BAS) Research Stations,
known as Halley-V.

British Antarctic Survey Research Station - Halley V

Halley-V is situated on the 130 m thick Brunt Ice Shelf in Antarctic [BAS website,
2018]. As Halley-V (hereafter referred to as Halley) is located on an ice shelf, its
location changes with time as the ice shelf flows towards the ocean. On average,
Halley is located at the geographic coordinates: -75.5�N and 333.4�E, while in ge-
omagnetic coordinates Halley is located at -61.84�N and 29.31�E [Engebretson et al.,
2008; BAS website, 2018]. Halley observations are taken at L = 4.56 and 14:44 MLT at
local noon UT [Engebretson et al., 2008]. The Halley site has been occupied by sci-
ence equipment since 1956 [BAS website, 2018]. In this thesis we use the Search Coil

7Note the summary information was obtained from the readme files stored with the data, follow-
ing the link: http://mag.gmu.edu/ftp/users/obrien/heo/ascii/Dosimeters.htm.

8The geometric factor is determined either experimentally or numerically from the geometry of
the detector and its field of view
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Magnetometer and VLF/ELF Logger Experiment.

5.2.1 Halley Search Coil Magnetometer (SCM)

The Halley three-axis stabilised Search Coil Magnetometer (SCM) started opera-
tion in February 2005 [Engebretson et al., 2008] and continued to take measurements
through until January 2017. The Halley SCM measures the rate of change of the
ambient geomagnetic field vector, dB/dt [Engebretson et al., 2008]. The sampling rate
of the SCM is 10 Hz and it is capable of measuring wave power in the Pc1 – Pc2
frequency range (i.e., EMIC waves) [Engebretson et al., 2008]. The orientation of the
Halley SCM is such that the x component is directed Northward, the y component
is directed Eastward and the z component is directed along the local field line [En-
gebretson et al., 2008].

There were some significant data outages in SCM measurements during the time
of instrument operation. There were also some periods of unusable data due to cal-
ibration issues or other instrument issues. The main period of unusable data affect-
ing the analysis in this thesis 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 [Engebret-
son et al., 2008]. By rescaling the colourbar of the ‘Quick Look’ plots we can restore
readability of the images, however, the exact scaling level is unknown.

5.2.2 Halley VLF/ELF Logger Experiment (VELOX)

There has been some version of VLF instrumentation present at Halley since 1967
(with the exception of 1968 and 1991) [Smith and Clilverd, 1998]. The VLF instrumen-
tation of interest to our study is the VLF/ELF Logger Experiment (VELOX) that was
installed in 1992 [Smith and Clilverd, 1998]. The VELOX instrument continued to take
measurements until 2007, when it was replaced with the VELOXnet instrument.

The VELOX instrument was engineered and manufactured by High Greave As-
sociates and consists of: two large single-turn crossed-loop aerials, the HGA DSP-II
Digital Processing System hardware, and a PC host [High Greave Associates, 1996;
Smith and Clilverd, 1998]. The two loop aerials are squares hung on a diagonal, such
that they cover an area of 58 m2, and are oriented in the North-South and East-West
planes [Smith and Clilverd, 1998]. In order to provide screening to HF signals, a gap
at the apex of each loop is connected via a 0.1µF capacitor [Smith and Clilverd, 1998].
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Table 5.5: Frequencies of the 10 recorded VELOX channels.

Centre freq. (kHz) Bandwidth (kHz) channel number Band Width
0.5 0.5 0 wideband
1.0 1.0 1 wideband
1.5 1.0 2 wideband
2.0 1.0 3 wideband
3.0 1.0 4 wideband

4.25 1.5 5 wideband
6.0 2.0 6 wideband
9.3 1.0 7 wideband

10.2 0.1 8 narrowband
tunable 5 to 30 0.1 narrowband

The broadband analogue signals from the North-South and East-West VLF loops are
the inputs to the DSP-II hardware [High Greave Associates, 1996; Smith and Clilverd,
1998].

The VELOX instrument continuously analyses the VLF signal in ten frequency
bands (see Table 5.5) [Smith and Clilverd, 1998]. In each frequency band the mean
log amplitude, arrival azimuth, polarisation, maximum intensity, and the minimum
intensity of the signal is recorded, along with the number of impulses present in the
signal [Smith, 1995; Smith and Clilverd, 1998]. There are eight logarithmically spaced
wideband frequency bands (0.5, 1, 1.5, 2, 3, 4.25, 6, 9.3 kHz), with an amplitude res-
olution of 0.376 dB [Smith, 1995; Smith and Clilverd, 1998]. The 0 dB reference level
is 10�33 T2Hz�1, the instrument noise level is 15 – 20 dB, and the saturation level is
⇠75 dB [Smith, 1995]. In 1997 incorrect reference values were used from January
to June [Smith and Clilverd, 1998]. The remaining two frequency bands are narrow-
band: one measuring signals at 10.2 kHz and the other is tunable, measuring signals
between 5 – 30 kHz. The data is recorded digitally at one sample per second [Smith,
1995; High Greave Associates, 1996; Smith and Clilverd, 1998]. Code was written in the
DOS operating system in order to convert the binary data into a readable format
[Smith, 1995; High Greave Associates, 1996; Smith and Clilverd, 1998]. An explanation
of the DOS code used to convert the data can be found in Appendix E.

The two narrowband channels were designed to study transmitted signals while
the eight wideband channels were designed to study natural noise [High Greave
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Associates, 1996; Smith and Clilverd, 1998]. The upper wideband frequency chan-
nels (6 kHz and 9.3 kHz) are dominated by thunderstorm noise (spherics) which are
strongest at night and largely repeatable from day to day, albeit with slow variation
across the seasons [Smith, 1995]. The lowest frequency channel (0.5 kHz) is affected
by spherics and ELF hiss (and occasionally by wind noise), and the measured am-
plitude remains relatively constant over time [Smith, 1995]. In the middle frequency
channels (1 – 4 kHz) the influence of distant spheric noise is reduced by attenuation
in the Earth-Ionosphere waveguide [Smith, 1995]. Thus these channels are domi-
nated by magnetospheric emissions, namely whistler mode hiss and chorus [Smith,
1995; 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 chorus elements.

Removal of Calibration tones from VELOX

Since 1982 routine calibrations of the VLF instrumentation has been done automat-
ically [High Greave Associates, 1996; Smith and Clilverd, 1998]. Thus, the VELOX data
also includes calibration tones. These tones occur once per minute (at the start of
the minute) with 1 s duration, once every 10 minutes (at the start of the 10 minute
block) with 3 s duration, and once per hour (at the start of the hour) with 10 s du-
ration [High Greave Associates, 1996; Smith and Clilverd, 1998]. The calibration tones
consist of 5 frequencies: 488.28, 976.56, 1953.13, 3906.25, and 7812.50 Hz (likely af-
fecting all frequency channels), an arrival azimuthal angle of 45� (NE-SW), and an
amplitude of 1 pT [High Greave Associates, 1996; Smith and Clilverd, 1998].

To remove this calibration effect, we calculate the mean wave amplitude in each
of the frequency bands 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.
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Part II:

Data Processing and
Preliminary Results
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6 | Evidence of Strong Diffusion

As we alluded to in chapter 4 there have been some previous studies published pre-
senting evidence of electrons undergoing strong diffusion. Here we focus on a pa-
per by Horne et al. [2009], which presented evidence of strong diffusion of >300 keV
electrons. Horne et al. [2009] undertook a survey of 10 years of POES data to find the
evidence. We extend the Horne et al. [2009] study to include 19 years of POES data
and investigate strong diffusion of >1 MeV electrons.

6.1 Strong Diffusion of >300 keV Electrons

Horne et al. [2009] investigated 10 years (1998 – 2007) of POES data from the NOAA
15, 16, 17 and 18 satellites during different phases of geomagnetic storms. They
identified moderate and strong geomagnetic storm periods and their phases us-
ing a 12 hour running mean of the Dst index. Sixty nine storms were identified
with Dst -70 nT during 1998 – 2007. The authors omitted any data collected during
SPEs, and made corrections to remove the proton contamination from the electron
instruments. This allowed the utilisation of the P6 proton detector as a measure of
>1 MeV electrons. They also used the E3 electron detector to measure >300 keV elec-
trons. With these measurements Horne et al. [2009] investigated the global extent of
electron precipitation during different geomagnetic storm phases.

The study concluded that >300 keV electron precipitation peaked during the
main phase of geomagnetic storms, while >1 MeV electron precipitation peaked dur-
ing the recovery phase of geomagnetic storms. Additionally, they demonstrated in
Figure 3 of Horne et al. [2009] (republished here as Figure 6.1b) that the precipitation
of >1 MeV electrons was significantly higher over the Antarctic Peninsula Region
(APR), poleward of the SAMA. Note that the small region of precipitation observed
over South America in both Figures 6.1a and 6.1b was contaminated by protons and
not discussed further by the authors. Figure 6.1b also indicated there were very
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low levels of >1 MeV electron precipitation occurring at other longitudes or into the
northern hemisphere. The geographic restriction in longitude of >1 MeV electron
precipitation suggests the electrons were scattered into the DLC. Thus Horne et al.
[2009] conclude that >1 MeV electrons were precipitated into the APR as a result of
weak diffusion, and not strong diffusion which would result in precipitation at all
longitudes.

In contrast, Figure 4 of Horne et al. [2009] (republished here as Figure 6.1a) demon-
strated that the precipitation of >300 keV electrons occurred across all geographic
longitudes and was not restricted to the APR region. Additionally, the >300 keV
electron precipitation into the Northern Hemisphere (NH) was found to be as strong
as the >300 keV electron precipitation into the Southern Hemisphere (SH). The lon-
gitudinal and hemispheric freedom of >300 keV electron precipitation suggested the
electrons were being scattered into the bounce loss cone. Thus Horne et al. [2009]
concluded that >300 keV electrons were being precipitated into either hemisphere,
at any longitude, as a result of strong diffusion.

(a) (b)

Figure 6.1: Global extent of electron precipitation of (a) >300 keV and (b) >1 MeV electrons

obtained from Horne et al. [2009].

6.2 Strong Diffusion of >1 MeV Electrons

We extend the Horne et al. [2009] study up to 2016, investigating 19 years of POES
satellite data. We also include the NOAA 19, MetOp 01 and MetOp 02 satellites in
the analysis. Instead of identifying different storm phases we investigate the global
extent of electron precipitation during three (four) distinct geomagnetic disturbance
levels, defined by Kp (AE*). We begin by outlining the method used, then discuss
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the results based on the Kp index, followed by a discussion of the results based on
the AE* index1.

6.2.1 Methods

As discussed in Section 5.1.2 there is contamination in both the proton and electron
telescopes on the POES satellites. The electron data used for the following analysis
has been corrected for proton contamination. Furthermore, we have removed from
this analysis any electron data occurring at or below the instrument noise floor, 100
electrons cm�2s�1sr�1 of the POES MEPED telescopes [Rodger et al., 2013]. Note,
the data occurring at or below the instrument noise floor must be identified in the
uncorrected data and the corresponding points removed from the corrected data.
This is because on occasion the noise floor data has been corrected to above the
threshold value of 100 electrons cm�2s�1sr�1 and is not removed with the filter.

The POES MEPED instrument data contains two important data quality flags
that must be considered when using the particle data. The first flag we consider is
‘MEPED_On_Off’ which describes when the instrument is on or off. When MEPED_On_Off
has a value of 1 the instrument is operational and the particle data can be used.
However, we must remove from our analysis all particle data corresponding to
different values of MEPED_On_Off. The second flag we consider is ‘MEPED_IFC’
which describes when the instrument is undergoing an in flight check. When MEPED_IFC

1Note that the AE* index is the mean of the AE index over the previous one hour.

Figure 6.2: The NOAA 18 P7 omni-directional flux on 14 March 2014. On this day no SPEs

occurred, and over plotted in red is the 3 counts/s cutoff described in the text.
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has a value greater than 0, the instrument is self calibrating and the corresponding
particle data must also be removed from the analysis.

As in Horne et al. [2009] we can use the POES MEPED P6 telescope to investigate
the >1 MeV electron precipitation. However, the P6 telescope is only sensitive to
relativistic electrons outside the SAMA and SPEs [Rodger et al., 2010b; Yando et al.,
2011; Hendry et al., 2013; Rodger et al., 2013]. We identify periods of SPEs and the
SAMA using the P7 omni-directional telescope flux2. In Figure 6.2 we present the
P7 omni-directional flux on 14 March 2014 from the NOAA 18 satellite. Note, there
are no SPEs occurring on 14 March 2014. Each spike in the flux above 3 counts/s,
the red line in Figure 6.2, corresponds to the NOAA 18 satellite flying through the
SAMA region. Thus, periods with the P7 omni-directional flux >3 counts/s defines
the SAMA [Rodger et al., 2010b] and must be removed from our analysis. With a
cutoff of 3 counts/s we are able to remove almost all of the SAMA region. SPEs will
also cause spikes in the P7 omni-directional flux counts of >3 counts/s, so the same
filter applied to all the data will also remove SPEs [Rodger et al., 2010b].

Now that we have corrected all of the POES data for possible contamination we
are able to investigate the global extent of electron precipitation. We use a total of
48 satellite years of data from July 1998 through to the end of August 2016, util-
ising the NOAA-15, NOAA-16, NOAA-17, NOAA-18, NOAA-19, MetOp 01 and
MetOp 02 satellites. We use the 2 second resolution E3 0� detector to examine
>300 keV electron precipitation and the 2 second resolution P6 0� detector to ex-
amine >1 MeV electron precipitation. We calculate the median flux for a grid of 1�

latitude by 1� longitude bins across the globe. Latitude-longitude bins that contain
less that 15 values are removed from our analysis in order to ensure our results
are statistically representative. We consider the electron precipitation during three
Kp intervals (Kp < 2+, Kp = 3+, and Kp > 4+) and four AE* intervals (AE* 100 nT,
100 < AE* 300 nT, AE* > 300 nT, and AE* > 750 nT). The three lower AE* intervals
correspond to levels of geomagnetic activity considered by other authors (e.g., Li
et al. [2009]; Meredith et al. [2012]; Saikin et al. [2015]), while the Kp intervals are
similar to the NOAA space weather scales for geomagnetic activity (described by
the Space Weather Prediction Center (SWPC) at http://www.swpc.noaa.gov/

2Yando et al. [2011] suggest using the P4 or P5 channels of the proton telescope detector to remove
periods of SPE and SAMA. However, we found that there was a significant level of precipitating flux
remaining in the SAMA region when using these channels. Thus, we used the P7 omni-directional
sensor to remove the SAMA region in our study.
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noaa-scales-explanation, and provided in Table 9.3). Our large relativistic
microburst data set allows us to extend our AE* intervals beyond those discussed in
the literature [e.g., Li et al., 2009; Meredith et al., 2012].

6.2.2 Results using Kp

We begin our discussion of the global extent of electron precipitation by filtering
geomagnetic activity using the Kp index. We use the following intervals of activ-
ity: Kp < 2+, Kp = 3+, and Kp > 4+. These correspond to quiet, disturbed and active
conditions, respectively.

We first consider quiet conditions with Kp < 2+. Figure 6.3a presents the precip-
itation of >300 keV electrons over the globe, indicating that there is no precipitation
of >300 keV electrons occurring in the radiation belt regions. The only precipitation
evident in Figure 6.3a is a small remainder of the SAMA region. Figure 6.3b presents
the precipitation of >1 MeV electrons over the globe. From Figure 6.3b we note
there is precipitation of >1 MeV electrons occurring in the Antarctic Peninsula Re-
gion (APR) and in the remainder of the SAMA region. Recall, the APR corresponds
to the location of the DLC (as described in Section 3.4). Thus, under quiet geomag-
netic conditions, >1 MeV electrons are undergoing weak diffusion while >300 keV
electrons do not precipitate at fluxes above the instrument noise floor.

Next, we consider disturbed geomagnetic conditions with Kp = 3+. For >300 keV
electrons, presented in Figure 6.4a, we have precipitation occurring over all longi-

(a) >300 keV (b) >1 MeV

Figure 6.3: The precipitating flux of (a) >300 keV (E3 0 degree detector) and (b) >1 MeV (P6

0 degree detector) electrons during quiet geomagnetic conditions, Kp < 2+.
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tudes in the SH and into the NH which is a clear signature of precipitation into the
BLC. For >1 MeV electrons, presented in Figure 6.4b, we note that compared to Fig-
ure 6.3b there is a higher flux of electrons precipitating into an extended longitude
range of the APR. Furthermore, there is some evidence of precipitation observed
into the NH. Due to the geographically limited precipitation of >1 MeV electrons
we argue that both strong and weak diffusion processes are occurring. Thus, un-
der disturbed geomagnetic conditions, we have clear evidence of strong diffusion
of >300 keV electrons and some indication that >1 MeV electrons undergo neither
strong or weak diffusion, but a level in between.

Finally we consider active geomagnetic conditions with Kp > 4+. We again have
precipitation of >300 keV electrons over all longitudes and into the NH (Figure 6.5a)
with much higher fluxes when compared to Figure 6.4a. However, we also note a
large number of precipitation observations at high latitudes which follow the orbit
of the satellites. These are known as hot orbits and are believed to be caused by pro-
ton contamination that was not appropriately corrected for. We will not discuss hot
orbits any further. The precipitation of >1 MeV electrons, presented in Figure 6.5b,
continues to expand the longitude range of precipitation into the SH with some
observations of precipitation occurring significantly outside the APR. Additionally,
there is a much greater number of precipitation observations in the NH. Thus, un-
der active geomagnetic conditions we have clear evidence of the strong diffusion of
both >300 keV and >1 MeV electrons.

(a) >300 keV (b) >1 MeV

Figure 6.4: As in Figure 6.3 but during disturbed geomagnetic conditions, Kp = 3+.
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(a) >300 keV (b) >1 MeV

Figure 6.5: As in Figure 6.3 but during geomagnetic storms, Kp > 4+.

6.2.3 Results using AE*

We also consider the global extent of electron precipitation by filtering the geo-
magnetic activity with the AE* index. We use the following intervals of activity;
AE* 100 nT, 100 < AE* 300 nT, AE* > 300 nT, and AE* > 750 nT which correspond
to quiet, disturbed, active, and extreme conditions respectively.

Under quiet geomagnetic conditions, as defined by either Kp or AE*, we have
identical global electron precipitation patterns to those shown in Figure 6.3. Thus
we will not present or discuss further the results during quiet AE* geomagnetic
activity.

Figure 6.6 presents the electron precipitation under disturbed geomagnetic con-
ditions, with 100 < AE* 300 nT. Here we note that both >300 keV and >1 MeV elec-
trons precipitate into the APR, and thus show evidence of electrons undergoing
weak diffusion. The precipitation of >1 MeV electrons in Figure 6.6b is very similar
to that presented in Figure 6.3b for quiet Kp conditions (i.e., Kp < 2+).

The electron precipitation under active geomagnetic conditions, with AE* > 300 nT,
is presented in Figure 6.7a. Here we find that >300 keV electrons precipitate into
both hemispheres and over all longitudes, thus undergoing strong diffusion. While
the >1 MeV electrons precipitate into an extended longitude range of the APR. Ad-
ditionally, we observe a small number of precipitation events into the NH. Thus
we suggest that at this activity level, >1 MeV electrons are undergoing a mid-level
diffusion with some scattering into the BLC. The precipitation of both energies of
electrons in Figure 6.7 is very similar to the disturbed Kp activity level (Kp = 3+)
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(a) >300 keV (b) >1 MeV

Figure 6.6: The precipitating flux of (a) >300 keV (E3 0 degree detector) and (b) >1 MeV (P6

0 degree detector) electrons during disturbed geomagnetic conditions, 100 < AE* 300 nT.

presented in Figure 6.4.

As mentioned earlier, the AE* intervals considered here have been used in many
other studies [e.g., Li et al., 2009; Meredith et al., 2012; Saikin et al., 2015]. It is likely
these intervals were chosen such that there was a high level of geomagnetic activity
and enough data to have meaningful statistics. As we are considering a total of 48
satellite years of data we are able to extend the AE* interval to very high (extreme)
geomagnetic activity, in this case AE* > 750 nT. Under these conditions we have high
fluxes of >300 keV electrons precipitating into both hemispheres and across all lon-
gitudes (see Figure 6.8a). Again we notice some hot orbits with precipitation at
high latitudes. For >1 MeV electrons we have precipitation into both hemispheres
and across most longitudes (see Figure 6.8b) with much more NH precipitation than
that observed in Figure 6.5b. This is very clear evidence that both energy ranges are
being precipitated into the BLC and therefore are undergoing a process of strong
diffusion.

Although AE* > 300 nT overlaps with AE* > 750 nT we see very different results.
This difference is likely due to the sampling of the POES satellites during different
levels of geomagnetic activity. Very high geomagnetic activity, AE* > 750 nT is rare
and as such few satellite samples are taken under these conditions. There are more
satellite samples taken at AE* < 750 nT. This larger number of samples taken at lower
levels of geomagnetic activity will dominate the calculation of the median flux.
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(a) >300 keV (b) >1 MeV

Figure 6.7: As in Figure 6.6 but during large geomagnetic storms, AE* > 300 nT.

(a) >300 keV (b) >1 MeV

Figure 6.8: As in Figure 6.6 but during extreme geomagnetic storms, AE* > 750 nT.
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7 | Data Processing

In the previous chapter we demonstrated that relativistic electrons can undergo
strong diffusion precipitation processes. For the remainder of this thesis we will fo-
cus on one particular type of relativistic electron precipitation, known as relativistic
electron microbursts. In order to create a dataset of these events we utilise observa-
tions made by the SAMPEX satellite. We employ an algorithm published in O’Brien
et al. [2003] (and used in many other studies, refer back to Chapter 4). This algorithm
was updated by Blum et al. [2015] and is described in greater detail in Section 7.1.

During the implementation of the microburst algorithm we identified many ad-
ditional restrictions which must be applied to the SAMPEX HILT observations. In
this chapter we first outline the microburst detection algorithm, then discuss the
correction for proton contamination to the SAMPEX HILT instrument and further
restrictions to the microburst detection algorithm. We then present the relativistic
microburst dataset and ensure we have correctly implemented the algorithm.

7.1 Event Selection

As mentioned above, we employ the O’Brien et al. [2003] algorithm, and include the
modifications made by Blum et al. [2015].

The O’Brien et al. [2003] algorithm is as follows:

N100 � A500p
1 + A500

> 10, (7.1)

where N100 is the number of counts in 100 ms (i.e., a single data point) and A500 is the
centered running average of N100 over five 100 ms intervals (i.e., over 500 ms). There
are two main caveats to the O’Brien et al. [2003] algorithm that should be noted: 1)
The algorithm does not perform well at very low radiation belt fluxes (due to poor
counting statistics), and 2) The algorithm does not perform well during the limit of
strong pitch angle diffusion, when the loss cone is full [O’Brien et al., 2003]. O’Brien
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et al. [2003] found that the bursty precipitation signals of relativistic microbursts
were dominated by the strong electron precipitation in the limit of strong diffusion.

The Blum et al. [2015] extension to the O’Brien et al. [2003] algorithm to determine
microburst intensities is as follows:

M = N100 � B3000, (7.2)

where M is the magnitude of the microburst (in counts) and B3000 is the baseline
counts, defined as the 10th percentile in 3000 ms (3 s) bins. The main caveat to the
Blum et al. [2015] algorithm is due to the >10 in equation 7.1 which sets a lower
bound on the microburst magnitudes able to be identified.

We apply the O’Brien et al. [2003] algorithm with the Blum et al. [2015] extension
to row 4 of the SAMPEX HILT SSD array (SSD4) from 1996 through to 2012. We
investigate the microbursts in SSD4 as the temporal resolution remains constant at
100 ms for the entirety of the SAMPEX data set. Dietrich et al. [2010] showed that
SAMPEX measures a combination of the trapped and precipitating electron popula-
tion over different locations in the world (refer back to Section 5.1.3). By removing
the background flux envelope (A500) we argue that the remaining fluxes measured
by SAMPEX are dominated by precipitating electrons. The implementation of this
algorithm is outlined in detail below:

1. Convert the HILT SSD4 flux into counts (C = 15⇥F/10, where C is the counts
and F is the flux). Here the factor of 15 corresponds to the geometric factor
and the division of 10 corresponds to the integration time. Initially we apply
no corrections or removals to the SAMPEX data so that we obtain an accurate
baseline.

2. Calculate the baseline counts, B3000, the 10th percentile in 3 s bins. We use the
prctile function in matlab for 30 data points with the center defined as point 15
[Lauren Blum, personal communication, 14 August 2015].

3. Remove periods of satellite spin, SAMA, and L > 20 from the HILT SSD4 flux.

4. Convert the HILT SSD4 flux into counts (C = 15⇥F/10), now that the correc-
tions from step 3 have been applied.

5. Calculate the running average over 500 ms (5 data points), A500.

6. Find the microbursts; i.e., apply Equation 7.1 [O’Brien et al., 2003].
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7. Determine the microburst magnitude from Equation 7.2 [Blum et al., 2015] and
convert the count magnitude into flux magnitude (F = 10⇥C/15).

8. Combine consecutive triggers of the microburst algorithm into one burst.

7.2 Proton Contamination

7.2.1 Solar Proton Events

As the HILT instrument responds to both >1.05 MeV electrons and >5 MeV protons,
there will be significant proton contamination to the electron fluxes measured by
SAMPEX HILT during Solar Proton Events (SPEs). This is demonstrated in Fig-
ure 7.1, where the GOES 5 minute ‘Quick Look’ data shows clear increases in the
�10, �50, and �100 MeV proton fluxes (orange, blue and green lines, respectively,
in Figure 7.1a) occurring early on 26 December 2001. The onset of the SPE can be
clearly seen in the SAMPEX HILT fluxes around 06 UT on 26 December 2001 (Fig-
ure 7.1b). Prior to 06 UT the measured HILT fluxes are due to radiation belt elec-
trons. The SPE drastically increases the fluxes measured by SAMPEX HILT and
dominates over the electron precipitation that we are interested in investigating.
Thus, as an initial processing step we must remove all SAMPEX HILT data coincid-
ing with SPEs.

(a) (b)

Figure 7.1: (a) The GOES Quick Look plot of the proton flux from 25 to 28 December

2001, obtained from ftp://ftp.swpc.noaa.gov/pub/warehouse/2001/2001_plots/. (b) SAMPEX HILT

SSD4 flux on 26 December 2001.
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We begin by identifying all SPEs occurring during SAMPEX’s lifetime (1992 –
2012). We use the 5 minute average >10 MeV proton flux measurements from the
NOAA GOES ‘primary’ spacecraft, included in the NASA High Resolution OMNI
data set. A SPE is defined by NOAA as proton fluxes exceeding the official thresh-
old level of 10 protons s�1sr�1cm�2 in the GOES >10 MeV proton channel. However,
Cresswell-Moorcock et al. [2015] presented evidence of the D-region of the upper at-
mosphere (70 – 90 km) responding to SPE below the official threshold flux level. This
indicates that the official threshold may not remove all SPE contamination.

For our studies it is paramount that we correctly remove the SPE contamination
in SAMPEX HILT fluxes, thus we have chosen to use a more conservative threshold
value. We define a SPE as proton fluxes exceeding 3 protons s�1sr�1cm�2 in the
GOES >10 MeV proton channel. This will allow us to detect very small SPEs but not
noise1 in the GOES >10 MeV proton instrument.

We have made a list of the start and end times of the 214 SPEs identified during
SAMPEX’s lifetime, which is provided in Appendix C. There were a few GOES data
outages in the OMNI files during the SPEs. Due to the data outage these periods
of SPEs were not removed from our SAMPEX analysis. We tested various values
of data outage length and found that allowing up to four consecutive hours of out-
ages in the GOES proton data during each SPE corrected the majority of these SPE
removals. For longer periods of GOES data outages in the OMNI files, we have man-
ually investigated for SPEs by visual inspection of the archival2 Quick Look GOES
proton flux plots (as presented in Figure 7.1a). Only two of the longer data outage
periods contained SPEs and were manually added to the SPE list.

7.2.2 South Atlantic Magnetic Anomaly

Another region where we have enhanced proton precipitation is the SAMA (refer
back to Section 5.1.3), where inner belt protons can reach SAMPEX orbital altitudes
[Rodger et al., 2013]. Therefore, periods when SAMPEX flies through the SAMA re-
gion will also be dominated by proton fluxes and must be removed from the analysis
of electron precipitation.

The SAMPEX orbital files contain the data flag, ‘SAA_Flag’, to inform users

1Recall the GOES instrument noise floor is 1 (cm2 s sr)�1.
2These archival Quick Look plots can be obtained from the NOAA National Centers for En-

vironmental Information data website at the following: https://www.ngdc.noaa.gov/stp/

satellite/goes/dataaccess.html.
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when SAMPEX is orbiting through the SAMA (otherwise known as the South At-
lantic Anomaly, SAA). SAA_Flag = 1 indicates that SAMPEX is traversing the SAMA
region3, and the corresponding flux measurements are set to NaN as part of step 3
in the detection algorithm (described in detail in the following section). We find that
SAA_Flag = 0 at all other times. Note in our data files we have renamed this variable
to the ‘SAMA_Flag’.

7.3 Satellite Spin Correction

We employ the Blum et al. [2015] algorithm which includes an estimation of the mag-
nitude of the relativistic microbursts. However, Lorentzen et al. [2001a] state it is not
possible to estimate the number of electrons lost during a storm while a spacecraft
is spinning. Thus we must carefully investigate whether the detection algorithm
will correctly identify the relativistic microburst magnitude during periods when
SAMPEX was in spin mode.

Figure 7.2 presents examples of two SAMPEX HILT flux (black line) measure-
ments as SAMPEX passes through the radiation belt. Figure 7.2a and 7.2b are from
11 March 2003 while SAMPEX was in non-spin mode. Figure 7.2c and 7.2d are from
18 August 2008, during which SAMPEX was in spin mode and sampling a much
larger range of electron pitch angles. The once per minute rotation of SAMPEX can
be seen by the rapid regular oscillations in the flux data of Figure 7.2c. Zooming in
on one rapid oscillation of the flux data (Figure 7.2d), outlined by the box in Fig-
ure 7.2c, we note that there is poor agreement between the algorithm baseline calcu-
lation (blue line in all panels of Figure 7.2) and the SSD4 flux (black line in all panels
of Figure 7.2). The microburst magnitude is estimated by the difference between the
SSD4 flux and baseline flux, thus during periods of spin mode the magnitude of the
microbursts (red crosses in Figure 7.2d) will be greatly overestimated. This is not
the case for SAMPEX non-spin mode data (Figure 7.2b), where there is a much more
accurate estimate of the microburst magnitude, due to the much better agreement
between the SSD4 flux and the baseline flux.

Although we were able to detect microbursts while SAMPEX operated in spin
mode, there was a greater number of false detections in the algorithm (e.g. the

3Information on the orbital parameters contained in the SAMPEX dataset can be found
at the SAMPEX Data Center: http://www.srl.caltech.edu/sampex/DataCenter/docs/

sampex_psset.html.
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(a) (b)

(c) (d)

Figure 7.2: SAMPEX HILT SSSD4 flux (black line) and the baseline flux, B3000, (blue line)

on (a), (b) 11 March 2003 and (c), (d) 18 August 2008. (b) and (d) are zooms of the boxes

shown in (a), (c) respectively. The red crosses indicate microburst algorithm triggers.

second red cross in Figure 7.2d), in addition to the overestimation of the detected
microburst magnitude. Thus we will not apply the detection algorithm to any SAM-
PEX data collected while the satellite was in spin mode.

The SAMPEX orbital files contain another data flag, ‘Att_Flag’, to inform users
of data quality and mode. Att_Flag = 100 or 101 indicates4 the satellite is providing
good quality data in spin mode. Att_Flag = 0 or 1 indicates the satellite is providing
good quality data in normal mode. All other values of Att_Flag indicate poor data
quality. In our analysis we only include periods when Att_Flag has a value of 0 or

4Information on the Att_Flag variable can be obtained from the SAMPEX Data Center at: http:
//www.srl.caltech.edu/sampex/DataCenter/docs/att_flag_details.txt.
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1, which is included as part of step 3 in the microburst algorithm.

7.4 Outliers

Our initial application of an earlier version of the microburst detection algorithm
to the entire 1996 – 2012 SSD4 flux data exposed some flaws in the SAMPEX data.
There were five microburst algorithm triggers that occurred at L shells greater than
20, during quiet geomagnetic conditions (Kp < 2). These large L shells are likely due
to an error in the IGRF model used to calculate the SAMPEX L shell. Due to the
unrealistic nature of these microburst detections we added a new constraint to the
algorithm to remove any SAMPEX data with L > 20 (part of step 3). With this added
constraint we also remove a few false triggers in the algorithm reported in the last
few months of 1999.

Additionally, there was one microburst algorithm trigger on 8 December 1999
with a magnitude value that was greater (by an order of magnitude) than all other
microbursts detected. Figure 7.3 presents the HILT SSD4 flux (black line) and mi-
croburst detections (red crosses) at the time of the magnitude outlier (the first red
cross). There is no HILT SSD4 flux data prior to the ‘extreme’ microburst detection
and in addition the measured flux (104.4) is significantly greater than the satura-
tion level of the HILT instrument (104). This algorithm trigger is not identified as

Figure 7.3: SAMPEX HILT SSSD4 flux (black line) and the baseline flux B3000 (blue line) on

8 December 1999, with red crosses indicating microburst algorithm triggers.
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a microburst, but instead, likely the result of a cosmic ray entering the satellite or
some other instrumental error. We have removed this algorithm trigger from the
microburst data set.

7.5 Final Microburst Dataset

We detect 193,694 relativistic electron microbursts between 23 August 1996 and 11
August 2007 (prior to 19 August 1996, and after 10 September 2007, SAMPEX was
in spin mode), encompassing 2,835 days of SAMPEX data after contamination cor-
rections are applied (hereafter referred to as SAMPEX corrected data). The mi-
crobursts last for a total of 23,921.3 s (i.e., 6.64 hours), corresponding to 0.013% of
the total time SAMPEX corrected data was in the appropriate orbital mode (a total
of 185,931,327.6 s of SAMPEX corrected data).

In Table 7.1 we present how the microbursts are distributed over the years inves-
tigated. We have also quantified the amount of SAMPEX corrected data available to

Table 7.1: A breakdown of microburst detections and available SAMPEX data over the

years investigated (1996 – 2007).

Year Microbursts Microbursts Available data Available data Likelihood found
(number) (seconds) (days) (seconds) (percentage of time)

1996 50 5.8 6 245,915.0 0.002 %
1997 87 9.7 23 1,188,156.1 0.001 %
1998 11,498 1,409.6 248 16,186,567.3 0.009 %
1999 23,157 2,863.3 345 22,882,085.4 0.013 %
2000 17,472 2,128.6 305 19,978,150.6 0.011 %
2001 10,906 1,351.9 306 19,718,721.1 0.007 %
2002 17,856 2,187.2 328 20,966,004.9 0.010 %
2003 57,171 7,147.7 317 21,066,787.1 0.034 %
2004 22,615 2,766.2 342 22,870,479.6 0.012 %
2005 20,104 2,473.7 305 20,261,752.4 0.012 %
2006 4,903 603.3 102 6,674,074.1 0.009 %
2007 7,875 974.3 208 13,892,634.0 0.007 %
total 193,694 23,921.3 2,835 185,931,327.6 0.013 %
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be used with the microburst detection algorithm. The largest number of microburst
detections, 57,171 corresponding to 0.034% of that years SAMPEX corrected data,
occurred in 2003. All of 1999, 2000, 2002, 2004 and 2005 have roughly the same
number of microbursts detected (⇠0.012% of the SAMPEX corrected data). For the
majority of 1996 and 1997, SAMPEX was in spin mode and thus we have very few
microburst detections.

7.6 Check of Algorithm Implementation

We have carefully investigated the implementation of the relativistic microburst de-
tection algorithm to ensure it is valid. During the validation process, we commu-
nicated with Lauren Blum on several occasions between June and September 2015.
We will discuss some of these communications in more detail below.

(a)

(b)

Figure 7.4: (a) Figure 2a from Blum et al. [2015]. (b) The SAMPEX HILT >1 MeV electron

flux (black line) and calculated baseline flux (blue line) on 19 October 1998.
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(a)

(b)

Figure 7.5: A scatter plot of the microburst detection times and L shells, with the colour

indicating the calculated magnitude, on 20 – 23 November 2003. (a) The panel supplied by

Lauren Blum [2015], where the black dashed line corresponds to the plasmapause location.

(b) Recreation of the supplied panel.

We are able to recreate the SAMPEX HILT >1 MeV electron flux (black line in
Figure 7.4) for observations on 19 October 1998, as SAMPEX passes through the
radiation belts. The figure was originally published as Figure 2a in Blum et al. [2015]
and is included here as Figure 7.4a. Figure 7.4b is our recreation. We get a very
similar baseline flux (blue line in Figure 7.4b) as that published in Blum et al. [2015]
(red line in Figure 7.4a). Also shown in Figure 7.4 is the many detected microbursts
occurring on this pass (15:16 – 15:24 UT), in agreement with Blum et al. [2015].

In addition, we were supplied (by Lauren Blum on 27 June 2015) with some
example data files for days 324, 325, and 326 of 2003 (i.e., 20, 21 and 22 November
2003). With these files we are able to compare our algorithm outputs to those of Blum
et al. [2015]. We have calculated the difference between the time of the microburst
detections by the algorithm and those in the data files provided by Lauren Blum.
We have also calculated the difference between the magnitude of the microburst al-
gorithm detections and the magnitude provided in the data files. In both of these
instances, we find a difference of zero for all microburst algorithm triggers and are
able to confirm our algorithm implementation results in the same relativistic mi-
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croburst dataset as that considered by Blum et al. [2015]. Furthermore, Lauren Blum
supplied us with some plots on 2 September 2015, covering the same three days in
November (Figure 7.5a). We are able to reproduce the microburst plot supplied, as
can be seen in Figure 7.5, with the correct magnitude values (colour of the points).
These plots are also in agreement with Figure 4 published in Bortnik et al. [2006]. It
should be noted that these microburst triggers are not included in our relativistic
microburst corrected dataset as there was a small SPE occurring during this time.

Based on the excellent agreement between our microburst algorithm detections
and those of Blum et al. [2015] we are confident the output produced by the mi-
croburst algorithm is reliable. We will investigate the properties of the relativistic
microbursts detected by the algorithm in the following chapters.

7.7 SAMPEX Sampling Bias

Although SAMPEX has a geographically equal sampling distribution, as shown in
Figure 7.6 at 2� latitude by 2� longitude resolution, it does not sample the radiation
belts equally (recall, the inclination of the satellite does not allow sampling beyond
±81.6� and also that we remove the SAMA region from our analysis). Data provided
by Aaron Hendry allows us to add the projection of L = 3, 4, 5, and 6 (in the IGRF
model) onto the Earth (black lines) in Figure 7.6. In the APR (80�S, and from 267 –
333�E, the white box in Figure 7.6) from L = 5 – 6, SAMPEX obtains 2.3⇥105 samples,
while in the magnetic conjugate North Atlantic Region (NAR), SAMPEX obtains
1.5⇥105 samples in the same L range. The SAMPEX sampling rate at L = 3 in the SH
is reduced from 50 – 60�S and 0 – 30�E and 0 – 13�W by the removal of the SAMA. In
all other regions of the world SAMPEX obtains ⇠1.5⇥105 samples.

From this difference it is clear that SAMPEX has a much higher sampling rate
(almost a factor of 2 higher) at L = 5 – 6 in the APR, than at all other L shells over the
world. Thus, any conclusions based on the raw results will have some inherent bias
due to the uneven satellite sampling of the radiation belts.

In addition, SAMPEX does not evenly sample over different geomagnetic con-
ditions. In Figure 7.7 we have shown the number of samples taken by SAMPEX
for different ranges of the AE index. SAMPEX samples quiet geomagnetic activity
(AE 100 nT) at a much higher rate (a factor of ⇠5 higher) than it samples very ac-
tive geomagnetic conditions (AE > 550 nT). Thus there will also be a bias in satellite
sampling toward quiet geomagnetic conditions.
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Figure 7.6: The number of SAMPEX samples taken over 1996 – 2007 with the projection of

L = 3, 4, 5, and 6 onto Earth given by black lines. The resolution of this figure is 2� latitude

by 2� longitude.

We correct for this sampling bias by calculating the fraction of total satellite sam-
ples made up by the microburst detections, shown in Equation 7.3.

f =

n

N/10

(7.3)

Where f is the unbiased frequency of occurrence (units: microbursts/s), n is the
number of microbursts detected and N is the number of satellite samples taken.
We divide N by 10 to obtain units of seconds, as opposed to units of 0.1 seconds.
Furthermore, we limit the calculation of N to the same conditions as the microburst
detections (i.e., we do not include periods of satellite spin, or the SAMA region).

The statistics presented in the remainder of this thesis have been corrected for
any SAMPEX satellite sampling bias (where appropriate).
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Figure 7.7: The number of SAMPEX samples taken over 1996–2007 for various AE ranges.
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8 | Relativistic Microburst Clusters

As stated in the previous chapter we have a total of 193,694 individual microbursts
detected from 1996 – 2007. In this chapter we present some case study examples of
these relativistic microbursts.

Blake et al. [1996] have shown that over one satellite pass through the radiation
belts it is possible to get multiple relativistic microburst triggers. We investigate how
common multiple relativistic microburst triggers are over one satellite radiation belt
pass by combining our individual microburst detections into sets of microbursts we
term “clusters”. A relativistic microburst cluster 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 22,023 relativistic microburst
clusters, with no cluster lasting longer than 4 minutes (by definition).

There are varying numbers of microbursts contained in each cluster, with the
majority of clusters containing a small number of individual microbursts, as shown
in Figure 8.1. We will discuss in further detail below, microburst clusters which
contain: one, three, fifty and more than 150 individual relativistic microbursts. For
each of these microburst cluster lengths we will show representative examples of
the SAMPEX HILT SSD4 fluxes, including the individual microburst detections.
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Figure 8.1: The distribution of the number of individual relativistic microbursts contained

in the relativistic microburst clusters.

8.1 Isolated Microbursts

We begin by considering isolated relativistic microburst clusters, which are clusters
that contain only a single relativistic microburst detection. These clusters are com-
mon, with 6,356 isolated microburst clusters, corresponding to 28.8% of the total
microburst cluster dataset. However, isolated microburst clusters only account for
3.3% of the total number of relativistic microburst detections.

We have investigated the geomagnetic activity level, as defined by AE*, at the
time of isolated microburst clusters. The majority, 53.1%, of isolated microburst
clusters occurred during active AE* conditions (AE* > 300 nT). A smaller fraction,
36.7%, of isolated microburst clusters occurred during disturbed AE* conditions
(100 < AE* 300 nT) and 10.2% occurred during quiet AE* conditions (AE* 100 nT).
If we also consider higher geomagnetic activity, we find 19.0% of isolated microbursts
occurred during intense AE* conditions (AE* > 550 nT) and a mere 6.3% occurred
during extreme AE* conditions (AE* > 750 nT).

We have also investigated both the L (panel a) and MLT (panel b) distributions of
isolated microburst clusters, presented here in Figure 8.2. From Figure 8.2a it is clear
that the majority of isolated microburst clusters occurred in the L = 3.5 – 7.5 range. In
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particular, 89.5% of isolated microburst clusters occurred between L = 4 and L = 6.5.
Figure 8.2b shows that the isolated microburst clusters have a bimodal structure
over MLT. A large peak in the MLT distribution of isolated microburst clusters oc-
curred in the midnight MLT region (21 – 02 MLT), while a secondary peak occurred
in the morning MLT region (07 – 12 MLT). Further consideration shows that 33.3% of
isolated microburst clusters occurred from 21 – 02 MLT, while 22.0% occurred from
07 – 12 MLT.

(a) (b)

Figure 8.2: The (a) L and (b) MLT distribution of isolated relativistic microburst clusters

from 1996 – 2007.

To find representative (and unbiased1) examples of the SAMPEX HILT SSD4 flux
at the time of isolated microburst clusters we limit our isolated microburst clusters
to the most common L, MLT and AE* values. We consider active AE* conditions
(AE* > 300 nT), when the L value is between L = 4 and L = 6.5. We have 3,065 isolated
microburst clusters that satisfy these conditions. We further limit our dataset to iso-
lated microburst clusters that occur in the midnight (21 – 02 MLT) or morning (07 –
12 MLT) MLT region. We have 891 representative midnight MLT isolated microburst
clusters satisfying all of the conditions, while we have 680 representative morning
MLT isolated microburst clusters. We generate two random numbers in MATLAB
to decide which representative midnight and morning isolated microburst clusters
to present here, thus removing any bias towards presenting the “perfect” cluster.

1When presenting case study examples there is a inherent bias to show the “perfect” event, which
may not be representative of the data. We have attempted to remove this bias from our case studies
presented here.
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Figure 8.3a presents the SAMPEX HILT SSD4 flux measurements at the time of
the 723rd representative midnight MLT isolated microburst cluster (when the clus-
ters are ordered in time). This cluster occurred on 30 October 2004 at 06:17:44.7 UT,
01:21 MLT, L = 4.80, and during an AE* value of 301.1 nT. This microburst was de-
tected while SAMPEX was in a region with low levels of trapped fluxes. A clear
jump in the >1 MeV flux is evident at the time of this relativistic microburst detec-
tion and no further jumps in the >1 MeV fluxes are observed around the time of the
relativistic microburst detection.

(a) (b)

Figure 8.3: The SAMPEX HILT >1 MeV electron flux (black) and microburst detections (red)

on (a) 30 October 2004, in the midnight MLT region, and (b) 10 June 2004, in the morning

MLT region.

Figure 8.3b presents the SAMPEX HILT SSD4 flux measurements at the time of
the 544th representative morning MLT isolated microburst cluster. This cluster oc-
curred on 10 June 2004 at 02:21:17.5 UT, 09:51 MLT, L = 5.96, and during an AE* value
of 635.0 nT. This microburst detection occurred as SAMPEX was in a region with low
levels of trapped fluxes. Again, there is a very clear spike in the >1 MeV electron flux
at the time of the relativistic microburst detection. However, we also have smaller
peaks present in the >1 MeV electron fluxes, which could be indicative of smaller
amplitude microbursts that have not triggered the detection algorithm. This is pos-
sible as O’Brien et al. [2003] state that the microburst detection algorithm does not
function well at low levels of >1 MeV fluxes.

Although our dataset implies isolated clusters are common, we suggest that a
small percentage of these isolated clusters are merely part of a greater microburst re-
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gion. This greater microburst region was not detected because the other microbursts
were too small to trigger the detection algorithm, and we have reached the limita-
tion of the detection algorithm. Alternatively, if we assume the greater microburst
region is roughly circular, some of these isolated microburst clusters could be the
result of SAMPEX clipping through the edge of the greater microburst region rather
than passing through the centre of the microburst region. Another possible expla-
nation of these isolated microburst clusters is that SAMPEX is passing through pre-
cipitation regions of differing sizes.

8.2 Average Sized Microburst Clusters

We use the prctile function in MATLAB to find the average number of microbursts
contained in a microburst cluster and find that 50% of all microburst clusters contain
3 individual microbursts. Thus, we have defined an average microburst cluster
as a cluster which contains 3 individual microburst detections. Average sized mi-
croburst clusters make up 9.5% (2092/22034) of the total microburst cluster dataset.

We have calculated the mean MLT, L, and AE* value for each of the 2,092 aver-
age sized microburst clusters. Similar to isolated microburst clusters, the majority
of the average sized microburst clusters, 67.0%, occurred during active AE* condi-
tions (mean AE* > 300 nT), while 27.9% occurred during disturbed AE* conditions
(100 < mean AE* 300 nT). Only 5.1% of average sized microburst clusters occurred
during quiet AE* conditions (mean AE* 100 nT), which is a much lower proportion
than the quiet AE* isolated microburst clusters. When we consider higher geomag-
netic activity, we find 25.9% of average sized microburst clusters occurred during
intense AE* conditions (mean AE* > 550 nT) and 8.8% occurred during extreme AE*
conditions (mean AE* > 750 nT). These proportions of averaged sized microburst
clusters that occurred during higher geomagnetic activity are only slightly higher
than isolated microburst clusters.

The mean L (panel a) and mean MLT (panel b) distributions of average sized
microburst clusters are presented in Figure 8.4. From Figure 8.4a it is clear that the
majority of average sized microburst clusters occurred in the L = 3.5 – 7.0 range. In
particular, 92.9% of average sized microburst clusters have a mean L value between
L = 4 and L = 6.5.

Figure 8.4b shows that the average sized microburst clusters have a trimodal
structure over MLT. The maximum in the MLT distribution of average sized mi-
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croburst clusters occurred in the midnight MLT region (20 – 03 MLT), while a local
maximum occurred in the morning MLT region (05 – 12 MLT), similar to the isolated
microburst clusters. However, a second local maximum (much smaller than the first
local maximum) occurred in the afternoon MLT region (16 – 18 MLT), which was not
observed during isolated microburst clusters. Further investigation finds that 38.7%
of average sized microburst clusters have a mean MLT value between 20 MLT and
03 MLT, 34.2% have a mean MLT value between 05 MLT and 12 MLT, and 5.2% have
a mean MLT value between 16 MLT and 18 MLT.

(a) (b)

Figure 8.4: The (a) L and (b) MLT distribution of average sized relativistic microburst clus-

ters from 1996 – 2007.

Following the method outlined for isolated microburst clusters, we also find two
representative (and unbiased) average sized microburst clusters. We have 1,297 av-
erage sized microburst clusters which occurred during active AE* conditions (mean
AE* > 300 nT) and in the L range, mean L = 4 – 6.5. We have 449 representative mid-
night MLT (20 – 03 MLT) average sized microburst clusters satisfying all of the con-
ditions, while we have 475 representative morning MLT (05 – 12 MLT) average sized
microburst clusters. We will not present a SAMPEX flux example from the afternoon
MLT region (16 – 18 MLT).

Figure 8.5a presents the SAMPEX HILT SSD4 flux measurements at the time of
the 133rd representative midnight MLT average sized microburst cluster (when av-
erage sized clusters are ordered in time). This cluster occurred on 11 August 2000
at 21:49:09.8 UT. The mean MLT value at the time of this average sized microburst
cluster was 20:34 MLT (with a range of 20:32 – 20:34 MLT), a mean L value of L = 4.35
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(L = 4.34 – 4.38 range) and during a mean AE* value of 753.6 nT (753.6 nT for all three
microburst detections). The three microbursts were detected as SAMPEX was enter-
ing the radiation belt region. The second and third microburst detections are sep-
arated by only 0.2 seconds, making them almost indistinguishable on the temporal
scale of Figure 8.5a.

Figure 8.5b presents the SAMPEX HILT SSD4 flux measurements at the time of
the 200th representative morning MLT average sized microburst cluster. This cluster
occurred on 14 October 2002 at 06:16:06.4 UT. The mean MLT value at the time of this
average sized microburst cluster was 07:12 MLT (with a range of 07:10 – 07:14 MLT),
a mean L value of L = 5.11 (L = 5.05 – 5.15 range) and during a mean AE* value of
459 nT (AE* = 459 nT for all three microburst detections). The three microburst de-
tections occurred as SAMPEX was entering the radiation belt region with very clear
spikes in the >1 MeV electron fluxes at the times of the relativistic microburst de-
tections. Smaller spikes in the >1 MeV electron fluxes are evident during this mi-
croburst cluster, which may be signatures of smaller amplitude microbursts that are
not triggering the detection algorithm.

(a) (b)

Figure 8.5: The SAMPEX HILT >1 MeV electron flux (black) and microburst detections (red)

on (a) 11 August 2000, in the midnight MLT region, and (b) 14 October 2002, in the morning

MLT region.

8.3 Substantial Microburst Clusters

We also use the prctile function in MATLAB to aid in the definition of substantial mi-
croburst clusters. Contained in the 97th percentile of the microburst cluster dataset
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are microburst clusters composed of 50 individual microburst detections, defined
here as a substantial microburst cluster. Substantial microburst clusters are uncom-
mon, with only 20 such clusters present in our dataset. We have calculated the mean
MLT, L, and AE* value for each of the 20 substantial microburst clusters, as we did
for average sized microburst clusters. All 20 of our substantial microburst clusters
occurred during active AE* conditions (mean AE* > 300 nT). 70% of the substan-
tial microburst clusters occurred during intense AE* conditions (mean AE* > 550 nT)
and 40% occurred during extreme AE* conditions (mean AE* > 750 nT). These pro-
portions are much higher than either isolated microburst or average sized microburst
clusters, suggesting that larger microburst clusters (a higher number of microbursts
contained in the cluster) occur during higher geomagnetic activity.

The mean L (panel a) and mean MLT (panel b) distributions of substantial mi-
croburst clusters are presented in Figure 8.6. Figure 8.6a demonstrates that all sub-
stantial microburst clusters occurred in the L = 3.0 – 6.0 range. Figure 8.6b shows that
the substantial microburst clusters all occurred in the MLT range 21 – 13 MLT, while
no substantial microburst clusters occurred in the afternoon MLT region. Converse
to both isolated and average sized microburst clusters, substantial microburst clus-
ters occurred primarily (75% of substantial microburst clusters) in the morning MLT
region (03 – 13 MLT), while a small number of substantial microburst clusters (15%)
occurred in the midnight MLT region (21 – 01 MLT).

As for the previous SAMPEX flux case studies presented, we generate a random

(a) (b)

Figure 8.6: The (a) L and (b) MLT distribution of substantial relativistic microburst clusters

from 1996 – 2007.
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number in MATLAB to find a representative (and unbiased) substantial microburst
cluster case study. The 18th substantial microburst cluster (when substantial clusters
are ordered in time), presented in Figure 8.7, occurred on 16 January 2004. The sub-
stantial microburst cluster began at 17:12:55.6 UT and ended at 17:14:09.2 UT. The
mean MLT value during the substantial microburst cluster was 03:30 MLT (with a
range of 03:16 – 03:40 MLT), the mean L value was L = 4.84 (L = 4.25 – 5.65 range) and
the mean AE* value was 572.8 nT (554.25 – 586 nT range). The microburst detections
during the substantial microburst cluster occurred as SAMPEX was flying through
the middle of the radiation belt region, with clear >1 MeV electron flux spikes at the
time of the relativistic microburst detections. Due to the temporal scale of Figure 8.7,
some of the 50 microburst detections that compose this substantial microburst clus-
ter will be indistinguishable in this plot.

Figure 8.7: The SAMPEX HILT >1 MeV electron flux (black) and microburst detections (red)

on 16 January 2004.

8.4 Extreme Microburst Clusters

The largest relativistic microburst cluster contains 259 individual microburst detec-
tions. The next largest relativistic microburst clusters, of which there are two such
microburst clusters, contain 193 individual microburst detections. These three clus-
ters are defined here as extreme microburst clusters. We have calculated the mean
MLT, L, and AE* value for each of the three extreme microburst clusters, all of which
occurred during extreme AE* conditions (mean AE* > 750 nT). Two of the extreme
clusters occurred on 23 May 2007, while the third cluster occurred on 20 September
2003.

We first discuss the 20 September 2003 extreme microburst cluster, which consists
of 193 individual microburst detections. This extreme microburst cluster began at
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08:58:19.2 UT and ended at 08:59:53.2 UT, with the SAMPEX flux measurements dur-
ing this time presented in Figure 8.8. The mean L value of this extreme microburst
cluster was L = 5.05 (an L range of L = 4.32 – 6.17), a mean MLT value of 06:54 (06:01 –
07:26 MLT range), and a mean AE* value of 829.1 nT (823.8 – 832.1 nT range). The
September extreme microburst cluster occurred during very high AE* conditions
and covered 1.5 hours in MLT. The microburst detections during this extreme mi-
croburst cluster occurred as SAMPEX was entering the radiation belt region, with
clear >1 MeV electron flux spikes at the time of the relativistic microburst detections.

The remaining two extreme microburst clusters occurred on 23 May 2007. The
extreme event consisting of 193 individual microburst detections began at 11:04:19.6 UT
and ended at 11:08:14.7 UT. The extreme cluster consisting of 259 individual mi-
croburst detections began at 11:12:25.4 UT and ended at 11:16:23.1 UT. The mean
MLT value over both extreme microburst clusters was 07:43 MLT and the two clus-
ters lasted 6 hours in MLT. The mean L value over both extreme clusters was L = 5.26
and the two clusters spanned the L range from L = 3.92 – 6.42. The mean AE* value
over both clusters was extremely high (but not the maximum value observed for
any microburst, which is ⇠1800 nT) with a value of 933.6 nT (874.7 – 984.8 nT range).
Thus, extreme microburst clusters are associated with strong substorm activity.

Figure 8.8: The SAMPEX HILT >1 MeV electron flux (black) and microburst detections (red)

on 20 September 2003.

In Figure 8.9 we have presented the SAMPEX >1 MeV electron flux measure-
ments from 11:02:00 UT to 11:18:00 UT showing both of the extreme clusters that
occurred on 23 May 2007. Close inspection of Figure 8.9 shows that the HILT instru-
ment was suffering from saturation effects at the time of these relativistic microburst
clusters. We have not presented the individual microburst detections in Figure 8.9
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as it masks the saturation signal. The red line in Figure 8.9 at 7000 (MeV cm2 sr s)�1

is the estimated level of the instrument saturation.

Figure 8.9: The SAMPEX HILT >1 MeV electron flux (black) and saturation level (red) on

23 May 2007.
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Part III:

Properties of Relativistic
Microbursts
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9 | Relativistic Microburst Occurrence

We now statistically process our large dataset of relativistic microbursts to inves-
tigate their occurrence properties. We investigate where in both geographic and
L/MLT space these precipitation events occur. We also analyse the geomagnetic
conditions favourable to relativistic microburst precipitation and how the L/MLT
distribution changes with changing geomagnetic conditions.

For some of the following analysis we use microburst clusters in order to avoid
overlapping statistics and/or double counting. This will be clearly stated in the
relevant sections.

9.1 Geographic Distribution

We investigate the geographic distribution of relativistic microbursts by plotting
the subsatellite location of SAMPEX at the time of the microburst on a world map,
presented in Figure 9.1. We have binned the satellite location into 2� latitude by
2� longitude. Additionally, Aaron Hendry [personal communication, October, 2015]
provided us with data files of the radiation belt L shells (L = 2, 3, 4, 5, and 6) projected
down the fieldline to 100 km using the IGRF model, and four of these L shells (L = 3 –
6) are included in Figure 9.1 as white lines. The lines closest to the equator are
for L = 3, and increase in L up to L = 6 when moving closer to the poles. We have
corrected for the satellite sampling bias following Equation 7.3 and can therefore
discuss absolute occurrence rates.

The vast majority of relativistic microburst occurrence is contained within the
white lines of Figure 9.1 (i.e. are contained within L = 3 – 6), which corresponds to the
typical L range of the outer radiation belt. We observe that the frequency of relativis-
tic microburst occurrence is slightly higher in the NAR (North Atlantic Region), with
an average frequency of 3.0⇥10�3 microbursts/s (equivalent to one microburst ev-
ery 333 seconds), and to the west of the APR (Antarctic Peninsula Region), with the

97



Figure 9.1: A world map of the locations of relativistic microbursts identified between 1996

and 2007, using SAMPEX subsatellite location. The white lines identify the projection of

L = 3 – 6 onto the Earth and the colours indicate the frequency of microburst occurrence in

these regions.

same average frequency. Furthermore, the frequency of relativistic microburst oc-
currence is lower to the east of the APR, with an average frequency of 1.0⇥10�3 mi-
crobursts/s (equivalent to one microburst every 1000 seconds/17 minutes).

Recall from Figure 3 of Dietrich et al. [2010] (reproduced here as Figure 5.1), the
NAR corresponds to the region where SAMPEX HILT samples only the BLC. Addi-
tionally, east of the APR corresponds to the location where SAMPEX HILT samples a
combination of the BLC, DLC and trapped flux. Thus, we conclude these differences
in the frequency of relativistic microburst occurrence over the Earth are a result of
the different HILT pitch angle sampling and the emptying of the DLC into the APR.

9.2 L and MLT Distribution

We investigate histograms of the relativistic microburst frequency to describe the
distribution of microbursts over L and MLT. Both histograms presented in Figure 9.2
have been corrected for any potential satellite sampling bias following Equation 7.3.
In Figure 9.2a we have averaged over all MLT and in Figure 9.2b we have averaged
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over all L. We begin by considering the L distribution, as shown in Figure 9.2a.
We find that 99.76% of relativistic microbursts are contained within L = 3 – 8, cor-

responding to the expected location of the outer radiation belt. From Figure 9.2a it is
clear the peak relativistic microburst frequency occurs at L = 5, with 0.012 microbursts/s
(equivalent to one microburst every 83 seconds). Additionally, we note that the rela-
tivistic microburst frequency drops more rapidly as we move toward lower L (from
the peak value) compared with moving toward higher L. This L shell distribution
of relativistic microburst occurrence agrees with those published by Nakamura et al.
[2000] and O’Brien et al. [2003] based on shorter timescales of analysis (described
earlier in Chapter 4).

(a) (b)

Figure 9.2: The (a) L distribution and (b) MLT distribution of the relativistic microburst

frequency, corrected for satellite sampling bias.

The MLT distribution shown in Figure 9.2b indicates that relativistic microbursts
are much more frequent from 0 – 13 MLT, also known as the MLT morning side. The
peak frequency of relativistic microbursts occurs at 7 – 8 MLT, with 0.01 microbursts/s
(equivalent to one microburst every 100 seconds). The frequency of occurrence drops
more rapidly for later MLTs (from the peak MLT) when compared to earlier MLTs.
The minimum frequency of relativistic microbursts occurs at 15 MLT, with 6⇥10�4 mi-
crobursts/s (equivalent to one microburst every 28 minutes).

The MLT morning side peak in relativistic microburst occurrence has been well
established in the literature through the use of smaller relativistic microburst datasets
(see for example Nakamura et al. [2000], O’Brien et al. [2003], Blum et al. [2015], or refer
back to Chapter 4 for more details). However, from our large dataset of relativistic
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microbursts it is clear there is a small population of relativistic microbursts occur-
ring prior to midnight, which is not discussed in the current literature1. The pre-
midnight (20 – 24 MLT) relativistic microbursts occur with an average frequency of
3.0⇥10�3 microbursts/s (at 23 MLT). This is 1/3 of the peak frequency of relativistic
microbursts seen on the morning side.

(a) (b)

Figure 9.3: L and MLT distribution of relativistic microburst frequency corrected for satel-

lite sampling bias on a (a) linear and (b) log10 scale.

Additionally, we consider the L and MLT distribution together, as presented in
Figure 9.3 at a resolution2 of 0.5 L and 1 hour MLT. The colour bar in Figure 9.3 de-
scribes the frequency at which relativistic microbursts occur, corrected for any satel-
lite sampling bias following Equation 7.3. On a linear scale (Figure 9.3a) it is clear
that relativistic microbursts are much more frequent on the MLT morning side, from
0 – 13 MLT (following a counter-clockwise rotation3 in Figure 9.3a). This is in agree-
ment to the results found when averaging over L (as discussed above). However,
it is clear from both the linear (Figure 9.3a) and log scale (Figure 9.3b) that there is
evidence of relativistic microburst occurrence over all MLTs. The peak frequency of
relativistic microbursts occurs at L = 5 and 8 MLT, with 0.032 microbursts/s (equiva-
lent to one microburst every 31.3 seconds).

1With the exception of our addition to the relativistic microburst literature, Douma et al. [2017].
2Note all subsequent figures of this format will have the same spatial (L and MLT) resolution.
3The convention for discussing MLT ranges in figures of this format is to use a counter-clockwise

rotation, which corresponds to increasing MLT values. This counter-clockwise convention will be
used in the remainder of this thesis.
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9.3 Calculation of the Plasmapause Location

We also investigate how the occurrence of relativistic microbursts relates to the
plasmapause. We determine the plasmapause L shell location using the O’Brien and
Moldwin [2003] Kp, AE and Dst models for each relativistic microburst detected. All
three models have an error of ⇠1 L shell, as shown in Table 9.1.

The Kp model is as follows [O’Brien and Moldwin, 2003]:

L

pp

= �0.39[1� 0.34 cos(�� (33.2⇡/24))]max(�36,�2)Kp

+ 5.6[1 + 0.12 cos(�� (6⇡/24))],

(9.1)

where L

pp

is the L shell location of the plasmapause, max(�36,�2)Kp is the maximum
value of Kp taken from the previous 36 hours to the previous 2 hours, and � is given
by Equation 9.2. The MLT averaged error of the Kp model is 0.74 L, as shown in
Table 9.1 [O’Brien and Moldwin, 2003].

� = 2⇡(

MLT
24

) (9.2)

The AE model is as follows [O’Brien and Moldwin, 2003]:

L

pp

= �2.60[1� 0.30 cos(�� (33.6⇡/24))] log10(max(�36,0)AE)

+ 11.6[1 + 0.20 cos(�� (8⇡/24))],

(9.3)

where max(�36,0)AE is the maximum value of AE taken from the previous 36 hours
to the present hour. The MLT averaged error of the AE model is 0.72 L, as provided
in Table 9.1 [O’Brien and Moldwin, 2003].

The Dst model is as follows [O’Brien and Moldwin, 2003]:

L

pp

= �1.54[1� 0.04 cos(�� (41.2⇡/24))] log10 |min(�24,0)Dst|

+ 6.2[1 + 0.04 cos(�� (44⇡/24))],

(9.4)

where min(�24,0)Dst is the minimum value of Dst taken from the previous 24 hours
to the present hour. The MLT averaged error of the Dst model given in Table 9.1 is
0.73 L [O’Brien and Moldwin, 2003].
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(a) Kp model (b) AE model

(c) Dst model

Figure 9.4: Difference in L between the relativistic microbursts and the plasmapause from

the (a) Kp, (b) AE, and (c) Dst models. The red line indicates microbursts occurring at the

plasmapause.

With Equations 9.1, 9.3, and 9.4 we can calculate the L shell location of the
plasmapause based on the Kp, AE and Dst indices, respectively, at the time of the
relativistic microbursts. We are then able to investigate the difference in L between
the microbursts and plasmapause, presented here in Figure 9.4. A positive differ-
ence corresponds to relativistic microburst occurrence beyond the plasmapause. A
negative difference corresponds to microburst occurrence within the plasmasphere
and the red line indicates microbursts occurring at the plasmapause. Figure 9.4 has
been corrected for any satellite sampling bias following Equation 7.3. From all three
plasmapause models we can conclude that relativistic microbursts almost always
occur outside of the plasmasphere, i.e., beyond the plasmapause. Given the un-

102



certainty in the plasmapause location models, we suggest that it is most likely that
all microbursts occur outside the plasmapause. Again this conclusion agrees with
those from previous studies, which found that relativistic microbursts occurred pri-
marily outside the plasmapause [Lorentzen et al., 2001b; O’Brien et al., 2003; Johnston
and Anderson, 2010].

The three plasmapause models find slightly different rates and distances from
the plasmapause for the highest occurrence frequency of relativistic microbursts.
The Kp model finds the peak frequency of relativistic microbursts occurs at 1.5 –
1.75 L beyond the plasmapause, with 0.0127 microbursts/s (equivalent to one mi-
croburst every 78.7 seconds). The peak relativistic microburst frequency in the AE
model is 2 L beyond the plasmapause, with 0.0121 microbursts/s (equivalent to one
microburst every 82.6 seconds). Lastly, the peak relativistic microburst frequency in
the Dst model occurs at 1.75 L beyond the plasmapause, with 0.0136 microbursts/s
(equivalent to one microburst every 73.5 seconds). We note these values are very
similar, likely reflecting the comparatively small differences between the models.

Table 9.1: A reproduction of Table 3 in O’Brien and Moldwin [2003] showing the root mean

square errors associated with the plasmapause models.

Geomagnetic All MLT MLT Night MLT Dawn MLT Day MLT Dusk
index

Kp 0.74 L 0.76 L 0.69 L 0.57 L 0.88 L
AE 0.72 L 0.72 L 0.65 L 0.57 L 0.87 L
Dst 0.73 L 0.76 L 0.67 L 0.53 L 0.85 L

9.4 Solar Wind Dependence

Using relativistic microburst clusters (to avoid double counting of events), we can
also investigate the solar wind speed4 at the time of relativistic microbursts. In order
to conduct a superposed epoch analysis of the solar wind speed associated with
relativistic microbursts we consider relativistic microburst clusters as the epochs.
The superposed epoch analysis is presented in Figure 9.5, where the median solar

4The solar wind speed is obtained from the 1 min resolution OMNI dataset, which shifts the ob-
servations from 1 AU to the location of the Earth’s bowshock.
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Figure 9.5: The superposed epoch analysis of the solar wind speed associated with rel-

ativistic microburst clusters. The vertical dashed line denotes the start of the relativistic

microburst cluster. The black line denotes the median solar wind speed, the red lines denote

the 95% confidence interval (CI) on the median and the blue lines denote the interquartile

range (InterQ Range). The green line identifies the median solar wind speed for the random

epochs.

wind speed around the time of the relativistic microburst clusters is given by the
black line and the interquartile range is given by the blue line. The median solar
wind speed associated with random epochs is given by the green line and can be
used as a baseline value. We also calculate the 95% Confidence Interval5 (CI) on
the median solar wind speed around the time of the relativistic microburst clusters
(red line in Figure 9.5) using Equation 9.5. Note in Equation 9.5 � is the standard
deviation (in this case the standard deviation of the solar wind speed) and n is the
number of microburst clusters.

CI = 1.96 ⇤ �p
n

, (9.5)

The colour scheme used in Figure 9.5 will be used for all future figures present-
ing superposed epoch analyses. From Figure 9.5 it is clear that relativistic microburst
clusters are associated with periods of elevated solar wind speeds, as the median so-
lar wind speed of the microburst clusters is larger than the median solar wind speed
of the random epochs. The maximum median solar wind speed of ⇠513 km/s coin-
cides with the start of the relativistic microburst cluster. It takes 3.5 days for the solar

5The confidence interval is used in statistics to give an estimate of the error associated with the
calculation of an average value. Here the 95% confidence interval can be interpreted as values of the
average (taken from subsets of the data) that do not statistically significantly vary (at the 5% level)
from the true average of the data.
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wind speed to increase from ⇠446 km/s to the maximum value of ⇠513 km/s, which
is 0.5 days faster than the time it takes the solar wind value to return to ⇠446 km/s
after the relativistic microburst cluster.

9.5 Solar Cycle Dependence

Solar cycle 23, which began in 1996 and ended in late 2008, largely coincides with
our relativistic microburst dataset. Thus, we are able to investigate how the rela-
tivistic microburst occurrence is influenced by the solar cycle.

The Space Weather Prediction Center (SWPC, operated by NOAA) provides in-
formation on this recent solar cycle6. We have reproduced here the sunspot num-
ber (Figure 9.6a) and Ap number (Figure 9.6b) during solar cycle 23, obtained from
SWPC. In Figures 9.6a and 9.6b the black line corresponds to the raw monthly val-
ues, while the green line corresponds to the smoothed monthly values. The max-
imum sunspot number of solar cycle 23 occurred in July 2000. There was also a
weaker sunspot number maximum during solar cycle 23 in September 2001. The
peak Ap number occurred in November 2003 during solar cycle 23.

We have created a histogram (Figure 9.7) of the frequency of relativistic mi-

6The information about the current and recent solar cycles can be accessed at: http://www.
swpc.noaa.gov/products/solar-cycle-progression

(a) (b)

Figure 9.6: The monthly (a) sunspot number and (b) Ap value during solar cycle 23.

The black lines identify the raw monthly values, while green lines identify the smoothed

monthly values.
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crobursts every three months, spanning the entire dataset. We have corrected this
distribution for any satellite sampling bias following Equation 7.3. From Figure 9.7
we note a clear peak in microburst frequency occurring in 2003, with 2.9⇥10�3 mi-
crobursts/s (equivalent to one microburst every 345 seconds). This corresponds to
the declining phase of solar cycle 23, where there is a peak in the smoothed monthly
average Ap values.

Additionally, we note a peak in microburst frequency occurring from the end of
1999 to the start of 2000, with 1.6⇥10�3 microbursts/s (equivalent to one microburst
every 625 seconds), which occurs close to the peak sunspot number of this solar cy-
cle. The weaker maximum sunspot number in 2001 does not appear to correspond
to a peak in the relativistic microburst frequency. Furthermore, the peak in rela-
tivistic microburst frequency seen in 2006, with 1.8⇥10�3 microbursts/s (equivalent
to one microburst every 555 seconds), does not appear to correspond to any solar
activity peaks.

Figure 9.7: The three monthly distribution of microburst frequency from L = 3 – 8 and over

all MLT, displaying the solar cycle dependence.
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9.6 Russell-McPherron Effect

The Russell-McPherron effect, described in detail in Section 2.3.3, explains the semi-
annual variation in geomagnetic activity occurring during both active and quiet ge-
omagnetic conditions, due to the different coupling efficiency between the Earth’s
geomagnetic field and the solar wind. Recall that the maximum activity occurs near
the equinoxes, while the minimum activity occurs near the solstices [Russell and
McPherron, 1973].

Figure 9.8 presents the monthly distribution of relativistic microburst frequency
for a nominal year. The monthly distribution has been corrected for any satellite
sampling bias following Equation 7.3. From Figure 9.8 it is clear that the monthly
microburst occurrence from L = 3 – 8 and over all MLT has a bimodal structure. The
microburst occurrence frequency maxima occur in April and October (approximately
the equinoctial months), with 1.2⇥10�3 microbursts/s (one microburst every 14 min)
and 1.6⇥10�3 microbursts/s (one microburst every 10.8 min), respectively. The mi-
croburst frequency minima occur in June and December (approximately the solsti-
tial months), with 6⇥10�4 microburst/s (one microburst every 28 min). The asym-
metry 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].

Miyoshi and Kataoka [2008] have presented evidence of the spring-toward, fall-
away (STFA) rule in stream interaction regions, which further limits the coupling
efficiency between the Earth’s magnetic field and the solar wind during equinoctial
months. 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 NH spring (February, March,
April, May) or “away” (IMF azimuthal angle from the x axis ranges from 90� to
180�) during the NH autumn (August, September, October, November) [Miyoshi and
Kataoka, 2008]. Under these conditions there is an enhancement of the Southward
Geocentric Solar Magnetic (GSM) IMF B

z

component of the IMF such that the South-
ward GSM B

z

couples most efficiently to the Earth’s magnetosphere. Under the
opposite conditions (spring-away, fall-toward, SAFT) there is a suppression of the
Southward IMF GSM B

z

component reducing the efficiency of a Southward GSM
IMF B

z

coupling to the Earth’s magnetosphere [Miyoshi and Kataoka, 2008; Kellerman
et al., 2015].
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Figure 9.8: The monthly distribution of relativistic microburst frequency from L = 3 – 8 and

over all MLT, displaying the Russell-McPherron effect.

We investigate the STFA rule in the relativistic microburst frequency as further
evidence of the Russell-McPherron effect. Here we consider relativistic microburst
clusters to avoid overlapping statistics. Figure 9.9 presents the superposed epoch
analysis of the IMF B

z

, with the zero epoch corresponding to the start of the rel-
ativistic microburst cluster, denoted by a vertical dashed line. We have 4501 mi-
croburst clusters obeying7 the SAFT rule and 4728 microburst clusters obeying the
STFA rule. In Figure 9.9 we have used the same colour scheme as Figure 9.5.

Relativistic microburst clusters obeying the SAFT rule, presented in Figure 9.9a,
have a stronger south B

z

signature than those microburst clusters obeying the STFA
rule, presented in Figure 9.9b. This is most apparent at the start of the relativistic
microburst clusters (vertical line), where SAFT microbursts reach -2.52 nT on aver-
age, while STFA microbursts only reach -2.06 nT on average. This is consistent with
the Russell-McPherron effect as the IMF is offset northward during SAFT clusters,
requiring a larger Southward B

z

in order to overcome the Northward offset and al-
low efficient solar wind coupling to the magnetosphere. Thus, we conclude there is
strong evidence of the Russell-McPherron effect in the relativistic microburst occur-

7Here we define microbursts that occur in Northern Hemisphere spring or autumn months and
have the appropriate IMF azimuthal angles as ‘obeying’ the STFA or SAFT rules.
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(a) spring-away, fall-toward events.

(b) spring-toward, fall-away events.

Figure 9.9: The superposed epoch analysis of IMF B

z

for relativistic microburst clusters

obeying the (a) spring-away, fall-toward and (b) spring-toward, fall-away rule, following

the layout of Figure 9.5.

rence.

9.6.1 IMF dependence

Using all of the relativistic microburst clusters (no longer limiting to STFA or SAFT
clusters), we can further investigate the IMF polarity associated with relativistic mi-
crobursts. We conduct a superposed epoch analysis of the IMF B

z

component at the
time of the relativistic microburst clusters, presented in Figure 9.10.

From Figure 9.10 it is clear that the vast majority of relativistic microburst clus-
ters are associated with a negative IMF B

z

value. The B

z

value of the microburst
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clusters deviates from the baseline value (of 0 nT) 3 days prior to the start of the rel-
ativistic microburst cluster and remains negative for 3 – 4 days after the relativistic
microburst cluster. The median B

z

value minimises at -2.18 nT, 84 min prior to the
start of the relativistic microburst cluster.

Figure 9.10: The superposed epoch analysis of the IMF B

z

polarity at the time of the rela-

tivistic microburst clusters, following the layout of Figure 9.5.

9.7 Geomagnetic Activity

In the following sections we thoroughly investigate how the relativistic microburst
occurrence changes with geomagnetic activity. We consider a combination of the Kp,
AE, AE*, Ap and Dst indices to describe the level of geomagnetic activity. We begin
by considering how the frequency of relativistic microbursts changes, and correlates
with geomagnetic activity. We then consider how the L and MLT distributions of
relativistic microburst occurrence change with geomagnetic activity.

9.7.1 Microburst Frequency Over Geomagnetic Activity

We initially consider how the relativistic microburst occurrence is distributed over
the geomagnetic indices; Kp (Figure 9.11a), AE (Figure 9.11b), and Dst (Figure 9.11c).
The occurrence frequencies presented in Figure 9.11 have been corrected for any
SAMPEX sampling bias, following Equation 7.3. From Figure 9.11 it is clear that
the microbursts become more frequent as geomagnetic activity levels increase, as
described by either: Kp, AE or Dst.

Furthermore the relativistic microburst occurrence peaks at different frequen-
cies for each of the three geomagnetic indices. In the case of the Kp index, Fig-
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ure 9.11a, we find the peak relativistic microburst frequency occurs at a Kp of 5+,
with 8.7⇥10�3 microbursts/s (one microburst every 115 s). In comparison, the peak
microburst frequency occurs at a Dst value of -250 nT, with 0.135 microbursts/s (one
microburst every 7.4 s), and at an AE value of 2100 nT, with 0.0457 microbursts/s
(one microburst every 21.8 s).

The observation that the microbursts become more frequent with increasing geo-
magnetic activity is also in agreement with previous studies (using smaller datasets).
In particular, we have good agreement with O’Brien et al. [2003] who found a similar
relationship between relativistic microburst occurrence and Dst, based on observa-
tions from 1996 – 2001.

(a) (b)

(c)

Figure 9.11: Relativistic microburst frequency distribution over a range of (a) Kp, (b) AE,

and (c) Dst values.

Using the relativistic microburst clusters, we can further investigate the relation-
ship between the relativistic microbursts and the geomagnetic activity level. We
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conduct a superposed epoch analysis of the geomagnetic activity index8 (AE, and
Dst) at the time of the relativistic microburst events. Figure 9.12 presents these su-
perposed epoch results for the AE (Figure 9.12a) and Dst values (Figure 9.12b).

From Figure 9.12 it is clear that the relativistic microburst clusters are associated
with elevated geomagnetic activity. The maximum median AE value of 410 nT oc-
curs 15 min prior to the start time of the relativistic microburst cluster and remains
elevated above the baseline value (random epoch median AE) for the entire tempo-
ral range shown in Figure 9.12a (from 3 days prior to 5 days after the microburst
cluster epoch). In contrast, the minimum median Dst value of -26 nT occurs at the
same time as the start of the microburst cluster, and remains diminished below the
baseline value for the entire temporal range shown in Figure 9.12b. The median AE,

8Due to the quantised nature of the Kp index, it will not be analysed using the superposed epoch
method.

(a)

(b)

Figure 9.12: The superposed epoch analysis of the (a) AE value and (b) Dst value at the

time of the relativistic microburst clusters, following the layout of Figure 9.5.
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and Dst values of the relativistic microburst clusters reach the baseline value at ±10
days from the relativistic microburst cluster (not shown).

9.7.2 Correlation to Geomagnetic Activity Indices

From the previous section it is clear that the occurrence of relativistic microbursts
is dependent on the level of geomagnetic activity. Here we attempt to quantify this
relationship in terms of correlation coefficients.

We calculate both the mean and median Ap, AE, AE*9 and Dst indices for each
year in the analysis (1996 – 2007), ensuring we remove periods of SAMPEX spin,
SPEs, and the SAMA region from the calculation. We then compare the yearly aver-
age Ap, AE, AE*, and Dst indices to the number of microbursts detected each year
and calculate the Pearson correlation coefficients.

In Figure 9.13 we present the yearly median Ap, Dst, and AE* values (green line)
and the yearly number of microbursts detected (black line). We have included the
results from 1996 and 1997 in Figure 9.13, although there are very few relativistic
microburst detections during these years. This is due to SAMPEX orbiting in spin
mode (where the microburst detection algorithm does not work) for a large propor-
tion of 1996 and 1997. The small number of microbursts detected is not representa-
tive of the true microburst activity occurring in 1996 and 1997 and thus these years
have not been included in the calculation of the correlation coefficients.

Figure 9.13a demonstrates that the yearly number of microbursts detected strongly
correlates with the median yearly Ap value, with a linear correlation coefficient of
0.97. This is slightly higher than the correlation coefficient of 0.93 between the mean
yearly Ap value and the yearly number of microbursts (not shown). Figure 9.13b
demonstrates that the correlation between the median yearly Dst value and the
yearly number of microbursts is much weaker, with a linear correlation coefficient10

of -0.53. The correlation with the yearly mean Dst value is slightly weaker, with a
correlation coefficient of -0.52.

Figure 9.13c demonstrates that the yearly number of microbursts detected strongly
correlates with the median yearly AE* value, with a linear correlation coefficient of
0.936. This is approximately equivalent to the correlation coefficient of 0.935, be-
tween the yearly median AE value and the yearly number of microbursts. As such
we have not included the yearly median AE value in Figure 9.13. Again the correla-

9Recall that the AE* index is the mean of AE over the previous one hour.
10Note the Dst correlation is negative as Dst is a negative index (refer back to Section 2.4).
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tion between the yearly mean AE* (AE) value and the yearly number of microbursts
is weaker, with a correlation coefficient of 0.91 (0.91). All of the correlation coeffi-
cients discussed above are summarised in Table 9.2.

(a) Ap index (b) Dst index

(c) AE* index

Figure 9.13: The correlation between the number of microbursts detected each year (black)

and the median (a) Ap, (b) Dst, and (c) AE* values (green). The correlation coefficients are

0.97, -0.53, and 0.94, respectively.
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Table 9.2: Pearson correlation coefficients between the yearly number of microbursts and

the mean/median geomagnetic index.

Geomagnetic index Mean index Median index
Ap 0.93 0.97

AE (nT) 0.91 0.935
AE* (nT) 0.91 0.936
Dst (nT) -0.52 -0.53

9.7.3 Definitions of Geomagnetic Activity Levels

In the following sections we will consider how the properties of relativistic mi-
croburst occurrence change with the level of geomagnetic activity. We will only
consider the AE* and Kp indices as they have shown the strongest correlation to
the relativistic microburst occurrence. We investigate 5 different Kp activity levels,
provided in Table 9.3, and 5 different AE* activity levels, provided in Table 9.4.

We initially define the Kp intervals following the NOAA space weather scales11

for geomagnetic activity, presented in the first column of Table 9.3. However, subse-
quent analysis revealed little difference between minor storms and moderate storms.
In addition, there was little difference between strong storms and severe storms.
Thus for our analysis we have combined these categories (refer to the second col-
umn of Table 9.3). Furthermore, we have no microbursts detected during extreme
storms (Kp = 9).

We define our AE* intervals in Table 9.4, following Li et al. [2009] and to remain
consistent with the analysis in Chapter 6. As many other authors have used these
definitions of AE* to describe wave activity (e.g., Meredith et al. [2012] and Saikin
et al. [2015]), we will be able to compare our microburst distributions to wave distri-
butions in the literature with ease (refer to Chapter 13 for further discussion).

11The NOAA space weather scales are described by SWPC on http://www.swpc.noaa.gov/

noaa-scales-explanation.
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Table 9.3: Definitions of the Kp index intervals which define each geomagnetic activity

level.

Period NOAA scales Kp interval Microbursts
(number)

Quiet Kp 3 Kp 3 38,875
Disturbed 3<Kp< 5- 3 < Kp < 5- 80,037

Minor storm 5-Kp 5+ removed
Moderate storm 6-Kp 6+ 5-Kp 6+ 65,006

Strong storm 7-Kp 7+ removed
Severe storm 8-Kp 9- 7-Kp 9- 9,765

Extreme storm Kp = 9 Kp = 9 0

Table 9.4: Definitions of the AE* index intervals which define each geomagnetic activity

level.

Period AE* interval Microbursts
(nT) (number)

Quiet AE* 100 2,764
Disturbed 100 < AE* 300 21,044

Active AE* > 300 169,875
Intense AE* > 550 102,736
Extreme AE* > 750 49,604

9.7.4 Location Relative to the Plasmapause

In this section we investigate how the location of relativistic microbursts relative
to the plasmapause changes during varying geomagnetic activity levels. We will
consider the O’Brien and Moldwin [2003] Kp model (equation 9.1) and AE model
(equation 9.3) of the plasmapause location, and describe the geomagnetic activity
changes with the Kp and AE* intervals, respectively.

Using the O’Brien and Moldwin [2003] Kp model (equation 9.1) to calculate the
plasmapause location and the Kp index to define the level of geomagnetic activity,
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we find the peak microburst occurrence frequency is located at 1.5 – 1.75 L outside
the plasmapause for all four Kp ranges. This is the same result we found in Sec-
tion 9.3, and as such we have not presented these results here. From this lack of
variation we conclude that under the Kp definition of geomagnetic activity the mi-
croburst location relative to the plasmapause is constant.

In Figure 9.14 we present the microburst occurrence frequency for various dis-
tances from the plasmapause, using the O’Brien and Moldwin [2003] AE model (equa-
tion 9.3) to calculate the plasmapause location and the AE* index to define the level
of geomagnetic activity. Figure 9.14 follows the layout of Figure 9.4, with the red line
marking microbursts that occur at the plasmapause. In Figure 9.14 we have not in-
cluded the microburst location relative to the plasmapause for intense and extreme

(a) Quiet, AE* 100 nT. (b) Disturbed, 100 < AE* 300 nT.

(c) Active, AE* > 300 nT.

Figure 9.14: The L difference between the relativistic microburst location and the plasma-

pause using the AE model during (a) quiet, (b) disturbed, and (c) active AE* conditions,

following the layout of Figure 9.4.
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AE* conditions as they do not differ significantly from the active AE* conditions.
During quiet AE* conditions (Figure 9.14a), we find the peak microburst occur-

rence frequency of 3⇥10�4 microbursts/s (one microburst every 56.9 min) is located
2.25 L outside the plasmapause. During disturbed AE* conditions (Figure 9.14b) the
peak microburst occurrence frequency of 3.7⇥10�3 microbursts/s (one microburst
every 4.5 min) is located 2 L outside the plasmapause. Finally, during active AE*
conditions (Figure 9.14c) the peak microburst occurrence frequency of 0.0393 mi-
crobursts/s (one microburst every 25.4 s) is located 2 L outside the plasmapause.
Given the error in the plasmapause model (refer back to Section 9.3 for details), we
suggest that the location of the relativistic microbursts relative to the plasmapause
location remains constant under varying geomagnetic conditions, i.e., is indepen-
dent of the geomagnetic activity.

9.7.5 Individual L and MLT Distributions

Additionally we investigate how the L and MLT distribution of relativistic microburst
occurrence frequency changes with varying geomagnetic conditions. We begin by
considering the L and MLT distributions separately (this section), then we consider
the combined L and MLT distributions (following section). We use both the Kp and
AE* indices to describe the level of geomagnetic activity and compare the results
using the two different indices.

The L distribution of relativistic microburst frequency, averaged over all MLT,
is presented in Figure 9.15. Both panels of Figure 9.15 have been corrected for any
satellite sampling bias following Equation 7.3.

Under quiet Kp conditions, Kp 3 (the black line in Figure 9.15a), relativistic mi-
crobursts are infrequent across all L values, with a peak occurrence of 4.0⇥10�3 mi-
crobursts/s (one microburst every 250 s) at L = 5.5. Under disturbed Kp conditions,
3 < Kp < 5- (Figure 9.15a, blue line), relativistic microbursts become more frequent
over L = 3 – 8 (recall there is little microburst activity outside this L range) Addition-
ally, the peak occurrence of relativistic microbursts is located at a lower L (L = 5),
with a rate of 0.033 microbursts/s (one microburst every 30.3 s). Relativistic mi-
crobursts continue to become more frequent (in the L = 3 – 8 range) as the Kp activity
level increases with a peak occurrence rate of 0.068 microbursts/s (one microburst
every 14.7 s) at L = 5 during moderate Kp conditions, 5-Kp 6+ (Figure 9.15a,
green line). Severe Kp conditions, 7-Kp 9- (Figure 9.15a, red line), have the
highest microburst occurrence rates. Furthermore, the peak occurrence is located at
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the lowest L (L = 4), with a rate of 0.096 microbursts/s (one microburst every 10.4 s).

During quiet AE* conditions, AE* 100 nT (Figure 9.15b, black), relativistic mi-
crobursts are also infrequent across all L values, with a peak occurrence of 6⇥10�4 mi-
crobursts/s (one microburst every 30 min) at L = 6. This is a higher L value and
lower occurrence frequency than the peak occurrence during quiet Kp conditions.
Under disturbed AE* conditions, 100 < AE* 300 nT (Figure 9.15b, blue), relativistic
microbursts become slightly more frequent over L = 3.5 – 7.5. The peak occurrence
of relativistic microbursts is located at a lower L (L = 5.5), with a rate of 4.8⇥10�3 mi-
crobursts/s (one microburst every 210 s), similar to the quiet Kp conditions. Rel-
ativistic microbursts continue to become more frequent over the L = 3 – 8 range as
the AE* activity level increases. During active AE* conditions, AE* > 300 nT (Fig-
ure 9.15a, green), the peak occurrence rate of 0.0416 microbursts/s (one microburst
every 24 s) is located at L = 5. The peak occurrence rate during intense (AE* > 550 nT)
and extreme (AE* > 750 nT) AE* conditions is also located at L = 5. The peak occur-
rence rates during intense and extreme AE* conditions (Figure 9.15a, red and ma-
genta, respectively) are 0.0715 and 0.0932 microbursts/s (one microburst every 14
and 11 s, respectively). This is somewhat different to the Kp conditions where the
peak occurrence frequency of microbursts continued to move to lower L as the Kp
activity increased. This is likely due to the partial overlap in the higher AE ranges,
causing an overlap in the microburst dataset investigated.

The inward L movement of relativistic microburst occurrence with geomagnetic

(a) Kp intervals (b) AE* intervals

Figure 9.15: The L distribution of relativistic microburst frequency over the (a) Kp and (b)

AE* intervals. The order of the colours is black, blue, green, red, and finally magenta, with

the lowest activity described by black and the highest activity described by magenta.
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activity has been observed in previous studies [for example, Nakamura et al., 1995, 2000;
Lorentzen et al., 2001a; Johnston and Anderson, 2010; Blum et al., 2015]. However, as we
showed in Section 9.7.4 they remain at a constant relative location from the plasma-
pause. Therefore, we conclude that the relativistic microbursts are tracking the in-
ward movement of the plasmapause during enhanced geomagnetic activity. This
conclusion agrees with the results of Johnston and Anderson [2010], who found ev-
idence of microbursts tracking the inward movement of the plasmapause during
several case study storms.

The MLT distribution of relativistic microburst frequency, averaged over all L,
is presented in Figure 9.16. Both panels of Figure 9.16 have been corrected for any
satellite sampling bias following Equation 7.3.

During quiet Kp conditions, Kp 3 (Figure 9.16a, black), relativistic microburst
frequency has very little variation over MLT. The microbursts are infrequent, with
an occurrence rate of 2.2⇥10�3 microbursts/s (one microburst every 454.5 s). Under
disturbed Kp conditions, 3 < Kp < 5- (Figure 9.16a, blue), relativistic microbursts be-
come more frequent in the morning MLT region (00 – 14 MLT). The peak microburst
frequency occurs at 08:30 MLT, with a rate of 0.027 microbursts/s (one microburst
every 37 s). Relativistic microbursts continue to become more frequent in the morn-
ing MLT region as the Kp activity level increases. Additionally, we see an increase in
the frequency of premidnight MLT (20 – 24 MLT) microbursts as the Kp activity level
increases (although they remain less frequent than the morning MLT microbursts).
Under moderate Kp conditions, 5-Kp 6+ (Figure 9.16a, green), the peak fre-
quency of 0.067 microbursts/s (one microburst every 14.9 s) occurs at 07:30 MLT.
During severe Kp conditions, 7-Kp 9- (Figure 9.16a, red), the peak microburst
frequency is located at the earliest MLT (05:30 MLT), with a rate of 0.199 microbursts/s
(one microburst every 5 s).

During both quiet (AE* 100 nT) and disturbed (100 < AE* 300 nT) AE* condi-
tions (Figure 9.16b, black and blue, respectively), relativistic microburst frequency
has very little variation over MLT. Furthermore, the microbursts are infrequent, with
an occurrence rate of 3⇥10�5 (5⇥10�4) microbursts/s (one microburst every 8.8 h
(33 min)) for quiet (disturbed) AE* conditions. This is similar to quiet Kp conditions
although the occurrence frequencies are much lower. During active (AE* > 300 nT),
intense (AE* > 550 nT) and extreme (AE* > 750 nT) AE* conditions (Figure 9.16b, green,
red and magenta, respectively), relativistic microbursts become significantly more
frequent in the morning MLT region and somewhat more frequent in the premid-
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(a) Kp intervals (b) AE* intervals

Figure 9.16: Similar to Figure 9.15 but for the MLT distribution of relativistic microburst

frequency.

night MLT region, as observed during disturbed to severe Kp conditions. The peak
microburst frequency during active AE* conditions occurs at 08 MLT with 8.8⇥10�3 mi-
crobursts/s (one microburst every 114 s). The peak microburst frequency during
intense (extreme) AE* conditions also occurs at 08 (08) MLT with 0.0187 (0.024) mi-
crobursts/s (one microburst every 53 (42) s).

For both the AE* intervals and the Kp intervals of geomagnetic activity we ob-
serve very little relativistic microburst activity in the afternoon MLT region, from
15 – 20 MLT. In this MLT region the relativistic microburst occurrence rate is ⇠4.5⇥10�3

microbursts/s (one microburst every 222 s), for all geomagnetic activity levels with
the exception of quiet and disturbed AE* conditions.

9.7.6 Combined L and MLT Distributions

Lastly we consider the changes in the combined L and MLT distribution of rela-
tivistic microburst frequency, over varying geomagnetic activity levels. We have
used both the Kp and AE* index to describe the level of geomagnetic activity (as
above). All of the Figures presented here have a resolution of 0.5 L and 1 hour MLT,
and have been corrected for any satellite sampling bias following Equation 7.3. The
colourbar describes the absolute frequency at which the relativistic microbursts oc-
cur (on a linear or log scale). In addition, all ranges in MLT are described using a
counter-clockwise rotation.

Figure 9.17 presents the L and MLT distribution of the relativistic microbursts
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(a) Kp 3 (b) Kp 3

(c) AE* 100 nT (d) AE* 100 nT

Figure 9.17: L and MLT distribution of relativistic microburst frequency over quiet geomag-

netic conditions. Panels (a) and (b) are during Kp 3 while panels (c) and (d) correspond

to AE* 100 nT. Panels (a) and (c) are on a linear scale while panels (b) and (d) are on a log

scale.

during quiet geomagnetic conditions. Figures 9.17a (linear scale) and 9.17b (log
scale) correspond to quiet Kp conditions (Kp 3), while Figures 9.17c (linear scale)
and 9.17d (log scale) correspond to quiet AE* conditions (AE* 100 nT).

It is clear from the linear scale (Figures 9.17a and 9.17c) that relativistic mi-
crobursts are infrequent during quiet geomagnetic conditions as described by AE*
or Kp. However, on a log scale (Figures 9.17b and 9.17d) the distributions over L
and MLT are different between the Kp and AE* indices. During quiet Kp conditions
(Figure 9.17b) we note that microbursts are more frequent in the morning MLT re-
gion, with the peak microburst frequency of 9.3⇥10�3 microbursts/s at L = 5.5 and
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09 MLT. In contrast, during quiet AE* conditions (Figure 9.17d) we observe a bi-
modal structure in the microburst occurrence. The largest peak in the microburst
frequency (>6⇥10�4 microbursts/s) occurs in the premidnight region, extending
from 21 – 00 MLT and L = 5.0 – 6.5. A smaller microburst frequency peak in the same
L range occurs in the noon MLT region, extending from 08 – 12 MLT, with 4⇥10�4 –
9⇥10�4 microbursts/s. These peaks are a factor of ⇠2 – 4 larger than the frequency
midway between these peaks (at L = 4.5 – 6.0 and 04 – 05 MLT). This difference in the
L and MLT distributions of relativistic microburst occurrence during quiet Kp and
AE* geomagnetic conditions may be due to the much lower number of microbursts
contained in the quiet AE* interval (a factor of 14 lower) when compared to the quiet
Kp interval.

The relativistic microburst activity observed in the premidnight region during
the quiet AE* interval has been previously reported by Lorentzen et al. [2001b] (dur-
ing low Kp values) and by O’Brien et al. [2003] (during weak Dst activity). However,
as we stated earlier in Section 7.1, the O’Brien et al. [2003] algorithm does not per-
form well in low radiation belt fluxes. It is likely that under quiet AE* conditions we
have low radiation belt fluxes. Therefore, the distribution described above may not
be representative of the true relativistic microburst activity occurring during quiet
geomagnetic conditions. It is possible the distribution described in this AE* interval
is due to the poor triggering rate (i.e., missing microburst detections due to their
low amplitude signature) of the algorithm under these conditions. Thus we will not
make any firm conclusions about the relativistic microburst occurrence frequency
during quiet geomagnetic conditions.

Continuing with the AE* intervals, Figure 9.18 presents the L and MLT dis-
tribution of the relativistic microbursts during disturbed (100 < AE* 300 nT, Fig-
ures 9.18a and 9.18b), and active (AE* > 300 nT, Figures 9.18c and 9.18d) geomagnetic
conditions on both linear (Figures 9.18a and 9.18c) and log (Figures 9.18b and 9.18d)
scales.

During disturbed AE* conditions, on a log scale (Figure 9.18b), we identify rem-
nants of the bimodal structure observed during quiet AE* conditions. The mi-
croburst frequency peak in the premidnight MLT region occurs at roughly the same
location as quiet AE* conditions, at 21 – 01 MLT and L = 5 – 6, with 0.0018 – 0.0056 mi-
crobursts/s. The frequency peak in the noon MLT region has shifted to an earlier
MLT region when compared to the quiet AE* conditions. It is now located at L = 5 –
6 and 07 – 12 MLT, with 0.0053 – 0.0102 microbursts/s. The microburst frequency at
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(a) 100 < AE* 300 nT (b) 100 < AE* 300 nT

(c) AE* > 300 nT (d) AE* > 300 nT

Figure 9.18: L and MLT distribution of relativistic microburst frequency during (a – b) dis-

turbed, 100 < AE* 300 nT and (c – d) active, AE* > 300 nT. Panels (a) and (c) are on a linear

scale while panels (b) and (d) are on a log scale.

L = 5 and 03 MLT, midway between the two peaks, is 3.3⇥10�3 microbursts/s, a fac-
tor of 1.6 – 3 lower than the peak frequencies. This bimodal structure is much weaker
than during quiet AE* conditions, where the peaks were a factor of 2 – 4 higher than
midway between them. During active AE* conditions, on a log scale (Figure 9.18d),
we observe a single peak in the occurrence frequency, extending from L = 4.0 – 6.5
and 03 – 12 MLT with 0.0014 – 0.116 microbursts/s. This is a larger region than that
observed during disturbed AE* conditions, with peak frequencies a factor of ⇠10
larger than disturbed AE* conditions.

The L and MLT distributions of the highest AE* intervals are presented in Fig-
ure 9.19, where Figures 9.19a and 9.19b correspond to intense AE* conditions (AE* > 550 nT)
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and Figures 9.19c and 9.19d correspond to extreme AE* conditions (AE* > 750 nT).
As in Figure 9.18, the left hand panels of Figure 9.19 are presented on a linear scale,
while the right hand panels are presented on a log scale.

During both intense and extreme AE* conditions, the region of enhanced mi-
croburst occurrence is greater than those discussed above, spanning a wider L and
MLT range. The enhanced microburst occurrence region extends from 01 – 12 MLT
and from L = 3.5 – 6.0, for the higher AE* conditions. The peak relativistic microburst
frequency during intense AE* conditions is 0.2157 microbursts/s, a factor of ⇠2
higher than the peak microburst frequency during active AE* conditions. During
extreme AE* conditions, the peak microburst frequency is 0.3029 microbursts/s, a
factor of ⇠3 higher than the peak frequency during active AE* conditions and a
factor of ⇠1.5 higher than the peak frequency during intense AE* conditions.

Returning to the Kp intervals, presented in Figure 9.20, we observe very similar
distributions. The relativistic microbursts are more frequent in the morning MLT
region, extending their MLT range as geomagnetic activity increases.
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(a) AE* > 550 nT (b) AE* > 550 nT

(c) AE* > 750 nT (d) AE* > 750 nT

Figure 9.19: L and MLT distribution of relativistic microburst frequency during (a – b) in-

tense, AE* > 550 nT and (c – d) extreme, AE* > 750 nT. Panels (a) and (c) are on a linear scale

while panels (b) and (d) are on a log scale.
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(a) 3 < Kp < 5- (b) 3 < Kp < 5-

(c) 5-Kp 6+ (d) 5-Kp 6+

(e) 7-Kp 9- (f) 7-Kp 9-

Figure 9.20: L and MLT distribution of relativistic microburst frequency during (a – b)

3 < Kp < 5- (disturbed) and (c – d) 5-Kp 6+ (moderate) and (e – f) 7-Kp 9- (severe).

Panels (a), (c) and (e) are on a linear scale while panels (b), (d) and (f) are on a log scale.
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10 | Relativistic Microburst Flux Mag-
nitude

From the microburst detection algorithm (Section 7.1) we also have information on
the flux magnitude of the relativistic microbursts. In this chapter we will statistically
process our large dataset of relativistic microbursts in order to describe their flux
magnitude properties.

Recall that Blum et al. [2015] have investigated the relativistic microburst am-
plitudes during high speed stream driven storms. They found that the microburst
magnitudes varied over all MLT values in the L range L = 4 – 6. Blum et al. [2015]
also discovered that the microburst magnitudes did not significantly vary with high
speed stream driven storm phases. In fact the microburst magnitudes remained
approximately constant at 103 (MeV cm2 sr s)�1.

In this chapter we initially address the issue of contamination in the SAMPEX
HILT instrument. This contamination will limit our soon to be discussed microburst
flux magnitude analysis to those microbursts occurring in the North Atlantic Region
(NAR). We then investigate the mean/median flux magnitude of the microbursts
following the layout of the previous chapter. The mean/median microburst flux
magnitude is only calculated for regions (e.g., L bins, MLT bins or temporal peri-
ods, etc.) where �5 microbursts are present to ensure our results are statistically
representative. We conclude this chapter with an investigation of the effect of the
SAMPEX HILT instrument saturation. To the best of our knowledge, this is the first
time microburst flux magnitudes have been analysed in this way.

10.1 Trapped and DLC Flux Contamination

We have implemented the microburst detection algorithm with the assumption that
removing the background flux envelope (A500) allows SAMPEX to measure only
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precipitating electrons. Before we investigate the flux magnitude of the relativistic
microbursts we need to test the validity of this assumption.

Figure 5.1 in Section 5.1.3 shows the pitch angle sampling of the HILT instru-
ment. SAMPEX HILT samples the BLC in the NAR, a combination of the trapped,
DLC and BLC fluxes in the Antarctic Peninsula Region (APR) and a combination of
DLC and BLC fluxes in all other regions [Dietrich et al., 2010]. To test the influence of
any trapped flux contamination, we compare the microburst flux magnitude in the
NAR and APR. If our assumption is false and the trapped fluxes are contaminating
the microburst flux magnitude, we expect consistently higher flux magnitudes in
the APR than in the NAR. To test the influence of any DLC contamination, we com-
pare the microburst flux magnitude in the NAR, to the east of the NAR (ENAR), and
to the west of the NAR (WNAR). If our assumption is false, the contamination by

(a) NAR (b) APR

(c) ENAR (d) WNAR

Figure 10.1: Map of the (a) North Atlantic Region (shaded area), (b) Antarctic Peninsula

Region, (c) East of the North Atlantic Region and (d) West of the North Atlantic Region.
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DLC fluxes will result in consistently higher flux magnitudes in the ENAR than the
NAR, and flux magnitudes in the ENAR will in turn be consistently lower than in
the WNAR.

We have defined the NAR as ranging from 30� – 65�N in latitude and 278� – 36�E
in longitude, presented in Figure 10.1a. The upper latitude limit increases with in-
creasing Eastward longitude in the range 278� – 305�E (55� – 82�W), from 306� – 36� E
the upper latitude limit remains constant at 65�N. This is shown by the highlighted
region in Figure 10.1a, which matches the region outlined in Figure 3 of Dietrich et al.
[2010]. We have defined the APR as ranging from 30� – 90� S in latitude and 278� –
36�E in longitude, presented in Figure 10.1b. We have defined the ENAR as ranging
from 30� – 75�N in latitude and 55� – 180�E in longitude, presented in Figure 10.1c.
We have defined the WNAR as ranging from 30� – 75�N in latitude and 180� – 275�E
in longitude, presented in Figure 10.1d. Note we have extended the upper latitude
range of the ENAR and WNAR to 75�N to follow the projection of the radiation
belts onto the Earth, which ensures we have microbursts present in all regions (Re-
call Figure 9.1 showed the higher latitude range of microburst locations in ENAR
and WNAR).

First, we investigate the statistics over all L and MLT of the four regions, pre-
sented in Table 10.1. We have calculated the 95% Confidence Interval (CI) on the
mean flux magnitudes following Equation 9.5. From the CIs presented in Table 10.1
we note that there is a small error on the mean flux magnitude, resulting from little
variation (and a large sample size) in the microburst flux magnitude data. There is
not a statistically significant difference between the minimum (and maximum) mi-
croburst flux magnitudes detected in each region. The NAR has a ⇠5% higher mean
flux magnitude than the ENAR and WNAR, but this value is within the 95% CI of

Table 10.1: Statistics of the relativistic microburst flux magnitude, with units of
(MeV cm2 sr s)�1, in the NAR, APR, ENAR and WNAR.

Statistic NAR APR ENAR WNAR
Mean 1,320 1,300 1,260 1,240

95% CI [1,300 , 1,340] [1,280 , 1,310] [1,240 , 1,270] [1,230 , 1,260]
Median 767 864 825 811

Max 7332 7332 7323 7336
Min 33 32 38 36
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(a) (b)

Figure 10.2: The relativistic microburst mean flux magnitude over 0.25 L bands for the (a)

NAR (blue) and APR (red), and (b) ENAR (blue), NAR (red) and WNAR (black). The error

bars represent the 95% confidence interval of the mean.

the APR. However, the NAR has the lowest median flux magnitude. The highest
median flux magnitudes occur in the APR.

Second, we investigate the mean microburst flux magnitudes in 0.25 L bands for
each of the four regions, presented in Figure 10.2. Figure 10.2a shows the APR (red)
and NAR (blue), while Figure 10.2b shows the ENAR (red), WNAR (black) and NAR
(blue). We begin by comparing the microburst mean flux magnitude over various
L values in the APR and NAR. This will show whether contamination from the
trapped population in the APR is increasing the microburst flux magnitudes.

From Figure 10.2a we can see that the mean microburst flux magnitudes in the
APR are slightly higher than those in the NAR for low and high L values (L < 4 and
L > 7.5). For the majority of the remaining L values the mean flux magnitudes of the
microbursts are within the 95% CI for the two regions. Thus, in the L region where
most of the microbursts occur1 there is very little difference in the mean microburst
flux magnitudes and hence we conclude that there is very little contamination from
the trapped population in the calculated microburst flux magnitudes.

We now compare the microburst mean flux magnitude over various L values
in the NAR, ENAR and WNAR. This will show whether the contamination from
the DLC population is increasing the microburst flux magnitudes in the ENAR and
WNAR. In Figure 10.2b we observe the expected result from DLC contamination to

1This was discussed earlier in Section 9.2. It was found that only 0.24% of the relativistic mi-
croburst dataset occurred outside of L = 3 – 8.
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the mean flux magnitudes at low and high L. When L 4, the mean microburst flux
magnitude is lowest in the NAR, and highest in the WNAR (although within the
95% CI of the ENAR). When L� 7.5, the WNAR has the highest mean flux magni-
tudes, while ENAR and NAR are within the 95% CI of each other. However, when
L = 5 – 6.5, we note that the NAR has the highest mean microburst flux magnitudes,
while ENAR and WNAR are lower but within the 95% CI of each other. Thus, in
this L range (L = 5 – 6.5) it appears the background removal is also removing some
of the ‘true’ microburst flux magnitude in the ENAR and WNAR.

We have decided to be cautious in the following analysis on the microburst flux
magnitudes. Because of this, we will only consider those microbursts occurring in
the NAR, such that we are only analysing the ‘true’ flux magnitude2. With this
limitation we can be reasonably certain that there is no DLC or trapped flux con-
tamination in the microburst flux magnitudes. This leaves us with 21,746 relativistic
microbursts, which is 11.2% of our total microburst dataset.

10.2 Flux Magnitude Distribution

We first investigate the distribution of relativistic microburst flux magnitudes. Fig-
ure 10.3a presents a histogram of the flux magnitudes measured in the NAR. There
is a large number of microbursts (5.2% of the NAR subset) with relatively low flux
magnitudes, below 100 (MeV cm2 sr s)�1. There are much fewer microbursts with
high measured flux magnitudes, with only 17 NAR microbursts (0.08% of the NAR
subset) with flux magnitudes above 7,000 (MeV cm2 sr s)�1. The mean flux magni-
tude of the entire NAR microburst subset is 1,321± 19 (MeV cm2 sr s)�1 while the
median flux magnitude is 767 (MeV cm2 sr s)�1, similar to the magnitude values ob-
served by Blum et al. [2015].

In order to describe the microburst flux magnitude distribution we have fit the
data with three different models; an exponential, a power law, and a modified power
law. We use the r2 value and the fit to the distribution on a log10 scale to evaluate
the best fit to the flux magnitude distribution.

The exponential fit is given by Equation 10.1, where A is the amplitude parame-
ter, b is the decay parameter and c is the phase shift parameter. The best fit to the flux
magnitude data with the exponential model is achieved when A= 1994, b= 0.0012

(MeV cm2 sr s), and c= 176 (MeV cm2 sr s)�1, such that f(x)= 1994e

�0.0012(x�176). The

2SAMPEX is only sampling the BLC in this region [Dietrich et al., 2010].
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(a) (b)

Figure 10.3: The flux magnitude distribution of the NAR microbursts on a (a) linear and (b)

log10 scale with exponential (red), power law (green) and modified power law (cyan) curve

fits.

r2 associated with this exponential fit is 0.97, suggesting the exponential model is
a good representation of the data. However, when we consider the log10 scale
presented in Figure 10.3b, we note that the exponential model closely follows the
low flux magnitude microbursts and underestimates the high flux magnitude mi-
crobursts.

f(x) = Ae

�b(x�c)
, (10.1)

f(x) = ax

�k

, (10.2)

Equation 10.2 describes the power law fit, where a is the amplitude parame-
ter and k is the decay parameter. The best fit to the flux magnitude data with the
power law model is achieved when a= 2.2e

5 (MeV cm2 sr s), and k = 0.88, such that
f(x)= 2.2e

5
x

�0.88, with an associated r2 of 0.94. This suggests the power law model
is also a good representation of the flux magnitude distribution, though not as good
as the exponential model. When we consider Figure 10.3b, we note that the power
law model closely follows the low flux magnitude microbursts in agreement with
the exponential model. However, where the exponential model underestimated the
high flux magnitude microbursts, the power law model overestimates the high flux
magnitude microbursts.
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f(x) = 10

Ex�d

, (10.3)

The modified power law fit is given by Equation 10.3, where E is the amplitude
parameter and d is the phase shift parameter. The best fit to the flux magnitude data
with the modified power law model is achieved when E = 0.0003 (MeV cm2 sr s),
and d= 3.1, such that f(x)= 10

0.0003x�3.1. The r2 value associated with the modi-
fied power law fit is 0.89, the lowest of the three models. When we consider Fig-
ure 10.3b, we note that the modified power law model best represents the high flux
magnitude microbursts. However, when we consider Figure 10.3a we note that the
modified power law poorly represents the low flux magnitude microbursts with a
combination of underestimation and overestimation of the flux magnitude of the
microbursts.

We conclude that the flux magnitude distribution of relativistic microbursts in
the NAR follows a combination of the exponential and power law models, through
either multiplication or addition.

10.3 L and MLT Distribution

We next investigate the L and MLT distribution of the NAR microburst flux magni-
tudes. We initially consider the L and MLT distributions individually, presented in
Figure 10.4. Later, we will investigate the combined L and MLT distribution.

The L distribution of the mean NAR microburst flux magnitude is presented in
Figure 10.4a. The mean flux magnitude increases as L decreases from L = 8, reaching
a peak of 1,554 (MeV cm2 sr s)�1 at L = 4.5, and decreases for lower L values. The
mean flux magnitude at the extremities of the distribution (i.e., at L = 3 and L = 8) are
the lowest and within error of each other. There is a much larger absolute gradient
in mean flux magnitude from L of 3 – 4.5 than the absolute gradient in mean flux
magnitude from L of 4.5 – 8.

The MLT distribution of the mean NAR microburst flux magnitude is presented
in Figure 10.4b. The mean flux magnitude has a lot of variation over MLT with peaks
of ⇠1600 (MeV cm2 sr s)�1 at 00:30, 03:00, 05:30, 14:30, 17:00, and 21:30 MLT. The
minimum mean flux magnitude occurs at 07:00, 14:00, and 18:30 MLT with values of
725 (MeV cm2 sr s)�1, 690 (MeV cm2 sr s)�1, and 728 (MeV cm2 sr s)�1, respectively.

The combined L and MLT distributions are presented in Figure 10.5. We have
0.5 L and 1 MLT resolution in this figure as in the previous figures of this type. We
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(a) (b)

Figure 10.4: The (a) L and (b) MLT distribution of the mean flux magnitudes of NAR mi-

crobursts with 95% CIs on the means.

have presented both the mean (Figure 10.5a) and median (Figure 10.5b) flux magni-
tudes. The mean microburst flux magnitudes are higher than the median microburst
flux magnitudes for each L and MLT grid box, respectively. Both Figures show that
the average flux magnitude of NAR microbursts increases with decreasing L, with
the most pronounced effect at 10 MLT. The median flux magnitude is low for the
entire L range at 6 MLT and high for the entire L range at 21, 23 and 00 MLT. A sim-
ilar pattern is seen in the mean flux magnitudes, with the mean flux magnitudes
peaking in the premidnight region (20 – 24 MLT).

(a) (b)

Figure 10.5: The L and MLT distribution of the (a) mean and (b) median flux magnitude of

NAR microbursts.
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10.4 Plasmapause Location

Another important relationship to investigate is between the NAR microburst flux
magnitude and the plasmapause location. As in Section 9.3, we use the O’Brien and
Moldwin [2003] Kp, Dst and AE models to calculate the plasmapause location. Refer
back to Section 9.3 for the exact equations.

In Figure 10.6 we present the mean NAR microburst flux magnitude (blue) in
0.25 L bands relative to the plasmapause location (red), using each of the three mod-
els. We have calculated the mean flux magnitude for both L bands inside (negative
distance from the plasmapause) and outside (positive distance from the plasma-
pause) the plasmasphere. For each mean flux magnitude presented we have also cal-
culated the 95% CI of the mean, following Equation 9.5. Additionally we have cal-
culated the mean microburst flux magnitude over all L distances from the plasma-
pause, presented in Figure 10.6 as a dashed black line.

It is clear from all three models that the flux magnitude of NAR microbursts
increases by a factor of 2 as we approach the plasmapause from outside the plasma-
sphere. As we move inside the plasmasphere, we note some L bands have higher
mean flux magnitudes, however, the error on the mean (95% CI) increases dramat-
ically at these L bands (due to smaller sample sizes). Thus we are not able to draw
any conclusions about the mean NAR microburst flux magnitude inside the plas-
masphere. Given the uncertainty in the plasmapause model (⇠1 L) and the 95% CI
of the mean flux magnitude, we suggest that the three plasmapause models observe
similar distributions of relativistic microburst mean flux magnitude in the NAR.
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(a) Kp model (b) Dst model

(c) AE model

Figure 10.6: The NAR microburst mean flux magnitude and 95% CI of the mean at L bands

relative to the location of the plasmapause using the (a) Kp model, (b) Dst model, and (c) AE

model. The red line indicates the plasmapause location, while the dashed black line shows

the mean flux magnitude over all L bands.

10.5 Solar Cycle Dependence

We previously found in Section 9.5 that the occurrence of relativistic microbursts
was related to the solar cycle, with microbursts becoming more frequent during the
declining phase of the solar cycle. We, therefore, will also investigate the relation-
ship between the mean NAR microburst flux magnitude and the solar cycle.

We have calculated the three monthly mean flux magnitude of NAR microbursts
and the associated 95% CI of the mean, presented in Figure 10.7. There is only a
factor of 4 variation in the mean microburst flux magnitude over the entire tempo-

138



Figure 10.7: The three monthly mean flux magnitude and 95% CI of the mean of NAR

relativistic microbursts demonstrating the solar cycle dependence.

ral period. Unlike the microburst occurrence, there is no maximum in the NAR mi-
croburst mean flux magnitude in 2003, associated with the maximum in the smoothed
average Ap values (shown earlier in Section 9.5). We do have maxima in the mean
flux magnitude of NAR microbursts in late 2005 and late 2006, which is not related
to any solar cycle activity. Furthermore, we observe large minima in the mean flux
magnitude of NAR microbursts in late 1997, the beginning of 1998, and weaker
minima in mid 1999, and mid 2005. Again these minima are not associated with any
changes in the solar cycle.

Thus we conclude that the mean flux magnitude of NAR microbursts is not sig-
nificantly related to the changes in the solar cycle.

10.6 Russell-McPherron Effect

We also previously showed (Section 9.6) that the Russell-McPherron effect is evident
in the relativistic microburst occurrence. We now investigate whether the Russell-
McPherron effect is evident in the NAR microburst mean flux magnitude. We cal-
culate the mean flux magnitude and 95% CI for each month of the year, presented
in Figure 10.8. The dashed black line in this Figure (at 1,303 (MeV cm2 sr s)�1) repre-
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Figure 10.8: The monthly mean flux magnitude and 95% CI of the mean of NAR relativistic

microbursts to demonstrate the Russell-McPherron effect. The dashed black line indicates

the mean flux magnitude over all months.

sents the mean microburst flux magnitude over all months considered.

We observe maxima in the NAR microburst mean flux magnitude in July and
October (⇠170 (MeV cm2 sr s)�1 higher than the mean flux magnitude over the en-
tire year). Minima in the mean microburst flux magnitude occur in December and
January (120 – 160 (MeV cm2 sr s)�1 lower than the mean flux magnitude over the en-
tire year). The minima approximately correspond to the solistitial months, when the
coupling between Earth’s geomagnetic field and the solar wind is inefficient [Russell
and McPherron, 1973]. However, only one of the maxima (the October maximum)
in the mean microburst flux magnitude corresponds to an approximately equinoc-
tial month, when there is efficient coupling between the Earth’s magnetic field and
the solar wind [Russell and McPherron, 1973]. The maximum mean flux magnitude
occurring in July corresponds to an approximately solistitial month.

Thus we conclude that there is weak evidence of the Russell-McPherron effect in
the mean flux magnitude of NAR relativistic microbursts.
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10.7 Geomagnetic Activity

We will use the same definition of geomagnetic activity as that used in the previous
chapter, using both the Kp and AE* indices. Refer back to Tables 9.3 and 9.4 for an
overview of the activity levels.

10.7.1 Flux Magnitude over Geomagnetic Activity

We first investigate how the mean microburst flux magnitude varies with geomag-
netic activity. Figure 10.9 presents the mean NAR microburst flux magnitude for
the various Kp (Figure 10.9a) and AE* (Figure 10.9b) activity levels. The mean flux
magnitude is within the 95% CI for moderate and severe Kp intervals. The mean
flux magnitude is also within the 95% CI for quiet and disturbed AE* intervals. This
indicates that the difference in the mean flux magnitude for these geomagnetic con-
ditions are not statistically significant.

However, from both figures it is clear that the mean flux magnitude increases
as the geomagnetic activity level increases. Using the Kp index, we find the lowest
mean flux magnitude occurs at Kp 3 (quiet conditions) with 895± 33 (MeV cm2 sr s)�1,
while the highest mean flux magnitude occurs at 7-Kp 9- (severe conditions)
with 1688± 102 (MeV cm2 sr s)�1. Using the AE* index, we find the lowest mean
flux magnitude occurs at 100 < AE* 300 nT (disturbed conditions) with 957± 46
(MeV cm2 sr s)�1, while the highest mean flux magnitude occurs at AE* > 750 nT (ex-
treme conditions) with 1637± 45 (MeV cm2 sr s)�1.

(a) (b)

Figure 10.9: The mean flux magnitude and 95% CI of the mean of NAR microbursts for the

(a) Kp and (b) AE* activity levels.
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10.7.2 Correlation to Geomagnetic Activity Indices

We have shown above that the NAR relativistic microburst mean flux magnitude in-
creases with increasing geomagnetic activity. However, the typical variation (roughly
a factor of 2) is quite small. Here we will attempt to quantify this relationship by
calculating the correlation coefficients between the mean flux magnitude and the
mean/median geomagnetic activity indices.

As in Section 9.7.2, we calculate both the mean and median Ap, AE, AE* and Dst
indices for each year in the analysis (1996 – 2007), ensuring we remove periods of
SAMPEX spin, SPEs, and the SAMA region from the calculation. We then compare
the yearly variation of the average Ap, AE, AE*, and Dst indices to the yearly varia-

(a) Ap index (b) Dst index

(c) AE* index

Figure 10.10: The correlation between the yearly mean flux magnitude of NAR microbursts

(black) and the mean (a) Ap, (b) Dst, and (c) AE* values (green). The correlation coefficients

are 0.47, -0.08, and 0.33, respectively, and the 95% CIs on the mean are included.
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tion of the mean flux magnitudes of NAR microbursts and calculate the correlation
coefficients.

In Figure 10.10 we have presented the yearly mean Ap (panel a), Dst (panel b),
and AE* (panel c) values (green line) and the yearly mean flux magnitude of NAR
microbursts (black line), with the associated 95% CI on the mean flux magnitude.

Figure 10.10a indicates that the yearly mean flux magnitude of NAR microbursts
moderately correlates with the mean yearly Ap value, with a linear correlation co-
efficient of 0.47. When we consider the median yearly Ap value, we find a much
weaker correlation, with a much lower correlation coefficient of 0.26. From these
correlations we suggest that only the mean Ap value is related to the NAR mi-
croburst mean flux magnitude.

Figure 10.10b indicates that the correlation between the mean yearly Dst value
and the mean flux magnitude of NAR microbursts is very poor. The linear correla-
tion coefficient is -0.08. When we consider the median yearly Dst value, we find a
linear correlation coefficient of 0.06, which is even worse3 than the mean yearly Dst
value. Thus we conclude that the NAR microburst mean flux magnitude can not be
described by the changing Dst index value.

Finally, Figure 10.10c indicates that the NAR microburst yearly mean flux mag-
nitude has a weak-moderate correlation to the mean yearly AE* value, with a linear
correlation coefficient of 0.333. This is slightly higher than the correlation coeffi-
cient of 0.329, when considering the yearly mean AE value (not shown). We observe
roughly the same correlations for the median yearly AE* and AE values, with a cor-
relation coefficient of 0.23 (variation is observed at the forth decimal place). From
these correlations we suggest that the mean flux magnitude of NAR microbursts is
not related to the mean/median AE* or AE indices.

All of the correlation coefficients discussed above are summarised in Table 10.2.

3Recall we are expecting an negative correlation between the Dst index and the mean microburst
flux magnitude as Dst is a negative index.
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Table 10.2: Correlation coefficients between the yearly mean flux magnitude of NAR mi-

crobursts and the yearly mean/median geomagnetic index.

Geomagnetic Index Mean Index Correlation Median Index Correlation
Coefficient Coefficient

Ap 0.47 0.26
AE (nT) 0.329 0.2362
AE* (nT) 0.333 0.2359
Dst (nT) -0.08 0.06

10.7.3 Location Relative to the Plasmapause

We investigate the changes in the distribution of NAR microburst mean flux magni-
tudes with respect to the plasmapause location as the geomagnetic activity changes.
As in Section 9.7.4 we will only consider the O’Brien and Moldwin [2003] Kp and AE
models, and their changes over the Kp and AE* intervals, respectively.

In Figure 10.11 we present the NAR microburst mean flux magnitude for various
L distances from the plasmapause, following the layout of Figure 10.6. Here we have
used the O’Brien and Moldwin [2003] Kp model to calculate the plasmapause location
and the Kp index to define the level of geomagnetic activity.

During quiet and disturbed Kp conditions (Figures 10.11a and 10.11b) we ob-
serve an increase in the mean microburst flux magnitudes as we approach the plasma-
pause from outside the plasmasphere. The resulting maximum in the mean mi-
croburst flux magnitude occurs in the approximate location4 of the plasmapause.
The peak values are 568 (MeV cm2 sr s)�1 and 256 (MeV cm2 sr s)�1 higher than the
mean over all L bands (862 (MeV cm2 sr s)�1 and 1,214 (MeV cm2 sr s)�1) for quiet
and disturbed Kp conditions, respectively.

During moderate and severe Kp conditions (Figures 10.11c and 10.11d) we also
observe an increase in the mean flux magnitudes as we approach the plasmapause
from outside the plasmasphere. However, the resulting peak in the mean flux mag-
nitude occurs at 1 – 3 L beyond the location of the plasmapause. The peak values
are 437 (MeV cm2 sr s)�1 and 1050 (MeV cm2 sr s)�1 higher than the mean over all
L bands (1317 (MeV cm2 sr s)�1 and 1260 (MeV cm2 sr s)�1) for moderate and severe

4There is ⇠1 L error in the plasmapause model [O’Brien and Moldwin, 2003]
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Kp conditions, respectively. They occur at L = 2.75 and L = 1.5, respectively.

In Figure 10.12 we present the NAR microburst mean flux magnitude for various
L distances from the plasmapause, following the layout of Figure 10.6. Here we have
used the O’Brien and Moldwin [2003] AE model to calculate the plasmapause location
and the AE* index to define the level of geomagnetic activity.

(a) Quiet, Kp 3 (b) Disturbed, 3 < Kp < 5-

(c) Moderate, 5-Kp 6+ (d) Severe, 7-Kp 9-

Figure 10.11: As in Figure 10.6a but for (a) quiet, (b) disturbed, (c) moderate, and (d) severe

Kp conditions.

145



(a) Quiet, AE* 100 nT (b) Disturbed, 100 < AE* 300 nT

(c) Active, AE* > 300 nT (d) Intense, AE* > 550 nT

(e) Extreme, AE* > 750 nT

Figure 10.12: As in Figure 10.6c but for (a) quiet, (b) disturbed, (c) active, (d) intense, and

(e) extreme AE* conditions.
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During quiet AE* conditions, Figure 10.12a, the change in mean microburst flux
magnitude with distance from the plasmapause is not statistically significant. Dur-
ing disturbed AE* conditions (Figure 10.12b), as for disturbed Kp conditions, we
observe an increase in the mean flux magnitudes as we approach the plasmapause
from outside the plasmasphere. The maximum mean microburst flux magnitude oc-
curs, approximately, at the plasmapause, with a value 792 (MeV cm2 sr s)�1 higher
than the mean over all L bands (1,172 (MeV cm2 sr s)�1).

During active, intense and extreme AE* conditions (Figures 10.12c, 10.12d, and 10.12e)
we also observe an increase in the mean microburst flux magnitudes as we approach
the plasmapause from outside the plasmasphere. However, the resulting peak in the
mean flux magnitude occurs at 1.25 L beyond the location of the plasmapause. The
peak values are 391 (MeV cm2 sr s)�1, 389 (MeV cm2 sr s)�1 and 597 (MeV cm2 sr s)�1

higher than the mean over all L bands (1169 (MeV cm2 sr s)�1, 1320 (MeV cm2 sr s)�1

and 1404 (MeV cm2 sr s)�1) for active, intense, and extreme AE* conditions, respec-
tively.

10.7.4 L and MLT Distributions

Lastly, we investigate the changes in the L and/or MLT distribution of the NAR
microburst mean flux magnitude as the geomagnetic activity level changes. In Fig-
ure 10.13 we present the mean microburst flux magnitude over L (panels a and b)
and MLT (panels c and d) for the geomagnetic activity levels defined by Kp (panels
a and c) and AE* (panels b and d).

We first consider the L distribution of the mean microburst flux magnitude. For
the Kp definition of geomagnetic activity (Figure 10.13a), the mean flux magnitudes
increase with the geomagnetic activity level in the L range 3.5 – 6. Quiet Kp condi-
tions have the lowest mean flux magnitudes, while severe Kp conditions have the
highest mean flux magnitudes. The maxima in the L distributions of the mean flux
magnitudes occur at roughly the same L value (L = 5) for all the Kp intervals consid-
ered.

A similar pattern is seen for the three highest AE* intervals (Figure 10.13b), al-
though the differences are largely within the 95% CI of the mean flux magnitudes.
The L distribution of the mean flux magnitude during quiet AE* conditions has a
similar pattern (with a L shift) to the three highest AE* conditions. The maximum
mean flux magnitude occurs at L = 5.5 for quiet AE* conditions and the lower L
cutoff occurs at L = 4.5 (1.5 L higher than the cutoff for the three highest AE* condi-
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tions). During disturbed AE* conditions there is a very different L distribution of the
mean microburst flux magnitudes (approximately the inverse of the other AE* con-
ditions). The minimum mean flux magnitude occurs at L = 6.5, while the maximum
mean flux magnitude occurs at L = 4 for disturbed AE* conditions.

(a) Kp Intervals (b) AE* Intervals

(c) Kp Intervals (d) AE* Intervals

Figure 10.13: The mean flux magnitude and 95% CI of NAR microbursts (a – b) L distribu-

tions and (c – d) MLT distributions. Panels (a) and (c) use the quiet (blue), disturbed (black),

moderate (green) and severe (red) Kp intervals. Panels (b) and (d) use the quiet (blue), dis-

turbed (black), active (green), intense (red) and extreme (magenta) AE* intervals

We next consider the MLT distribution of the mean microburst flux magnitude
over the various geomagnetic activity levels. From Figures 10.13c and 10.13d we
can see there is still a lot of variation in the mean flux magnitude with MLT. How-
ever, it is clear from Figure 10.13c that quiet Kp conditions have lower mean flux
magnitudes than the three higher Kp intervals. Additionally, there are two peaks in
the mean flux magnitude under severe Kp conditions, occurring at 5 and 10 MLT.
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For the AE* conditions (Figure 10.13d), we note that the disturbed conditions have
lower mean flux magnitudes than the three higher AE* intervals. Additionally there
is a decrease in the mean flux magnitude at 06:00 – 07:00 MLT under active, intense
and extreme AE* conditions.

We also consider the combination of the L and MLT distributions under the var-
ious geomagnetic activity levels. The resolution of the following figures is 0.5 L
and 1 MLT, and we follow the convention of presenting MLT ranges in a counter-
clockwise rotation.

(a) Quiet, Kp 3 (b) Disturbed, 3 < Kp < 5-

(c) Moderate, 5-Kp 6+ (d) Severe, 7-Kp 9-

Figure 10.14: The L and MLT distribution of the mean flux magnitudes of NAR microbursts

during (a) quiet, (b) disturbed, (c) moderate, and (d) severe Kp conditions.

Figures 10.14 and 10.15 present the mean and median flux magnitudes, respec-
tively, of NAR microbursts during the four investigated Kp intervals. The trend of
average flux magnitudes increasing with geomagnetic activity is also evident in Fig-
ures 10.14 and 10.15 by the brightening of the colours in each successive panel of the
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figures. This brightening is most evident on the morningside, from 2 – 12 MLT. Dur-
ing quiet Kp conditions there are low average flux magnitudes, with 713 (MeV cm2 sr s)�1

mean flux magnitude and 447 (MeV cm2 sr s)�1 median flux magnitude (averaged
over all L and 2 – 12 MLT). Disturbed Kp conditions have higher average flux magni-
tudes, with 967 (MeV cm2 sr s)�1 mean flux magnitude and 545 (MeV cm2 sr s)�1 me-
dian flux magnitude. The highest average flux magnitudes occur during moderate
Kp conditions, with 1274 (MeV cm2 sr s)�1 mean flux magnitude and 910 (MeV cm2 sr s)�1

median flux magnitude. During severe Kp conditions there are not enough mi-
crobursts occurring in the NAR to calculate the averages over the L and MLT range
and these Kp conditions will not be discussed further.

(a) Quiet, Kp 3 (b) Disturbed, 3 < Kp < 5-

(c) Moderate, 5-Kp 6+ (d) Severe, 7-Kp 9-

Figure 10.15: The L and MLT distribution of the median flux magnitude of NAR mi-

crobursts during (a) quiet, (b) disturbed, (c) moderate, and (d) severe Kp conditions.
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The maximum mean flux magnitude of NAR microbursts shifts in MLT as the Kp
conditions change (Figure 10.14). Under quiet Kp conditions, the maximum mean
flux magnitude occurs at L = 4 and 20 MLT, with a mean flux magnitude of 2101
(MeV cm2 sr s)�1. The maximum mean flux magnitude under disturbed Kp condi-
tions occurs at L = 3.5 and 13 MLT, with a mean flux magnitude of 2594 (MeV cm2 sr s)�1.
A local maximum in the mean flux magnitude occurs at L = 3.5 and 21 MLT with a
mean flux magnitude of 2132 (MeV cm2 sr s)�1 in the premidnight MLT sector, dur-
ing disturbed Kp conditions. During moderate Kp conditions the maximum mean
flux magnitude occurs at L = 3.5 and 7 MLT with a mean flux magnitude of 2403
(MeV cm2 sr s)�1. There is no local maximum in the pre-midnight MLT sector dur-
ing moderate Kp conditions. A similar pattern is observed in the median microburst
flux magnitudes (Figure 10.15).

Based on the occurrence of relativistic microbursts, we expected the afternoon
MLT sector to contain the lowest flux magnitudes and the morning side to con-
tain the highest flux magnitudes. However, it appears the lowest flux magnitudes
occur in the 5 – 12 MLT region during both quiet and disturbed Kp conditions. Dur-
ing quiet Kp conditions the mean flux magnitude is 692 (MeV cm2 sr s)�1 and the
median flux magnitude is 423 (MeV cm2 sr s)�1 (averaged over all L). During dis-
turbed Kp conditions the mean flux magnitude is 995 (MeV cm2 sr s)�1 and median
flux magnitude is 577 (MeV cm2 sr s)�1 (averaged over all L). Comparing this to Fig-
ures 9.17 and 9.20, we note that this is the most frequent microburst region under
these Kp conditions.

The same patterns are observed in the average flux magnitudes under the vari-
ous AE* intervals, Figures 10.16 and 10.17. The average flux magnitude increases as
the AE* conditions increase, with the exception of quiet AE* conditions. We do not
have enough NAR microbursts occurring during quiet AE* conditions to make any
conclusions on the flux magnitude. Additionally, the maximum in the average flux
magnitude occurs in the premidnight MLT region for disturbed AE* conditions and
moves in MLT toward the morning sector in each successive panel of Figures 10.16
and 10.17.
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(a) Quiet, AE* 100 nT (b) Disturbed, 100 < AE* 300 nT

(c) Active, AE* > 300 nT (d) Intense, AE* > 550 nT

(e) Extreme, AE* > 750 nT

Figure 10.16: The L and MLT distribution of the mean flux magnitude of NAR microbursts

during (a) quiet, (b) disturbed, (c) active, (d) intense, and (e) extreme AE* conditions.
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(a) Quiet, AE* 100 nT (b) Disturbed, 100 < AE* 300 nT

(c) Active, AE* > 300 nT (d) Intense, AE* > 550 nT

(e) Extreme, AE* > 750 nT

Figure 10.17: The L and MLT distribution of the median flux magnitude of NAR mi-

crobursts during (a) quiet, (b) disturbed, (c) active, (d) intense, and (e) extreme AE* con-

ditions.
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10.8 HILT Instrument Saturation

We previously stated in Section 5.1.3 that the SAMPEX HILT instrument is said to
saturate at 104 flux units, however, from the case study presented in Chapter 8 we
observed clear evidence of instrument saturation at ⇠7,000 flux units.

To investigate the importance of the HILT instrument saturation on our analy-
sis of microburst flux magnitudes, we consider the cumulative probability distri-
bution of the total flux measured by HILT (baseline + flux magnitude) at the time
of the NAR relativistic microburst detections. This cumulative probability distri-
bution is presented in Figure 10.18a, which shows the percentage of the NAR mi-
croburst subset with total fluxes below the given flux level. For example, 40% of
the NAR microbursts have <629 (MeV cm2 sr s)�1 total flux, while 80% have <2688
(MeV cm2 sr s)�1 total flux.

From Figure 10.18a we note that only the 99th percentile of the NAR microbursts
have total fluxes nearing the HILT saturation level. More specifically, there are only
42 NAR microbursts with total fluxes exceeding 7,000 (MeV cm2 sr s)�1, which cor-
responds to 0.0019% of the NAR microburst subset.

(a) (b)

Figure 10.18: The cumulative probability distribution of the total flux measured by the

HILT instrument at (a) the time of the NAR microbursts, and (b) at the time of all SAMPEX

observations from 1996 to 2007.

We have also considered how often the HILT instrument reaches the saturation
level, irrespective of whether a microburst is occurring. We present in Figure 10.18b
the cumulative probability distribution of the total flux observed by SAMPEX from
1996 – 2007. Note the cumulative probability is quantised at low total flux levels, as
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the SAMPEX counts are quantised. We limit ourselves to SAMPEX observations that
occur outside of the SAMA, when the satellite is not spinning, and when there are
no SPEs occurring (the same criteria used during the microburst algorithm imple-
mentation). For these conditions, 17% of the SAMPEX observations have detected
fluxes of 0 (MeV cm2 sr s)�1. From Figure 10.18b we again note that only the 99th
percentile of the SAMPEX total fluxes are nearing the HILT saturation level. More
specifically, we have a total of 306,468.5 s of SAMPEX data with fluxes exceeding
7000 (MeV cm2 sr s)�1 between 1996 and 2007, which corresponds to only 0.15% of
the SAMPEX observations made during this temporal period, once these restrictions
are applied.

We thus conclude that the saturation of the HILT instrument is not significantly
affecting our NAR microburst flux magnitude analysis. The only potential effect
the HILT saturation may have on our microburst dataset is for a very small number
of missing microburst detections, as the algorithm may not be triggering during
periods of instrument saturation. However, as saturation of the HILT instrument
is rare, we suggest that the number of missing microburst detections is negligible.
Furthermore, the lack of variation we observe in the microburst flux magnitudes is
not a result of instrument saturation but rather is a true lack of variation.
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11 | Trapped Flux Comparison

In the previous chapters, we have discussed the properties of relativistic microburst
occurrence and flux magnitude. Furthermore, we demonstrated that neither the rel-
ativistic microburst occurrence nor the microburst flux magnitude were influenced
by the saturation of the SAMPEX HILT instrument. However, Paul O’Brien [personal
communication, 2016] suggested that the flux magnitude of a relativistic microburst
would be limited by the amount of trapped flux present when the scattering process
is occurring. Thus, we investigate whether the relativistic microburst occurrence
or flux magnitude are influenced by the trapped relativistic radiation belt content.
We will use the Highly Elliptical Orbit (HEO) and GOES satellites to quantify the
trapped relativistic electron population at the times of SAMPEX microburst obser-
vations.

11.1 HEO Satellite Modes

As we mentioned in Section 5.1.5, the HEO satellite was part of a US military mis-
sion. As such we have limited declassified orbital parameters. There were three
satellites that made up the HEO mission; HEO1, HEO2 and HEO3. The HEO2 satel-
lite data has not yet been released by the US military and therefore can’t be used for
this study. HEO1 has poor data coverage over L and does not have any corrected
flux measurements available to the public, thus we have chosen not to use HEO1 for
this analysis. The remaining satellite, HEO3, has been used by previous researchers
[e.g. Blake et al., 1997; Lorentzen et al., 2002; O’Brien et al., 2007; Ripoll et al., 2015]) to
investigate trapped radiation belt fluxes and will be used for our analysis. HEO3
covers the temporal range from November 1997 through to August 2006.

Although the full orbital data of HEO3 is not publicly available, we have been
provided with a data flag (Orbit_status) to describe the HEO3 orbit over time. The
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satellite orbit begins at perigee1 and is divided into; inbound, outbound, even, odd,
high altitude and low altitude modes2. The outbound orbital mode refers to satellite
movement from perigee to apogee while the inbound orbital mode refers to move-
ment from the apogee to perigee. The Orbit_status flag value associated with each
of these orbital modes is given in Table 11.1.

Table 11.1: The orbital status flag value for each of the HEO3 satellite orbital modes ob-

tained from the HEO data website.

Orbit_status Flag Value Orbital Mode
0 Even outbound high altitude
1 Odd outbound high altitude
2 Even inbound high altitude
3 Odd inbound high altitude
4 Even outbound low altitude
5 Odd outbound low altitude
6 Even inbound low altitude
7 Odd inbound low altitude

11.1.1 L and MLT

Included in the declassified orbital parameters are both the L and MLT values of
the satellite, which will allow us to plot the various HEO3 orbital modes. Here we
present the L and MLT structures of the HEO3 orbital modes for a typical day, 30
May 2001, in Figures 11.1, 11.2, and 11.3. We will discuss the changes to the L and
MLT structure of the orbits over the lifetime of the satellite after a detailed discussion
of the orbital structure on 30 May 2001.

Figures 11.1, 11.2, and 11.3 are created by plotting the L and MLT location of
the satellite as a point on the polar plot, where L is the radial component and MLT
is the theta component. The low altitude mode of the HEO3 orbit (Figure 11.1a)
has sparse points for L > 4, while the lower L values have dense points that create
the appearance of a line. From this we conclude that HEO3 spends most of the
low altitude orbit mode at L 4. Investigating the data further, we find that HEO3

1Recall the satellite perigee is the point of the orbit where the satellite is closest to the Earth. The
satellite apogee is the location of the orbit where the satellite is furthest from the Earth.

2Detailed information on the orbital modes of the HEO satellites can be found at http://mag.
gmu.edu/ftp/users/obrien/heo/ascii/F3_Lbin.txt.
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spends 81% of its orbit at L 4. The points plotted for the high altitude orbital mode
remain dense for the entire L and MLT range of the satellite, suggesting that HEO3
dwells much longer at L > 4 during the high altitude orbit. In fact, HEO3 spends a
factor of 4 more dwell time in the high altitude mode than the low altitude mode
(not evident from the figures). Additionally, 51% of the high altitude mode is spent
at L > 4.

(a) (b)

Figure 11.1: The L and MLT extent of the HEO3 satellite during the (a) low altitude and (b)

high altitude orbital modes on 30 May 2001.

We do not gain much new insight into the HEO3 orbit modes when we consider
Figures 11.2 or 11.3 individually. However, when we consider them in conjunction
with Figure 11.1 we can further understand the HEO3 orbital modes. Combining
the altitude and parity (even/odd) modes of the HEO3 orbit (Figures 11.1 and 11.2),
we note that both the even and odd high altitude orbital modes of HEO3 sample
a similar L range, but sample two distinct MLT regions, separated by ⇠9 hours. In
contrast, the low altitude even and odd orbital modes sample distinct L ranges and
MLT regions.

Combining the altitude and direction (in/outbound) modes of the HEO3 orbit
(Figures 11.1 and 11.3), we note that the inbound high altitude orbital mode of HEO3
samples approximately the same L range and MLT region. This also holds for the
outbound high altitude orbital mode. The low altitude inbound orbital mode of
HEO3 samples a similar MLT region, but with two L ranges only partially overlap-
ping. Similar orbital coverage is observed during the outbound low altitude orbital
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(a) (b)

Figure 11.2: As in Figure 11.1 but during the (a) even and (b) odd orbital modes.

mode.

The above properties of the HEO3 orbital modes were identified from a typical
day of orbital data, specifically, 30 May 2001. We must now consider if these prop-
erties change over the lifetime of the HEO3 satellite. When we investigate different
days of orbital data (not displayed) we find that the L structure of the orbit in all
modes remains constant over the lifetime of the satellite. The MLT structure of the

(a) (b)

Figure 11.3: As in Figure 11.1 but during the (a) inbound and (b) outbound orbital modes.
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orbital modes precesses around the polar plot as other days of orbital data are plot-
ted, i.e., the orbital structure keeps the same shape over time, but rotates around in
MLT. These variations in the orbit of HEO3 over time do not affect the properties of
the orbital modes identified. Therefore, the conclusions from a typical day of orbital
data hold for the entire lifetime of the HEO3 satellite.

We are aiming to use HEO3 to quantify the level of trapped flux present during
the relativistic microbursts. From Section 9.2 we know that these microbursts are
most frequent at L > 4. Thus we will only consider the high altitude orbits of HEO3,
where we also have higher dwell times, in the further discussion and analysis of this
chapter.

11.1.2 Pitch Angle

Also included in the released HEO3 dataset is information on the magnetic field at
the location of the satellite. In particular, we have both the equatorial magnetic field
(B

eq

) and the total magnetic field (B
tot

) values. These magnetic field parameters
allow us to investigate the pitch angle ( ) sampling of the various HEO3 orbital
modes. Equations 11.1 and 11.2 are used to calculate the pitch angles from these
magnetic field parameters (we have solved Equation 11.2 using the fzero function in
MATLAB).

sin

2
( ) =

B

eq

B

tot

(11.1)

sin

2
( )� B

eq

B

tot

= 0 (11.2)

We present here the pitch angle ranges derived from the magnetic field values
measured by the HEO3 satellite for two L ranges. We begin by considering the L
range 6.4 < L < 6.8, which coincides with the L range sampled by GOES. We then dis-
cuss the pitch angles corresponding to the magnetic field values from 4.4 < L < 4.8,
which is the L range used to compare with SAMPEX observations (the reasons
for this L range in the SAMPEX and HEO3 comparison will be discussed in Sec-
tion 11.3). The pitch angles derived from the magnetic field parameters measured
by HEO3 will hereafter be referred to as the HEO3 pitch angle sampling.

We consider the pitch angle sampling of the various HEO3 orbital modes for
each day over an entire year. We have 68 HEO3 data points for each day once the
L and high altitude orbital restrictions have been applied. Figure 11.4 presents both
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Figure 11.4: The magnetic field ratio and pitch angle sampling for 2001 of HEO3 even in-

bound (black), odd inbound (blue), even outbound (green), and odd outbound (red) orbital

modes between 6.4 < L < 6.8.

the magnetic field ratio (B
tot

/B

eq

, left axis) and equivalent pitch angle ( , right axis)
sampled by the HEO3 high altitude orbital modes at 6.4 < L < 6.8 for a typical year,
2001. The even inbound orbits are given by the black points, the odd inbound orbits
given by the blue points, the even outbound orbits are green and the odd outbound
orbits are red. There are two large data outages of HEO3 from 1 – 26 March and
1 – 18 September, and a smaller data outage on 22 February.

From Figure 11.4 it is clear that the even orbits (black and green points) are sam-
pling roughly the same pitch angle ranges. The odd orbits (blue and red) are also
sampling roughly the same pitch angle ranges, which are higher than those sam-

Figure 11.5: As in Figure 11.4, but for 4.4 < L < 4.8.
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pled by the even orbits. It is also clear from this figure that both the inbound (black
and blue points) and outbound (green and red points) orbits are sampling two very
different pitch angle distributions, respectively.

Figure 11.5 presents both the magnetic field ratio (B
tot

/B

eq

, left axis) and pitch
angle ( , right axis) sampled by the HEO3 high altitude orbital modes at 4.4 < L < 4.8
for a typical year, 2001, as in Figure 11.4. The patterns identified in the higher L
range, Figure 11.4, still hold for this lower L range, Figure 11.5. The same parity
(even/odd) orbits sample roughly the same pitch angle ranges with the odd orbits
sampling higher pitch angle ranges than the even orbits. The same directional (in-
bound/outbound) orbits sample different pitch angle ranges. However, Figure 11.5
also shows that the pitch angles sampled at 4.4 < L < 4.8 are all higher than the pitch
angles sampled at 6.4 < L < 6.8.

The figures included in this section present the results from 2001. Although the
pitch angle range sampled by HEO3 changes over the lifetime of its orbit (possi-
bly due to the changing perigee altitude of the HEO3 satellite [Ripoll et al., 2015])
the overlap in pitch angle sampling between the various orbital modes in 2001 is
representative of the entire dataset.

From the orbit structure presented above it is unclear which of the remaining
orbital modes (inbound, outbound, even and/or odd orbits) will result in the best
agreement with the SAMPEX satellite. Combining the orbits by parity (even and/or
odd) will result in the same pitch angle ranges but different MLT regions sampled.
In contrast, combining the orbits by direction (inbound and/or outbound) will re-
sult in different pitch angle ranges but the same MLT regions sampled. Thus the
best orbit mode (i.e., the best part of the orbit) for our comparison will depend on
whether the pitch angle sampling difference or the MLT sampling difference domi-
nates the HEO3 trapped flux data.

11.2 Comparison HEO & GOES

We know the GOES satellites measure the trapped flux at L = 6.6. Therefore, we
compare the HEO3 data to the GOES data for the various HEO3 orbits. This will de-
termine which of the HEO3 orbital modes gives the closest agreement to the GOES
fluxes and therefore the best approximation of the trapped flux. We focus on the
GOES 10 satellite data which spans 1998 – 2007. This satellite provides the best data
coverage for the HEO3 temporal period (1997 – 2006).
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Table 11.2: Yearly linear correlation coefficients between HEO3 and GOES 10 down-

sampled daily median >0.6 MeV fluxes, from 1998 – 2006.

HEO3 Orbit 1998 1999 2000 2001 2002 2003 2004 2005 2006
All 0.33 0.36 0.39 0.60 0.42 0.62 0.56 0.47 0.49

Inbound 0.39 0.33 0.38 0.63 0.21 0.26 0.54 0.42 0.68
Outbound 0.19 0.30 0.48 0.58 0.27 0.52 0.52 0.44 0.25

Even 0.29 0.45 0.48 0.60 0.44 0.45 0.55 0.46 0.48
Odd 0.41 0.40 0.54 0.69 0.32 0.5756 0.61 0.49 0.55

We initially compare the trapped electron flux data of the two satellites at the
>0.6 MeV energy range. Both satellites measure electrons in this energy range (GOES
10 measures >0.6 MeV electrons, while HEO3 measures >0.63 MeV electrons) which
should result in the best agreement between the two satellites. To further ensure
agreement between the two satellites we limit the L range3 of HEO3 to that of GOES
10, i.e., we limit the HEO3 observations to 6.4 < L < 6.8. This restriction results in
1,020 seconds of remaining HEO3 measurements on any given day, from which we
calculate the daily median >0.6 MeV flux. As we have very little HEO3 data for
each day, our daily median may not be representative of the entire day, but of the
snapshot in time that HEO3 is in the correct orbit and L range. We first compare
the HEO3 daily median to the GOES 10 daily median. The GOES 10 data is interpo-
lated to HEO3 temporal resolution, limiting the GOES 10 data to the 1,020 seconds
of measurements each day (hereafter referred to as GOES 10 down-sampled fluxes).
This comparison will determine which of the HEO3 orbital modes gives the best
agreement to the GOES 10 fluxes. We then compare the HEO3 daily median to the
GOES 10 daily median, using the full temporal resolution of the GOES 10 data, to
check whether our HEO3 daily median is representative of the entire day.

Table 11.2 presents the yearly linear correlation coefficients between the daily
median GOES 10 down-sampled and HEO3 >0.6 MeV electron fluxes. We have cal-
culated the correlation coefficients for all of the HEO3 orbits, only the inbound or-
bits, only the outbound orbits, only the even orbits, and only the odd orbits. There
is a lot of variation over the years, with the highest correlation coefficients in 2001
and the lowest correlation coefficients in 1998. Recall that the GOES 10 data starts

3GOES 10 is an eastward satellite which means it is sampling a slightly higher L range than L = 6.6,
thus we have chosen a larger L range for the HEO3 comparison.
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Figure 11.6: The GOES 10 down-sampled daily median electron fluxes (green) and the

HEO3 even high altitude orbital mode daily median electron fluxes (black) for 2001, with a

linear correlation coefficient of 0.60.

in July 1998, and possibly has poor MLT agreement with HEO3 for the remainder
of 1998, which may be the cause of these low correlations. Both the inbound and
outbound HEO3 orbits have a mixture of relatively high4 (>0.5) and low (<0.3) cor-
relation coefficients.

The HEO3 odd orbits have higher correlation coefficients than the even orbits
for seven of the years investigated (1998, 2000, 2001, 2003, 2004, 2005, and 2006).
However, the even orbits have more consistent correlation coefficients. Based on
these correlation coefficients, we conclude that the even orbits of HEO3 give the
most consistent close agreement to the GOES 10 fluxes. The average correlation
coefficient between the HEO3 even orbits and the GOES10 down-sampled fluxes is
0.47. The much lower correlation coefficients found during the inbound/outbound
HEO3 orbital modes implies that agreement in pitch angle sampling5 is much more
important than agreement in MLT sampling.

In Figure 11.6 we present the strongest correlation (occurring in the year 2001)
between the HEO3 EHAO (Even High Altitude Orbit) daily median fluxes (black)
and the GOES 10 down-sampled daily median fluxes (green). The linear correlation
coefficient between the two satellite fluxes is 0.60. From this figure it is clear that
the HEO3 even orbits at L⇡ 6.6 are measuring the same variation in the trapped
fluxes as measured by GOES 10 when down-sampled. It is also clear from the offset

4Typically a high linear correlation coefficient is >0.8, however none of the correlations we have
calculated are higher than 0.7. Thus we will refer to relatively high correlation coefficients as those
which have coefficients >0.5.

5Recall that the same parity (even/odd) HEO3 orbital modes sample similar pitch angle distri-
butions over different MLT regions. In contrast, the same directional (in/outbound) HEO3 orbital
modes sample similar MLT regions but very different pitch angle ranges.
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Table 11.3: Yearly linear correlation coefficient between HEO3 EHAO and GOES 10 full

resolution daily median fluxes at >0.6 MeV, 6.4 < L < 6.8, from 1998 – 2006.

1998 1999 2000 2001 2002 2003 2004 2005 2006
0.133 0.002 -0.043 0.008 -0.054 0.094 0.155 -0.009 -0.242

between the two daily median fluxes that the HEO3 satellite, which is sampling
far from the magnetic equator6 at L⇡ 6.6, is not measuring the same magnitude of
trapped flux as the down-sampled GOES 10 data. The HEO3 satellite measures
consistently lower electron fluxes than the down-sampled GOES 10 electron fluxes
for the >0.6 MeV energy range.

When we limit the HEO3 orbits to only the EHAO we have 510 seconds of data
at 6.4 < L < 6.8 for each day. In order to test whether the HEO3 EHAO median daily
fluxes (calculated from the 510 s snapshot of the day) are representative of the true
daily median electron flux, we compare to the GOES 10 daily median fluxes calcu-
lated at full temporal resolution. Table 11.3 presents the yearly linear correlation
coefficients between the daily median GOES 10 full resolution and HEO3 EHAO
>0.6 MeV electron fluxes. The correlation coefficients are a mixture of positive and
negative values over the years. The highest correlation coefficient occurs in 2004
and the lowest correlation coefficient occurs in 1999. The worst7 correlation occurs
in 2006, with a low anti-correlation (linear correlation coefficient of -0.24). This anti-
correlation in 2006 is likely due to the poor MLT agreement between the two satel-
lites from January to August (when we have data from both satellites).

We present in Figure 11.7 the GOES 10 full temporal resolution daily median
fluxes (green) and the HEO3 EHAO daily median fluxes (black) for 2001. This cor-
responds to the highest correlation between the HEO3 EHAO and the GOES 10
down-sampled daily median fluxes described previously. However, there is a poor
correlation between the GOES 10 full temporal resolution and the HEO3 EHAO
daily median fluxes (linear correlation coefficient of 0.008). From Figure 11.7 and
the correlation coefficients presented in Table 11.3 it is clear that the HEO3 EHAOs
daily median electron fluxes are not representing the true daily median electron flux

6Recall that HEO3 crosses the magnetic equator at L⇠ 2.
7We are trying to describe the variation seen in the GOES 10 data (and therefore the trapped flux)

with the HEO3 data. An anti-correlation indicates that HEO3 is measuring the opposite variation
in the trapped fluxes as GOES 10, indicating we can not use HEO3 to describe the trapped flux
population.
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Figure 11.7: The GOES 10 Full Resolution (Full Res) daily median fluxes (green) and the

HEO3 EHAO daily median fluxes (black) for 2001 at >0.6 MeV and 6.4 < L < 6.8. The linear

correlation coefficient between the two satellite fluxes is 0.008.

variation at this energy range.

The poor correlation between the HEO3 EHAOs and the GOES 10 full temporal
resolution daily median electron fluxes at >0.6 MeV is possibly a result of the differ-
ent MLT regions sampled by the two satellites. Alternatively the poor correlations
could be an indication that the HEO3 temporal snapshot is not representative of the
true variation in the trapped fluxes at this energy range. Electrons with 0.6 MeV
energies take ⇠20 minutes to complete a drift orbit at L = 6.6 which is much longer
than the 15 s snapshot taken by HEO3.

We want to use the HEO3 satellite to measure the trapped fluxes at the times
of SAMPEX microburst observations. As SAMPEX measures >1 MeV energies we
need to use a higher energy channel of HEO3. Because of this we now compare
the daily median >1.5 MeV HEO3 EHAO fluxes with the GOES 10 full temporal
resolution >2 MeV daily median fluxes. This will further test the representativeness
of the HEO3 daily median observations. As >1.5 MeV electrons have drift periods
of ⇠7 min at L = 6.6, we expect the MLT sampling difference to be less important at
this higher energy range. As such the snapshot of HEO3 data will probably be more
representative of the true daily variation. We therefore expect a better agreement
between HEO3 and GOES 10 median daily fluxes at this higher energy range.

Table 11.4: Yearly linear correlation coefficient between HEO3 EHAO >1.5 MeV and GOES

10 full resolution >2 MeV daily median fluxes at 6.4 < L < 6.8, from 1998 – 2006.

1998 1999 2000 2001 2002 2003 2004 2005 2006
0.33 0.45 0.70 0.56 0.45 0.49 0.49 0.41 0.58
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Table 11.4 presents the yearly linear correlation coefficients between the daily
median GOES 10 full resolution >2 MeV and HEO3 EHAO >1.5 MeV electron fluxes.
These correlation coefficients are significantly higher than those presented in Ta-
ble 11.3. Thus, we have much better agreement between the HEO3 EHAO >1.5 MeV
and GOES 10 full temporal resolution >2 MeV daily median electron fluxes, as ex-
pected. The highest correlation occurs in 2000, with a correlation coefficient of 0.70.
The lowest correlation occurs in 1998, with a linear correlation coefficient of 0.33.
Again this is likely due to the GOES 10 data covering only a small period of 1998
(July – December).

Figure 11.8 presents the GOES 10 full resolution >2 MeV (green) and the HEO3
EHAO >1.5 MeV (black) daily median electron fluxes for 2003 at 6.4<L<6.8. Al-
though 2003 does not have the highest correlation coefficient (only 0.4927), it best
represents the other years considered. From this figure, it is clear that from May
to December in 2003 the HEO3 satellite is measuring a similar variation and mag-
nitude of the daily median trapped fluxes to the GOES 10 satellite at full temporal
resolution. We suggest the changing agreement between the two satellites over the
year is the remaining MLT dependence of the measurements. We assume HEO3 is
much closer in MLT to GOES 10 from July to September where we see much bet-
ter agreement. From January to April we suggest the two satellites are separated
by a large MLT range, resulting in the poor correlation observed. There are similar
periods of good and bad correlation between the two satellites for the other years
considered, though they occur in different months of the year.

From these higher correlation coefficients we conclude that the daily median
>1.5 MeV fluxes measured by HEO3 EHAOs are reasonably representative of the

Figure 11.8: The GOES 10 full resolution >2 MeV daily median fluxes (green) and the HEO3

EHAO >1.5 MeV daily median fluxes (black) for 2001 at 6.4 < L < 6.8. The linear correlation

coefficient between the two satellite fluxes is 0.49.
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variability in the true daily median fluxes. Furthermore, the HEO3 EHAO daily me-
dian >1.5 MeV electron fluxes can be used to measure the trapped flux variation at
L⇡ 6, where HEO3 is sampling far from the geomagnetic equator.

11.3 Comparison HEO & SAMPEX

We aim to understand if the number of relativistic microbursts occurring or their
flux magnitude is influenced by the trapped electron flux population. Recall that
the flux magnitude of the microbursts is most accurate in the NAR (refer back to
Section 10.1 for the discussion), limiting our observations of relativistic microburst
flux magnitudes to this region. During the lifetime of the HEO3 satellite (1997 –
2006) we have a total of 20,011 relativistic microbursts in the NAR.

Table 11.5 describes the number of microbursts occurring in the NAR in 0.4 L
wide bands from 1999 – 2006. Both the year 1997 and 1998 had no microbursts oc-
curring in the NAR. For the L range, 6.4 < L <6̇.8, used in the previous analysis, we
have only 220 relativistic microbursts occurring in the NAR. This would greatly
limit our statistics and any conclusions drawn from a comparison between HEO3

Table 11.5: The number of relativistic microbursts occurring in the NAR in 0.4 L bands from

1999 – 2006.

L ±0.2L 1999 2000 2001 2002 2003 2004 2005 2006
3.0 5 9 1 3 1 1 - -
3.4 60 56 3 47 29 7 12 1
3.8 294 168 94 138 226 136 155 13
4.2 572 332 222 304 986 414 259 96
4.6 846 484 263 506 1690 435 538 145
5.0 761 477 262 407 1638 474 563 138
5.4 501 295 186 145 1100 386 392 101
5.8 211 143 78 73 567 253 250 80
6.2 60 58 15 17 224 121 100 32
6.6 19 21 2 5 80 57 26 10
7.0 3 13 2 3 24 24 4 2
7.4 1 2 0 0 14 3 4 1
7.8 0 0 0 0 4 0 4 0
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trapped fluxes and SAMPEX microburst observations.
By investigating a lower L range, we can greatly increase the number of relativis-

tic microbursts occurring in the NAR. Additionally, as we move to lower L values,
the HEO3 satellite approaches the magnetic equator. With HEO3 closer to the mag-
netic equator, we expect to get a better approximation of the true trapped electron
flux variation and magnitude. The lowest L range where we have a large number
of microbursts in the NAR is 4.4 < L < 4.8, with 4907 relativistic microburst observa-
tions. We will use this L range for the following analysis.

SAMPEX measures >1 MeV electron fluxes. The closest HEO3 energy channel
to the SAMPEX observations measures >1.5 MeV electrons. In the following analy-
sis we use HEO3 EHAOs >1.5 MeV daily median electron fluxes to investigate the
trapped electron flux variation on the days when relativistic microbursts are occur-
ring, from 4.4 < L < 4.8.

11.3.1 Microburst Flux Magnitude

We begin by considering the effect of the trapped flux population on the microburst
flux magnitude. We will compare the daily median flux magnitude and the daily
median trapped flux for an entire year. From Table 11.5 we note that the largest
number of NAR microbursts contained by the L range, 4.4 < L < 4.8, occur in 2003,
with 1,690 microbursts. Thus we will present the daily median trapped flux and
microburst flux magnitude variation for 2003. Note that we only calculate the daily
median flux magnitude of NAR microbursts on days where �5 microbursts are oc-
curring. This criteria was used previously in Chapter 10 and will ensure we have a
statistically representative dataset.

Figure 11.9 presents the daily median flux observed on HEO3 EHAO (blue) and
the median daily microburst flux magnitude (green) for 2003 at 4.4 < L < 4.8. We
can see variation by several orders of magnitude in the daily median trapped flux
value over the year. However, the daily median microburst flux magnitudes ex-
perience relatively little variation, with less than one order of magnitude variation
over the entire year. To aid the viewer we have selected a representative subset of
microburst flux magnitudes and identified the trapped flux associated with them
by colour coded vertical lines. The yellow lines identify periods of trapped flux
recoveries (back to the average values) after a dropout. The black lines identify pe-
riods of trapped flux recoveries (back to the average values) after an enhancement
in the trapped fluxes. The cyan lines identify periods of increasing trapped flux val-
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ues (above the average values). In contrast, the red lines identify dropouts of the
trapped fluxes. We have selected both high (>6500 (MeV cm2 sr s)�1) and low (<240
(MeV cm2 sr s)�1) median daily flux magnitudes of NAR relativistic microbursts.

We first consider the two highest daily median flux magnitudes (>6500 (MeV cm2 sr s)�1)
of NAR microbursts which occur in January and November. The high daily median
microburst flux magnitude in January is associated with a recovery of the daily me-
dian trapped flux to the average trapped flux, after a dropout occurred a few days
previously. This has been coloured coded with a yellow vertical line. The high daily
median microburst flux magnitude occurring in November is associated with a re-
covery of the daily median trapped flux to the average trapped flux, after an increase
in the trapped flux occurred in the previous days. This has been colour coded with
a black vertical line.

Figure 11.9: The daily median trapped flux measured by HEO3 EHAO (blue), and the

daily median microburst flux magnitude (green points) in 2003, for 4.4 < L < 4.8. The vertical

coloured lines are described in the text.

We next consider relativistic microburst daily median flux magnitudes in the
range 2500 – 4500 (MeV cm2 sr s)�1, which is still higher than the majority of the daily
median flux magnitudes. Two of the microburst flux magnitudes in this range (oc-
curring in August and November) are associated with increases in the daily median
trapped flux, and colour coded with cyan vertical lines in Figure 11.9. Another two
microburst flux magnitudes in this range (occurring in September) are associated
with a recovery of the daily median trapped flux after an increase in the daily me-
dian trapped flux, identified with black vertical lines as before.

If we consider only the high daily median flux magnitude microbursts (>2500
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(MeV cm2 sr s)�1), which occur during increases or recoveries of the daily median
trapped flux, we would conclude that the microburst flux magnitudes are limited
by the trapped fluxes. If this conclusion were true, we would expect to see low
median microburst flux magnitudes associated with dropouts in the trapped fluxes.

Returning to Figure 11.9, we now consider a subset of low daily median NAR
microburst flux magnitudes (<1000 (MeV cm2 sr s)�1). In November, we have a low
daily median microburst flux magnitude associated with a dropout in the daily
median trapped flux, identified by a red vertical line. However, in March and
September, there are low daily median microburst flux magnitudes associated with
increases in the daily median trapped fluxes, as identified by the cyan vertical lines.

In August and December, there are low daily median microburst flux magni-
tudes associated with recoveries of the daily median trapped fluxes after increases,
identified by black vertical lines. In February, April, June, July and November, there
are low daily median microburst flux magnitudes associated with recoveries of the
daily trapped fluxes after dropouts, identified by yellow vertical lines. Addition-
ally, we identify neither a high nor low daily median microburst flux magnitude
associated with a dropout in the daily median trapped fluxes occurring in June (red
vertical line).

From these observations it is clear that the daily median microburst flux magni-
tudes in 2003 at 4.4 < L < 4.8 have no clear relationship with the trapped flux varia-
tion.

We have further investigated the remaining years with a large number of mi-
crobursts detected in the NAR (1999 – 2006) in the same L range, and find very sim-
ilar results. When we consider different L ranges that have a large number of NAR
microbursts, i.e., 4.0 < L < 4.4, 4.8 < L < 5.2, 5.2 < L < 5.6, and 5.6 < L < 6.0, we again
find similar results as those presented above. During periods of low trapped fluxes
(daily median <500 e/(cm2 s sr) ) we do not solely observe low flux magnitude mi-
crobursts. Further, during high trapped fluxes (daily median >80,000 e/(cm2 s sr))
we do not solely observe large flux magnitudes. Thus, we conclude that the mi-
croburst flux magnitudes are not limited by the trapped flux population.

11.3.2 Microburst Occurrence

To investigate whether the occurrence of relativistic microbursts is limited by the
trapped fluxes, we again consider 2003. We have 1,690 microbursts occurring in the
NAR from 4.4 < L < 4.8, during 2003. As, the microburst occurrence is valid over
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the entire world, we no longer need to limit our observations to the NAR. When
we expand our subset of microbursts to cover the entire world, we have 11,671 mi-
crobursts occurring from 4.4 < L < 4.8 during 2003.

Figure 11.10 presents the daily median >1.5 MeV electron fluxes measured by
HEO3 EHAOs (blue) and the daily total number of detected relativistic microbursts
(green) in the NAR (panel a) and the entire world (panel b) for 2003. The lack of
microburst observations in May is due to a SAMPEX data outage (no data from 23
April – 28 May, inclusive). In the NAR (Figure 11.10a) we observe increases in the
number of detected microbursts associated with increases in the >1.5 MeV trapped
electron fluxes. This is particularly evident in early May, early April, early August,
late September, mid October, and mid December. The increase in the number of de-
tected microbursts appears to be associated with the leading edge of the increase in
the >1.5 MeV trapped electron fluxes. The same relationship is observed when we
consider microbursts occurring over the entire world (Figure 11.10b), particularly
in the latter half of the year. The clearest signatures are observed in early August,
late August, late September, mid-late October, mid-late November, and mid-late De-
cember. Furthermore, on most occasions when the daily median >1.5 MeV trapped
electron fluxes are below 8,000 e/(cm2 s sr), there is very little microburst activity
occurring. Again this is most evident in the latter half of 2003 in both Figures 11.10a
and 11.10b.

As in the previous section, we also investigated the L ranges centered on 4.2,
5.0, 5.4, and 5.8 (with large numbers of microbursts) in the years 1999 – 2006 and
find very similar results. During periods of low trapped fluxes (<8,000 e/(cm2 s sr))
we do not observe microbursts. During periods of high trapped fluxes (>70,000
e/(cm2 s sr)) we observe greater numbers of microbursts, ranging from 20 – 100 de-
tected microbursts.

Thus, we suggest the number of relativistic microbursts observed is related to the
trapped electron flux variation, with more microbursts occurring when the trapped
population is enhancing. We further suggest that the occurrence of relativistic mi-
crobursts may be linked to processes causing the increasing trapped fluxes. This
would be consistent with the concept that whistler mode chorus waves both scatter
some electrons to produce microbursts, and also accelerate some electrons, leading
to increases in the trapped relativistic fluxes.
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(a)

(b)

Figure 11.10: The daily median >1.5 MeV trapped electron flux measured by HEO3 EHAOs

(blue) and the daily number of microbursts occurring (green) in (a) the NAR and (b) the

entire world, in 2003 for 4.4 < L < 4.8.
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12 | Relativistic Microburst Duration

In this chapter we discuss the properties of the relativistic microburst duration fol-
lowing the layout of Chapters 9 and 10. Initially, we describe how we have de-
fined the microburst duration. We then discuss the temporal distribution of the mi-
croburst durations, and their distributions in L and MLT space. We later discuss the
changes in these distributions with geomagnetic activity. Lastly, we investigate the
relationship between the microburst duration and the microburst flux magnitude.

As in the previous chapters, the mean/median value of a given parameter is
calculated when �5 individual microbursts satisfy the described conditions. This
will ensure our statistics are representative of our dataset.

12.1 Duration Definition and Examples

As stated in Section 7.1 we have combined consecutive microburst algorithm trig-
gers into one microburst detection. An example of this is shown on 22 October 1998
(Figure 12.1a) where there are three consecutive microburst triggers (red crosses
in Figure 12.1a) in the algorithm starting at 18:52:27.6 UT . These consecutive mi-
croburst triggers are clearly part of the same overall precipitation structure. The
three triggers have been combined into one individual microburst, beginning at
18:52:27.6 UT and ending at 18:52:27.9 UT, resulting in a microburst duration of 0.3 s.
Another example is given in Figure 12.1b, from 20 November 2003, where the four
consecutive triggers starting at 10:14:15.7 UT have been combined into an individual
microburst with a 0.4 s duration.

The difference between these start and end times is how we have defined our
microburst duration, the properties of which are described in detail in the remain-
der of this chapter. If there are no consecutive triggers in the microburst detection
algorithm then the microbursts are defined to have a duration of 0.1 s.

The quantised nature of the microburst durations are due to the 100 ms sampling
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rate of the SAMPEX HILT SSD4 instrument. There may be relativistic microbursts
with a duration <0.1 s, or between 0.1 and 0.2 s, that are unable to be resolved in the
SAMPEX data.

(a) (b)

Figure 12.1: The >1 MeV electron flux from SAMPEX HILT SSD4 on (a) 22 October 1998

and (b) 20 November 2003. The red crosses identify the microburst algorithm triggers.

There are some caveats to our definition of the relativistic microburst duration
that must be discussed before we can consider their properties. Our definition of
relativistic microburst duration does not account for overlapping microburst de-
tections. This means that long duration microbursts are possibly the result of two
or more overlapping microburst detections. The restricted SAMPEX instrument
resolution limits our ability to distinguish between these overlapping microbursts
and results in their treatment as a single microburst detection. Our relativistic mi-
croburst duration definition is further restricted by the microburst detection algo-
rithm. Short duration microbursts may be part of a longer precipitation structure
(i.e., a longer microburst) which does not deviate enough from the baseline to trig-
ger the algorithm. This would result in the detected microbursts having shorter
durations than the true microbursts.

12.2 Temporal Distribution

First we consider the temporal distribution of the relativistic microburst duration.
Figure 12.2 presents a bar graph (blue) of the relativistic microburst duration dis-
tribution. A red line has been added to Figure 12.2 to help interpret the results
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presented in Section 12.7.2. From Figure 12.2 it is evident that the vast majority of
relativistic microbursts have a duration of 0.1 s. It is also clear that the number of
microbursts with a given duration drops rapidly as the duration increases.

We find that 77.64% (i.e., 150,369 events) of the relativistic microbursts detected
by the algorithm have a duration of 0.1 s, which is the smallest duration detectable in
the SAMPEX data. A significant proportion of the relativistic microbursts (21.30%,
i.e., 41,248) have a duration of 0.2 s (i.e., two consecutive algorithm triggers). Very
few detected microbursts have a duration greater than 0.2 s. We find only 1.00%
(i.e., 1,932) of detected relativistic microbursts have a duration of 0.3 s, 0.07% (i.e.,
131) of detected microbursts have a duration of 0.4 s, and merely 0.002% (i.e., 3) of
detected microbursts have a duration of 0.5 s. There are no detected microbursts
with a duration greater than 0.5 s.

Figure 12.2: The duration distribution of relativistic microbursts viewed as both a bar plot

(blue) and line plot (red).

12.3 L and MLT Distribution

We also consider how the average duration of relativistic microbursts is distributed
over L and MLT. Figure 12.3a presents the L distribution of the mean microburst
duration and the associated 95% CI of the mean, while Figure 12.3b presents the
MLT distribution and associated 95% CI. The black lines in Figure 12.3 indicate the
mean microburst duration over all L (panel a) and MLT (panel b).
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From Figure 12.3 we observe a modal structure in the mean microburst duration
over both L and MLT. The L distribution peaks at L = 5.5, with a mean microburst
duration 7 ms higher than the mean duration over all L (0.12 s). The MLT distribu-
tion of the mean duration appears to have a bimodal structure. The maximum mean
duration of 0.13 s (9 ms higher than the mean over all MLT, 0.12 s) occurs from 09:00 –
09:30 MLT, while a secondary maximum of 0.13 s (5 ms higher than the overall mean)
occurs at 06:00 MLT. The 95% CI on the mean microburst duration increases as MLT
increases, with large errors occurring in the afternoon/evening MLT (13 – 21 MLT)
resulting from smaller sample sizes. Thus, any variation in the mean microburst
duration in the 13 – 21 MLT region is not statistically significant1.

(a) (b)

Figure 12.3: The mean microburst duration and associated 95% CI over (a) L and (b) MLT.

The black dashed line identifies the overall mean of the distribution.

As ⇠78% of relativistic microbursts have 0.1 s durations, we observe very little
variation in the median microburst duration over L or MLT (not shown). The lack of
variation in the median microburst duration does not lead to any additional insight,
and as such will not be considered further in this chapter.

In Figure 12.4 we present the combined L and MLT distribution of the mean mi-
croburst duration. From Figure 12.4, we note that microbursts, on average, have
a higher duration in the prenoon MLT region (07 – 12 MLT and L = 4 – 6). The peak
relativistic microburst mean duration occurs at L = 8 and 09 MLT with a mean du-
ration of 0.16 s. The relativistic microburst mean duration remains elevated from

1For a difference to be statistically significant it must occur outside the confidence intervals, i.e.,
the confidence intervals overlapping implies the differences are not statistically significant.
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04 – 15 MLT and L = 3.5 – 6. This partially overlaps with the region where we more
frequently observe relativistic microbursts (refer back to Figure 9.3).

Figure 12.4: The L and MLT distribution of the relativistic microburst mean duration.

12.4 Plasmapause Location

Additionally, we investigate how the duration of relativistic microbursts changes as
we approach the plasmapause. Following Sections 9.3 and 10.4, we use the O’Brien
and Moldwin [2003] Kp, Dst, and AE models to calculate the plasmapause location.

In Figure 12.5 we present the mean relativistic microburst duration (blue) in
0.25 L bands relative to the plasmapause location (red line), using each of the three
index dependent models. We have calculated the mean duration for both L val-
ues inside (negative distance from the plasmapause) and outside (positive distance
from the plasmapause) the plasmasphere (following Equations 9.1, 9.3 and 9.4 in
Section 9.3). For each mean duration presented we have also calculated the 95%
CI of the mean, following Equation 9.5. The black dashed line in Figure 12.5 corre-
sponds to the mean microburst duration over all L bands.

It is clear from all three models that the mean relativistic microburst duration
reaches a peak ⇠2.25 L beyond the plasmapause. However, the small error bars
indicate there is little variation in the duration from 0 – 4 L beyond the plasmapause.
In fact the peak mentioned previously is only 3 – 5 ms above the mean duration over
all L bands (⇠0.12 s). As we move inside the plasmasphere, we observe a greater
variation in the microburst mean duration and much larger CIs. These large CIs
(due to small sample sizes) limit our ability to draw conclusions about the mean
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microburst duration in this region.

(a) Kp model (b) Dst model

(c) AE model

Figure 12.5: Microburst mean duration and 95% CI of the mean at L bands relative to

the location of the plasmapause using the (a) Kp model, (b) Dst model, and (c) AE model.

The red line indicates the plasmapause location, while the dashed black line represents the

overall mean.

12.5 Solar Cycle Dependence

Earlier, we found that although the relativistic microburst occurrence is related to
the solar cycle (Section 9.5), the relativistic microburst flux magnitude is not (Sec-
tion 10.5). We now investigate whether the relativistic microburst duration is related
to the solar cycle.
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Figure 12.6: The three monthly mean duration and 95% CI of the mean of relativistic mi-

crobursts demonstrating the solar cycle dependence.

As in the previous sections, we have calculated the three monthly mean mi-
croburst duration and the associated 95% CI, presented in Figure 12.6. There is only
one three month interval with a statistically significant longer mean microburst du-
ration. This three month interval occurs in late 2007, and is not associated with
any changes in the solar cycle. All other three month intervals have no statistically
significant variation in their mean microburst duration.

Thus, we conclude that the mean duration of relativistic microbursts is not re-
lated to the changes in the solar cycle.

12.6 Russell-McPherron Effect

We have found evidence of the Russell-McPherron effect in the relativistic microburst
occurrence (Section 9.6) and, to a lesser extent, in the relativistic microburst flux
magnitude (Section 10.6). Therefore, we also investigate whether the Russell-McPherron
effect is evident in the relativistic microburst duration.
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Figure 12.7: The monthly mean duration and 95% CI of the mean of relativistic microbursts

over a nominal year to demonstrate the Russell-McPherron effect. The black dashed line

corresponds to the mean duration over all months.

We calculate the mean microburst duration and associated 95% CI for each month
of the year. Figure 12.7 presents the monthly distribution of these mean microburst
durations and CIs (blue) over a nominal year and the overall mean duration (0.12 s)
of a nominal year (black). We observe statistically significant maxima (⇠2 ms higher
than the mean duration over the entire year) in the microburst mean duration occur-
ring in September and October. The statistically significant minima (1 – 2 ms lower
than the overall mean duration) occur in February, June and November.

The observed maxima in the mean microburst duration occur in an approxi-
mately equinoctial month, when there is efficient coupling between the Earth’s mag-
netic field and the solar wind [Russell and McPherron, 1973]. The observed minima in
June and November approximately correspond to the solistitial months, when the
coupling between Earth’s geomagnetic field and the solar wind is inefficient [Russell
and McPherron, 1973]. The February minima in mean microburst duration does not
correspond to either an equinoctial or solistitial month.

Thus we suggest there is possibly weak evidence of the Russell-McPherron effect
in the relativistic microburst mean duration.
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12.7 Geomagnetic Activity Dependence

In the following sections we use the same definition of geomagnetic activity as that
used in the previous chapters. We define the level of geomagnetic activity using
both the Kp and AE* indices. Refer back to Tables 9.3 and 9.4 for an overview of the
activity levels.

12.7.1 Duration over Geomagnetic Activity

Here we present the changes in the mean microburst duration with geomagnetic
activity as both Figure 12.8 and Table 12.1. We have used both the Kp (Figure 12.8a)
and AE* (Figure 12.8b) intervals to define the level of geomagnetic activity.

From both figures and the table it is clear that the mean microburst duration is
increasing with increasing geomagnetic activity. However, close inspection of Ta-
ble 12.1 (which presents the results to 3 significant figures allowing analysis of the
variation) reveals that the mean duration only changes by 9 ms (a 7% change). The
mean microburst duration difference between moderate and severe Kp conditions
is not statistically significant as they are within the 95% CI of each other. The same
holds for the mean microburst duration difference between quiet and disturbed AE*
conditions. These results, combined with those presented in previous chapters, in-
dicates that relativistic microbursts get more frequent and last longer, with greater
precipitated flux, as the level of geomagnetic activity increases.

(a) (b)

Figure 12.8: The distribution of the mean relativistic microburst duration and associated

95% CI over various (a) Kp periods and (b) AE* periods.
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Table 12.1: The mean microburst duration and corresponding CI for the various geomag-

netic activity levels

Intensity level Mean Duration (s) CI (ms)
Quiet Kp 0.119 ±0.4

Disturbed Kp 0.124 ±0.3
Moderate Kp Storm 0.126 ±0.4

Severe Kp Storm 0.125 ±0.9
Quiet AE* 0.117 ±1.5

Disturbed AE* 0.118 ±0.5
Active AE* 0.124 ±0.2
Intense AE* 0.126 ±0.3
Extreme AE* 0.127 ±0.4

12.7.2 Temporal Distribution

We previously presented the temporal distribution of relativistic microburst dura-
tions over all geomagnetic activity. We now investigate how this temporal distribu-
tion changes over geomagnetic activity. Figure 12.9 presents the distribution of the
relativistic microburst duration over both Kp (panel a) and AE* (panel b) geomag-
netic activity levels. In both figures the black line identifies quiet geomagnetic con-
ditions and the blue line identifies disturbed geomagnetic activity. In Figure 12.9a
the green line identifies moderate geomagnetic conditions, and the red line iden-
tifies severe geomagnetic activity. In Figure 12.9b the green line identifies active
geomagnetic conditions, the red line identifies intense geomagnetic activity, and the
magenta line identifies extreme geomagnetic activity. From both figures we observe
that the most common relativistic microburst duration is 0.1 s. Furthermore, we note
that the vast majority of microbursts have a duration between 0.1 and 0.3 s.

In Table 12.2 we describe the proportion of relativistic microbursts with each du-
ration under the different geomagnetic activity levels. From the table it is clear that
the proportion of relativistic microbursts with longer durations increases as the ge-
omagnetic activity levels increases. For example, under quiet Kp (AE*) conditions
we have 81.6% (83.2%) of microbursts with 0.1 s duration and 17.8% (16.1%) of mi-
crobursts with 0.2 s duration. However, under severe Kp storm (extreme AE*) con-
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ditions we have 76.4% (74.8%) of microbursts with 0.1 s duration and 22.3% (23.6%)
of microbursts with 0.2 s duration.

(a) (b)

Figure 12.9: The distribution of the relativistic microburst duration over various (a) Kp

periods and (b) AE* periods. Quiet conditions is denoted by the black line, disturbed condi-

tions are denoted by the blue line, moderate/active conditions are denoted by the green line,

severe/intense conditions are denoted by the red line and extreme conditions are denoted

by the magenta line.

Table 12.2: Percentage of microbursts occurring at the given durations for each geomag-

netic activity level.

Intensity level 0.1 s 0.2 s 0.3 s 0.4 s 0.5 s
Quiet Kp 81.6% 17.8% 0.51% 0.04% 0%

Disturbed Kp 77.5% 21.6% 0.87% 0.06% 0.003%
Moderate Kp Storm 75.6% 22.9% 1.40% 0.09% 0.002%

Severe Kp Storm 76.4% 22.3% 1.17% 0.12% 0%
Quiet AE* 83.2% 16.1% 0.51% 0.07% 0%

Disturbed AE* 82.6% 16.9% 0.43% 0.03% 0%
Active AE* 76.9% 21.9% 1.07% 0.07% 0.002%
Intense AE* 75.7% 22.9% 1.26% 0.09% 0.003%
Extreme AE* 74.8% 23.6% 1.45% 0.13% 0%
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12.7.3 Correlation to Geomagnetic Activity

We showed in Section 9.7.2 that the relativistic microburst frequency was well cor-
related to the geomagnetic activity level when using the Kp or AE/AE* indices. We
now investigate the relationship between the relativistic microburst duration and
geomagnetic activity.

As discussed in Section 12.3 the median microburst duration does not change
with L and MLT. Furthermore, we find that the median microburst duration does
not change over the years considered (1996 – 2007). These results indicate that the
median microburst duration will not correlate to the geomagnetic activity and as
such is not considered in the analysis below.

(a) (b)

(c)

Figure 12.10: The correlation between the yearly mean duration of relativistic microbursts

(black) and the mean (a) Ap, (b) AE*, and (c) Dst indices (green). The correlation coefficients

are 0.56, 0.42, and -0.22 respectively.
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Figure 12.10 presents the yearly mean duration (black line) and yearly mean ge-
omagnetic index (green line) from 1996 – 2007. There is a moderate correlation be-
tween the mean duration and the mean Ap index (Figure 12.10a), with a linear cor-
relation coefficient of 0.56. There is also a moderate correlation between the mean
duration and mean AE* (AE, not shown) index (Figure 12.10b), with a linear cor-
relation coefficient of 0.42 (0.41). There is a poor correlation between the mean du-
ration and mean Dst index (Figure 12.10c), with a linear correlation coefficient of
-0.22. These moderate linear correlation coefficients provide further evidence that,
on average, the duration of relativistic microbursts increases with increasing lev-
els of geomagnetic activity. The correlations between the mean duration and the
median geomagnetic activity indices are lower than the mean geomagnetic activity
indices, as shown in Table 12.3.

Table 12.3: Correlation coefficients between the mean duration and mean/median geomag-

netic activity indices.

Geomagnetic Index Median Index Mean Index
Ap 0.36 0.56

AE (nT) 0.33 0.41
AE* (nT) 0.33 0.42
Dst (nT) -0.08 -0.22

12.7.4 Plasmapause Location

We also investigate how the duration of relativistic microbursts changes as we ap-
proach the plasmapause under varying geomagnetic activity levels. Here we will
only consider the O’Brien and Moldwin [2003] Kp and AE models, and their changes
over the Kp and AE* intervals, respectively.

In Figures 12.11 and 12.12 we present the mean microburst duration for various
distances from the plasmapause under different geomagnetic conditions, following
the layout of Figure 12.5. We have used the O’Brien and Moldwin [2003] Kp model
to calculate the plasmapause and the Kp index to define the level of geomagnetic
activity in Figure 12.11. We used the O’Brien and Moldwin [2003] AE model to calcu-
late the plasmapause and the AE* index to define the level of geomagnetic activity
in Figure 12.12.
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(a) Quiet, Kp 3. (b) Disturbed, 3 < Kp < 5-.

(c) Moderate, 5-Kp 6+. (d) Severe, 7-Kp 9-.

Figure 12.11: The mean microburst duration and 95% CI of the mean at L bands relative

to the location of the plasmapause using the Kp model during (a) quiet, (b) disturbed, (c)

moderate, and (d) severe Kp conditions. The red line indicates the plasmapause location,

while the black dashed line indicates the mean over all L.

During quiet Kp, quiet AE*, and disturbed AE* conditions (Figures 12.11a, 12.12a,
and 12.12b, respectively) there is no statistically significant variation in the mean
microburst duration across the different distances from the plasmapause. During
disturbed, moderate, and severe Kp conditions (Figures 12.11b, 12.11c, and 12.11d,
respectively) we observe a statistically significant peak in the mean duration located
⇠2 L beyond the plasmapause. Specifically, the maximum mean duration during
disturbed Kp conditions occurs at 1.75 L beyond the plasmapause, with a mean du-
ration 7 ms higher than the mean over all L bands (0.12 s). During moderate Kp
conditions the mean duration peaks at 3.25 L beyond the plasmapause, with 12 ms
longer duration than the overall mean (0.12 s). Lastly, during severe Kp conditions
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the peak mean duration occurs at 2 L beyond the plasmapause, with a mean dura-
tion 14 ms longer than the mean over all L (0.12 s).

(a) Quiet, AE* 100 nT. (b) Disturbed, 100 < AE* 300 nT.

(c) Active, AE* > 300 nT. (d) Intense, AE* > 550 nT.

(e) Extreme, AE* > 750 nT.

Figure 12.12: As in Figure 12.11 but using the AE model during (a) quiet, (b) disturbed, (c)

active, (d) intense, and (e) extreme AE* conditions.
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During active, intense, and extreme AE* conditions (Figures 12.12c, 12.12d, and 12.12e,
respectively) we observe a statistically significant peak in the mean duration located
2 – 3 L beyond the plasmapause. Specifically, the peak mean duration is 7 ms longer
than the mean duration over all L bands (0.12 s) during active AE* conditions. This
peak in the mean duration occurs at 2.75 L beyond the plasmapause. During intense
and extreme AE* conditions the mean duration is 8 ms longer than the mean over
all L bands (0.12 s). These peaks in the mean duration are located at 2.25 and 2.50 L
beyond the plasmapause for intense and extreme AE* conditions, respectively.

For disturbed, moderate, and severe Kp intervals the variation in the mean mi-
croburst duration inside the plasmasphere and further than ⇠2.5 L outside the plas-
masphere is no longer statistically significant. This is also true for active, intense,
and extreme AE* conditions, where the variation in the mean microburst duration
inside the plasmasphere and beyond 4 L is not statistically significant.

12.7.5 L and MLT Distribution

In Figure 12.13 we present the L (panels a and b) and MLT (panels c and d) distribu-
tions for various Kp (panels a and c) and AE* (panels b and d) conditions, following
the colour layout of Figure 12.9. Individually investigating the L and MLT distribu-
tions of the mean microburst duration we find there is little statistically significant
variation over the different geomagnetic activity levels. The MLT distribution over
various Kp conditions, Figure 12.13c, shows that the midnight to morning region
(00 – 11 MLT) has successively longer durations as the geomagnetic activity level in-
creases, with the exception of severe Kp conditions. The L distribution over various
AE* conditions, Figure 12.13b, has a similar pattern for the higher AE* conditions,
with each successive geomagnetic activity level having longer mean microburst du-
rations. However, during quiet AE* conditions, we observe a very different mean
microburst duration distribution. During quiet AE* conditions there is a clear peak
in the mean microburst duration at L = 3.5 – 4, with mean microburst durations a
factor of ⇠1.5 longer than at other L bands.

We also consider the combination of the L and MLT distributions under the var-
ious geomagnetic activity levels. The resolution of Figures 12.14 and 12.15 is 0.5 L
and 1 MLT (as in previous chapters).
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(a) (b)

(c) (d)

Figure 12.13: The mean duration and 95% CI of relativistic microbursts (a – b) L distribu-

tions and (c – d) MLT distributions. Panels (a) and (c) use the quiet (blue), disturbed (black),

moderate (green), and severe (red) Kp intervals. Panels (b) and (d) use the quiet (blue),

disturbed (black), active (green), intense (red), and extreme (magenta) AE* intervals.

Figures 12.14 and 12.15 present the mean microburst duration during the Kp
and AE* intervals, respectively. The brightening of the colours in each successive
panel of the two figures demonstrates that the mean relativistic microburst dura-
tion increases with increasing geomagnetic activity in the morning MLT sector, from
04 – 12 MLT. The relatively constant colour in each panel of the two figures from
14 – 02 MLT suggests that the mean relativistic microburst duration does not signifi-
cantly change as the geomagnetic activity level changes.

The peak mean microburst duration shifts in L and MLT as the Kp conditions
change (Figure 12.14). Under quiet Kp conditions, the peak mean duration of 0.18 s
occurs at L = 3 and 22 MLT. The maximum mean duration under disturbed Kp con-
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ditions of 0.14 s occurs at L=3.5 and 10 MLT. During moderate Kp conditions, several
maxima of 0.15 s mean duration occur at: L = 8 and 05 MLT, L = 8 and 08 MLT, and
L = 7.5 and 21 MLT. During severe Kp conditions, the maximum mean duration is
located at L = 3 and 15 MLT, with a mean duration of 0.16 s.

(a) Quiet, Kp 3 (b) Disturbed, 3 < Kp < 5-

(c) Moderate, 5-Kp 6+ (d) Severe, 7-Kp 9-

Figure 12.14: The L and MLT distribution of the mean microburst duration during (a) quiet,

(b) disturbed, (c) moderate, and (d) severe Kp conditions.

A similar pattern is observed during the AE* intervals (Figure 12.15). Under
quiet AE* conditions, the peak mean duration of 0.20 s occurs at L = 3.5 and 21 MLT.
The maximum mean duration under disturbed AE* conditions of 0.15 s occurs at
L = 3 and 23 MLT. During active, intense, and extreme AE* conditions, two maxima
of 0.15 s mean duration occur at L = 8 and 05 MLT, and at L = 8 and 08 MLT. Further-
more, during intense and extreme AE* conditions, a third maxima of 0.15 s occurs at
L = 7.5 and 05 MLT.
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(a) Quiet, AE* 100 nT (b) Disturbed, 100 < AE* 300 nT

(c) Active, AE* > 300 nT (d) Intense, AE* > 550 nT

(e) Extreme, AE* > 750 nT

Figure 12.15: The L and MLT distribution of the mean microburst duration during (a) quiet,

(b) disturbed, (c) active, (d) intense, and (e) extreme AE* conditions.
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Comparing this to the occurrence of relativistic microbursts, we find that the
MLT sectors with high microburst occurrence frequencies also have longer microburst
durations. Conversely, the MLT sectors with low relativistic microburst occurrence
frequencies have shorter durations, on average. This could be an artifact of the algo-
rithm mixing small duration events together during periods of frequent microburst
activity.

12.8 Relation to Microburst Flux Magnitude

Lastly, we investigate the relationship between the microburst duration and the mi-
croburst flux magnitude. As previously shown (refer back to Section 10.1), the rel-
ativistic microburst flux magnitude is only valid in the NAR, thus in the following
analysis we only use the NAR microburst subset of 21,746 relativistic microbursts.
The NAR microbursts have a slightly different microburst duration temporal distri-
bution than that presented in Section 12.7.2

Table 12.4 presents the percentage of the NAR microbursts that have 0.1, 0.2,
0.3, 0.4, and 0.5 s durations, respectively, under various geomagnetic activity levels.
Considering all geomagnetic conditions we find 76.7% of NAR microbursts have
0.1 s durations, 21.9% have 0.2 s durations, 1.23% have 0.3 s durations, and 0.1%

Table 12.4: Percentage of NAR microbursts occurring at the given durations for each geo-

magnetic intensity level.

Intensity level 0.1 s 0.2 s 0.3 s 0.4 s 0.5 s
All Conditions 76.7% 21.9% 1.23% 0.10% 0%

Quiet Kp 82.4% 17.0% 0.52% 0.06% 0%
Disturbed Kp 76.1% 22.6% 1.21% 0.09% 0%

Moderate Kp Storm 75.3% 23.0% 1.55% 0.13% 0%
Severe Kp Storm 74.1% 24.6% 1.35% 0% 0%

Quiet AE* 84.4% 14.8% 0.38% 0.38% 0%
Disturbed AE* 83.3% 16.1% 0.44% 0.10% 0%

Active AE* 75.9% 22.6% 1.33% 0.09% 0%
Intense AE* 74.3% 24.1% 1.50% 0.10% 0%
Extreme AE* 72.5% 25.6% 1.83% 0.12% 0%
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have 0.4 s durations. There are no NAR microbursts that have �0.5 s durations. We
again find the duration of NAR microbursts increases with increasing geomagnetic
activity. For example, under quiet Kp (AE*) conditions we have 82.4% (84.4%) of
microbursts with 0.1 s durations and 17.0% (14.8%) of microbursts with 0.2 s dura-
tions. In contrast, under severe Kp storm (extreme AE*) conditions we have 74.1%
(72.5%) of microbursts with 0.1 s durations and 24.6% (25.6%) of microbursts with
0.2 s durations.

We first consider how the NAR microburst flux magnitudes vary with the NAR
microburst duration. Figure 12.16 presents the mean (black, with 95% CI), median
(green), and range (blue) of the NAR microburst flux magnitude and the NAR mi-
croburst duration. Here we use the statistical definition of the range, the difference
between the minimum and maximum microburst flux magnitudes. Figure 12.16
demonstrates that the average (mean and median) NAR microburst flux magnitude
is increasing with increasing NAR microburst duration, while the range in the NAR
microburst flux magnitude is decreasing with increasing NAR microburst duration.

Figure 12.16: The mean (black), median (green), and range (blue) of the NAR microburst

flux magnitude with respect to the NAR microburst duration. The 95% CI of the mean NAR

microburst flux magnitude is included.
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To understand this decreasing range in the NAR microburst flux magnitude as
the duration increases we have further investigated the data. We find that the max-
imum NAR microburst flux magnitude remains constant for all NAR microburst
durations, while the minimum NAR flux magnitude increases (by a factor of 3 – 6)
with increasing NAR microburst duration. Therefore, it is the increasing minimum
NAR microburst flux magnitude value that is causing the decreasing range in the
NAR microburst flux magnitude.

We expect the mean NAR microburst flux magnitude to be greatly affected by
the increasing minimum value, resulting in the higher mean flux magnitude with
longer duration NAR microbursts. However, we would expect a minor affect on
the median NAR microburst flux magnitude by this changing minimum flux mag-
nitude value. As the mean and median NAR microburst flux values closely agree
over the possible NAR microburst durations, we suggest there is a true variation
(not a side effect of the changing range) in the mean/median flux magnitude with
duration. We suggest that the scattering process occurring over longer time periods
results in longer duration microbursts and at the same time precipitates a higher
flux amplitude of >1 MeV electrons.
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Part IV:

Drivers of Relativistic
Microbursts
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13 | Comparison to Wave Occurrence
and Intensity in Literature

As mentioned in Chapter 4, there is ample evidence supporting the theory that
lower energy microbursts are the result of scattering by whistler mode chorus waves.
There are currently two theories in the literature, involving two different plasma
wave drivers, that describe how higher energy (relativistic) microbursts are pro-
duced. One theory is that relativistic microbursts are also the result of scattering by
whistler mode chorus waves [Thorne et al., 2005]. The other theory is that relativistic
microbursts are the result of scattering by EMIC waves [Omura and Zhao, 2013].

A recent experimental study provides a small number of examples of relativis-
tic microbursts occurring concurrently with whistler mode chorus waves [Breneman
et al., 2017]. However, this does not rule out EMIC waves as a potential wave driver
of relativistic microbursts.

In this chapter, we hope to resolve the ambiguity between which wave is scat-
tering the electrons resulting in relativistic microbursts. We compare the occurrence
and flux magnitude properties of relativistic microbursts (discussed in the previous
chapters) to the occurrence and intensity characteristics of both whistler mode cho-
rus and EMIC waves. We search the literature to find the occurrence and intensity
properties of the two wave types.

The studies that we focus on from the literature use a variety of geomagnetic in-
dices to describe the level of geomagnetic activity present during the L and MLT dis-
tributions of the plasma waves. Most studies use the AE index, while Li et al. [2009]
use the AE* index and Nakamura et al. [2016] use the AE** index. The microburst oc-
currence distributions in L and MLT space are indistinguishable when using the AE
or AE* indices. Additionally, the L and MLT distributions of relativistic microburst
flux magnitude are similar for disturbed, active, and intense thresholds for both AE
and AE* conditions.

199



We will compare the microburst properties during three geomagnetic conditions
(quiet, disturbed, and active AE/AE* conditions) with those wave distributions pre-
sented in the literature. During quiet geomagnetic conditions, when radiation belt
fluxes are low, we have a much smaller microburst dataset than during disturbed
and active geomagnetic conditions, when radiation belt fluxes are high. As such
the microburst distributions during quiet geomagnetic conditions (described previ-
ously) may be an artifact of the poor triggering rate of the algorithm at these times,
and may not be representative of the microburst properties during quiet geomag-
netic conditions. Thus, in the following discussions we will compare the wave ac-
tivity to the microburst occurrence but not to the microburst flux magnitude during
quiet geomagnetic conditions. Furthermore, we will not make any firm conclusions
about the wave driver of relativistic microbursts during quiet geomagnetic condi-
tions.

13.1 Whistler Mode Chorus Wave Comparison

For the whistler mode chorus wave comparison with relativistic microburst occur-
rence and/or flux magnitude, we will focus on three papers from the literature; Li
et al. [2009], Meredith et al. [2012], and Meredith et al. [2014a]. All three of these stud-
ies present the distribution of whistler mode chorus average wave power in L and
MLT space. The methods used in each of these studies are described in detail below.
Although Meredith et al. [2012] expands on the results presented in Li et al. [2009],
they have used different parameters to describe the distribution of whistler mode
chorus wave amplitude. Thus, we will include both studies in our discussions. We
were unable to find suitable L and MLT distributions of whistler mode chorus wave
occurrence (rather than amplitude) in the literature.

We begin our comparison of relativistic microburst occurrence and/or flux mag-
nitude distributions with the equatorial chorus wave amplitude distribution. We
then consider chorus wave amplitude distributions at higher latitudes, where there
is more effective scattering of MeV electrons occurring [Thorne et al., 2005].

Li et al. [2009]

The authors of this study have used the Time History of Events and Macroscale In-
teractions during Substorms (THEMIS) spacecraft to describe the global distribution
of chorus magnetic field intensities and occurrence rates. The THEMIS satellite mis-
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sion contains 5 probes in near-equatorial orbits with apogees >10R
E

and perigees
<2R

E

, which should accurately capture the chorus waves as they are generated out-
side the plasmapause and near the geomagnetic equator [LeDocq et al., 1998; Santolik
et al., 2003]. Li et al. [2009] use wave magnetic field data from 1 June 2007 to 1 Febru-
ary 2009 from all 5 probes to gain good MLT coverage for the global distribution of
chorus emissions. The L and MLT plots produced by Li et al. [2009] have 0.2 L and
1 MLT resolution and follow the convention of placing noon MLT to the left of the
figure.

They have presented the Root Mean Square (RMS) amplitude of whistler mode
chorus waves (combining upper and lower band observations) over three geomag-
netic activity levels; AE* < 100 nT, 100AE*300 nT, and AE* > 300 nT, reproduced
here as Figure 13.1. Li et al. [2009] have also presented the occurrence rates of
whistler mode chorus waves for three levels of wave amplitude; 10Bw < 30 pT,
30Bw  100 pT, and Bw > 100 pT. Both the RMS amplitude and the occurrence rates
of whistler mode chorus waves have been investigated for equatorial and mid-
latitude regions. Equatorial latitudes are |�

m

|< 10� (Note �
m

is the magnetic latitude,
distance along the magnetic field line from the equator) and mid-latitude regions are
10 |�

m

| < 25�.

We are not able to limit our relativistic microburst occurrence/flux magnitude
distributions to the same criteria that have been used to produce the chorus wave
occurrence distributions. Therefore, it does not seem sensible to compare our mi-
croburst distributions to the chorus wave occurrence presented in Figure 3 of Li
et al. [2009]. Thus, we will not consider the occurrence rates of the whistler mode
chorus waves.

Meredith et al. [2012, 2014a]

Meredith et al. [2012] have extended the previous study using 8 different satellites
that are able to measure plasma wave parameters in the inner magnetosphere. These
eight satellites are: the Dynamics Explorer 1 (which covers the period September
1981 to June 1984), the Combined Release and Radiation Effects Satellite (CRRES,
August 1990 to October 1991), Cluster 1 (January 2001 to December 2010), Dou-
ble Star TC-1 (January to December 2004), and THEMIS A, D and E (May 2010 to
October 2011). Meredith et al. [2014a] use a subset of this dataset, specifically: Dy-
namics Explorer 1, Cluster 1, Double Star TC-1, and THEMIS A, D and E, to inves-
tigate the global distribution of low frequency chorus waves (frequencies between
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the lower hybrid resonance frequency (f LHR) and the local electron gyrofrequency
(f ce), f LHR < f < 0.1f ce).

The L* and MLT plots produced in Meredith et al. [2012] have 0.1 L* and 1 MLT res-
olution while similar plots produced in Meredith et al. [2014a] have 0.2 L* and 1 MLT
resolution. In both studies they have presented the combined average intensity of
whistler mode chorus waves from the satellites over three geomagnetic activity lev-
els; AE < 100 nT, 100 < AE < 300 nT, and AE > 300 nT, using the same convention we
have used, which places noon MLT at the top of the figure. The average wave inten-
sities have been investigated separately for upper and lower band chorus in Meredith
et al. [2012]. Meredith et al. [2012] consider the equatorial region (|�

m

|< 15�), repro-
duced here as Figure 13.2, and the mid-latitude region (15 < |�

m

|< 30�), reproduced
here as Figure 13.3. While Meredith et al. [2014a] investigate low frequency chorus
wave intensities in the equatorial (|�

m

|< 15�), mid-latitude (15 < |�
m

|< 30�), higher
mid-latitude (30 < |�

m

|< 45�), and high latitude (45 < |�
m

|< 60�) regions, reproduced
here as Figure 13.4.

13.1.1 Equatorial Chorus Wave Amplitude Distribution

Figure 13.4 shows that in the equatorial region, low-frequency chorus (fLHR < f < 0.1fce)
is weak with typical intensities of the order of tens of pT2 for all geomagnetic con-
ditions investigated [Meredith et al., 2014a]. Thus equatorial region, low-frequency
chorus is unable to explain the variations of relativistic microburst occurrence and
flux magnitude over the three geomagnetic activity levels.

Higher frequency chorus waves (lower and upper band) have more variation in
their amplitudes over different geomagnetic conditions. We first consider quiet ge-
omagnetic conditions, AE*(AE) < 100 nT. The RMS amplitude of lower band equato-
rial chorus is highest from 7 – 13 MLT [Li et al., 2009; Meredith et al., 2012]. This wave
amplitude peak is consistent with the secondary peak in microburst occurrence rates
observed in Figure 9.17d. However, the L range of the equatorial chorus intensity
enhancement and the peak in microburst occurrence rates do not coincide, with mi-
crobursts restricted from L = 4 – 7 while the peak equatorial chorus intensity in this
MLT region occurs at L > 7 [Li et al., 2009; Meredith et al., 2012]. Inside L = 7, both
lower and upper band chorus intensities are weak, with lower band intensities of
<100 pT2 and upper band intensities of <40 pT2 [Meredith et al., 2012]. Additionally,
neither of the studies have any significant chorus wave intensity in the premidnight
MLT region (21 – 24 MLT) where we observe the primary peak in the relativistic mi-
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Figure 13.1: The global distribution of chorus (combined upper and lower band), repro-

duced from Li et al. [Fig. 2, 2009]. They consider the L shells between 5 and 10 catego-

rized by different AE* in the (a) near equatorial (|MLAT| < 10�) region and (b) mid latitude

(10� < |MLAT| < 25�) region. The larger plots (a and c) show RMS chorus wave amplitudes

(pT) and the smaller plots (b and d) indicate the number of samples in each bin.

croburst occurrence.

During disturbed conditions, we observe larger chorus wave intensities at lower
L [Li et al., 2009; Meredith et al., 2012]. RMS amplitudes of upper and lower band
chorus waves are elevated in an extended MLT region when compared to quiet
conditions, with significant wave amplitudes from 00 – 16 MLT [Li et al., 2009] (Fig-
ure 13.1). In particular, the lower band chorus intensities reach ⇠1000 pT2 from
6 < L* < 9 and 05 – 11 MLT, while upper band chorus intensities reach ⇠100 pT2 from
4 < L* < 7 and 23 – 13 MLT [Meredith et al., 2012] (Figure 13.2).

The L and MLT regions of enhanced equatorial chorus wave intensities coincide
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with the L and MLT regions of enhanced microburst occurrence frequency during
disturbed conditions. Furthermore, the region where we observe the highest av-
erage microburst flux magnitudes (from 20 – 24 MLT) during disturbed conditions
coincides with the enhanced region of upper band chorus wave intensities (Fig-
ure 13.2). However, the largest intensity chorus waves of ⇠1000 pT2 do not occur
where the highest microburst flux magnitudes occur.

During active conditions, we observe even larger chorus wave intensities [Li
et al., 2009; Meredith et al., 2012]. There are enhanced RMS amplitudes of chorus
waves from 21 – 15 MLT, occurring in a similar L range as enhanced microburst oc-
currence [Li et al., 2009] (Figure 13.1). The lower band chorus wave intensities are
⇠2000 pT2 from 4 < L* < 9 and 23 – 12 MLT [Meredith et al., 2012] (Figure 13.2), corre-
sponding to a region of enhanced microburst occurrence. The upper band chorus
wave intensities, which are generally weaker and less extensive in MLT, are >100 pT2

from 3 < L* < 7 and 23 – 11 MLT [Meredith et al., 2012] (Figure 13.2), still coincide with
the region of enhanced microburst occurrence. The largest upper band chorus wave

Figure 13.2: The combined satellite model of the equatorial chorus wave intensity distri-

bution, reproduced from Meredith et al. [Fig. 4, 2012], for (top panels) upper and (bottom

panels) lower band chorus. Average intensities are shown in the large panels and the corre-

sponding sampling distributions in the small panels.
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intensities of several hundred pT2 occur from 4 < L* < 6 and 00 – 06 MLT [Meredith
et al., 2012] (Figure 13.2), corresponding to a region of both enhanced microburst
occurrence and enhanced microburst flux magnitude.

13.1.2 Mid Latitude Chorus Wave Amplitude Distribution

In the mid latitude region (moving down the fieldline away from the equator, 15 < |�
m

|< 30�)
upper band chorus waves are extremely weak, with intensities typically <1 pT2 for
all levels of geomagnetic activity considered [Meredith et al., 2012] (Figure 13.3).
Thus, we will not consider upper band chorus independently in this section.

We again find that the chorus wave intensities are high for L ranges beyond those
where microbursts tend to occur during quiet geomagnetic conditions [Li et al., 2009;
Meredith et al., 2012]. However, during disturbed conditions the high RMS ampli-
tudes of chorus waves extend down to L = 5 [Li et al., 2009] (Figure 13.1). We observe
greater mid-latitude chorus wave intensities in the afternoon MLT sector than we

Figure 13.3: The combined satellite model of the mid-latitude wave intensity distribution,

reproduced from Meredith et al. [Fig. 5, 2012], for (top panels) upper and (bottom panels)

lower band chorus. The large panels show the average intensities and the corresponding

small panels show the sampling distributions.
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did equatorial chorus wave intensities [Li et al., 2009; Meredith et al., 2012]. The inten-
sity of the mid-latitude chorus waves is elevated from 4 – 18 MLT during disturbed
conditions [Li et al., 2009; Meredith et al., 2012, 2014a]. However, there is a much
smaller overlap in L and MLT space between large mid-latitude chorus intensity
and enhanced microburst occurrence, with a coincidence in MLT from 07 – 12 MLT.

Similarly for active conditions we have enhanced intensity of the mid-latitude
chorus waves from 2 – 18 MLT [Li et al., 2009; Meredith et al., 2012, 2014a]. The peak
intensity of lower band chorus occurs from 4 < L* < 9 and 07 – 14 MLT, with intensi-
ties of ⇠2000 pT2 [Meredith et al., 2012] (Figure 13.3). The peak intensity of low fre-
quency chorus waves of several hundred pT2 occurs from 4 < L* < 7 and 08 – 15 MLT
[Meredith et al., 2014a] (Figure 13.4).

Overall we have higher mid-latitude chorus wave intensities in the afternoon
MLT sector than equatorial chorus intensities. Thus, we get better agreement be-
tween the microburst occurrence and mid-latitude chorus wave intensity distribu-
tion in the afternoon MLT sector. However, there is little mid-latitude wave intensity
in the pre-midnight and dawn MLT sectors (23 – 06 MLT) where we have high mi-
croburst occurrence and high microburst flux magnitudes. Thus, we have a worse
coincidence in L and MLT space with mid-latitude chorus wave intensity than we
did with equatorial chorus wave intensity.

13.1.3 Higher Latitude Chorus Wave Amplitude Distribution

At higher magnetic latitudes (30 < |�
m

|< 60�) we only have information about very
low-frequency chorus waves from Meredith et al. [2014a] (Figure 13.4).

At higher mid-latitudes, (30 < |�
m

|< 45�) the low-frequency chorus wave power
is strongest on the dayside, with intensities of several hundred pT2 from 4 < L* < 8
and 07 – 15 MLT during disturbed and active geomagnetic conditions [Meredith et al.,
2014a]. This is coincident with the relativistic microbursts occurring on the dayside.
However, low-frequency chorus waves cannot explain the relativistic microburst
occurrence and high flux magnitude occurring in the midnight-dawn MLT region
(23 – 06 MLT).

At high magnetic latitudes (45 < |�
m

|< 60�), the low-frequency chorus wave power
is weak (approximately tens of pT2) [Meredith et al., 2014a]. This weak wave power
is limited to the noon MLT sector at L* > 7 for all three geomagnetic activity levels
[Meredith et al., 2014a]. Additionally, there is no low-frequency chorus wave power
present on the nightside for all geomagnetic activity levels [Meredith et al., 2014a].
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Figure 13.4: Global maps of the average wave intensity of low-frequency chorus repro-

duced from Meredith et al. [Fig. 2, 2014a]. From top to bottom is decreasing magnetic lati-

tude, while from left to right is increasing geomagnetic activity. The large panels show the

average intensity and the corresponding small panels show the sampling distributions.
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Although we have some agreement between the relativistic microburst occur-
rence and the high latitude low-frequency chorus waves, they cannot explain the rel-
ativistic microburst occurrence and high flux magnitude occurring in the midnight-
dawn MLT region (23 – 06 MLT).

13.2 EMIC Wave Comparison

There are more studies available in the literature that present the L and MLT dis-
tribution of EMIC waves. The comparison between EMIC wave occurrence (and
power) and relativistic microburst occurrence and/or flux magnitude will be lim-
ited to the following five studies: Usanova et al. [2012], Saikin et al. [2015], Saikin
et al. [2016], Meredith et al. [2014b], Nakamura et al. [2016]. The satellites and data
processing methods used in these studies are described in detail below.

We begin our comparison of relativistic microburst occurrence and/or flux mag-
nitude distributions with the overall EMIC wave occurrence and the three bands of
EMIC wave occurrence (hydrogen, helium, and oxygen bands). We then consider
the occurrence properties of rising and falling tone EMIC waves. Lastly, we consider
the EMIC wave intensity distribution in L and MLT.

Usanova et al. [2012]

Usanova et al. [2012] found a total of 1130 days from the period May 2007 to Decem-
ber 2011 that contain EMIC wave events. They created their EMIC wave database
by Fast Fourier Transforming (FFT) the THEMIS A, C, D, and E probes’ magnetic
field data and applying the Bortnik et al. [2007] algorithm (see Bortnik et al. [2007]
for further details). They have limited their EMIC wave analysis to the Pc1 – 2 band
(0.1 – 5 Hz).

The authors present the EMIC wave occurrence (normalised by THEMIS dwell
time) over three geomagnetic activity levels as defined by AE (AE < 100 nT, 100 < AE < 300 nT,
and AE > 300 nT). We mainly compare our relativistic microburst distributions to
their Figure 8 [Usanova et al., 2012], which has 1 MLT and 0.5 L resolution. Note that
Usanova et al. [2012] have used the orientational convention of placing the Sun (noon
MLT) to the left of the figure, such that 06 MLT is at the top of the figure. A repro-
duction of Usanova et al. [Fig. 8, 2012] is provided in Figure 13.5 in Section 13.2.1.
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Saikin et al. [2015, 2016]

Saikin et al. [2015, 2016] found a total of 771 EMIC wave events (by visual inspec-
tion) from the Van Allen Probes (A and B) EMFISIS (Electric and Magnetic Field
Instrument Suite and Integrated Science) data between 8 September 2012 and 30
June 2014. The figures presented in both Saikin et al. [2015] and Saikin et al. [2016]
have 15 minute MLT and 0.5 L resolution.

Saikin et al. [2015] present the occurrence rates of all EMIC waves [Saikin et al.,
2015, Fig. 3], the occurrence rates of each band of EMIC waves [Saikin et al., 2015,
Fig. 4], and the log power of each band of EMIC waves [Saikin et al., 2015, Fig. 5].
The only figure of interest for our purposes in Saikin et al. [2016] is their Figure 3
which shows the occurrence rates of EMIC waves under three levels of geomagnetic
activity, defined by the AE index (AE 100 nT, 100 < AE 300 nT, and AE > 300 nT).
Note that Saikin et al. [2015, 2016] have also used the orientational convention of
placing the Sun (noon MLT) to the left of the figure (similar to Li et al. [2009] and
Usanova et al. [2012]). Reproductions of Saikin et al. [Figs. 3 and 4, 2015] and Saikin
et al. [Fig. 3, 2016] are provided in Figures 13.6, 13.7, and 13.8 in Section 13.2.1. A
reproduction of Saikin et al. [Fig. 5, 2015] is provided in Figure 13.11 in Section 13.2.3.

Nakamura et al. [2016]

Nakamura et al. [2016] use the THEMIS A, D, and E probes from January 2011 to
December 2014 to create their EMIC wave database. They apply an algorithm (see
Section 2 of Nakamura et al. [2016] for the details) to the fluxgate magnetometer data
in low-resolution mode to find the EMIC wave events. Their observations are lim-
ited to 5 – 10R

E

.

Nakamura et al. [2016] present the occurrence properties of rising and falling tones
in Cartesian coordinates (Figure 4, [Nakamura et al., 2016]). They also present the oc-
currence properties of EMIC wave events and rising and falling tone EMIC wave
events over two geomagnetic activity levels (Figure 5, [Nakamura et al., 2016]), de-
fined by AE** (the maximum AE index over the previous three hours), AE** < 300 nT
and AE** > 300 nT. Nakamura et al. [2016] present their figures in a different orienta-
tion to those discussed to date, with 18 MLT at the top of the figure and the Sun
(noon MLT) to the right of the figure. Reproductions of Nakamura et al. [Figs. 4 and
5, 2016] are provided in Figures 13.9 and 13.10 in Section 13.2.2.

209



Meredith et al. [2014b]

Meredith et al. [2014b] found 830 EMIC wave events from CRRES between August
1990 to October 1991. They have used these EMIC wave events to describe the L and
MLT distribution of the helium band EMIC wave occurrence over three geomag-
netic activity levels, defined by the AE index (AE < 100 nT, 100 < AE < 300 nT, and
AE > 300 nT), for two wave intensities; Bw

2 > 0.1 nT2 (Figure 5, [Meredith et al., 2014b])
and Bw

2 > 1 nT2 (Figure 6, [Meredith et al., 2014b]). They have also showed the results
for hydrogen band EMIC wave events (Figures 7 and 8, [Meredith et al., 2014b]).
All of these figures from their paper have 0.1 L* and 1 hour MLT resolution. As in
Meredith et al. [2012, 2014a], Meredith et al. [2014b] have presented their figures using
the same convention we used, with noon MLT at the top of the figures. Reproduc-
tions of Meredith et al. [Figs 5 – 8, 2014b] are provided in Figures 13.12, 13.13, 13.14,
and 13.15 in Section 13.2.3.

13.2.1 EMIC Wave Occurrence

Overall EMIC waves are most often observed in the dayside outer magnetosphere
[Usanova et al., 2012; Saikin et al., 2015]. There are two significant regions of EMIC
occurrence, located from 15 – 17 MLT at L = 6 and from 10 – 12 MLT at L = 5.5 [Saikin
et al., 2015] (Figure 13.6). Both of these regions have >20% chance of observing
EMIC waves [Saikin et al., 2015]. The peak EMIC wave occurrence in the afternoon
MLT sector (15 – 17 MLT) does not coincide with frequent or high flux magnitude
microbursts. However, the peak EMIC wave occurrence in the morning MLT sec-
tor (10 – 12 MLT) partially coincides with the MLT and L region where we observe
higher occurrence of relativistic microbursts. The enhanced microburst flux magni-
tude in the morning MLT sector occurs at much lower L than the observed EMIC
wave occurrence peak.

Considering each band of EMIC waves separately, it is found that helium band
EMIC waves are the most commonly observed and oxygen band EMIC waves are
the least commonly observed [Saikin et al., 2015] (Figure 13.7). Helium band EMIC
waves are observed across all MLT, with enhanced occurrence rates from 08 – 18 MLT
[Saikin et al., 2015] (Figure 13.7). Hydrogen band EMIC waves have peak occur-
rences from 9 – 12 MLT at L > 4 and from 15 – 17 MLT at L > 5.5 [Saikin et al., 2015]
(Figure 13.7). Oxygen band EMIC waves occur primarily from 09 – 11 MLT at L = 2 –
4 [Saikin et al., 2015] (Figure 13.7). There are very few oxygen band EMIC wave
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observations from 22 – 08 MLT [Saikin et al., 2015] (Figure 13.7). None of the EMIC
wave bands have significant occurrence in the region where we observed enhanced
microburst flux magnitudes. However, the morningside MLT (08 – 12 MLT) regions
of enhanced EMIC wave activity in each of the bands partially overlaps the MLT
range where we frequently observe relativistic microbursts. Thus, the L and MLT
distribution of the three EMIC wave bands does not shed any light on the possible
EMIC band that is scattering the >1 MeV electrons.

Dayside MLT EMIC wave occurrence rates reach ⇡10% during intervals of mod-
erate (100 < AE < 300 nT) and enhanced (AE > 300 nT) substorm activity [Usanova et al.,
2012] (Figure 13.5). Specifically, during moderate geomagnetic conditions (100 < AE 300 nT)
the peak occurrence of EMIC waves is at 8 – 17 MLT at L� 4 [Saikin et al., 2016]
(Figure 13.8). 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]. During both disturbed and ac-
tive geomagnetic conditions, we have no overlap between the region of enhanced
EMIC wave occurrence and the region of enhanced microburst flux magnitude. Dur-
ing disturbed geomagnetic conditions we have a partial overlap between the region
of enhanced EMIC wave occurrence and the region of enhanced microburst occur-
rence. However, during active geomagnetic conditions, this overlap in enhanced
occurrence regions is no longer observed.

Additionally, Saikin et al. [2016] found that EMIC waves can also be observed
in the dusk MLT sector (from 18 – 24 MLT) with increasing occurrence rates as ge-
omagnetic activity increases. The average occurrence rates of EMIC waves in the
dusk MLT sector reach ⇡15% over L = 4 – 6 during active geomagnetic conditions

Figure 13.5: EMIC wave occurrence distribution for low, moderate, and enhanced substorm

activity, reproduced from Usanova et al. [Fig. 8, 2012]. The white solid line in each panel

shows the location of geosynchronous orbit.
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Figure 13.6: The occurrence rate distribution of EMIC waves observed by the Van Allen

probes, reproduced from Saikin et al. [Fig. 3, 2015]. Grey regions correspond to no observed

EMIC activity. The black line and diamonds estimate the location of the plasmapause.

Figure 13.7: The occurrence rate distribution of (a) H+, (b) He+, and (c) O+ band EMIC

waves, reproduced from Saikin et al. [Fig. 4, 2015].

[Saikin et al., 2016] (Figure 13.8). These dusk MLT sector EMIC waves coincide with
the MLT region of enhanced microburst flux magnitude and partially coincides with
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the MLT region of enhanced microburst occurrence rates during both quiet and dis-
turbed geomagnetic conditions. During active geomagnetic conditions, there is less
agreement between the dusk sector EMIC waves and the enhanced microburst oc-
currence and flux magnitude.

13.2.2 EMIC Wave Rising/Falling Tones

Rising or falling tone EMIC emissions occur in ⇠30% of EMIC wave events. This in-
creases around noon MLT where ⇠50% of EMIC wave events contain rising and/or
falling tones [Nakamura et al., 2016] (Figure 13.9). There does not appear to be
any rising or falling tone structures occurring in the nightside MLT region EMIC
waves [Nakamura et al., 2016] (Figure 13.9). Both rising tone EMIC waves and falling
tone EMIC waves have similar L and MLT distributions [Nakamura et al., 2016] (Fig-
ure 13.9). 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] (Figure 13.10).

There is a partial overlap, at ⇠10 MLT, between the region of enhanced rising/falling
tone EMIC waves and the region of enhanced relativistic microburst occurrence.
There is little overlap between the enhanced occurrence of rising/falling tone EMIC
waves and the enhanced relativistic microburst occurrence during high levels of ge-
omagnetic activity. Additionally, the occurrence of rising/falling tone EMIC waves

Figure 13.8: The normalised occurrence rate distribution of all EMIC waves during (a)

quiet, (b) moderate, and (c) disturbed geomagnetic conditions, reproduced from Saikin et al.
[Fig. 3, 2016]. Grey regions correspond to no observed EMIC wave activity.
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does not coincide with the region of enhanced microburst flux magnitudes at either
low or high levels of geomagnetic activity. The lack of rising/falling tone EMIC
waves on the nightside, where we have both frequent and high flux magnitude
microbursts, suggests that the rising/falling tone EMIC waves are not commonly
responsible for the scattering resulting in relativistic microbursts.

Figure 13.9: The occurrence rate distribution of (a) all EMIC emissions, (b) EMIC rising and

falling tones, (c) EMIC rising tones, and (d) EMIC falling tones, reproduced from Nakamura
et al. [Fig. 4, 2016].
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Figure 13.10: The occurrence rate distribution of EMIC events for (a) low and (b) enhanced

substorm activity (AE**), reproduced from Nakamura et al. [Fig. 5, 2016]. Also shown is

the occurrence rate distribution of rising or falling tone EMIC events for (c) low and (d)

enhanced substorm activity (AE**).
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13.2.3 EMIC Wave Intensity

Oxygen band EMIC waves are relatively weak, with an average wave power that
rarely exceeds 0.1 nT2/Hz [Saikin et al., 2015] (Figure 13.11). Thus it seems unlikely
that oxygen band EMIC wave power could explain the variation in microburst oc-
currence and flux magnitude.

Hydrogen band EMIC waves have average wave powers that exceed 0.1 nT2/Hz,
coinciding with the regions of peak wave occurrence (9 – 12 MLT and 15 – 17 MLT)
[Saikin et al., 2015] (Figure 13.11). The largest wave power of hydrogen band EMIC
waves is observed beyond L = 6 and at 12 MLT [Saikin et al., 2015] (Figure 13.11).
During quiet and disturbed geomagnetic conditions hydrogen band EMIC waves
are rare and have low wave power [Meredith et al., 2014b] (Figures 13.14 and 13.15).
However, during active geomagnetic conditions, intense (Bw

2 > 0.1 nT2) hydrogen
band EMIC waves are prevalent in the afternoon MLT sector (12 – 18 MLT) from
L* = 4 – 7, with an average intensity of 0.5 nT2 [Meredith et al., 2014b] (Figure 13.14).
However, intense hydrogen band EMIC waves, during active conditions, do not co-
incide with the regions of enhanced relativistic microburst occurrence or flux mag-
nitude. Therefore, it seems unlikely that hydrogen band EMIC wave power could
explain the variation in microburst occurrence and flux magnitude.

Helium band EMIC waves have the highest wave powers, when compared to the
other two EMIC wave bands [Saikin et al., 2015] (Figure 13.11). Helium band EMIC
waves also have average wave powers that exceed 0.1 nT2/Hz, coinciding with the
region of peak wave occurrence (12 – 18 MLT) [Meredith et al., 2014b; Saikin et al.,

Figure 13.11: The wave power distribution of (a) H+, (b) He+, and (c) O+ band EMIC

waves, reproduced from Saikin et al. [Fig. 5, 2015].
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2015]. Two further peaks in the helium band EMIC wave power are observed from
08 – 11 MLT at L = 6 and from 20 – 23 MLT at L = 5 [Saikin et al., 2015] (Figure 13.11).
Helium band EMIC waves are rare during quiet geomagnetic conditions [Meredith
et al., 2014b] (Figures 13.12 and 13.13). However, during active geomagnetic con-
ditions, intense (Bw

2 > 0.1 nT2) helium band EMIC waves are prevalent in the after-
noon sector (12 – 18 MLT) from L* = 4 – 7, with an average intensity of 2 nT2 [Meredith
et al., 2014b] (Figure 13.12). These intense helium band EMIC waves, during active
conditions, do not coincide with the regions of enhanced relativistic microburst oc-
currence or flux magnitude. However, the high helium band EMIC wave power
observed from 08 – 11 MLT partially coincides with the region of enhanced relativis-
tic microburst occurrence. Additionally, the high helium band EMIC wave power
observed from 20 – 23 MLT largely coincides with the region of enhanced relativis-
tic microburst flux magnitudes. Thus, helium band EMIC wave power can explain
some of the variation observed in the relativistic microburst occurrence and flux
magnitude.

Figure 13.12: Percentage occurrence of helium band EMIC wave events with B2
w > 0.1 nT2,

modified from Meredith et al. [Fig. 5, 2014b], during (left) quiet, (centre) moderate and (right)

active AE conditions. Large panels show the percentage occurrence and the corresponding

small panels show the sampling distribution.
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Figure 13.13: As in Figure 13.12 but for helium band wave events with B2
w > 1 nT2, modified

from Meredith et al. [Fig. 6, 2014b].

Figure 13.14: As in Figure 13.12 but for hydrogen band wave events with B2
w > 0.1 nT2,

modified from Meredith et al. [Fig. 7, 2014b].

Figure 13.15: As in Figure 13.12 but for hydrogen band wave events with B2
w > 1 nT2, mod-

ified from Meredith et al. [Fig. 8, 2014b].
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13.3 Summary of Literature Comparison

Both upper and lower band equatorial chorus waves in the 21 – 15 MLT region corre-
spond to regions of both enhanced microburst occurrence frequency and flux mag-
nitude. However, the largest intensity equatorial chorus waves of ⇠1000 pT2 do not
occur where the highest microburst flux magnitudes occur and the upper band cho-
rus wave intensities are generally weaker and less extensive in MLT than the lower
band chorus wave intensities. At higher latitudes, the strongest upper band, lower
band and low-frequency chorus wave power are all coincident with the relativistic
microbursts occurring on the dayside (07 – 15 MLT).

The peak EMIC wave occurrence in the afternoon MLT region (15 – 17 MLT) cor-
responds to a region of infrequent microburst occurrence. However, the peak EMIC
wave occurrence in the morning MLT region (08 – 12 MLT) partially corresponds to a
region of enhanced microburst occurrence. Furthermore, the dusk MLT region (18 –
24 MLT) EMIC waves correspond to a region of enhanced microburst flux magni-
tude and partially corresponds to a region of enhanced microburst occurrence rates.

Neither oxygen band nor hydrogen band EMIC wave power can explain the
variation in microburst occurrence and flux magnitude. However, helium band
EMIC wave power observations can explain some of the variation observed in the
relativistic microburst occurrence and flux magnitude.

The only region of overlap between enhanced rising/falling tone EMIC waves
and enhanced microburst activity occurs at ⇠10 MLT, suggesting that rising/falling
tone EMIC waves are not strongly responsible for the scattering producing relativis-
tic microbursts.

While microbursts in the noon MLT region (07 – 15 MLT) could be the result of
scattering by either equatorial or mid-latitude chorus waves, the higher equatorial
chorus wave power in the region of frequent microburst occurrence (21 – 15 MLT)
suggests that equatorial whistler mode chorus waves are the primary drivers of rel-
ativistic microbursts. However, this does not eliminate EMIC waves (largely helium
band EMIC waves) as a potential secondary driver of relativistic microbursts.
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14 | Case Studies: Conjunctions Be-
tween SAMPEX, DEMETER and/or
Halley

In the previous chapter we used the distributions of whistler mode chorus waves
and EMIC waves from the literature, in an attempt to identify the plasma wave
driver of relativistic microbursts. Although the comparison of L and MLT distribu-
tions favoured whistler mode chorus waves as the plasma wave driver of relativistic
microbursts, it does not rule out EMIC waves as a potential driver of relativistic mi-
crobursts.

There are also recent case studies (e.g., Breneman et al. [2017]) that present evi-
dence of relativistic microbursts associated with whistler mode chorus waves, again
favouring whistler mode chorus waves as the primary driver of relativistic mi-
crobursts. However, these case studies do not eliminate EMIC waves as a potential
driver of some, or even many, relativistic microbursts. Although, there have been
no published examples of EMIC waves associated with relativistic microbursts, in
support of the Omura and Zhao [2013] scattering mechanism, it is still a valid theory
that requires further investigation.

In this chapter we address this lack of observations of EMIC waves associated
with relativistic microbursts by investigating case study conjunctions between SAM-
PEX, the Detection of Electro-Magnetic Emissions Transmitted from Earthquake Re-
gions (DEMETER) satellite, and/or the ground based instruments at the British
Antarctic Survey (BAS) Antarctic station, Halley.
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14.1 Inter-Satellite Conjunction

We begin our case study investigation with conjunctions between SAMPEX and
DEMETER. We use both the particle and wave instruments1 (IDP, IMSC, and ICE
instruments) to describe the space environment at the time of the SAMPEX de-
tected relativistic microbursts. We initially describe how these conjunctions have
been identified, then present three case study conjunctions between the two satel-
lites.

14.1.1 Identifying Conjunctions Between DEMETER and SAM-
PEX

To identify periods of relativistic microbursts occurring close to DEMETER we be-
gin by identifying temporal periods of SAMPEX observed microburst activity that
coincide with temporal periods of DEMETER data coverage. There are 2760 DEME-
TER half orbits that have a temporal overlap with SAMPEX microburst times. This
corresponds to 112,415 seconds of DEMETER data that has a temporal overlap with
the SAMPEX microburst times.

Both DEMETER and SAMPEX provide their spatial location in terms of their
subsatellite coordinates. However, both satellites orbit at different altitudes, and we
cannot use their subsatellite coordinates to determine their spatial separation. Thus,
we first map the spatial locations of both satellites to their corresponding foot of the
field line (fofl) coordinates. We employ the ONERA-IRBEM (International Radiation
Belt Environment Modelling library) [Boscher et al., 2015] onera_deps_lib_find_foot_point
code, utilising the IGRF model and GDz coordinates (altitude (km), latitude, and
longitude) to map the subsatellite coordinates to the fofl coordinates.

With the satellite spatial locations described by the fofl points, we can calculate
the spatial distance between the two satellites for each of the 2760 DEMETER half
orbit temporal overlaps with SAMPEX relativistic microburst observations. We use
the find_WGS84_distance_bearing_fn code (provided by Craig Rodger) to calculate
this distance, accounting for the spherical nature of the Earth. Figure 14.1 presents
a histogram of the spatial distance between the two satellites for each of the poten-
tial satellite conjunctions (112,415 s of potential conjunctions) occurring in the 2760

1Refer back to Section 5.1.4 for a detailed overview of these instruments onboard the DEMETER
satellite.
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DEMETER half orbit temporal overlaps. As we can see in Figure 14.1b, most of the
temporal overlaps between SAMPEX and DEMETER are at very large spatial sepa-
rations between the two satellites. A total of 91,640 (81.5%) of the potential satellite
conjunctions are separated by more than 5000 km. The maximum separation of the
two satellites is half the circumference of the Earth (20,015 km). However, for 223
(0.2%) potential conjunctions (corresponding to 7 DEMETER half orbits), we have
<500 km between the two satellites (see Figure 14.1a).

(a) (b)

Figure 14.1: The radial distance between the SAMPEX and DEMETER satellites at the foot

of their respective fieldlines for all temporal conjunctions corresponding to (a) <2,000 km

separation and (b) <20,000 km separation.

In the following sections we present two case studies from these 112,415 poten-
tial conjunctions between SAMPEX and DEMETER. For both case studies we use
the DEMETER level 2 data2 to provide the ‘Quick Looks’. We present plots of the
ICE VLF instrument and the IMSC VLF instrument, which will be used to identify
lower band whistler mode chorus wave activity. We also present plots of all three
components of the ICE ULF instrument, which will be used to identify any EMIC
wave activity.

Unfortunately, we will not be able to compare the wave activity present dur-
ing different relativistic microburst flux magnitudes, as we have no satellite con-
junctions occurring in the NAR during periods of SAMPEX observed relativistic

2The level 2 data provides control over the instruments plotted and their respective plotting
ranges (specifications of these ranges are presented in Appendix D). The level 2 data and plotting
toolbox can be accessed at the following:demeter.cnrs-orleans.fr/dmt/index.html.
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microburst activity. Additionally, we will not be able to discuss the upper band
whistler mode chorus wave activity at the time of satellite conjunctions as upper
band chorus waves are rare at DEMETER altitudes [Ondrej Santolik, personal commu-
nication, 2016] and do not occur in any of our potential conjunction events.

14.1.2 Case 1 - DEMETER Burst Mode

The first case study we consider is a conjunction between SAMPEX and DEMETER
that coincides with DEMETER burst mode data. This conjunction occurs at 11:07 UT
on 8 April 2006 and is located South of New Zealand, as shown in Figure 14.2. At
this time the two satellites are separated by a minimum of 566.4 km at the foot of
their respective fieldlines, denoted by the circles along the staellite tracks in Fig-
ure 14.2. DEMETER is located at -59.4�N and 178.9�E (the blue circle in Figure 14.2)
and SAMPEX is located at -59.0�N and 169.0�E (the black circle in Figure 14.2). The
DEMETER half orbit of interest that coincides in time with the SAMPEX microburst
observations is labelled ‘09401 up’.

The relativistic microburst cluster observed by SAMPEX during this conjunc-
tion is composed of 1 individual microburst detection at L = 6.3, and 00:00 MLT.
Figure 14.3 presents the separation in L and MLT between SAMPEX (black) and
DEMETER (blue) during the conjunction event. The red line in the figures denotes
the time of the relativistic microburst detection on SAMPEX. At the time of the rel-

Figure 14.2: The foot of the fieldline track of the SAMPEX (black) and DEMETER (blue)

satellites on the 8 April 2006 conjunction. The circles along the satellite tracks indicate the

location of the relativistic microburst cluster.
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(a) (b)

Figure 14.3: The (a) L and (b) MLT separation of SAMPEX (black) and DEMETER (blue)

satellites from 11:05:00 – 11:10:00 UT on 8 April 2006. The red line identifies the start of the

relativistic microburst cluster.

ativistic microburst (11:07:33.4 UT) the two satellites are separated by 1.4 L and <10
minutes in MLT. After the microburst the two satellites approach the same L value
and follow similar MLT tracks. The single microburst detection of this satellite con-
junction occurs during very low geomagnetic activity (Dst value of -2 nT, Kp value
of 2-, and AE value of 288 nT).

Figure 14.4a presents the flux of >1 MeV electrons measured by the SAMPEX
HILT instrument. The red cross in this figure identifies the relativistic microburst
detection, which is occurring as SAMPEX is entering the radiation belt region. Fig-
ure 14.4b presents the electron flux in the 70 keV – 2.4 MeV energy range measured
by the DEMETER IDP instrument. The white cross in this figure denotes the time
of the relativistic microburst detection in the SAMPEX data. At the time of the
relativistic microburst detection we observed an enhanced electron flux across the
70 keV – 1.6 MeV energy range in the IDP instrument. However, this electron flux
enhancement was short lived, on the order of 2 minutes.

Figure 14.5 presents the DEMETER Quick Look plot from 11:06:00 – 11:09:00 UT.
We have included the survey mode data from the IMSC VLF spectrogram (top
panel), ICE VLF spectrogram (second panel), and the spectrograms of all three com-
ponents of the ICE ULF instrument (E

x

, E
y

, and E

z

, as the third, forth, and fifth
panels, respectively). At the time of the relativistic microburst (11:07:33.4 UT), there
is little wave power evident in the ICE ULF components. At 11:06:00 UT, 1 minute
and 30 seconds before the relativistic microburst, there was strong wave power in
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all three of the ICE ULF components. This wave power is suggestive of EMIC wave
activity. In the ICE VLF spectrogram, we observe little wave power at the time of
the microburst, while at 11:08:15 UT (45 s after the microburst event) we observe an
increase in VLF wave power that appears to increase in frequency over time. This
wave power signature is suggestive of chorus wave activity. However, the lack of
wave power in the IMSC VLF spectrogram at this time (11:08:15 UT) indicates that
the wave power seen in the ICE VLF spectrogram is associated with an electrostatic
wave and is not associated with chorus waves, as chorus is an electromagnetic wave.

This is further confirmed by the burst mode data. Figure 14.6 presents the ICE
VLF Quick Look from 11:07:30 – 11:09:30 UT, as only 2 minutes of data can be plot-
ted in the Quick Looks when using the burst mode data. The top panel of Fig-
ure 14.6 corresponds to the burst mode data while the bottom panel shows the sur-

(a)

(b)

Figure 14.4: (a) The >1 MeV electron flux measured by the SAMPEX HILT instrument from

11:05:00 – 11:10:00 UT on 8 April 2006. The red cross identifies the start of the relativistic

microburst cluster. (b) The 70 keV – 2.4 MeV electron flux measured by the DEMETER IDP

instrument from 11:05:00 – 11:10:00 UT on 8 April 2006. The white cross identifies the start

of the relativistic microburst cluster.
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Figure 14.5: The DEMETER ‘Quick Look’ plots (top to bottom) of the IMSC VLF spectro-

gram, ICE VLF spectrogram, ICE ULF E

x

spectrogram, ICE ULF E

y

spectrogram, and the

ICE ULF E

z

spectrogram from 11:06:00 – 11:09:00 UT on 8 April 2006.

vey mode data. From Figure 14.6 we note that in burst mode data there are no clear
rising/falling tone structures in the wave power, confirming that the observed wave
activity is not evidence of chorus waves.

From this case study we conclude that the burst mode data is not providing any
additional insight to the wave activity occurring near DEMETER. The wave activity
(or lack thereof) is adequately captured by the survey mode instrumentation, which
will be used in the following case studies.
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Figure 14.6: The DEMETER Quick Look plots of the ICE VLF spectrogram in (top) burst

mode, and (bottom) survey mode from 11:07:30 – 11:09:30 UT on 8 April 2006.

14.1.3 Case 2 - Closest Satellite Conjunction

The second case study we consider is the closest satellite conjunction between SAM-
PEX and DEMETER. This conjunction occurred at 04:37 UT on 31 August 2004 and
was located over Northern Russia, as shown by the circles along the satellite tracks
in Figure 14.7. During this conjunction the two satellites were separated by a mini-
mum of 290 km at the foot of their respective fieldlines. Specifically, DEMETER was
located at 65.2�N and 101.6�E, while SAMPEX was located at 64.3�N and 94.9�E. The
DEMETER half orbit that corresponds to this conjunction is labelled ‘00869’ down.

The SAMPEX observed relativistic microburst cluster of this conjunction is com-
posed of 31 individual microburst detections from L = 3.88 – 5.05, and 10:59 – 11:16 MLT.
The L and MLT separation of the two satellites during this conjunction event is pre-
sented in Figure 14.8. At the start of the relativistic microburst cluster (04:37:51.6 UT)
the two satellites were separated by 0.6 L and 24 minutes in MLT. Following the mi-
croburst cluster, the two satellites approached the same MLT value but separated in
terms of L. The microburst detections at the time of the closest satellite conjunction
occurred during enhanced geomagnetic activity (Dst value of -75 nT, Kp value of 5-,
and AE value from 723 – 765 nT).
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Figure 14.7: As in Figure 14.2 but for the conjunction on 31 August 2004.

Figure 14.9 presents the electron fluxes measured by the SAMPEX HILT instru-
ment (panel a) and the DEMETER IDP instrument (panel b) following the layout
of Figure 14.4. The SAMPEX observed relativistic microburst cluster, occurred as
SAMPEX was exiting the radiation belt region. In the two minutes preceding the
relativistic microburst cluster there was enhanced electron fluxes across the entire
energy range of the DEMETER IDP instrument. At the start of the relativistic mi-
croburst cluster, there was a large decrease in the electron fluxes from ⇠300 keV –
2.4 MeV. The electron fluxes were depleted until 2 minutes after the relativistic mi-
croburst cluster started, at which point the recovery of the 300 keV – 1.2 MeV elec-
trons began. As in the first case study, the change in electron fluxes is short lived,

(a) (b)

Figure 14.8: As in Figure 14.3 but from 04:35 – 04:42 UT on 31 August 2004.
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lasting ⇠2 minutes.
Figure 14.10 presents the DEMETER Quick Look plot from 04:36:30 – 04:39:30 UT.

At the start of the relativistic microburst cluster (04:37:51.6 UT), there is little wave
power evident in the ICE ULF components, and as such there is no evidence of EMIC
wave occurrence. In the ICE VLF spectrogram, we observe strong wave power at
the time of the microburst. There is also some wave power observed in the IMSC
VLF spectrogram at the time of the microburst cluster. This wave activity is possibly
an indication of chorus wave activity associated with the relativistic microburst.

(a)

(b)

Figure 14.9: As in Figure 14.4 but from 04:36:00 – 04:42:00 UT on 31 August 2004.
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Figure 14.10: As in Figure 14.5 but from 04:36:30 – 04:39:30 UT on 31 August 2004.

14.2 Conjunctions Between Satellites and Ground Sta-

tion

The two case studies presented thus far have differing plasma waves present dur-
ing the relativistic microburst clusters. They also have very different electron flux
responses over the 70 keV – 2.4 MeV energy range associated with the relativistic mi-
crobursts. However, the resolution of the ICE instrument in the ULF range is not
sufficient to accurately identify EMIC wave activity. Thus, we have included some
ground based observations in the following case studies in order to clarify the wave
activity observed in the DEMETER instruments.

We use the ground based instruments installed at the BAS Antarctic Station, Hal-
ley, located at -75.5�N and 333.4�E. Specifically, we use the VLF/ELF Logger Exper-
iment (VELOX) to identify whistler mode chorus wave activity and the Search Coil
Magnetometer (SCM) to identify EMIC wave activity. When using ground based
plasma wave data, the sunlight conditions in the ionosphere and the overall geo-
magnetic activity levels must be taken into account.
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The ionospheric absorption of VLF and ULF (in the Pc1 – Pc2 frequency range)
signals is higher for a sunlit ionosphere than for a dark ionosphere [Engebretson et al.,
2008; Smith et al., 2010]. Thus, a sunlit ionosphere will result in reduced penetration
of the VLF/ULF waves and there will be reduced detection of VLF/ULF waves on
the ground. To describe the sunlight conditions of the ionosphere we calculate the
solar zenith angle at 100 km (using code provided by Annika Seppälä). Solar zenith
angles <90� indicate a sunlit ionosphere, solar zenith angles >108� indicate a dark
ionosphere, and angles between these two values indicate that the ionosphere is
transitioning from sunlight to darkness or vice versa (following Seppälä et al. [2008]).
A high level of geomagnetic activity likely results in a thicker ionosphere, which
will also reduce the penetration of the plasma waves to the ground.

We have found two possible conjunction events between SAMPEX, DEMETER,
and Halley. These are presented in detail below.

14.2.1 Case 3 - EMIC Wave Activity

The third case study we present occurred on the 26 February 2007, while SAMPEX
and DEMETER were separated by 522.3 km and both satellites were <1000 km from
Halley. Figure 14.11 presents the location of SAMPEX (black, -77.9�N and 295.9�E),
DEMETER (blue, -74.0�N and 306.7�E), and Halley (red). SAMPEX and Halley were
separated by 981.2 km while DEMETER and Halley were separated by 791.9 km.
The DEMETER half orbit corresponding to this conjunction event is labelled ‘14155
up’.

The SAMPEX observed relativistic microburst cluster during this conjunction
event occurred at 03:17:15.1 UT and contained 2 individual microburst detections.
Both microbursts were detected at L = 4.75, and at 23:05 MLT. The L and MLT sepa-
ration of the two satellites during this conjunction event is presented in Figure 14.12.
At the start of the relativistic microburst cluster (03:17:15.1 UT) the DEMETER in-
struments had been switched off, however, 15 s after the relativistic microbursts oc-
curred the DEMETER instruments were online again. The two satellites are sepa-
rated by 0.8 L during this conjunction and follow roughly the same L path, while
separating in MLT.

Figure 14.13 presents the electron fluxes of the SAMPEX HILT and DEMETER
IDP instruments. Here the black crosses in Figure 14.13b indicate the times of the rel-
ativistic microburst detections made by SAMPEX. The relativistic microburst cluster
identified by the red crosses in Figure 14.13a, and associated with two clear spikes
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Figure 14.11: The foot of the fieldline location of the SAMPEX (black) and DEMETER (blue)

satellites and the BAS Research Station, Halley (red) for the conjunction event on 26 Febru-

ary 2007.

in the electron flux data, was observed as SAMPEX passed through the radiation
belt region. The fluxes measured by the DEMETER IDP, 15 s after the microbursts
occurred, are very low, possibly indicating that DEMETER is no longer in the radia-
tion belt region.

Figure 14.14 presents the DEMETER Quick Look plot from 03:17:29 – 03:19:59 UT.
15 s after the relativistic microburst cluster (03:17:15.1 UT) there is a some evidence

(a) (b)

Figure 14.12: As in Figure 14.3 but from 03:15 – 03:20 UT on 26 February 2007.
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of wave power in the E

x

and E

y

components of the ICE ULF instrument, while the
E

z

component has little wave power at this time. This is possibly evidence of EMIC
wave activity occurring near the DEMETER satellite. In both the IMSC VLF and ICE
VLF instruments there is little to no observed wave power around the time of the
microburst, and as such no evidence of chorus waves associated with this relativis-
tic microburst cluster. There is a small patch of enhanced wave power occurring at
03:18:18 UT in the IMSC VLF and ICE VLF instruments which could be an indica-
tion of chorus wave power, however the much lower L of the DEMETER satellite
at this time suggests this possible chorus wave is unlikely to be associated with the

(a)

(b)

Figure 14.13: As in Figure 14.4 but from 03:17:00 – 03:19:00 UT on 26 February 2007. In

panel b the time of the relativistic microburst cluster is identified by the black crosses.
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Figure 14.14: As in Figure 14.5 but from 03:17:29 – 03:19:59 UT on 26 February 2007.

relativistic microburst observations made at higher L.

The relativistic microburst cluster occurred during moderate-low geomagnetic
activity (Dst value of 0 nT, Kp value of 3+, and an AE value of 339 nT). With this
level of geomagnetic activity, we would expect the plasma waves to be able to prop-
agate through the ionosphere without significant attenuation and be detected on the
ground. Furthermore, the solar zenith angle at 100 km is 104.3� at Halley, indicat-
ing the relativistic microburst cluster occurred as the ionosphere was transitioning
between darkness and sunlight conditions.

Figure 14.15 presents the Halley VELOX Quick Look plot from 15:17:00 UT on 25
February to 15:17:00 UT on 26 February 2007. The start of the relativistic microburst
cluster is identified by the red line in Figure 14.15. The two white lines represent
times 1 hour before and 1 hour after the microburst cluster. We consider a two hour
period in the wave activity to remain consistent with the Hendry et al. [2016] meth-
ods. In Figure 14.15 we observe a small increase in the VLF amplitude at the time of
the relativistic microburst cluster, however this is not consistent with signatures of
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whistler mode chorus wave activity. A clear increase in the wave amplitude in the
1 – 4 kHz frequency range, 1 – 1.5 hours after the relativistic microburst cluster is an
indication of either whistler mode chorus or hiss activity. We can further identify the
wave activity by the delayed enhancement of wave power at higher frequencies in
the 2 – 4 kHz frequency range compared with the initial enhancement at ⇠0.5 kHz.
This rounded shape is evidence of whistler mode chorus wave activity (see for ex-
ample Smith et al. [1999], Collier and Hughes [2004], or Abel et al. [2006]). Although the
ionosphere above Halley is transitioning to sunlit conditions at the time of the rela-
tivistic microburst, we have evidence of strong chorus wave activity detected on the
ground outside the two hour window of the relativistic microburst cluster. Thus, we
would expect any chorus waves to penetrate to the ground during the microburst
cluster. Therefore, we conclude that there is no whistler mode chorus wave activity
occurring in conjunction with this relativistic microburst cluster, in agreement with
the DEMETER observations.

Figure 14.16 presents the Quick Look spectrograms of all three components of the
Halley SCM, for the same time period as Figure 14.15. In this figure also, the start of
the relativistic microburst cluster is identified by the red line, while the two white
lines represent times 1 hour prior and after the microburst cluster. From Figure 14.16
it is clear that the B

z

component of the Halley SCM has the lowest noise levels, while
the B

x

component has the highest noise levels. These respective noise levels are
present in the majority of the Halley SCM data. Therefore, in all subsequent case
studies involving the Halley SCM data we will only show the B

z

component of the

Figure 14.15: Halley VELOX Quick Look plot of the wave amplitude in the 1 – 10 kHz fre-

quency range from 15:17:00 UT on 25 February to 15:17:00 UT on 26 February 2007. The red

line identifies the start of the relativistic microburst cluster and the two white lines indicate

±1 hour from cluster onset.
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Quick Look plots.
Inside the two hour window of the relativistic microburst event, the spectrogram

shows clear bursts of wave power present in the Pc1 – Pc2 frequency range. The ris-
ing tone structure and clear lower limit of the wave power is identified as IPDP (In-
tervals of Pulsations of Diminishing Periods) EMIC waves [Troitskaya, 1961]. Assum-
ing the microburst event observed by SAMPEX is caused by the EMIC wave, we can
use the satellite location to estimate the ion gyrofrequencies at the IGRF-determined
geomagnetic equator. The IGRF magnetic field at the geomagnetic equator was cal-
culated using the ONERA IRBEM-library [Boscher et al., 2015]. Comparing the cal-
culated ion gyrofrequencies with the frequency range of the EMIC wave observed
at Halley, we find the EMIC wave is largely between the helium and oxygen ion
gyrofrequencies, i.e., is a helium band EMIC wave. However, the upper portion of
the EMIC wave extends above the helium ion gyrofrequency and is in the hydrogen
band. EMIC waves have been observed to be simultaneously excited in different fre-
quency bands, with case study evidence of an EMIC wave that was excited into two
frequency bands separated by the helium ion cyclotron frequency [Nakamura et al.,
2014], as in this case study. When we use the Tsyganenko 1989 magnetic field model
[Tsyganenko, 1989], we still find the EMIC wave is made up of two bands, half the
wave is helium band while the other half is hydrogen band. Thus the weak evidence
of EMIC waves in the DEMETER satellite is confirmed by the Halley SCM data and
we conclude that this relativistic cluster is associated with EMIC wave activity.
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(a)

(b)

(c)

Figure 14.16: The Quick Look spectrograms of the (a) B
x

, (b) B
y

, and (c) B
z

component

of the Halley magnetometer wave power in the 0 – 1 Hz frequency range from 15:17:00 UT

on 25 February to 15:17:00 UT on 26 February 2007. The red line identifies the onset of the

relativistic microburst cluster and the two white lines indicate ±1 hour from cluster onset.
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14.2.2 Case 4 - Whistler Mode Chorus Wave Activity

The fourth case study we consider, on 19 March 2006, has the two satellites <1500 km
from Halley. During this conjunction event, SAMPEX and DEMETER were sepa-
rated by 1363.8 km. Figure 14.17 presents the location of SAMPEX (black, -82.5�N
and 314.1�E), DEMETER (blue, -71.9�N and 344.4�E), and Halley (red). SAMPEX
and Halley were separated by 873.7 km while DEMETER and Halley were sepa-
rated by 528.2 km. The DEMETER half orbit corresponding to this conjunction event
is labelled ‘09101 up’.

Figure 14.17: The foot of the fieldline location of the SAMPEX (black) and DEMETER (blue)

satellites and the BAS Research Station, Halley (red).

The SAMPEX observed relativistic microburst cluster during this conjunction
event occurred at 00:51:43.4 UT and contained 1 individual microburst detection.
The microburst was located at L = 6.57, and at 21:16 MLT. The L and MLT separation
of the two satellites during this conjunction event is presented in Figure 14.18. At
the time of the relativistic microburst (00:51:43.4 UT) the DEMETER instruments had
just been switched on, i.e., 36 seconds prior to the relativistic microburst. Although
the two satellites are relatively close geographically, they are separated by large L
and MLT distances (3.2 L and 1.13 MLT) at the time of the relativistic microburst, as
shown in Figure 14.18.
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(a) (b)

Figure 14.18: As in Figure 14.3 but from 00:49 – 00:54 UT on 19 March 2006.

(a)

(b)

Figure 14.19: As in Figure 14.4 but from 00:49:00 – 00:54:00 UT on 19 March 2006.

Figure 14.19 presents the electron fluxes measured by the SAMPEX and DEME-
TER instruments. The relativistic microburst occurred as SAMPEX was in a location
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with relatively low electron fluxes and occurred 30 seconds prior to an increase in
the >60 keV fluxes as observed by the DEMETER IDP instrument.

Figure 14.20 presents the DEMETER Quick Look plot from 00:51:00 – 00:54:00 UT.
At the time of the relativistic microburst event (00:51:43.4 UT) there was significant
wave power in the E

x

, E
y

, and E

z

components of the ICE ULF instrument which
could be evidence of EMIC wave activity at the DEMETER satellite. There was also
significant wave power in the ICE VLF instrument at the time of the relativistic
microburst, with increasing frequency over time. Furthermore, there was evidence
of increased wave power in the IMSC VLF instrument at the time of the relativistic
microburst. This wave power is suggestive of whistler mode chorus waves observed
by DEMETER.

Figure 14.20: As in Figure 14.5 but from 00:51:00 – 00:54:00 UT on 19 March 2006.

This relativistic microburst conjunction event occurred during strong geomag-
netic activity (Dst value of -48 nT, Kp value of 6+, and an AE value of 925 nT). With
this level of geomagnetic activity, we would expect the plasma waves to experi-
ence significant attenuation as they travel through the ionosphere and have diffi-
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culty detecting them on the ground. However, the solar zenith angle at Halley (at
100 km altitude) during this conjunction event was 112.9�, indicating the relativistic
microburst is occurring during a dark ionosphere. This may reduce the attenua-
tion of the plasma waves through the ionosphere and allow their detection on the
ground.

Figure 14.21 presents the Halley VELOX Quick Look plot from 12:51:00 UT on 18
March to 12:51:00 UT on 19 March 2006. In Figure 14.21 we observe a clear increase
in the wave amplitude in the 1 – 4 kHz frequency range, at the time of the relativistic
microburst cluster, with a slightly rounded shape3, indicating whistler mode chorus
wave activity is present (see Smith et al. [1999], Collier and Hughes [2004], or Abel et
al. [2006]). The slight distortion of this chorus signature could be due to the very
strong geomagnetic activity at this time, causing significant wave attenuation as it
passes through the ionosphere. We suggest that there is whistler mode chorus wave
activity observed by both DEMETER and SAMPEX occurring in conjunction with
this relativistic microburst cluster.

Figure 14.21: As in Figure 14.15 but from 12:51:00 UT on 18 March to 12:51:00 UT on 19

March 2006.

Figure 14.22 presents the Quick Look spectrogram of the B

z

component of the
Halley SCM, for the same time period as Figure 14.21. Inside the two hour window
of the relativistic microburst event, the spectrogram shows clear increases in wave
power along the entire frequency range. Furthermore this increased wave power
does not have a clear lower frequency cutoff, which identifies it as broadband noise
and not EMIC wave activity. Thus the wave power observed by the ICE ULF instru-

3As we discussed in the previous case study, the rounded shape of the VLF signal, with the in-
creased wave power occurring earlier in the lower frequencies, is evidence of whistler mode chorus
wave activity.
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ment on DEMETER is also likely to be broadband noise emissions.

Figure 14.22: The Quick Look spectrogram of the B

z

component of the Halley magnetome-

ter wave power in the 0 – 1 Hz frequency range from 12:51:00 UT on 18 March to 12:51:00 UT

on 19 March 2006, following the layout of Figure 14.16.

14.3 Conjunctions Between SAMPEX and Ground Sta-

tion

The previous case studies have shown that conjunctions with the DEMETER satellite
do not provide any additional insight that is not gained from the ground based wave
instruments at Halley. Furthermore, with the Search Coil Magnetometer (SCM) lo-
cated at Halley, we can verify the occurrence of EMIC wave activity (which was not
possible with the DEMETER instrument resolution). Thus, we now only consider
case study conjunctions between Halley and SAMPEX.

Each of the case study conjunctions presented in this section occurred while
SAMPEX was in the Northern Hemisphere (NH), and close to Halley’s magnetic
conjugate location (calculated using the IGRF model4 at SAMPEX altitude and dur-
ing the year of the microburst cluster). The wave activity observed in the Southern
Hemisphere (SH), at Halley, is very likely to be the same wave activity present in
the NH, at SAMPEX, as both whistler mode chorus waves and EMIC waves propa-
gate from their respective generation regions into both hemispheres [Loto’aniu et al.,
2005].

4The IGRF model can be accessed online at:https://omniweb.gsfc.nasa.gov/vitmo/
cgm\_vitmo.html.
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14.3.1 Case 5 - Whistler Mode Chorus Wave Activity Only

The fifth case study we present occurred on 2 March 2005 at 12:25:56 UT. At the
start of the microburst cluster SAMPEX was located at a latitude of 56.1�N and a
longitude of 306.6�E, as shown in Figure 14.23. At the altitude of SAMPEX there
is a 1.8� latitude and 1.6� longitude separation between the SAMPEX location (at
the start of the microburst cluster, black diamond) and Halley’s magnetic conjugate
location (red diamond). After the relativistic microburst cluster occurred, SAMPEX
moved away from the magnetic conjugate location of Halley.

Figure 14.23: A Map of the SAMPEX satellite track (black line), the location of the SAMPEX

observed microburst cluster (black diamond) and Halley’s conjugate location (red diamond,

off the East Coast of Canada).

SAMPEX observed the relativistic microburst cluster while at an average IGRF L
of 5.8 (the cluster was seen from L = 5.3 – 6.3). Figure 14.24 presents the >1 MeV flux
observed by SAMPEX during the time of this microburst cluster, with the microburst
algorithm triggers indicated by the red crosses. This microburst event consists of 16
individual microbursts detected by the algorithm, occurring during a somewhat dis-
turbed AE index value of 298 nT (Dst of -11 nT, and Kp of 3). Although geomagnetic
activity is low with the exception of AE, our case study occurs during a solar zenith
angle of 60.6� at 100 km, corresponding to sunlit conditions at Halley, and hence we
expect to see reduced penetration of the VLF/ULF waves as described previously.
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Figure 14.24: The SAMPEX >1.05 MeV electron flux (log scale) on 2 March 2005, with each

red cross indicating a microburst reported by the algorithm. The red line identifies the onset

of the relativistic microburst event.

Figure 14.25 presents the Halley VELOX Quick Look plot on 2 March 2005. In
Figure 14.25 we note a clear increase in the wave amplitude (above the background
levels) in the 1 – 4 kHz frequency range during the two hour window surrounding
the relativistic microburst cluster. As noted previously, the delayed enhancement
of the ground detected wave power at higher frequencies in the 2 – 4 kHz range
compared with the initial enhancement at ⇠0.5 kHz, causing a rounded shape, is an
indication of whistler mode chorus wave activity. Although the ionosphere above
Halley is sunlit at the time of the relativistic microburst cluster, we have evidence of
strong chorus wave activity detected on the ground.

Figure 14.25: As in Figure 14.15 but for 2 March 2005.
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Figure 14.26: As in Figure 14.16c but for 2 March 2005.

Figure 14.26 presents the B

z

component of the Halley SCM spectrogram on 2
March 2005, following the layout of Figure 14.16c. All three components of the mag-
netometer show the same wave power structure, but we have only presented the B

z

component as it has the lowest noise (as shown in case study 3). From Figure 14.26 it
is clear there is no wave power present (above the background) inside the two hour
window of the relativistic microburst cluster start.

As Halley is sunlit at the time of the relativistic microburst cluster, the EMIC
waves may not be able to penetrate the ionosphere and reach the ground [Engebret-
son et al., 2008]. This could be the cause of our lack of EMIC wave observations
in the Halley magnetometer. However, if EMIC waves cannot penetrate the iono-
sphere, we would also expect whistler mode chorus waves not to penetrate the iono-
sphere. Our strong chorus wave observations suggest that there is truly no EMIC
wave activity present during this relativistic microburst cluster. Thus, we conclude
this satellite observed relativistic microburst cluster was co-incident with ground
detected whistler mode chorus waves, while no ground detected EMIC waves oc-
curred in the same time period.

14.3.2 Case 6 - EMIC Wave Activity Only

The sixth case study we present occurred on 1 July 2005 at 19:36:30 UT. Figure 14.27
shows that at the start of the microburst cluster SAMPEX was located at a latitude
of 54.6�N and a longitude of 302.1�E. There was a 0.2� latitude and 2.9� longitude
separation between the SAMPEX location (at the start of the microburst cluster) and
Halley’s magnetic conjugate location (at SAMPEX altitude). After the relativistic mi-
croburst cluster SAMPEX moves away from Halley’s magnetic conjugate location.
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Figure 14.27: The location of the SAMPEX observed microburst cluster and Halley’s con-

jugate location on 1 July 2005, following the layout of Figure 14.23.

SAMPEX observed the relativistic microburst cluster, consisting of 3 individual
microburst detections, at an IGRF L of 4.99. Figure 14.28 presents the >1 MeV elec-
tron flux at the time of the relativistic microburst cluster. Although there is an un-
derlying precipitation structure in Figure 14.28, the individual bursts of precipita-
tion last <1 s, which is consistent with the definition of relativistic microbursts. The
relativistic microburst cluster occurred during a period with an AE value of 402 nT
(Dst of -2 nT, and Kp of 4+). This geomagnetic activity is stronger than that of case
study 5. The solar zenith angle at 100 km at the start of the relativistic microburst
cluster was 109.5�, corresponding to night conditions at Halley. As the ionosphere
was in darkness in this case study conjunction, we will not discuss further the ef-
fects of trans-ionospheric absorption, however, the elevated geomagnetic activity
may reduce the penetration of the plasma waves.

Figure 14.29 presents the Halley VELOX Quick Look plot from 08:00 UT, 1 July
2005 to 08:00 UT, 2 July 2005. In Figure 14.29 we note there is no wave amplitude in-
crease evident above the background level in the 1 – 4 kHz frequency range during
the two hour window surrounding the relativistic microburst cluster. Recall that
although the ionosphere was not sunlit, there was moderate geomagnetic activity
which could reduce the penetration of VLF waves into the D-region of the iono-
sphere close to Halley. Other issues such as unducted magnetospheric propagation
of whistler mode chorus waves could also be contributing to the lack of whistler
mode chorus waves observed on the ground.

Figure 14.30 presents the B

z

component of the Halley SCM spectrogram from
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Figure 14.28: The SAMPEX >1.05 MeV electron flux (log scale) on 1 July 2005, following

the layout of Figure 14.24.

08:00 UT, 1 July 2005 to 08:00 UT, 2 July 2005. Inside the two hour window of the
relativistic microburst cluster, the spectrogram shows clear bursts of wave power
present in the Pc1 – Pc2 frequency range. The rising tone structure and clear lower
limit of the wave power is identified as IPDP EMIC waves [Troitskaya, 1961]. As-
suming the relativistic microburst cluster observed by SAMPEX was caused by this
EMIC wave, we can use the satellite location to estimate the ion gyrofrequencies at
the IGRF-determined geomagnetic equator (as in case study 3). We find the EMIC
wave was between the helium and oxygen ion gyrofrequencies, i.e., a helium band
EMIC wave. The EMIC wave was also found to be in the helium band when the
Tsyganenko 1989 magnetic field model was used [Tsyganenko, 1989].

As EMIC waves are able to penetrate the ionosphere, we expect VLF waves to be
able to penetrate the ionosphere also. Based on the very quiet VLF spectrogram at
the time of the relativistic microburst cluster, we suggest there is no whistler mode
chorus wave activity present during this relativistic microburst cluster5. We further

5Even though EMIC waves are penetrating the ionosphere there are still issues that could affect

Figure 14.29: As in Figure 14.15 but from 08:00 UT, 1 July 2005 to 08:00 UT, 2 July 2005.
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Figure 14.30: As in Figure 14.16c but from 08:00 UT, 1 July 2005 to 08:00 UT, 2 July 2005.

suggest that this SAMPEX observed relativistic microburst cluster occurred concur-
rently with helium band IPDP EMIC waves detected on the ground, while no con-
current whistler mode chorus waves were detected on the ground in the same time
period. The authors believe this is the first published example shown by Douma
et al. [2018] of a relativistic microburst cluster which might be driven by the EMIC
electron scattering mechanism proposed by Omura and Zhao [2013].

14.3.3 Case 7 - Whistler Mode Chorus and EMIC Wave Activity

The last case study we present occurred on 19 May 2005 at 12:14:58 UT, during the
recovery period of a geomagnetic storm (onset of the storm occurred on 15 May
2005 with a minimum Dst of -247 nT). Figure 14.31 shows the 1.9� latitude and 5.7�

longitude separation between the SAMPEX location (at the start of the microburst
cluster) and Halley’s magnetic conjugate location (at SAMPEX altitude). After the
relativistic microburst cluster SAMPEX approaches the location of Halley’s mag-
netic conjugate.

SAMPEX observed the start of the relativistic microburst cluster at an IGRF L of
5.7, at a latitude of 56.3�N, and at a longitude of 299.3�E. This microburst cluster
consisted of 4 individual microbursts detections, as shown in Figure 14.32. The
relativistic microburst cluster occurred during a period of low geomagnetic activity,
with an AE index value of 188 nT (Dst of -37 nT, and Kp of 2-). At the start of the
relativistic microburst cluster, the solar zenith angle at 100 km at Halley was 86.9�,
corresponding to partial sunlight conditions at Halley.

one frequency more than the other. Thus this lack of whistler mode chorus wave activity on the
ground does not rule out the possibility that whistler mode chorus wave activity was present in
space.
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Figure 14.31: The location of the SAMPEX observed microburst cluster and Halley’s con-

jugate location on 19 May 2005, following the layout of Figure 14.23.

Figure 14.33 presents the Halley VELOX Quick Look plot from 19 May 2005. In
Figure 14.33 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 rela-
tivistic microburst cluster. As in case studies 3 and 5, 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.

Figure 14.34 presents the B

z

component of the Halley SCM spectrogram on 19
May 2005, following the layout of Figure 14.26. As the relativistic microburst clus-
ter occurred during the recovery stage of a geomagnetic storm there is likely to be
improved propagation of EMIC waves to the ground [Engebretson et al., 2008]. In
Figure 14.34 we can see bursts of Pc1 – Pc2 wave power inside the temporal win-

Figure 14.32: The SAMPEX >1.05 MeV electron flux (log scale) on 19 May 2005, following

the layout of Figure 14.24.
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Figure 14.33: As in Figure 14.15 but for 19 May 2005.

dow of the microburst cluster. The clear lower limit of the wave power identifies
it as an EMIC wave [Hendry et al., 2016], although not of the IPDP type as in case
studies 3 and 6. If we assume the relativistic microburst cluster was caused by this
EMIC wave, we can use the satellite location to estimate the ion gyrofrequencies as
before. This EMIC wave was found to be between the hydrogen and helium ion gy-
rofrequencies, i.e., a hydrogen band EMIC wave, for both the IGRF and Tsyganenko
1989 magnetic field models.

Although the ionosphere at Halley was partially sunlit at the time of the rela-
tivistic microburst cluster, we observed clear signals of EMIC and whistler mode
wave activity on the ground. Thus, we conclude this SAMPEX observed relativis-
tic microburst cluster occurred concurrently with both hydrogen band EMIC waves
and whistler mode chorus waves detected on the ground.

Figure 14.34: As in Figure 14.16c but for 19 May 2005.
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15 | Halley Ground Based Analysis

The previous two chapters have demonstrated two suggestive, but inconclusive,
ways to investigate the plasma wave driver of relativistic microbursts. We have
correlated the L and MLT distributions of both whistler mode chorus and EMIC
waves with the L and MLT distributions of the relativistic microbursts and found
better agreement between the whistler mode chorus waves than the EMIC waves.
However, when we consider case studies using SAMPEX, DEMETER, and ground
instruments at Halley, we find evidence of both whistler mode chorus waves and
EMIC waves. From these results it is unclear whether whistler mode chorus and/or
EMIC waves are the primary driver of electron scattering, causing relativistic mi-
crobursts.

In this chapter1 we expand our investigation of the relativistic microbursts occur-
ring near Halley. We continue to use the two ground based wave detection instru-
ments: the VLF/ELF Logger Experiment (VELOX) and the Search Coil Magnetome-
ter (SCM). The VELOX instrument will be used to test the whistler mode chorus
wave hypothesis, while the SCM will be used to test the EMIC wave hypothesis.
We have VELOX data covering the period 1996 – 2007 which provides excellent con-
junction with the SAMPEX observations. However, we only have SCM data from
2005 – 2007, resulting in a significantly shorter temporal conjunction with SAMPEX.

In the following analysis we discuss relativistic microburst clusters2 to avoid any
double counting in any accompanying wave analysis (i.e., to ensure the same wave
event is not included in the dataset more than once).

1The material presented in this chapter has been published in Douma et al. [2018].
2Recall in Chapter 8 we defined a relativistic microburst cluster as a group of microbursts occur-

ring within a 4 minute window, which is roughly equivalent to one pass of SAMPEX through the
outer radiation belt.
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15.1 Statistical Analysis - Methods

The first step in our analysis is to limit our database of relativistic microburst clusters
to those which occurred close to Halley. As both whistler mode chorus and EMIC
waves propagate from their respective generation regions into both hemispheres
[Loto’aniu et al., 2005], we must also consider relativistic microbursts occurring at
Halley’s magnetic conjugate location (in the Northern Hemisphere).

We use the IGRF model at SAMPEX altitudes for each year in our analysis to
determine Halley’s magnetic conjugate location. The calculated location of Halley’s
conjugate region for each year of SAMPEX observations is presented in Table 15.1.
The average geographic coordinates are 55.2�N and 304.4�E.

Table 15.1: The geographic location of Halley’s conjugate region from 1996 – 2007

Year Geographic Location Year Geographic Location
1996 54.15 �N, 304.16 �E 2002 54.85 �N, 304.31 �E
1997 54.27 �N, 304.19 �E 2003 54.97 �N, 304.33 �E
1998 54.38 �N, 304.21 �E 2004 55.08 �N, 304.36 �E
1999 54.50 �N, 304.24 �E 2005 55.20 �N, 304.38 �E
2000 54.62 �N, 304.27 �E 2006 55.33 �N, 304.39 �E
2001 54.73 �N, 304.29 �E 2007 55.47 �N, 304.40 �E

We map Halley’s location (and Halley’s conjugate location) to SAMPEX altitudes
using a field line tracer based on the IGRF model for the year of the microburst clus-
ter. This allows us to compare the Halley location to the subsatellite geographic
coordinates given by SAMPEX. We then define a relativistic microburst cluster as
being close to Halley (and Halley’s conjugate location) if it occurs within ±15� lon-
gitude of Halley (or Halley’s conjugate region). Note, ±15� longitude is equivalent
to ±1 hour in MLT [Hendry et al., 2016]. This reduces our dataset of relativistic mi-
croburst clusters to 2239 clusters (⇠10% of the entire microburst database), resulting
from a combination of 21,708 individual microbursts.

15.1.1 Whistler Mode Chorus Algorithm

Here we outline the methods used for the whistler mode chorus wave analysis at the
time of the relativistic microburst clusters. In addition to the longitudinal separation
limit between Halley and SAMPEX discussed in the previous section, we also limit
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our relativistic microburst database to clusters which occur in the L shell range of
L = 4 – 5 (i.e., close to the L of Halley). This is necessary as whistler mode chorus
waves propagate along a field aligned path to lower altitudes (ducted propagation)
[Smith et al., 2010]. This reduces our dataset of relativistic microburst clusters to
1,074 clusters (a combination of 9,228 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 at-
tenuation limits the ability of the VLF waves to propagate horizontally in the Earth-
Ionosphere waveguide, thus any signals received by VELOX in this frequency range
should be entering the waveguide close to Halley (and hence could have passed
through the region SAMPEX is occupying in space).

Furthermore, the absorption of VLF signals as they travel through the ionosphere
is higher during the day than at night [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 instrument. To address this issue, we have investigated
the VLF wave amplitude in the 2 kHz frequency range at Halley separately for the
Halley summer (November, December, January, and February) and winter (May,
June, July, and August). Note, due to Halley’s location the summer is largely sunlit
and the winter is largely in darkness. We have 242 relativistic microburst clusters
during Halley winter and 170 relativistic microburst clusters during Halley summer.

We use the mean wave amplitude in the 2 kHz channel over each minute, remov-
ing the first 3 s of each minute and the first 10 s of each minute on the hour, during
which the instrument is calibrating3. With this data we consider the superposed
epoch analysis of the VLF wave amplitude at the time of the relativistic microburst
clusters.

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 summer. This gives us a baseline with which to compare the results
of the superposed epoch analysis using the true microburst clusters.

3Refer back to Section 5.2.2 for a detailed description of the VELOX calibration.
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15.1.2 EMIC Algorithm

We now provide details of the methods used for the EMIC wave analysis at the time
of the relativistic microburst clusters. We apply the same longitudinal limit4 to the
separation between SAMPEX and Halley discussed previously for chorus waves,
resulting in 418 microburst clusters between 2005 and 2007 (overlap between SAM-
PEX and SCM).

We have usable magnetometer data (based on a visual inspection of the Quick
Look plots from BAS) for 295 of the 418 (71%) microburst clusters. The main period
of unusable data affecting our temporal period 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 drasti-
cally [Engebretson et al., 2008]. By rescaling the colourbar 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.

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

To conduct the superposed epoch analysis of the EMIC wave power at the time
of the relativistic microburst clusters, we find the mean wave power measured by
the Halley magnetometer in the 0.1 – 0.8 Hz frequency range at 1 minute temporal
resolution. We use the lower frequency cutoff of 0.1 Hz to match the EMIC wave
definition stated in Section 3.2.2 and the upper frequency cutoff of 0.8 Hz to contain
the majority of the EMIC wave activity (based on our visual investigation). We also

4We do not apply the L limit to the EMIC analysis in order to ensure there are enough statistics
in the following EMIC wave analysis. In the Hendry et al. [2016] study they only briefly consider an
L limit, which results in better correlations. We have also tested the resulted with the same L limit
as the chorus analysis and find even worse associations between relativistic microbursts and EMIC
waves. In this chapter we will conclude that it is a coincidence when the relativistic microbursts are
associated with EMIC waves. As such, we find it unnecessary to apply the chorus L limit.
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investigate the wave power in each of the 121 frequency bands (1/120 Hz resolu-
tion) in the 0 – 1 Hz range through a superposed epoch analysis of the magnetome-
ter spectrogram for the 295 relativistic microburst clusters. We only consider the B

z

component of the magnetometer as it has lower noise (as shown in case study 3 in
the previous chapter).

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 gives a
baseline comparison for the results of the superposed epoch analysis using the true
microburst clusters.

15.2 Whistler Mode Chorus Wave Activity - Statistical

Analysis

To investigate the relationship between whistler mode chorus waves and relativis-
tic microbursts we conduct a superposed epoch analysis of the 1 minute averaged
wave amplitude in the 2 kHz channel of the Halley VELOX instrument. We can
not confirm the occurrence of whistler mode chorus waves through a superposed
epoch analysis due to the limitations of the VELOX instrument temporal resolution.
However, we can investigate the link between relativistic microbursts and VELOX
reported VLF wave amplitude levels observed on the ground.

Presented here in Figure 15.1 is the superposed epoch analysis of the VLF wave
amplitude in the 2 kHz channel of VELOX (Figures 15.1a and 15.1c) and its statisti-
cal significance (Figures 15.1b and 15.1d). The Halley winter and summer relativistic
microburst clusters are presented in Figures 15.1a – 15.1b and Figures 15.1c – 15.1d,
respectively. The black line in Figures 15.1a and 15.1c is the median wave ampli-
tude for ±15 hours from the time of the relativistic microburst cluster. The red lines
indicate the 95% confidence interval (CI) on the median, and the blue lines indicate
the interquartile range. The green line in Figures 15.1a and 15.1c is the median wave
amplitude found using the random epochs (baseline). This figure layout is the same
as the superposed epoch figures presented in Chapter 9 and will be used for all
additional superposed epoch figures presented in this thesis. The black line in Fig-
ures 15.1b and 15.1b is the median wave amplitude of the microburst clusters minus
the median wave amplitude of the random epochs. In contrast the red line shows
the lower 95% confidence interval of the microburst clusters minus the upper 95%
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confidence interval of the random epochs. When the differences in the confidence
intervals (red lines of Figures 15.1b and 15.1b) are positive, the confidence intervals
between the microburst clusters and the random epochs no longer overlap, and thus
the median wave amplitude difference is statistically significant.

From Figure 15.1 it is clear that during both the Halley winter and Halley sum-

(a) Winter (b) Winter

(c) Summer (d) Summer

Figure 15.1: A superposed epoch study of the VLF wave amplitude in the 2 kHz channel

of VELOX using the (a) winter time and (c) summer time relativistic microburst clusters.

The median wave amplitude is given by the black line, the red lines are the 95% confidence

interval (CI) on the median, the blue lines are the interquartile (InterQ) 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 cluster onset, i.e., the epoch. The black

line in (b) winter and (d) summer is the median of the microburst clusters minus the median

of the random epochs while the red line gives the lower 95% confidence interval (CI) of the

microburst clusters minus the upper 95% confidence interval of the random epochs.
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mer there is an increase in the 2 kHz median wave amplitude for the relativistic mi-
croburst cluster epochs when compared to the random epochs. The increase in the
2 kHz median wave amplitude observed on the ground begins roughly 30 minutes
prior to the onset of winter relativistic microburst clusters and 1 hour prior to the
onset of summer relativistic microburst clusters seen during the satellite overpass.
It remains elevated for ⇠9 hours following the winter microburst cluster onset and
⇠13 hours following the summer microburst cluster epoch onset. The median wave
amplitude reaches a peak ⇠4 hours after the onset of both summer and winter rela-
tivistic microburst clusters. However, there is a larger increase (an average of 3.1 dB
increase from the random epochs over the ⇠9 hours of elevation) in the median
wave amplitude during the winter relativistic microburst clusters when compared
to the summer relativistic microburst clusters (an average of 2.0 dB increase from the
random epochs over the ⇠13 hours of elevation). This difference is consistent with
expected seasonal changes in ionospheric absorption5. The difference between the
median wave amplitudes for microburst clusters and random epochs is statistically
significant for ⇠9 hours following the start of the winter relativistic microburst clus-
ters. For the summer clusters there are occasional periods with statistically signifi-
cant differences in the medians, namely 1 hour prior to the start of the summer mi-
croburst clusters, ⇠3 – 5 hours, and ⇠10 – 12 hours following the summer microburst
clusters.

We have supported this analysis with a manual investigation of the wave am-
plitude in VELOX. The VELOX Quick Look plots were visually inspected for wave
amplitude increases in the 1 – 4 kHz frequency range within the ±1 hour window
of the microburst clusters (following the method outlined in the previous chapter
for the case studies). We find ⇠75% of the winter relativistic microburst clusters
contain VLF wave amplitude increases inside the two hour window surrounding
the microburst cluster onset. The rounded shape6 of the observed VLF wave ampli-
tude increases suggests we may be identifying whistler mode chorus waves. Only
⇠58% of the random epochs during winter have increased wave amplitude present
within the two hour temporal window encompassing the microburst cluster onset.
A similar trend is found for the summer microburst clusters, where ⇠73% of the
microburst clusters contain VLF wave amplitude increases inside the two hour tem-

5As the ionospheric absorption of VLF signals is 4 – 5 dB higher in the sunlit ionosphere, we expect
the VLF signals to have 4 – 5 dB lower amplitudes in the summer [Tao et al., 2010].

6This is explained in detail in the previous chapter for the case studies, refer back to Section 14.3.
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poral 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 amplitude enhancements from summer to winter re-
flects the ionospheric absorption limited detection efficiency of the Halley VELOX
instrument.

The final test we conduct to support this analysis is a superposed epoch analy-
sis of the AE index at the time of the relativistic microburst clusters, presented here
as Figure 15.2. The winter relativistic microburst clusters are investigated in Fig-
ure 15.2a and the summer microburst clusters are investigated in Figure 15.2b. From
Figure 15.2 it is clear that during both the Halley winter and Halley summer rela-
tivistic microbursts clusters there is an increase in the median AE value when com-
pared to the random epochs. The increase in the median AE value begins approxi-
mately 1.5 days (not shown) prior to the onset of both winter and summer relativis-
tic microburst clusters and remains elevated for ⇠1 day following both the winter
and summer relativistic microburst clusters. The median AE value reaches a peak

(a) Winter

(b) Summer

Figure 15.2: As in Figure 15.1a but for the AE index during the (a) winter time and (b)

summer time relativistic microburst clusters.
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⇠30 minutes prior to the onset of both summer and winter relativistic microburst
clusters. However, there is a larger increase (⇠470 nT from the random epochs)
in the median AE value during the winter relativistic microburst clusters than in
the summer relativistic microburst clusters (⇠279 nT from the random epochs). It
would appear that, in this study, the summer clusters are occurring during quieter
geomagnetic conditions than the winter clusters.

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

15.3 EMIC Wave Activity - Superposed Epoch Analy-

sis

To investigate the suggested relationship between EMIC waves and relativistic mi-
crobursts we conduct a superposed epoch analysis of the mean wave power in the
0.1 – 0.8 Hz frequency range. We also conduct a superposed epoch analysis of the
entire spectrogram. Recall, we use the microburst clusters occurring from 2005
through to 2007 (as the SCM data begins in 2005).

Presented here in Figure 15.3 is the superposed epoch analysis of the mean wave
power in the 0.1 – 0.8 Hz frequency range, measured by the B

z

component of the
magnetometer, at the time of all relativistic microburst clusters (Figure 15.3a), EMIC-
linked microburst clusters (Figure 15.3b), and broadband noise linked microburst
clusters (Figure 15.3c). From Figure 15.3a it is clear that during the set of all satel-
lite observed relativistic microburst clusters there is an increase in the Halley re-
ported median 0.1 – 0.8 Hz wave power when compared to the random epochs. The
increase in the median wave power begins approximately 2.5 hours prior to the
onset of the relativistic microburst clusters and remains elevated for ⇠5 hours fol-
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lowing the microburst clusters. The median wave power peaks at ⇠10�7 nT2Hz,
30 minutes after the onset of the relativistic microburst epochs. The EMIC (broad-
band noise) linked microburst clusters median wave power peaks at ⇠10�7 nT2Hz
(⇠10�6 nT2Hz), 30 minutes after the onset of the relativistic microburst clusters. The
increase in the median wave power begins much earlier and remains elevated longer
for the broadband noise linked clusters. The EMIC linked clusters only show in-
creased wave power within a two hour window of the microburst clusters, con-
sistent with our identification method. From this analysis we note the wave power
increase seen for all microburst clusters may have an EMIC wave contribution, how-
ever it appears to be dominated by broadband noise.

(a) All Events (b) EMIC-linked

(c) Broadband Noise Linked

Figure 15.3: As in Figure 15.1a but for the B

z

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

clusters, (b) EMIC linked microburst clusters, and (c) broadband noise linked microburst

clusters.
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(a) All Events (b) Random Events

(c) EMIC-linked (d) Broadband Noise Linked

Figure 15.4: A superposed epoch study of the B

z

component of the magnetometer wave

power present in the 0 – 1 Hz frequency range at the time of (a) all relativistic microburst

clusters, (b) random epochs, (c) EMIC-linked microburst clusters, and (d) broadband noise

linked microburst clusters. The dashed white vertical line denotes the time of the cluster

onset.

Figure 15.4 presents the superposed epoch analysis of the wave power in each
frequency band between 0 and 1 Hz for the B

z

component of the magnetometer
(hereafter referred to as the superposed spectrogram). Figure 15.4a is the super-
posed spectrogram of all of the microburst clusters over approximately one day
(±8 hours from epoch onset), Figure 15.4b is the superposed spectrogram of the ran-
dom epochs, Figure 15.4c is the EMIC linked microburst clusters, and Figure 15.4d
is the broadband noise linked microburst clusters. The vertical dashed white line in
each panel of Figure 15.4 identifies the onset of the relativistic microburst clusters.

From Figure 15.4a it is clear that during the relativistic microbursts clusters there
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is an increase in the median wave power in all frequencies at the time of the relativis-
tic microburst clusters compared to the random epochs. The increase in the median
wave power begins ⇠2 hours prior to the onset of the relativistic microburst clusters
and remains elevated for ⇠3 hours following the microburst clusters. The median
wave power reaches a peak of ⇠10�6 nT2Hz in the 0.1 – 0.2 Hz frequency range at the
onset of the relativistic microburst clusters. Over the entire 0 – 1 Hz frequency range
we have an average wave power of ⇠10�7 nT2Hz, in agreement with Figure 15.3a.
However, there is no distinguishable lower limit in the increased wave power of the
superposed spectrogram in Figure 15.4a. When we only consider the EMIC linked
microburst clusters we note a very subtle lower limit to the wave power at ⇠0.1 Hz,
shown in Figure 15.4c.

In Figure 15.5 we present two EMIC linked microburst clusters following the
layout of the case studies. The EMIC linked cluster from 22:19:45.7 UT on 05 March
2005, presented in Figure 15.5a, has clear upper and lower frequency cutoff limits
of 112 and ⇠1000 mHz (within the 2 hour window of the microburst cluster). The
EMIC linked cluster from 16:59:27.8 UT on 09 April 2005, presented in Figure 15.5b,
has clear upper7 and lower frequency limits of 397 and ⇠1000 mHz (within the 2
hour window of the microburst cluster). We have also identified clear upper and
lower frequency limits for all of the remaining EMIC linked microburst clusters.
However, the values of these limits were not consistent from event to event (as
shown for the two example EMIC linked microburst clusters). Thus, the average
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
clusters peaks in the 0.15 – 0.4 Hz frequency range at ⇠10�6 nT2Hz while for broad-
band noise linked microburst clusters peaks in the 0 – 0.4 Hz frequency range with
much higher wave power (⇠10�5 nT2Hz).

The superposed spectrogram of all microburst clusters is more similar to the
superposed spectrogram of the broadband noise linked microburst clusters than the
EMIC linked microburst clusters. Therefore the burst of associated wave power
for all microbursts is dominated by broadband noise and not EMIC wave activity.
The broadband noise is likely a ULF perturbation generated in the ionosphere by
auroral particle precipitation [Arnoldy et al., 1998; Engebretson et al., 2008], probably a
result of geomagnetic storms and substorms. As a result of this analysis, we support
the earlier suggestion that the increased ULF wave power seen in Figure 15.3a is

7The upper limit was checked on the 5 Hz Quick Look plots of the Halley magnetometer.
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not dominated by an increase in EMIC wave activity, but rather dominated by an
increase in broadband noise, which is not expected to scatter electrons and cause
precipitation.

(a)

(b)

Figure 15.5: The spectrogram of the B

z

component of the Halley magnetometer wave

power in the 0 – 1 Hz frequency range on (a) 05 March 2005 and (b) 09 April 2005. The red

line identifies the onset of the relativistic microburst cluster and the two white lines indicate

±1 hour from cluster onset.

We have supported this analysis with a manual investigation of the wave power
in the B

z

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 clusters, following the method
outlined in the case studies and Hendry et al. [2016]. We find ⇠25% of the relativis-
tic microburst clusters 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 fre-
quency cutoff), within the two hour temporal window surrounding the microburst
cluster onset. However, we also find ⇠26% of the random epochs contain bursts of

265



EMIC wave power within the two hour temporal window encompassing the mi-
croburst cluster onset. This is similar8 to the random 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 wave 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 clusters, presented here in
Figure 15.6. Figure 15.6a shows the median AE values one day either side of the rel-
ativistic microburst cluster onset, while Figure 15.6b shows the median AE values
three days either side of the relativistic microburst cluster onset. From Figure 15.6 it

8The differences in the random occurrence rates are likely due to the different UT distributions of
the relativistic microbursts and the events considered by Hendry et al. [2016].

(a)

(b)

Figure 15.6: As in Figure 15.2 but for the AE index at the time of the relativistic microbursts

on (a) hourly timescale and (b) daily timescale.
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is clear that during the relativistic microbursts clusters there is an increase in the me-
dian AE value when compared to the random epochs. The increase in the median
AE value begins approximately 1.5 days prior to the onset of the relativistic mi-
croburst clusters and remains elevated for ⇠1 day following relativistic microburst
clusters. 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 clusters.

Figure 15.3a demonstrated there is an increase in wave power in the 0.1 – 0.8 Hz
frequency 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. However, Figure 15.4 indicates that 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 reconfiguration (magnetic storms or substorms) or ULF noise
generated in the ionosphere as a result of incoherent energetic particle precipitation,
rather than coherent ion-cyclotron waves [Engebretson et al., 2008].

It should be noted that most of the relativistic microburst clusters occurred dur-
ing very high AE values (AE > 300 nT). With this level of geomagnetic disturbance
it is possible that the plasma waves are not able to propagate through the iono-
sphere to the ground. This could explain our lack of EMIC wave activity observed
on the ground during the microburst clusters [Engebretson et al., 2008]. However,
such activity would also be expected to attenuate whistler mode chorus waves and
evidence for those waves was presented earlier in this chapter.
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Part V:

Implications and Concluding
Material
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16 | Impact on Atmosphere

As part of the push to improve climate models, there has been increased interest
in the importance of solar variability on the atmosphere. Highly energised parti-
cles (mainly electrons and protons) that precipitate into the Earth’s atmosphere, and
ionise the neutral atmospheric components, are an effective coupling mechanism
between the Earth’s space environment and its atmosphere [Rodger et al., 2010a].
Previous modelling work suggests that the gases produced by these energetic par-
ticles, specifically odd nitrogen (NO

x

) and odd hydrogen (HO
x

), play a key role in
upper atmospheric ozone loss [Rodger et al., 2010a; Seppälä et al., 2015]. Recent stud-
ies suggest that these changes in the upper atmospheric chemical balance provide a
potential link to regional variations in climate that may eventually lead to detectable
changes in polar region surface air temperatures1 by up to 4.5 K [Rozanov et al., 2005;
Seppälä et al., 2009]

In an attempt to include highly energised particle precipitation effects in climate
simulations, a long term proxy for <1 MeV electron precipitation has been recom-
mended for use by Matthes et al. [2017]. This proxy model is described by van de
Kamp et al. [2016] using the geomagnetic activity indices (e.g. Ap, AE, Dst, etc.).
However, when particle precipitation proxies are created using average geomag-
netic activity indices (as in van de Kamp et al. [2016]), they do not adequately capture
short duration, high intensity events like relativistic microbursts. Furthermore, this
proxy does not include the higher energy electrons (>1 MeV) precipitated during
relativistic microbursts.

There have been previous studies on the atmospheric impact of relativistic mi-
crobursts, most notably Turunen et al. [2009]. Their study considered a 0.1 s burst of
monoenergetic electrons (at 2 MeV) with a flux of 100 electrons cm�2s�1sr�1. Turunen

1These highly energised precipitating particles are guided by the Earth’s magnetic field lines to
the polar regions. This means that the initial atmospheric chemical changes are largely confined to
the polar regions.
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et al. [2009] used the Sodankylä Ion and Neutral Chemistry model to investigate the
changes in NO associated with this relativistic microburst event. The input of the
relativistic microburst event occurred 0.5 s into their model run and they found the
enhanced2 electron number density recovered in ⇠1 s at 50 km altitudes. At higher
altitudes of ⇠70 km, the electron number density remained elevated for ⇠30 s after
the relativistic microburst event. However, these elevated electron number densities
did not result in any substantial enhancement of NO. Thus, the authors concluded
that there was no significant impact on the atmospheric chemistry from relativistic
microburst precipitation.

However, since the Turunen et al. [2009] study, we are now aware that many
microbursts occur in quick succession during periods of high geomagnetic activ-
ity, with microburst flux magnitudes often >100 electrons cm�2sr�1s�1. We are also
aware that the electron energy spectrum of a relativistic microburst event is more
accurately modelled as exponentially decreasing fluxes (with increasing energy)
rather than monoenergetic [Crew et al., 2016].

In this chapter3, we also use the 1-D Sodankylä Ion and Neutral Chemistry model
(modelling was undertaken by Annika Seppälä) to investigate the effect of relativis-
tic microburst precipitation on the polar atmospheric chemistry. In particular we
consider the impact on polar atmospheric HO

x

, NO
x

, and ozone (O3), during both
polar summer and winter conditions.

16.1 Background Information on Chemical Changes

The majority of the energy deposited into the atmosphere from either protons or
electrons results in ionisation. Here we discuss the review by Jackman and McPeters
[2004] which considers the atmospheric chemistry changes associated with SPEs,
however, similar chemical changes will result from electrons.

The relativistic electrons we aim to model will primarily influence the meso-
sphere and upper stratosphere (from 40 – 60 km) [Turunen et al., 2009]. Thus, we
summarise the results from Jackman and McPeters [2004] which impact this altitude
range.

The chemical pathways of interest are ionisation (resulting from the precipitation

2The electron precipitation associated with the relativistic microburst enhances the ionospheric
electron number density.

3Recall that the results presented in this chapter have been published in Seppälä et al. [2018].
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of either protons or electrons), leading to the production of HO
x

and NO
x

, and their
subsequent destruction of ozone. We will consider the HO

x

and NO
x

pathways
individually below.

16.1.1 HO
x

Production and Ozone Destruction

Odd hydrogen, often referred to as HO
x

, is the collective term for H, OH, and HO2

[Brasseur and Solomon, 2005]. These fast acting radicals are efficient catalysts for
destroying ozone (and atomic oxygen), especially in the mesosphere [Brasseur and
Solomon, 2005]. The production of HO

x

relies on complicated chemistry that takes
place after the initial ionisation of the atmosphere. For a detailed review of the
chemistry involved see Jackman and McPeters [2004] or Brasseur and Solomon [2005].

The main chemical pathways (which include water cluster ions) leading to HO
x

production have the net result of:

H2O ! H + OH

The production of HO
x

is not dependent on the solar zenith angle, meaning that
production of HO

x

at night is as effective as the production of HO
x

during the day
[Jackman and McPeters, 2004]. However, HO

x

radicals react quickly to destroy each
other, resulting in lifetimes on the order of hours in the upper stratosphere and
mesosphere [Jackman and McPeters, 2004].

The short lifetime of HO
x

results in a short term influence on the ozone balance
in the upper stratosphere and mesosphere [Jackman and McPeters, 2004]. The chem-
ical pathways through which HO

x

catalytically destroys ozone is dependent on the
altitude of the reaction [Jackman and McPeters, 2004]. In the stratosphere ozone is
destroyed through:

OH + O3 ! HO2 + O2

HO2 + O ! OH + O2

Net: O3 + O ! 2O2

In the mesosphere, ozone is destroyed through:

H + O3 ! OH + O2

OH + O ! H + O2

Net: O3 + O ! 2O2
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16.1.2 NO
x

Production and Ozone Destruction

The production of N, NO, and NO2, collectively known as odd nitrogen (NO
x

), pri-
marily results from the dissociative ionisation in collisions between energetic parti-
cles and N2. For a detailed review of the alternative production pathways of NO

x

see Jackman and McPeters [2004], Turunen et al. [2009] or Brasseur and Solomon [2005].
NO

x

will be destroyed in the daytime through the reaction:

NO + h⌫ ! N + O

N + NO ! N2 + O

However, with a lack of sunlight (e.g., polar winter) there will be little destruction
of NO

x

, resulting in a long lifetime [Jackman and McPeters, 2004; Turunen et al., 2009].
Due to the long lifetime of polar NO

x

in winter seasons, it has a long term effect
on the ozone balance in the upper stratosphere and mesosphere of the polar region.
An example of a chemical pathway through which NO

x

catalytically destroys ozone
is as follows:

NO + O3 ! NO2 + O2

NO2 + O ! NO + O2

Net: O3 + O ! 2O2

16.2 SIC Model Specifications

The 1-D Sodankylä Ion and Neutral Chemistry (SIC) model was designed to investi-
gate the interaction between the ionosphere and neutral atmosphere [Verronen et al.,
2016]. The latest chemical scheme of the model incorporates a total of 70 ions (41 of
which are positive ions and 29 are negative ions) and 34 neutral species [Verronen
et al., 2016]. The 16 neutral species belonging to the oxygen, hydrogen and nitro-
gen families are solved in the model while the remainder of the neutral species are
taken as the background [Verronen et al., 2016]. The altitude range of the SIC model
is 20 – 150 km, with 1 km resolution [Verronen et al., 2005, 2016]. The SIC model al-
lows external forcing due to: solar UV and soft X-ray radiation, electron and proton
precipitation, and galactic cosmic rays [Turunen et al., 2009].

To generate the background neutral atmosphere in the SIC model, the MSISE-90
model [Hedin, 1991], and the tables published in Shimazaki [1984] are used [Turunen
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et al., 2009; Verronen et al., 2005]. The Shimazaki [1984] tables provide the concen-
trations of O2, N2O, H2, H2O, H2O2, HNO2, HCl, Cl, ClO, CH3, CH4, CH2O, CO,
and CO2 [Verronen et al., 2005]. These concentrations are given for both noon and
midnight conditions at 10, 15, 20, 25, 30, 45, 60, 80, and 100 km altitudes [Verronen
et al., 2005]. Through interpolation these concentrations are converted into an alti-
tude profile with 1 km resolution [Verronen et al., 2005]. The MSISE-90 model [Hedin,
1991] provides the altitude profiles of N2, O2, Ar, and He with 1 km resolution [Ver-
ronen et al., 2005].

The SIC model includes an estimate of the solar flux by version 2.27 of the Tobiska
et al. [2000] SOLAR2000 model [Turunen et al., 2009]. Solar radiation between 1 and
422.5 nm wavelengths is considered in the SIC model [Verronen et al., 2005]. The SIC
model also includes the Chabrillat et al. [2002] vertical transport scheme, taking into
account both eddy and molecular diffusion [Verronen et al., 2005; Turunen et al., 2009].

For further details about the SIC model refer to either Verronen et al. [2005] or
Turunen et al. [2009].

16.3 Overall Modelling Methods

Based on the results presented in the earlier chapters of this thesis, we find both high
relativistic microburst occurrence and high relativistic microburst flux magnitude4

located at L = 4.43, a geographic latitude of 56.11�N, and a geographic longitude of
311.95�E (when SAMPEX observations are mapped down to 100 km altitudes).

During strong geomagnetic activity (AE* > 300 nT) we calculate an occurrence
rate of 0.0513 microbursts/s (⇠3 microbursts/min), a mean duration of 0.1 s, a mean
flux magnitude of 1733.5 cm�2sr�1s�1, and a median flux magnitude of 963 cm�2sr�1s�1,
within 2� latitude and longitude of this location. These calculated flux magnitudes
are roughly an order of magnitude higher than the value used by Turunen et al.
[2009]. Although we have discussed higher occurrence rates and microburst flux
magnitudes in this thesis, we use the statistical averages to describe a “typical” level
of precipitation.

Our SIC modelling location was set to the magnetic conjugate of the location
described above, i.e., at a latitude of 73�S and a longitude of 349�E. For this Southern
Hemisphere (SH) location, we perform two sets of simulations. One set models the

4Recall that we have limited our analysis of the relativistic microburst flux magnitude to the North
Atlantic Region (NAR).
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summer solstice conditions while the other set models the winter solstice conditions.
The two sets of simulations will describe the full range of atmospheric responses to
relativistic microburst precipitation.

For both sets of simulations (summer and winter solstice) three model runs were
made. The first is a background reference model run, termed “REF”, which did not
include any microburst electron precipitation. The second is a model run using the
mean microburst flux magnitude as part of the microburst electron forcing, termed
“mean flux”. The final is a model run using the median flux magnitude, termed
“median flux”. In each model run the background conditions are set to the geomag-
netically active year 2003.

Lorentzen et al. [2001a] found that microbursts remained intense for ⇠6 hours
during a period of high geomagnetic activity. Additionally, AE* remains elevated
above 300 nT during very large geomagnetic storms for ⇠6 hours. We therefore use
a 6 hour period of microburst precipitation in our simulations, i.e., the microbursts
take place in the first 6 hours of the mean flux and median flux simulations. After
this 6 hour period, the electron forcing in the SIC model is turned off. The SIC model
run then continues to investigate the chemical implications.

Figure 16.1: Differential electron flux and energy spectrum for the mean (solid line) and me-

dian (dashed line) relativistic microburst flux magnitude. The red crosses show the scaled

fluxes from FIREBIRD microburst observations [Crew et al., 2016].
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The SAMPEX HILT flux magnitude observations provide integral electron fluxes
with energies >1.05 MeV. We require a differential flux spectrum to calculate the ion-
isation rates for the SIC model. We convert the SAMPEX HILT integral flux magni-
tude into a differential electron flux spectrum based on the methods of Rodger et al.
[2007]. These methods were the result of modelling whistler mode chorus produced
electron microbursts [Rodger et al., 2007]. The Rodger et al. [2007] modelling is well
fit by a multiplicative combination of a power law and an exponential relationship
for energies from 100 keV to 1 MeV and by an exponential for energies >1 MeV. Fig-
ure 16.1 presents these differential electron flux spectrums for both the mean (solid
line) and median (dashed line) relativistic microburst flux magnitude. Figure 16.1
also includes the scaled values from the FIREBIRD II microburst flux observations
(red crosses) obtained from Figure 4 of Crew et al. [2016]. The agreement between
our calculated differential flux spectrum and the Crew et al. [2016] microburst obser-
vations shows that the calculated differential flux spectrum at <1 MeV is consistent
with experimental observations.

The ionisation rates (I
burst

) have been calculated by the SIC model from the dif-
ferential electron flux spectra. These ionisation rates are presented in Figure 16.2 for
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Figure 16.2: Atmospheric ionization rates at midnight for summer (red) and winter (blue).

Solid lines correspond to the mean precipitating flux and dashed lines to the median flux.
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both the mean (solid) and median (dashed) microburst flux magnitude. The back-
ground atmosphere changes from summer (red) to winter (blue) causes the peak
ionisation height to be 5 km higher in summer. The highest ionisation rates occur
between 60 and 90 km altitudes, with mean microburst flux ionisation higher than
median microburst flux ionisation.

The 5 minute temporal resolution of a SIC model run is much longer than the
0.1 s microburst duration. However, the chemical lifetime of the atmospheric com-
ponents created and affected by the electron precipitation is on the order of hours
[Seppälä, 2007]. Thus, during the 5 min timestep there is negligible variation occur-
ring in the atmosphere and we are able to find the fraction of the 5 min time step
impacted by the microburst electron precipitation. At 3 microbursts/min, with 0.1 s
duration, we find 1/200 of the 5 min time step is impacted by the microburst pre-
cipitation. Thus, we can apply the average ionisation (I

ave

) over the 5 min time step
following Equation 16.1.

I

ave

=

1

200

I

burst

(16.1)

16.4 Atmospheric Chemical Changes Observed

Using the parameters described in the previous section we have completed six SIC
model simulation runs. We now discuss the results of these model runs, first consid-
ering the HO

x

and NO
x

variation, and then discussing the subsequent O3 changes.
All of the results presented here correspond to the percentage change from the REF
simulation.

16.4.1 HO
x

Variation

Figure 16.3 presents the change in HO
x

for both the SH summer solstice (panels
a and c) and the SH winter solstice (panels b and d). Panels a and b correspond
to the mean flux model simulations and panels c and d correspond to the median
flux model simulations. The numbers associated with the contour lines (where the
colours in the figure change) denote the percentage change of the HO

x

from the REF
simulations.

In the 24 hour summer model runs (Figure 16.3a and 16.3c) we find that the at-
mospheric chemistry changes closely follow the ionisation rate profiles (Figure 16.2),
with the largest impact occurring between 75 and 85 km. In the median flux model
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(a) Summer, Mean Flux. (b) Winter, Mean Flux.

(c) Summer, Median Flux. (d) Winter, Median Flux.

Figure 16.3: The percentage change of HO
x

from the REF simulations. (a – b) correspond to

the mean flux model simulation, while (c – d) correspond to the median flux model simula-

tion. Panels (a) and (c) correspond to the 24 hour summer model simulations, while panels

(b) and (d) correspond to the 48 hour winter model simulation.

run (Figure 16.3c) HO
x

increases by 15%, and in the mean flux model run (Fig-
ure 16.3a) HO

x

increases by 25%. Six hours into the model runs we note the be-
ginning of the HO

x

recovery which is consistent with the end of the microburst
electron forcing in the model. The HO

x

enhancements occurring during the electron
microburst forcing (the first 6 hours of the model simulations) have largely recov-
ered to the background levels within 3 hours after the end of the electron microburst
forcing (within 9 hours of the model simulations).

During the SH winter solstice, Figures 16.3b and 16.3b, we are modelling polar
night conditions. Under these conditions, the atmospheric changes last longer and
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as such we have extended our winter model runs to cover 48 hours. This ensures
that we observe all of the changes in the atmospheric chemistry. Unlike the summer
model runs, the changes in HO

x

in the winter model runs are spread over a wider
range of altitudes and are much larger (as expected [Seppälä et al., 2015]). The mi-
croburst precipitation during winter enhances HO

x

in the range 55 – 80 km by 800%
in the median flux model run (Figure 16.3d) and by 1200% in the mean flux model
run (Figure 16.3b). After the electron microburst forcing is stopped in the model (at
6 hours) the peak increases in HO

x

are around 65 km altitudes. At the end of the 48
hour model run, the HO

x

levels remain elevated but at values <50%.

The large differences between the summer and winter percentage change values
are due to seasonal differences in the background atmosphere5. The absolute in-
creases during the two seasons are comparable, with 10

5 molecules cm�3 of HO
x

in-
creases during the median flux model run and 10

6 molecules cm�3 of HO
x

increases
during the mean flux model run.

16.4.2 NO
x

Variation

Figure 16.4 presents the change in NO
x

following the layout of Figure 16.3. In the 24
hour summer model runs (Figures 16.4a and 16.4c), as for the HO

x

enhancements,
the largest NO

x

impact occurs from 75 – 85 km following the ionisation profiles. The
summer NO

x

enhancements are much larger and last longer than the summer HO
x

enhancements. NO
x

is enhanced by 1500% during the median flux model run (Fig-
ure 16.4c) and by 2250% during the mean flux model run (Figure 16.4a). At the end
of the summer model runs (i.e., after 24 hours) the NO

x

levels are still enhanced by
500% during the median flux model run and 750% during the mean flux model run.

In the 48 hour winter model runs (Figures 16.4b and 16.4d) NO
x

is enhanced at
70 km (close to the ionisation rate maximum) by 80% during the median flux model
run (Figure 16.4d) and by 120% during the mean flux model run (Figure 16.4b).
During the polar winter conditions there is a lack of photodissociation loss pro-
cesses, enabling the NO

x

enhancements to remain through to the end of the model
simulation period (i.e., 48 hours) with only a marginal reduction in levels.

5The background chemical composition of the atmosphere is largely driven by photo-ionisation.
As the sunlight conditions (and therefore the rates of photo-ionisation) will differ during the sum-
mer and winter seasons there will be different atmospheric chemical compositions between the two
model simulations. The background chemical composition is also affected by the atmospheric tem-
perature, which changes the chemical reaction times.
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(a) Summer, Mean Flux. (b) Winter, Mean Flux.

(c) Summer, Median Flux. (d) Winter, Median Flux.

Figure 16.4: The percentage change of NO
x

from the REF simulations following the layout

of Figure 16.3.

As for the HO
x

enhancement differences between summer and winter, the sum-
mer and winter NO

x

enhancement differences are also the result of seasonal vari-
ations in the background atmosphere. The absolute increases in NO

x

during both
summer and winter are 10

6 molecules cm�3 for the median flux model run and 10

7

molecules cm�3 for the mean flux model run.

16.4.3 O3 Variation

Figure 16.5 presents the change in O3 following the layout of Figure 16.3. During the
24 hour summer model runs (Figures 16.5a and 16.5c) we find a 10% reduction in
O3 during the median flux model run (Figure 16.5c) and a reduction of 18% during
the mean flux model run (Figure 16.5a). These reductions occur at ⇠80 km and have
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(a) Summer, Mean Flux. (b) Winter, Mean Flux.

(c) Summer, Median Flux. (d) Winter, Median Flux.

Figure 16.5: The percentage change of O3 from the REF simulations following the layout of

Figure 16.3.

largely recovered within 3 hours of the electron forcing ending (within 9 hours of
the simulation period). This recovery period is consistent with the HO

x

recovery
period. Detailed analysis of the individual chemical reactions for these simulations
confirms that during summer conditions, the ozone reduction is largely dominated
by HO

x

driven ozone loss.

During the 48 hour winter model run (Figures 16.5b and 16.5d) the largest ozone
losses occur at 75 – 80 km altitudes within the first 12 hours of the model simulation.
Specifically, we observe a 30% reduction in ozone during the mean flux model sim-
ulation (Figure 16.5b) and a 25% reduction in ozone during the median flux model
simulation (Figure 16.5d). Upon closer inspection of the figures, we note that there
are two distinct regions (above and below 70 km) of ozone loss. Above 70 km the
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main loss mechanism of ozone is driven by reactions with HO
x

. The HO
x

enhance-
ments begin to deplete 3 – 6 hours into the simulation and we observe the start of
the ozone recovery. Below 70 km the loss of ozone is dominated by reactions with
NO

x

. The ozone levels below 70 km maintain a ⇠10% reduction through to the end
of the simulation period.

In Figure 16.6 we further investigate these two distinct regions of ozone loss. We
present the ozone changes in the upper mesospheric column (75 – 82 km), where the
ozone loss is dominated by HO

x

, during both summer (red) and winter (dark blue).
We also present the winter ozone changes6 in the middle mesospheric column (63 –
70 km, light blue), where the ozone loss is dominated by NO

x

. In Figure 16.6 solid
lines correspond to the mean flux model runs while dashed lines correspond to the
median flux model runs. The solar illumination at 75 km altitude is indicated by a
circle for daytime conditions and a star for nighttime conditions on the correspond-
ing coloured line at the bottom of Figure 16.6.

The total ozone content of the upper mesospheric column (75 – 82 km) during
summer (red lines in Figure 16.6) is a balance between the production of ozone
through sunlight and loss of ozone as a result of the microburst forcing (dominated
by HO

x

production). The net result of these two processes causes the strongest
ozone reduction to occur near the end of the microburst forcing period (at ⇠5 hours
into the model run). The peak ozone loss at this time is a 12% reduction during the
mean flux model run and a 7% reduction during the median flux model run. As the
microburst forcing in the model ends, the upper mesospheric ozone recovers rapidly
and we observe a return to background ozone levels within 4 hours (⇠10 hours into
the simulation).

The total ozone content of the upper mesospheric column during winter (dark
blue lines in Figure 16.6) experiences an enhancement in the first 2 hours of the
simulation. This ozone enhancement is the result of increased atomic oxygen pro-
duction, which rapidly reacts to form ozone. Within 2 hours of the simulation start,
the additional production of atomic oxygen is swamped by the production of HO

x

,
resulting in a reduction of the column ozone. The peak loss of column ozone is a
20% reduction during the mean flux model run and a 12% reduction during the me-
dian flux model run. For the model location there is a brief period of sunlight at
upper mesospheric altitudes during the winter solstice conditions [Verronen et al.,
2005]. This occurs ⇠10 hours into our simulation (marked by the circle on the blue

6Note there were no ozone reductions at these lower altitudes during the summer.
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line at the bottom of Figure 16.6) and boosts the atomic ozone production, leading
to the ozone recovery observed. At the end of the 24 hours displayed in Figure 16.6
the ozone column levels have recovered to within 5 – 10% of the background level.
The clear recovery trend of the column ozone near the end of the 24 hour simulation
suggests that the column ozone levels will fully recover to the background levels.
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Figure 16.6: Changes in ozone in the 75 – 82 km column during summer (red) and winter

(dark blue), and in the 63 – 70 km column during winter (light blue). Solid lines correspond

to the mean flux and dashed lines to the median flux. The grey horizontal bar indicates the

microburst forcing and the solar illumination conditions at 75 km altitude (star = night, cir-

cle = day) are marked for the summer/winter cases with corresponding colours (red/blue)

at the bottom of the figure.

The total ozone content of the middle mesospheric column (63 – 70 km) during
winter (light blue lines in Figure 16.6) initially experience a 2% reduction during
the mean and median flux model runs. However, following the short period of
sunlight during the simulation (⇠10 hours into the simulation) which activates the
catalytic ozone loss cycles, we observe much lower levels of ozone. There is now
a 12% reduction in ozone during the mean flux model run and a 10% reduction
in ozone during the median flux model run. The ozone content remains reduced
at these levels for the remainder of the 24 hour simulation and shows no evidence
of a recovery trend. This ozone reduction is unlikely to remain for longer periods
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(beyond the simulation period) due to atmospheric mixing.

16.5 Comparison to Existing Proxies

The energetic electrons contained within relativistic microbursts include electrons
with energies >1 MeV, however, the electron precipitation proxy discussed at the
beginning of this chapter only consider <1 MeV electrons [van de Kamp et al., 2016;
Matthes et al., 2017]. These higher energy electrons impact lower atmospheric alti-
tudes than their lower energy counterparts. As a result, the atmospheric impact of
relativistic microbursts occurs ⇠10 km lower than the electron precipitation proxies.

We conclude that relativistic microbursts are an important radiation belt loss
mechanism, occurring concurrently with enhanced geomagnetic activity. Further-
more, the results presented in this chapter suggest that the <1 MeV electron precip-
itation proxies are likely missing a significant source of electron precipitation con-
tributing to the net atmospheric ozone balance.
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17 | Discussion and Conclusions

The net electron flux present in the radiation belts is a delicate balance between loss
and acceleration [Reeves et al., 2003]. A key phenomenon that results in electron
loss is electron precipitation into the atmosphere, which is observed on a variety of
timescales. In this thesis we focused on relativistic (>1 MeV) electron microbursts
which occur on very short timescales, specifically <1 s [Blake et al., 1996]. These
precipitation events are known to be intense and are believed to be significant con-
tributors to radiation belt losses.

We have employed the O’Brien et al. [2003] algorithm along with the Blum et al.
[2015] extension to the algorithm to identify relativistic microbursts in row 4 of the
SAMPEX HILT instrument >1 MeV electron fluxes and also to quantify their flux
magnitudes. We have excluded Solar Proton Events (SPEs), SAMPEX spin mode
data, and any data obtained in the SAMA region from our subsequent analysis. We
identified a total of 193,694 relativistic microbursts occurring between 23 August
1996 and 11 August 2007. This large database of relativistic microbursts allowed
us to correct any potential satellite sampling bias in the data and the subsequent
analysis.

17.1 Relativistic Microburst Properties

Statistically processing the large database of relativistic microbursts allowed us to
describe the occurrence and duration properties of these precipitation events. Un-
fortunately the SAMPEX HILT instrument suffers from trapped and DLC contam-
ination in most regions of the world [Dietrich et al., 2010]. Thus, we limited our
analysis of the relativistic microburst flux magnitude to the North Atlantic Region
(NAR). The overall relativistic microburst flux magnitude distribution in the NAR
can be described by a multiplicative combination of an exponential and power law
model.
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17.1.1 L and MLT Distributions

With the larger database of relativistic microbursts we found agreement with many
previous studies and confirmed that relativistic microburst occurrence was largely
confined to the outer radiation belt region, from L = 3 – 8. The peak relativistic mi-
croburst occurrence was located at L = 5 with a frequency of 0.012 microbursts/s.
The relativistic microburst duration also peaked around this L region (at L = 5.5),
with a mean duration of 0.125 s. In the NAR the relativistic microburst flux mag-
nitude also peaked around this L value (at L = 4.5) with a mean flux magnitude of
1,554 (MeV cm2 sr s)�1.

We also confirmed that relativistic microbursts were an order of magnitude more
frequent in the morning MLT region, from 0 – 13 MLT when compared to the af-
ternoon MLT region, from 14 – 20 MLT. The peak relativistic microburst occurrence
was located at 7 – 8 MLT with a frequency of 0.01 microbursts/s. However, we have
also observed a secondary peak in the MLT distribution of relativistic microbursts
which occurred in the premidnight MLT region, from 20 – 24 MLT, with frequencies
33% lower than the frequencies observed in the morning MLT region. The rela-
tivistic microburst duration also showed a peak in the morning MLT sector, with
the longest microburst duration occurring from 09:00 – 09:30 MLT with 0.1295 s du-
ration microbursts. However, the NAR relativistic microburst flux magnitudes did
not show a clear peak in the morning MLT region. There was little variation in the
mean flux magnitude over all MLT values.

17.1.2 Russell-McPherron Effect and Relation to the Plasmapause

We have shown that relativistic microburst occurrence is influenced by the Russell-
McPherron effect, with higher frequencies of relativistic microbursts during the equinoxes
and lower frequencies during the solstices. In contrast, there was little evidence of
the Russell-McPherron effect in the relativistic microburst flux magnitude or dura-
tion.

The peak occurrence frequency of the relativistic microbursts moved inward (to
lower L) as the geomagnetic activity increased, however, the majority of relativistic
microburst occurrence remained at ⇠2 L outside the plasmapause irrespective of
the level of geomagnetic activity. Thus, we confirmed that relativistic microbursts
track the inward movement of the plasmapause as geomagnetic activity increases.
The relativistic microburst duration and flux magnitude had little variation with
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distance from the plasmapause.

17.1.3 Relation to Geomagnetic Activity

Relativistic microbursts became more frequent as the geomagnetic activity level in-
creased, and correlated strongly (correlation coefficients of >0.9) with both Ap, and
AE/AE*. Relativistic microbursts also had longer durations and higher flux mag-
nitudes as the geomagnetic activity level increased. However, these properties of
relativistic microbursts had much weaker correlations (⇠0.4 for microburst dura-
tion and ⇠0.3 for microburst flux magnitude) with both Ap and AE/AE*.

During quiet AE* conditions the L and MLT distribution of relativistic microbursts
appeared to have two distinct occurrence rate peaks. One of these was located prior
to midnight MLT and the other was located prior to noon MLT. During disturbed
AE* conditions the L and MLT distribution of relativistic microbursts had enhanced
frequencies over all MLT regions, with a clear peak in the frequencies located in
the morning MLT region. The relativistic microburst flux magnitude under these
conditions had the highest flux magnitudes occurring in the premidnight MLT re-
gion. For active and higher AE* conditions the highest microburst flux magnitudes
moved towards the noon MLT region. Under these AE* conditions the relativistic
microburst occurrence continued to enhance across all MLT values, while the peak
frequencies remained localised in the morning MLT region. The L and MLT distribu-
tion of relativistic microburst durations showed that the longer durations observed
with higher geomagnetic activity levels were limited to the morning MLT region,
with little variation observed in the other MLT regions.

17.1.4 Concluding Remarks

Overall, we observed orders of magnitude variation in the relativistic microburst
occurrence frequencies with varying geomagnetic activity. However, we observed
only a factor of 2 – 3 variation in the relativistic microburst durations and flux mag-
nitudes with varying geomagnetic activity. The smaller observed variation in the
relativistic microburst flux magnitude was not due to the SAMPEX HILT instrument
saturation, but was due to a true lack of variation in the data.

We have found that the relativistic microburst flux magnitudes increase as the
relativistic microburst durations increase. We suggested that the longer duration
microbursts resulted from scattering processes that occurred over longer time peri-
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ods. We further suggested that these longer time period scattering processes were
also precipitating a higher flux magnitude of >1 MeV electrons, resulting in the re-
lationship between relativistic microburst flux magnitude and duration.

Lastly we have used the HEO3 satellite to investigate the relationship between
the >1 MeV trapped fluxes and the relativistic microburst occurrence/flux magni-
tude. We found no evidence that the microburst flux magnitudes were limited by
the level of the trapped flux population. However, we did observe that the number
of relativistic microbursts occurring was related to the trapped electron flux varia-
tion, with more microbursts occurring when the trapped population was enhancing.
From this observation we suggested that the occurrence of relativistic microbursts
may be linked to the acceleration processes causing the increasing trapped fluxes.

17.2 Plasma Wave Drivers of Relativistic Microbursts

17.2.1 Comparison to the Wave Characteristics From the Liter-
ature

We investigated the whistler mode chorus and EMIC wave characteristics in the
literature and undertook a detailed comparison of these characteristics with the rel-
ativistic microburst properties described in the previous section. In particular, we
focused on a comparison between the L and MLT distributions of these plasma wave
characteristics and microburst properties.

We found that upper and lower band equatorial chorus waves in the 21 – 15 MLT
region (extending beyond the entire morning MLT region) corresponded to regions
of both enhanced microburst occurrence and flux magnitude. However, the upper
band chorus wave intensities were generally weaker and less extensive in MLT than
the lower band chorus wave intensities. At higher latitudes, the strongest upper
band and lower band chorus wave powers were both coincident with the relativistic
microbursts occurring in a reduced dayside MLT region, from 07 – 15 MLT.

The peak EMIC wave occurrence in the morning MLT region (08 – 12 MLT) also
partially corresponded to a region of enhanced microburst occurrence. The EMIC
waves occurring in the dusk MLT region (18 – 24 MLT) corresponded to a region of
enhanced microburst flux magnitude and partially corresponded to a region of en-
hanced microburst occurrence. Although neither oxygen band nor hydrogen band
EMIC wave power could explain the variation in microburst occurrence and flux
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magnitude, helium band EMIC wave power observations could partially explain
some of this variation.

Although microbursts in the noon MLT region (07 – 15 MLT) could be the re-
sult of scattering by either equatorial or mid latitude lower band chorus waves,
the higher equatorial chorus wave power in the region of frequent microburst oc-
currence (21 – 15 MLT) suggested that equatorial lower band whistler mode chorus
waves were the primary drivers of relativistic microbursts. However, this did not
eliminate EMIC waves (largely helium band EMIC waves) as a potential secondary
driver of relativistic microbursts.

We now also compare other properties of relativistic microbursts to plasma wave
characteristics, providing further evidence that whistler mode chorus waves were
likely to be the dominant scattering mechanism for relativistic microburst genera-
tion. Both whistler mode chorus waves and relativistic microbursts occur outside of
the plasmapause with overlapping plasmapause standoff distances [Allison Jaynes,
personal communication, 2018]. Recent studies on the individual chorus wave ele-
ments showed that the discussed L and MLT distributions were likely an indication
of the varying number of elements present in the band at the time of averaging
and was not representative of the true chorus wave power [Craig Kletzing, personal
communication, 2018]. In fact while the band averages change by 2 – 3 orders of mag-
nitude over L and MLT, the individual chorus wave elements vary by only ⇠1 –
1.5 orders of magnitude [Craig Kletzing, personal communication, 2018]. This could
help explain the discrepancy between the orders of magnitude change in the rela-
tivistic microburst occurrence and the factor of 2 – 3 variation in the relativistic mi-
croburst flux magnitude. Additionally, the lack of relativistic microbursts observed
during quiet geomagnetic conditions may be related to the lack of fast chorus el-
ements during these conditions. The chorus elements observed during quiet AE
conditions (AE < 100) were >0.25 s in duration [Teng et al., 2017]. The chorus element
durations observed during disturbed and active conditions were strongly peaked at
0.12 s [Teng et al., 2017], in agreement with the average microburst durations under
these AE/AE* conditions.
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17.2.2 Relativistic Microburst Clusters and Corresponding Wave
Activity

In order to describe the level of plasma wave activity present during relativistic
microburst activity we considered relativistic microburst clusters (microbursts oc-
curring within a 4 min window which is roughly equivalent to one pass of SAMPEX
through the radiation belts) to avoid double counting in our subsequent analysis.
We had a total of 22,023 relativistic microburst clusters which contain all of the
individual microbursts detected by the O’Brien et al. [2003] algorithm. We found
28.8% of these microburst clusters contained isolated relativistic microbursts, but
these isolated microbursts accounted for only 3.3% of our total microburst database.
Upon closer inspection of these isolated clusters, we found some of the clusters were
part of a larger microburst precipitation region, where the other microbursts were
not large enough to trigger the O’Brien et al. [2003] detection algorithm. We also
found that the number of individual microbursts contained in a microburst cluster
increased with increasing AE/AE* conditions.

Using these microburst clusters, we have presented 7 case study conjunctions
between DEMETER, SAMPEX and/or ground based instruments at Halley. From
these case studies we concluded that the DEMETER instrument resolution was not
sufficient to identify EMIC wave activity, while the ground based instruments at
Halley were able to identify both EMIC and whistler mode chorus wave activity.
Thus, the DEMETER satellite did not provide any additional insight that was not
already gained from the ground instruments at Halley. Case study conjunctions
between SAMPEX and Halley provided the first experimental evidence of the pro-
posed Omura and Zhao [2013] EMIC scattering mechanism, while also providing
further evidence of whistler mode chorus wave driven microburst activity.

We undertook a statistical study of the SAMPEX and Halley conjunctions in
order to establish which of the plasma wave drivers was the dominant scattering
mechanism leading to relativistic microburst activity. Through a superposed epoch
study of the 2 kHz VLF wave amplitude in the VELOX instrument, we observed an
increase in the median wave amplitude around the time of the relativistic microburst
clusters. We supported this superposed epoch study with a visual inspection of the
VELOX spectrograms at the times of the relativistic microburst clusters and identi-
fied the signature of whistler mode chorus wave activity for 75% of the microburst
clusters. We also observed a strong increase in the median AE index at the time of
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the relativistic microburst clusters indicating strong geomagnetic substorm activity
was occurring.

From the superposed epoch analysis of the Halley Search Coil Magnetometer
we found there was an increase in wave power in the 0.1 – 0.8 Hz frequency range
(the frequency range of EMIC waves) at the times of relativistic microburst clusters.
However, the increased wave power was typically a result of increased broadband
noise and not increased EMIC wave activity.

17.2.3 Concluding Remarks

Overall, we suggested that the dominant scattering mechanism of these relativistic
microbursts was most likely the result of cyclotron resonance between electrons and
the individual lower band equatorial chorus wave elements, that were themselves
generated by strong (AE/AE* > 300 nT) geomagnetic substorm activity. This interac-
tion between individual whistler mode chorus wave elements and microbursts was
also suggested by Mozer et al. [2018] for much lower energy microbursts (>35 keV),
and modelled by Hikishima et al. [2010]. Furthermore, we suggested the scattering of
relativistic microbursts by these substorm driven chorus wave elements was occur-
ring alongside the acceleration processes resulting in increases in the trapped rela-
tivistic fluxes. This idea was also suggested by O’Brien et al. [2003] who described
relativistic microbursts as a “side effect” of electron acceleration by whistler mode
chorus waves.

However, the evidence presented in some of the case studies (EMIC wave ac-
tivity present at the time of the microburst clusters with no whistler mode chorus
wave activity observed) did not allow us to rule out EMIC waves as a secondary,
and possibly rare, driver of relativistic microbursts.

17.3 Atmospheric Impact

A previous study by Turunen et al. [2009] found that microbursts have a negligible
impact on the atmospheric chemistry balance, however, that study was based on
outdated information. Using the results discussed in this thesis, we were able to
improve the input parameters for an atmospheric chemistry model. We have exam-
ined the relativistic microburst impact on the atmosphere for a large geomagnetic
storm during both the summer and winter solstice in order to describe the seasonal
variation of the atmospheric impacts.
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Overall we found a 7 – 12% reduction in ozone in the upper mesospheric ozone
column during the summer solstice. This ozone reduction was the result of catalytic
loss driven by HO

x

and was short lived, recovering rapidly after the microburst
forcing was stopped in the model. A similar short lived HO

x

driven ozone loss
was observed in the upper mesospheric ozone column during the winter solstice.
There was a larger 12 – 20% loss of ozone in the winter solstice case (due to different
background chemistry conditions). In addition to the HO

x

driven ozone loss in the
upper mesospheric ozone column, we observed a delayed NO

x

driven ozone loss
in the middle mesospheric ozone column in the winter solstice case. This delayed
ozone loss resulted in a 10 – 12% reduction in the ozone levels which lasted beyond
our 48 hour simulation period. The background variability of ozone in this altitude
range is typically <10% [Kyrölä et al., 2006], indicating that our observed changes in
ozone from relativistic microburst activity were significant.
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18 | Further Work Suggestions

Throughout this thesis we have described our extensive analysis of relativistic mi-
crobursts using our SAMPEX derived dataset. However, there is some remaining
analysis that might be undertaken in the future to improve and complement the
results presented thus far. In this chapter we give a detailed description of this re-
maining work.

18.1 Continued SAMPEX Studies

Our SAMPEX derived dataset of relativistic microbursts, with 193,694 individual
microburst detections, is the largest dataset of relativistic microbursts yet to be anal-
ysed. However, there are ways to improve the algorithm that should result in an
even larger microburst dataset. These are described below, along with a parameter
that was not considered during our analysis but could provide additional insight
into relativistic microburst occurrence.

18.1.1 Spin Correction to Relativistic Microburst Detection Al-
gorithm

As we described in Section 7.1 the O’Brien et al. [2003] microburst detection algo-
rithm has been applied to the SAMPEX data, while excluding periods of satellite
spin. We excluded periods of satellite spin from our analysis as the detection algo-
rithm resulted in a few false detections and was not capable of accurately determin-
ing the microburst magnitude. In Table 18.1 we show that including the SAMPEX
spin period results in 19.5% (37,720) more microbursts (which will include some
false detections) and extends the microburst dataset from 2007 to 2012. This exten-
sion of the dataset increases the chances of conjunctions between microburst obser-
vations on SAMPEX and other satellites and/or ground based instruments, many
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of which were installed from 2005 onwards. In particular this extension of the rela-
tivistic microburst dataset would allow comparisons between SAMPEX and the Van
Allen Probes.

Thus it is important to consider modifications to the microburst detection algo-
rithm such that we can include the SAMPEX spin mode data. There are two ways
in which we could try to modify the detection algorithm for spin period inclusion:
1) Modify the calculation of the baseline, and running average, to remove the false
detections and obtain the correct microburst magnitude, or 2) Use signal processing
methods to remove the satellite spin from the data. We could then apply the original
algorithm to the spin mode data with the actual spin removed.

Table 18.1: A breakdown of relativistic microburst detections from 1996 – 2012, when ex-

cluding and allowing spin mode SAMPEX data.

Year Microburst Number Microburst Number
(Exclude Spin) (Allow Spin)

1996 50 3,309
1997 87 6,477
1998 11,498 13,669
1999 23,157 23,333
2000 17,472 19,056
2001 10,906 10,906
2002 17,856 17,856
2003 57,171 57,171
2004 22,615 22,615
2005 20,104 20,104
2006 4,903 4,903
2007 7,875 9,340
2008 – 6,542
2009 – 404
2010 – 5,320
2011 – 3,732
2012 – 6,677
Total 193,694 231,414
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18.1.2 Low Flux Modification to Relativistic Microburst Detec-
tion Algorithm

The O’Brien et al. [2003] relativistic microburst detection algorithm, which has acted
as the basis for the analysis contained in this thesis, does not perform well when
radiation belt fluxes are low. During quiet geomagnetic activity levels it is more
common to measure low fluxes in the radiation belts. However, we have shown that
it is still possible to observe relativistic microbursts during these quiet geomagnetic
conditions.

In order to fully describe the characteristics of quiet geomagnetic activity rela-
tivistic microbursts a modification to the O’Brien et al. [2003] algorithm is required.
It would be an improvement if the algorithm functioned well during low radia-
tion belt fluxes, to ensure we are capturing the majority of the quiet time relativistic
microbursts. This majority would allow us to describe the true properties of quiet
geomagnetic activity relativistic microbursts.

This low flux improvement to the algorithm will likely require significant changes
to the current algorithm, such that it can identify all of the low flux microbursts. It is
possible that this modification will obtain many false detections during periods of
high fluxes, and as such the implementation of the modification should be limited
to the low flux periods.

18.1.3 Pitch Angle Distribution of Relativistic Microbursts

We have shown in Chapter 6 that relativistic electrons (>1 MeV) can undergo strong
diffusion. One suggested precipitation process occurring during periods of strong
diffusion are relativistic microbursts, the topic of this thesis. However, the mi-
croburst detection algorithm does not function well in the limit of strong diffusion,
when the loss cone is full [O’Brien et al., 2003]. O’Brien et al. [2003] found that the
bursty precipitation signals of relativistic microbursts were dominated by the strong
electron precipitation in the limit of strong diffusion. A way to test this limitation of
the algorithm is to investigate the pitch angle distribution at the time of relativistic
microbursts.

Each row of the SAMPEX HILT instrument (SSD1 – SSD4) samples a slightly dif-
ferent pitch angle making it possible to study the pitch angle distributions. If the
SSD1 – SSD4 rows show the same count rate, the loss cone is filled and we have an
isotropic electron pitch angle distribution [Blake et al., 1996]. If the SSD1 – SSD4 rows
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have different count rates, the loss cone is unfilled and there is an anisotropic elec-
tron pitch angle distribution [Blake et al., 1996]. We could also compare the SSD4
counts to the total SSD counts (from all four rows) to investigate the isotropy of the
pitch angle distribution. In this case an isotropic (anisotropic) pitch angle distribu-
tion would be identified by the SSD4 counts being equivalent (different) to a quarter
of the total SSD counts.

With this new information on the pitch angle distribution at the time of the rela-
tivistic microbursts, we could also investigate whether the low flux magnitude mi-
crobursts are associated primarily with isotropic or anisotropic pitch angle distri-
butions. A similar investigation can be undertaken of the high flux magnitude mi-
crobursts. We expect both high and low flux magnitude microbursts to be associated
with isotropic pitch angles as they are results of strong diffusion, but with this new
parameter we would be able to test this theory. There may also be some relationship
between the pitch angle distribution and the relativistic microburst occurrence, such
that when pitch angles become more isotropic, relativistic microbursts become more
frequent.

18.1.4 Precipitation Band Detection Algorithm

Another common precipitation structure that can be observed in low Earth orbit
satellite data is termed a “precipitation band”. These precipitation events are also a
result of strong diffusion and could have a significant contribution to radiation belt
losses. These precipitation features, lasting >1 s (generally 10 – 30 s [Nakamura et al.,
2000]), can persist for more than half a day and appear in magnetically conjugate
locations [Blake et al., 1996; Lorentzen et al., 2001b], suggesting they are a spatial rather
than temporal feature [Lorentzen et al., 2001b]. Precipitation bands typically occur on
their own or in small numbers [Lorentzen et al., 2001b] in the midnight MLT region
[Imhof et al., 1986; Nakamura et al., 1995; Bortnik et al., 2006; Blum et al., 2015].

Blum et al. [2015] devised an algorithm to detect precipitation bands in a subset
of the SAMPEX HILT measurements, similar to the relativistic microburst detection
algorithm. This algorithm (presented below) could be used on all of the SAMPEX
data, excluding the measurements taken in the SAMA where significant proton con-
tamination occurs. Creating a large database of precipitation bands and following
the methods presented in this thesis, would expand the current knowledge of pre-
cipitation band properties and could present evidence of the plasma waves respon-
sible for this type of precipitation.
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The Blum et al. [2015] precipitation band detection algorithm is as follows:

1. Calculate the baseline counts, B20k, the 10th percentile in 20 second bins.

2. Find when N100 > 4B20k for at least 5 seconds (triggers that last less than 5
seconds are removed from the analysis). As in the microburst algorithm, N100

is the number of counts measured in 100 ms (i.e., a single data point)

3. Calculate the 10 second linear correlation between N100 and B20k. A 10 second
correlation coefficient of >0.955, NaN or ⇠0 (absolute correlation coefficient
<0.0001) are removed from the analysis as false triggers.

4. Remove precipitation band triggers occurring in the HILT instrument noise
level. This is achieved by ensuring B20k > 1 for all precipitation band detec-
tions.

5. Calculate the magnitude of the precipitation band: N100 - B20k.

6. Store all parameters associated with the precipitation band detections.

We found in Chapter 7 that the microburst detection algorithm was not valid
during periods of satellite spin, due to an increased number of false detections and
an incorrect estimate of the microburst flux magnitude. A similar issue is found
for the precipitation band detection algorithm, which cannot be used in the present
form during periods of SAMPEX spin.

The 10 second linear correlation described in step 3 was implemented to elimi-
nate false detections from the rapidly rising (and falling) fluxes as SAMPEX enters
(and exits) the radiation belt regions [Blum et al., 2015]. However, manual inspec-
tion of the detected precipitation bands from the algorithm identified that the linear
correlation requirement was not adequately removing these false detections when
using all of the SAMPEX data. When the baseline calculation was tweaked (requir-
ing a higher percentile (e.g. 35th percentile) or a shorter/longer bin size) some, but
not all of these false detections were removed. Additionally, tweaking the temporal
period of the linear correlation (e.g. increasing it to a 20 second linear correlation)
also removed some of the false detections in the precipitation band algorithm. Sub-
stantial testing of the precipitation band dataset will be required, prior to any large
statistical data processing.
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18.2 POES Satellite Studies

In this thesis we briefly use the POES satellite constellation to show that relativistic
electrons (>1 MeV) can undergo strong diffusion. However, there are many more
studies that can be conducted with the POES satellite constellation that will sup-
plement the analysis of this thesis. These additional studies are described in detail
below.

18.2.1 POES Relativistic Microburst Detection Algorithm

It is theorised that the strong diffusion of relativistic electrons (i.e., relativistic mi-
crobursts) will be evident in the POES data by a near constant ratio between the 0�

and 90� detectors of the >800 keV electron channel [Rodger et al., 2010b]. Thus, it is
possible the relativistic microbursts can be detected in the POES data, and if so there
is some potential for a POES based relativistic microburst detection algorithm.

The POES based detection algorithm could use the ratio between the 0� and 90�

detectors as an indicator that relativistic microbursts are occurring. Alternatively,
we could find the signature of relativistic microbursts in the POES data by down-
sampling the SAMPEX fluxes at the times of relativistic microbursts to the POES
satellite resolution. This downsampled SAMPEX flux will be indicative of the sig-
nature measured by POES during relativistic microburst events, which may then
lead to an alternative relativistic microburst detection algorithm for the POES data.

With this POES relativistic microburst dataset we expect to have more relativistic
microburst detections that cover a longer temporal period (as there are more POES
satellites). This will likely allow more conjunctions with other nearby satellites and
ground based instruments. Furthermore, the POES satellites carry instruments ca-
pable of measuring lower energy electrons which could be used to complement the
recent findings from the FIREBIRD II satellite, and provide further evidence that
relativistic microbursts are an extension of lower energy microbursts [Crew et al.,
2016].

18.2.2 POES Plasma Wave Proxy

Ni et al. [2014] have introduced a methodology (refer to Section 2 of Ni et al. [2014])
to use the POES electron fluxes as an indicator of lower band whistler mode chorus
wave activity. Furthermore, the authors suggest that the spatiotemporal evolution
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of lower band whistler mode chorus intensity can also be estimated from the POES
electron fluxes, resulting in a broad L and MLT coverage. There are many important
caveats to their technique discussed in Section 4 of Ni et al. [2014] which will have
to be taken into account when using this method. The POES measurements used
in their technique are the >30, >100, and >300 keV electron fluxes (E1, E2, and E3
channels, respectively) from both the 0� and 90� detectors.

Hendry [2017] modified the Carson et al. [2013] algorithm and showed that rel-
ativistic electron precipitation driven by EMIC waves can also be identified in the
POES data. They found simultaneous spikes in the 52 keV differential proton flux
channel (P1) and the >800 keV electron channel (P6), using the 0� detectors, associ-
ated with EMIC wave activity. Thus, we could use these precipitation events as a
proxy for EMIC wave activity.

As the POES satellites have good temporal overlap with the SAMPEX microburst
observations, and two or more POES satellites are active at any given time, there are
likely to be many conjunctions between them. These conjunctions could be used to
find evidence of whistler mode chorus and/or EMIC wave activity associated with
the relativistic microbursts.

18.3 Cluster Satellite Comparison

The Cluster satellite constellation is made up of four individual satellites flown in
formation around the Earth [Gustafsson et al., 1997]. They were launched in 2000
into a polar orbit with 19.8R

E

apogee and 4.0R
E

perigee, and are still active today.
Each of the Cluster satellites carry plasma wave instruments [Gustafsson et al., 1997]
and magnetometers [Balogh et al., 2001]. The wave instruments and magnetometers
were designed to measure magnetospheric structures in three dimensions, such that
we can separate between spatial and temporal variation in the Earth’s space envi-
ronment [Gustafsson et al., 1997; Balogh et al., 2001]. The Cluster satellites also carry
particle instruments capable of measuring electrons in the energy range from 0.7 eV
to 400 keV [Wilken et al., 1997; Szita et al., 2001].

The Cluster satellites have significant temporal overlap1 with the SAMPEX satel-
lite and our relativistic microburst database. With the wave instruments and mag-
netometers onboard Cluster, we may be able to find better relativistic microburst

1Cluster has a much longer temporal overlap with SAMPEX than the overlap between DEMETER
and SAMPEX.
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and plasma wave conjunctions and make more firm conclusions about the plasma
wave driver of relativistic microburst precipitation.

18.4 Radiation Belt Modelling

Lorentzen et al. [2001a] have provided an estimate of the total flux of electrons pre-
cipitated during a storm of relativistic microbursts. They used a storm of 6 hour
(21,600 s) length, and considered the effect in the L = 4 – 6, MLT = 03:00 – 09:00 region
at SAMPEX altitude (600 km). Using an average microburst flux of ⇠300 cm�2s�1sr�1

they found a total of 3.3⇥1024 electrons were precipitated, while a total of 2.5⇥1025

electrons were precipitated when an average microburst flux of ⇠2000 cm�2s�1sr�1

was used. They compared these values to estimates of the total 2 – 6 MeV electron
content in the radiation belts, calculated by Baker et al. [1998], and found that the
relativistic microbursts were precipitating more electrons than were present in the
radiation belts and thus were capable of flushing out the relativistic electron popu-
lation from the radiation belts.

The AE9 radiation belt modelling code is used to quantify the number of trapped
energetic electrons present in the near Earth space. The AE9 model was released in
September 2012 as an upgrade to the AE8 model, previously used as the industry
standard [Ginet et al., 2013]. The AE9 model incorporates 45 satellite data sets in
order to describe the trapped electron population in the 0.04 – 10 MeV energy range
[Ginet et al., 2013]. A major development in the AE9 model is the ability to esti-
mate the uncertainty in the trapped energetic electron number due to space weather
processes [Ginet et al., 2013].

Using the AE9 model we could calculate a more comprehensive value for the to-
tal number of electrons trapped in the radiation belts. Then following the method of
Lorentzen et al. [2001a] we could estimate the number of electrons precipitated dur-
ing a storm of relativistic microbursts and determine what fraction of the trapped
relativistic radiation belt electrons are affected.

18.5 AARDDVARK Conjunctions

The Antarctic-Arctic Radiation-belt (Dynamic) Deposition VLF Atmospheric Re-
search Konsortia (AARDDVARK) network is a global network of radio receivers
that monitors the ionosphere from 30 – 90 km altitudes in the mid to high-latitude
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regions [Clilverd et al., 2009]. This is achieved through monitoring man-made VLF
signals (from large transmitters, generally operated by the military) continuously at
high time resolution [Clilverd et al., 2009]. Any atmospheric impacts from relativis-
tic microbursts along the VLF path from the transmitter to the receiver will perturb
the ionospheric D region (70 – 85 km), which will in turn perturb the VLF signals
received at various AARDDVARK stations.

Dietrich et al. [2010] investigated these VLF signals at the Sodankylä Geophysical
Observatory for “FAST events” which were the assumed indicators of relativistic
microburst precipitation [Clilverd et al., 2006]. Unfortunately they were unable to
find a one-to-one relationship between these FAST events in the VLF signals and
relativistic microbursts occurring on the VLF path between transmitter and receiver.

We have found a large database of relativistic microbursts and have some infor-
mation on the flux magnitude of each microburst. With this larger database, we may
be able to find more conclusive evidence that FAST events are the result of relativis-
tic microbursts. If we consider the relativistic microbursts occurring in 2007, when
the UltraMSK (Minimum Shift Keying) data was available, we find three potential
VLF paths that contain a large number of relativistic microburst events.

These three potential VLF paths are displayed in Figure 18.1, where the red
crosses indicate relativistic microbursts, the magenta diamonds identify the AARD-
DVARK receivers and the blue diamonds correspond to the VLF transmitters. The
first path (Figure 18.1a) uses the Churchill (BAS) receiver, located at 58�N, 94�W. The
relativistic microbursts occur along the NAA-Churchill path, where NAA is the call-
sign of the transmitter located at 44�N, 67�W in Maine. Along this VLF path there
are 14 microbursts occurring on 26 May 2007, starting at 05:45:48.7 UT. At this time
there was an AE value of 422 – 424 nT. Although we can not use the absolute flux
magnitude of the relativistic microbursts in this region (as we are beyond the NAR),
we can discuss the relative microburst magnitudes along this VLF path.

The second conjunction of interest (Figure 18.1b) uses the Sodankylä receiver,
located at 67�N, 26�E. In this case the relativistic microbursts occur over three VLF
paths; DHO-Sodankylä, HWU-Sodankylä, and GQD-Sodankylä. The DHO trans-
mitter is located at 53�N, 7�E in Ramsloh, the HWU transmitter is located at 46�N,
1�E in Rosnay, and the GQD transmitter is located at 54�N, 3�W in Anthorn. Along
these VLF paths there are 13 microbursts occurring on 23 May 2007, starting at
22:59:20.2 UT. At this time there was an AE value of 523 nT. Furthermore, as these
microbursts occur in the NAR we know their absolute flux magnitude.
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(a) (b)

(c)

Figure 18.1: The location of the relativistic microbursts (red crosses) relative to the VLF

paths for some example days. (a) The Churchill receiver (magenta) and the NLK, NDK, and

NAA transmitters (blue). (b) The Sodankylä receiver (magenta) and the ICV, DHO, HWU,

and GQD transmitters (blue). (c) The Sodankylä and Cambridge receivers (magenta) and

the NRK transmitter (blue).

The third conjunction (Figure 18.1c) uses the Sodankylä and the Cambridge re-
ceivers, where the Cambridge receiver is located at 52�N, 0�E. Here we have two
VLF paths that are potentially affected by the relativistic microbursts; NRK-Sodankylä
and NRK-Cambridge, where NRK is located at 63�N, 22�W in Iceland. Along these
VLF paths there are 14 microbursts occurring on 24 May 2007, starting at 00:32:14.3 UT
with information on their absolute flux magnitude. At this time there was an AE
value of 907 – 1147 nT.

Such case study days provide evidence that the comparisons between SAMPEX
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and AARDDVARK observations during relativistic microburst events might be of
interest.

18.6 Desired Satellite Missions

To gain further insight to the topic of relativistic microbursts, their properties, and
their plasma wave drivers, new satellite missions may be required. In the authors
opinion the best mission configuration to use is a Low Earth Orbit (LEO) satellite
with high time and energy resolution. A time resolution of 10 ms would allow de-
tailed analysis of relativistic microburst durations and reduce the influence of over-
lapping microburst observations on the resulting statistics. Including different en-
ergies in the instrumentation, for example energy channels ranging from >10 keV to
>3 MeV, will give new insights into the spectra of relativistic microbursts. Whether
these spectra change from microburst to microburst or remain constant for all mi-
crobursts is of interest to the community and will allow for more accurate atmo-
spheric impact modelling. Additionally, detailed information on the relativistic mi-
croburst spectra will once and for all settle the debate on whether low energy and
relativistic microbursts are part of the same precipitation event or if they belong to
two distinct populations of precipitation events. Our ideal satellite will also carry
an instrument capable of measuring the trapped fluxes alongside the precipitating
fluxes. This would allow a more thorough analysis of the influence of the trapped
fluxes on both microburst occurrence and intensity.

A conjunction mission with a wave detecting satellite and/or an atmospheric
sensing satellite will also bring new insights. We may be able to end the debate
of which plasma wave is responsible for driving relativistic microbursts and if the
wave power/amplitude increases as the microburst intensity increases. We may
also be able to directly measure the chemical changes in the atmosphere resulting
from these high energy precipitation events.

The many new insights provided by observations from the FIREBIRD II cube-
sat has shown the author the power of cubesat missions. However, the FIREBIRD II
mission was severely lacking in telemetry capability and required a campaign mode
style of data collection. The author believes a carefully designed cubesat capable of
operating continually with high time and energy resolution (and no rocking/spin
motion) will contribute greatly to the study of relativistic microbursts. If this high
level of instrument capability is not possible on a cubesat then a larger satellite mis-

305



sion will be required.

306



References

Abel, G. A., M. P. Freeman, A. J. Smith, and G. D. Reeves (2006), Association of sub-
storm chorus events with drift echoes, Journal of Geophysical Research Space Physics,
111, A11220, doi:10.1029/2006JA011860.

Anderson, B. J., R. E. Erlandson, and L. J. Zanetti (1992), A Statistical Study
of Pc 1-2 Magnetic Pulsations in the Equatorial Magnetosphere, 1. Equato-
rial Occurrence Distributions, Journal of Geophysical Research, 97, 3075–3088,
doi:10.1029/91JA02706.

Anderson, B. R., S. Shekhar, R. M. Millan, A. B. Crew, H. E. Spence, D. M. Klumpar,
J. B. Blake, T. P. O’Brien, and D. L. Turner (2017), Spatial scale and duration of one
microburst region on 13 August 2015, Journal of Geophysical Research Space Physics,
122, 5949–5964, doi:10.1002/2016JA023752.

Arnoldy, R. L., L. J. Cahill, Jr., M. J. Engebretson, L. J. Lanzerotti, and A. Wolfe (1998),
Review of hydromagnetic wave studies in the Antarctic., Reviews of Geophysics, 26,
181–207, doi:10.1029/RG026i001p00181.

Baker, D. N., P. Stauning, E. W. Hones Jr., P. R. Higbie, and R. D. Belian (1979), Strong
electron pitch angle diffusion observed at geostationary orbit, Geophysical Research
Letters, 6, 205–208, doi:10.1029/GL006i003p00205.

Baker, D. N., G. M. Mason, O. Figueroa, G. Colon, J. G. Watzin, and R. M. Aleman
(1993), An Overview of the Solar, Anomalous, and Magnetospheric Particle Ex-
plorer (SAMPEX) Mission, IEEE Transactions on Geoscience and Remote Sensing, 31,
531–541, doi:10.1109/36.225519.

Baker, D. N., T. I. Pulkkinen, X. Li, S. G. Kanekal, J. B. Blake, R. S. Selesnick, M. G.
Henderson, G. D. Reeves, H. E. Spence and G. Rostoker (1998), Coronal mass
ejections, magnetic clouds, and relativistic magnetospheric electron events: ISTP,
Journal of Geophysical Research, 103, 17,279–17,291, doi:10.1029/97JA03329.

307



Baker, D. N., S. G. Kanekal, T. I. Pulkkinen, and J. B. Blake (1999),
Equinoctial and solstitial averages of magnetospheric relativistic electrons: A
strong semiannual modulation, Geophysical Research Letters, 26, 3193–3196,
doi:10.1029/1999GL003638.

Baker, D. N., J. E. Mazur, and G. Mason (2012), SAMPEX to reenter at-
mosphere: Twenty-year mission will end., Space Weather, 10, S05006,
doi:10.1029/2012SW000804.

Baker, D. N., S. G. Kanekal, V. C. Hoxie, M. G. Henderson, X. Li, H. E. Spence,
S. R. Elkington, R. H. W. Friedel, J. Goldstein, M. K. Hudson, G. D. Reeves, R. M.
Thorne, C. A. Kletzing, and S. G. Claudepierre (2013), A Long-Lived Relativistic
Electron Storage Ring Embedded in Earth’s Outer Van Allen Belt, Science, 340,
186–190, doi:10.1126/science.1233518.

Balogh, A., C. M. Carr, M. H. Acuña, M. W. Dunlop, T. J. Beek, P. Brown, K.-H.
Fornacon, E. Georgescu, K.-H. Glassmeier, J. Harris, G. Musmann, T. Oddy, and
K. Schwingenschuh (2001), The Cluster Magnetic Field Investigation: overview
of in-flight performance and initial results, Annales Geophysicae, 19, 1207–1217,
doi:10.5194/angeo-19-1207-2001.

Barbieri, L. P., and R. E. Mahmot (2004), October–November 2003’s
space weather and operations lessons learned, Space Weather, 2, S09002,
doi:10.1029/2004SW000064.

British Antarctic Survey website, Natural Environment Research Council, Hal-
ley VI Research Station, https://www.bas.ac.uk/polar-operations/

sites-and-facilities/facility/halley/, accessed: 31 January 2018.

Baumjohann, W., and R. A. Treumann (1999), Basic space plasma physics, reprint,
London, Imperial College Press.

Berthelier, J. J., M. Godefroy, F. Leblanc, M. Malingre, M. Menvielle, D. Lagoutte, J. Y.
Brochot, F. Colin, F. Elie, C. Legendre, P. Zamora, D. Benoist, Y. Chapuis, J. Artru,
and R. Pfaff (2006)., ICE, the electric field experiment on DEMETER, Planetary and
Space Science, 54, 456–471, doi:10.1016/j.pss.2005.10.016.

Blake, J. B., M. D. Looper, D. N. Baker, R. Nakamura, B. Klecker, and D. Hovestadt
(1996), New high temporal and spatial resolution measurements by SAMPEX of

308



the precipitation of relativistic electrons, Advances in Space Research, 18, 171–186,
doi:10.1016/0273-1177(95)00969-8.

Blake, J. B., D. N. Baker, N. Turner, K. W. Ogilvie, and R. P. Lepping (1997), Corre-
lation of changes in the outer-zone relativistic-electron population with upstream
solar wind and magnetic field measurements, Geophysical Research Letters, 24, 927–
929, doi:10.1029/97GL00859 .

Blum, L., X. Li, and M. Denton (2015), Rapid MeV electron precipitation as observed
by SAMPEX/HILT during high-speed stream-driven storms, Journal of Geophysical
Research Space Physics, 120, 3783–3794, doi:10.1002/2014JA020633.

Boeing Satellite Development Center (2005), GOES N Data Book,
Revision B, CDRL PM-1-1-03, prepared for National Aeronau-
tics and Space Administration, Greenbelt, Maryland [Available at
https://goes.gsfc.nasa.gov/text/goes.databookn.html.]

Bortnik, J., R. M. Thorne, T. P. O’Brien, J. C. Green, R. J. Strangeway, Y. Y. Shprits,
and D. N. Baker (2006), Observation of two distinct, rapid loss mechanisms during
the 20 November 2003 radiation belt dropout event, Journal of Geophysical Research,
111, A12216, doi:10.1029/2006JA011802.

Bortnik, J., J. W. Cutler, C. Dunson and T. E. Bleier (2007), An automatic wave de-
tection algorithm applied to Pc1 pulsations, Journal of Geophysical Research, 112,
A04204, doi:10.1029/2006JA011900.

Bortnik, J., R. M. Thorne, and N. P. Meredith (2008), The unexpected ori-
gin of plasmaspheric hiss from discrete chorus emissions, Nature, 452, 62–66,
doi:10.1038/nature06741.

Boscher, D., S. Bourdarie, P. O’Brien, and T. Guild (2015), IRBEM-lib - project home
page [Available at http://irbem.sourceforge.net/].

Brasseur, G. P., and S. Solomon (2005), Aeronomy of the Middle Atmosphere, Chem-
istry and Physics of the Stratosphere and Mesosphere, third edition, Netherlands,
Springer.

Breneman, A. W., A. Crew, J. Sample, D. Klumpar, A. Johnson, O. Agapitov, M.
Shumko, D. L. Turner, O. Santolik, J. R. Wygant, C. A. Cattell, S. Thaller, B. Blake,
H. Spence, and C. A. Kletzing (2017), Observations directly linking relativistic

309



electron microbursts to whistler mode chorus: Van Allen Probes and FIREBIRD
II, Geophysical Research Letters, 44, 11,265–11,272, doi:10.1002/2017GL075001.

Burtis, W. J., and R. A. Helliwell (1976), Magnetospheric chorus: Occurrence
patterns and normalized frequency, Planetary and Space Science, 24, 1007–1024,
doi:10.1016/0032-0633(76)90119-7.

Carpenter, D. L., and R. R. Anderson (1992), An ISEE/whistler model of equatorial
electron density in the magnetosphere, Journal of Geophysical Research, 97, 1097–
1108, doi:10.1029/91JA01548.

Carson, B. R., C. J. Rodger, and M. A. Clilverd (2013), POES satellite observations of
EMIC-wave driven relativistic electron precipitation during 1998–2010, Journal of
Geophysical Research: Space Physics, 118, 232–243, doi:10.1029/2012JA017998.

Chabrillat, S., G. Kockarts, D. Fonteyn, and G. Brasseur (2002), Impact of molec-
ular diffusion on the CO2 distribution and the temperature in the mesosphere,
Geophysical Research Letters, 29, 1729, doi:10.1029/2002GL015309.

Choi, H.-S., J. Lee, K.-S. Cho, Y.-S. Kwak, I.-H. Cho, Y.-D. Park, Y.-H. Kim, D. N.
Baker, G. D. Reeves, and D.-K. Lee (2011), Analysis of GEO spacecraft anomalies:
Space weather relationships, Space Weather, 9, S06001, doi:10.1029/2010SW000597.

Clilverd, M. A., C. J. Rodger, and T. Ulich (2006), The importance of atmospheric
precipitation in storm-time relativistic electron flux drop outs, Geophysical Research
Letters, 33, L01102, doi:10.1029/2005GL024661.

Clilverd, M. A., C. J. Rodger, N. R. Thomson, J. B. Brundell, T. Ulich, J. Lichtenberger,
N. Cobbett, A. B. Collier, F. W. Menk, A. Seppälä, P. T. Verronen, and E. Turunen
(2009), Remote sensing space weather events: Antarctic-Arctic Radiation-belt
(Dynamic) Deposition VLF Atmospheric Research Konsortium network, Space
Weather, 7, S04001, doi:10.1029/2008SW000412.

Clilverd, M. A., N. Cobbett, C. J. Rodger, J. B. Brundell, M. Denton, D. Hartley, J. Ro-
driguez, D. Danskin, T. Raita, and E. L. Spanswick (2013), Energetic electron pre-
cipitation characteristics observed from Antarctica during a flux dropout event,
Journal of Geophysical Research, 118, doi:10.1002/2013JA019067.

310



Clilverd, M. A., C. J. Rodger, M. Andersson, P. T. Verronen, and A. Seppälä (2016),
Linkages between the radiation belts, polar atmosphere and climate: electron pre-
cipitation through wave particle interactions, in Waves, particles and storms in
geospace, Edited by I. Mann et al., Chapter 14, 355–376, Oxford University Press,
ISBN: 9780198705246.

Collier, A., and A. Hughes (2004), Modelling substorm chorus events in terms of
dispersive azimuthal drift, Annales Geophysicae, 22, 4311–4327, doi:10.5194/angeo-
22-4311-2004.

Comess, M. D., D. M. Smith, R. S. Selesnick, R. M. Millan, and J. G. Sample
(2013), Duskside relativistic electron precipitation as measured by SAMPEX: A
statistical survey, Journal of Geophysical Research Space Physics, 118, 5050–5058,
doi:10.1002/jgra.50481.

Cornwall, J. M., F. V. Coroniti, and R. M. Thorne (1970), Turbulent loss
of ring current protons, Journal of Geophysical Research, 75, 4699–4709,
doi:10.1029/JA075i025p04699.

Cresswell-Moorcock, K., C. J. Rodger, M. A. Clilverd, and D. K. Milling (2015), Tech-
niques to determine the quiet day curve for a long period of subionospheric VLF
observations, Radio Science, 50, 453–468, doi:10.1002/2015RS005652.

Crew, A. B., H. E. Spence, J. B. Blake, D. M. Klumpar, B. A. Larsen, T. P. O’Brien,
S. Driscoll, M. Handley, J. Legere, S. Longworth, K. Mashburn, E. Mosleh,
N. Ryhajlo, S. Smith, L. Springer, and M. Widholm (2016), First multipoint in
situ observations of electron microbursts: Initial results from the NSF FIRE-
BIRD II mission, Journal of Geophysical Research Space Physics, 121, 5272–5283,
doi:10.1002/2016JA022485.

Cussac, T., M.-A. Clair, P. Ultré-Guerard, F. Buisson, G. Lassalle-Balier, M. Ledu, C.
Elisabelar, X. Passot, and N. Rey (2006), The DEMETER microsatellite and ground
segement, Planetary and Space Science, 54, 413–427, doi:10.1016/j.pss.2005.10.013.

Dietrich, S., C. J. Rodger, M. A. Clilverd, J. Bortnik, and T. Raita (2010), Relativistic
microburst storm characteristics: Combined satellite and ground-based observa-
tions, Journal of Geophysical Research, 115, A12240, doi:10.1029/2010JA015777.

311



Douma, E., C. J. Rodger, L. W. Blum, and M. A. Clilverd (2017), Occurrence charac-
teristics of relativistic electron microbursts from SAMPEX observations, Journal of
Geophysical Research Space Physics, 122, 8096–8107, doi:10.1002/2017JA024067.

Douma, E., C. J. Rodger, M. A. Clilverd, A. T. Hendry, M. J. Engebretson, M. R.
Lessard (2018), Comparison of relativistic microburst activity seen by SAMPEX
with ground-based wave measurements at Halley, Antarctica, Journal of Geophysi-
cal Research Space Physics, 123, 1279–1294, doi: 10.1002/2017JA024754.

Eastwood, J. P., E. Biffis, M. A. Hapgood, L. Green, M. M. Bisi, R. D. Bent-
ley, R. Wicks, L.-A. McKinnell, M. Gibbs, and C. Burnett (2017), The Economic
Impact of Space Weather: Where Do We Stand?, Risk Analysis, 37, 206–218,
doi:10.1111/risa.12765.

Engebretson, M. J., M. R. Lessard, J. Bortnik, J. C. Green, R. B. Horne, D. L. Detrick,
A. T. Weatherwax, J. Manninen, N. J. Petit, J. L. Posch, and M. C. Rose (2008), Pc1 –
Pc2 waves and energetic particle precipitation during and after magnetic storms:
Superposed epoch analysis and case studies, Journal of Geophysical Research Space
Physics, 113, A01211, doi:10.1029/2007JA012362.

Evans, D. S., and M. S. Greer (2000), Polar Orbiting Environmental Satellite Space
Environment Monitor-2: Instrument descriptions and archive data documen-
tation, National Oceanic and Atmospheric Administration, Space Environment
Centre.

Fennell, J. F., J. L. Roeder, W. S. Kurth, M. G. Henderson, B. A. Larsen, G. Hospo-
darsky, J. R. Wygant, J. S. G. Claudepierre, J. B. Blake, H. E. Spence, J. H. Clem-
mons, H. O. Funsten, C. A. Kletzing, G. D. Reeves (2014), Van Allen Probes obser-
vations of direct wave-particle interactions, Geophysical Research Letters, 41, 1869–
1875, doi:10.1002/2013GL059165.

Gao, Z., Z. Su, H. Zhu, F. Xiao, H. Zheng, Y. Wang, C. Shen, and S. Wang (2016),
Intense low-frequency chorus waves observed by Van Allen Probes: Fine struc-
tures and potential effect on radiation belt electrons, Geophysical Research Letters,
43, 967–977, doi:10.1002/2016GL067687.

Gamble, R. J. (2011), The 17–19 January 2005 atmospheric electron precipitation
event (Doctoral thesis), University of Otago.

312



Ginet, G. P., T. P. O’Brien, S. L. Huston, W. R. Johnston, T. B. Guild, R. Friedel, C. D.
Lindstrom, C. J. Roth, P. Whelan, R. A. Quinn, D. Madden, S. Morley, and Y.-
J. Su (2013), AE9, AP9 and SPM: New models for specifying the trapped ener-
getic particle and space plasma environment, Space Science Reviews, 179, 579–615,
doi:10.1007/s11214-013-9964-y.

Gustafsson, G., R. Boström, B. Holback, G. Holmgren, A. Lundgren, K. Stasiewicz,
L. Åhlén, F. S. Mozer, D. Pankow, P. Harvey, P. Berg, R. Ulrich, A. Pedersen, R
Schmidt, A. Butler, A. W. C. Fransen, D. Klinge, M. Thomsen, C.-G. Fälthammar,
P.-A. Lidqvist, S. Christenson, J. Holtet, B. Lybekk, T. A. Sten, P. Tanskanen, K.
Lappalainen, and J. Wygant (1997), The electric field and wave experiment for the
cluster mission, Space Science Reviews, 79, 137–156, doi:10.1023/A:1004975108657.

Hedin, A. E. (1991), Extension of the MSIS thermospheric model into the mid-
dle and lower atmosphere, Journal of Geophysical Research, 96, 1159–1172,
doi:10.1029/90JA02125.

Hendry, A. T., C. J. Rodger, M. A. Clilverd, N. R. Thomson, S. K. Morley, and T.
Raita (2013), Rapid radiation belt losses occurring during high-speed solar wind
stream-driven storms: Importance of energetic electron precipitation, in Dynam-
ics of the Earth’s Radiation Belts and Inner Magnetosphere, Geophysical Monograph
Series, 199, 213–223, doi:10.1029/2012GM001299.

Hendry, A. T., C. J. Rodger, M. A. Clilverd, M. J. Engebretson, I. R. Mann, M. R.
Lessard, T. Raita, and D. K. Milling (2016), Confirmation of EMIC wave-driven
relativistic electron precipitation, Journal of Geophysical Research Space Physics, 121,
5366–5383, doi:10.1002/2015JA022224.

Hendry, A. T. (2017), Experimental evidence and properties of EMIC wave driven
electron precipitation (Doctoral thesis), University of Otago.

[HEO data website, 2017] F3 Lbin readme file, directory and files made
by Paul O’Brien http://mag.gmu.edu/ftp/users/obrien/heo/ascii/

F3_Lbin.txt & http://mag.gmu.edu/ftp/users/obrien/heo/ascii/

Dosimeters.htm, accessed: 17 January 2018.

High Greave Associates (1996), VLF/ELF Logger Experiment (VELOX), High Greave
Associates, [Available on request from British Antarctic Survey].

313



Hikishima, M., Y. Omura, and D. Summers (2010), Microburst precipitation of ener-
getic electrons associated with chorus wave generation, Geophysical Research Let-
ters, 37, L07103, doi:10.1029/2010GL042678.

Hess, W. N. (1963), The artificial radiation belt made on July 9, 1962, Journal of Geo-
physical Research, 68, 667–683, doi:10.1029/JZ068i003p00667.

Horne, R. B., and R. M. Thorne (2003), Relativistic electron acceleration and precip-
itation during resonant interactions with whistler-mode chorus, Geophysical Re-
search Letters, 30, 1527, doi:10.1029/2003GL016973.

Horne, R. B., R. M. Thorne, N. P. Meredith, and R. R. Anderson (2003), Diffuse
auroral electron scattering by electron cyclotron harmonic and whistler mode
waves during an isolated substorm, Journal of Geophysical Research, 108, 1290–1301,
doi:10.1029/2002JA009736.

Horne, R. B., M. M. Lam, and J. C. Green (2009), Energetic electron precipitation from
the outer radiation belt during geomagnetic storms, Geophysical Research Letters,
36, L19104, doi:10.1029/2009GL040236.

Imhof, W. L., H. D. Voss, J. B. Reagan, D. W. Datlowe, E. E. Gaines,
and J. Mobilia (1986), Relativistic electron and energetic ion precipitation
spikes near the plasmapause, Journal of Geophysical Research, 91, 3077–3088,
doi:10.1029/JA091iA03p03077.

Imhof, W. L., H. D. Voss, J. Mobilia, D. W. Datlowe, E. E. Gaines, and J. P. McGlennon
(1992), Relativistic electron microbursts, Journal of Geophysical Research, 97, 13,829–
13,837, doi:10.1029/92JA01138.

Jackman, C. H., and R. D. McPeters (2004), The Effect of Solar Proton Events
on Ozone and Other Constituents, Solar Variability and its Effects on Cli-
mate, Geophysical Monograph, 141, 305–319, American Geophysical Union,
doi:10.1029/141GM21.

Jaynes, A. N., D. N. Baker, H. J. Singer, J. V. Rodriguez, T. M. Loto’aniu, A. F. Ali,
S. R. Elkington, X. Li, S. G. Kanekal, S. G. Claudepierre, J. F. Fennell, W. Li, R. M.
Thorne, C. A. Kletzing, H. E. Spence, and G. D. Reeves (2015), Source and seed
populations for relativistic electrons: Their roles in radiation belt changes, Journal
of Geophysical Research Space Physics, 120, 7240–7254, doi:10.1002/2015JA021234.

314



Johnston, W. R., and P. C. Anderson (2010), Storm time occurrence of relativistic
electron microbursts in relation to the plasmapause, Journal of Geophysical Research,
115, A02205, doi:10.1029/2009JA014328.

Kallenrode, M.-B. (2004), Space Physics, An Introduction to plasmas and particles in
the heliosphere and magnetosphere, third enlarged edition, Germany, Springer.

Kellerman, A. C., R. L. McPherron, and J. M. Weygand (2015), On the azimuthal
evolution and geoeffectiveness of the SIR-associated stream interface, Journal of
Geophysical Research Space Physics, 120, 1489–1508, doi:10.1002/2014JA020334.

Kennel, C. F., and H. E. Petschek (1966), Limit on stably trapped particle fluxes,
Journal of Geophysical Research, 71, 1–28, doi:10.1029/JZ071i001p00001.

Kertsen, K., C. A. Cattell, A. Breneman, K. Goetz, P. J. Kellogg, J. R. Wygant, L. B.
Wilson III, J. B. Blake, M. D. Looper, and I. Roth (2011), Observation of relativis-
tic electron microbursts in conjunction with intense radiation belt whistler-mode
waves, Geophysical Research Letters, 38, L08107, doi:10.1029/2011GL046810.

Klecker, B., D. Hovestadt, M. Scholer, H. Arbinger, M. Ertl, H. Kastle, E. Kunneth,
P. Laeverenz, E. Seidenschwang, J. B. Blake, N. Katz, and D.Mabry (1993), HILT:
A Heavy Ion Large Area Proportional Counter Telescope for Solar and Anoma-
lous Cosmic Rays, IEEE Transanctions of Geoscience and Remote Sensing, 31, 542–548,
doi:10.1109/36.225520.

Kubota, Y., and Y. Omura (2017), Rapid precipitation of radiation belt electrons
induced by EMIC rising tone emissions localized in longitude inside and out-
side the plasmapause, Journal of Geophysical Research Space Physics, 122, 293–309,
doi:10.1002/2016JA023267.

Kurita, S., Y. Miyoshi, J. B. Blake, G. D. Reeves, and C. A. Kletzing (2016), Relativistic
electron microbursts and variations in trapped MeV electron fluxes during the 8
– 9 October 2012 storm: SAMPEX and Van Allen Probes observations, Geophysical
Research Letters, 43, 3017–3025, doi:10.1002/2016GL068260.

Kyrölä, E., J. Tamminen, G. W. Leppelmeier, V. Sofieva, S. Hassinen, A. Seppälä, P. T.
Verronen, J. L. Bertaux, A. Hauchecorne, F. Dalaudier, D. Fussen, F. Vanhellemont,
O. Fanton d’Andon, G. Barrot, A. Mangin, B. Theodore, M. Guirlet, R. Koopman,
L. Saavedra de Miguel, P. Snoeij, T Fehr, Y. Meijer, and R. Fraisse (2006), Nighttime

315



ozone profiles in the stratosphere and mesosphere by the Global Ozone Monitor-
ing by Occultation of Stars on Envisat, Journal of Geophysical Research Atmospheres,
111, D24306, doi:10.1029/2006JD007193.

Lagoutte, D., J. Y. Brochot, D. de Carvalho, F. Elie, F. Harivelo, Y. Hobara, L. Madrias,
M. Parrot, J. L. Pinçon, J. J. Berthelier, D. Peschard, E. Seran, M. Gangloff, J. A.
Sauvaud, J. P. Lebreton, S. Stverak, P. Travnicek, J. Grygorczuk, J. Slominski,
R. Wronowski, S. Barbier, P. Bernard, A. Gaboriaud, and J. M. Wallut (2006),
The DEMETER Science Mission Centre, Plentary and Space Science, 54, 428–440,
doi:10.1016/j.pss.2005.10.014.

Lanzerotti, L. J., and D N. Baker (2017), Space weather research: Earth’s radiation
belts, Space Weather, 15, 742–745, doi:10.1002/2017SW001654.

LeDocq, M. J., D. A. Gurnett, and G. B. Hospodarsky (1998), Chorus source locations
from VLF poynting flux measurements with the Polar spacecraft, Geophysical Re-
search Letters, 25, 4063–4066, doi:10.1029/1998GL900071.

Li, W., R. M. Thorne, V. Angelopoulos, J. Bortnik, C. M. Cully, B. Ni, O. LeContel,
A. Roux, U. Auster, and W. Magnes (2009), Global distribution of whistler-mode
chorus waves observed on the THEMIS spacecraft, Geophysical Research Letters, 36,
L09104, doi:10.1029/2009GL037595.

Lohmeyer, W. Q., and K. Cahoy (2013), Space weather radiation effects on geo-
stationary satellite solid-state power amplifiers, Space Weather, 11, 476–488,
doi:10.1002/swe.20071.

Lorentzen, K. R., M. D. Looper, and J. B. Blake (2001a), Relativistic electron mi-
crobursts during the GEM storms, Geophysical Research Letters, 28, 2573–2576,
doi:10.1029/2001GL012926.

Lorentzen, K. R., J. B. Blake, U. S. Inan, and J. Bortnik (2001b), Observations of rela-
tivistic electron microbursts in association with VLF chorus, Journal of Geophysical
Research, 106, 6017–6027, doi:10.1029/2000JA003018.

Lorentzen, K. R., J. E. Mazur, M. D. Looper, J. F. Fennell, and J. B. Blake (2002), Mul-
tisatellite observations of MeV ion injections during storms, Journal of Geophysical
Research, 107, SMP7, doi:10.1029/2001JA000276.

316



Loto’aniu, T. M., B. J. Fraser, and C. L. Waters (2005), Propagation of electromagnetic
ion cyclotron wave energy in the magnetosphere, Journal of Geophysical Research
Space Physics, 110, A07214, doi:10.1029/2004JA010816.

Loto’aniu, T. M., H. J. Singer, J. V. Rodriguez, J. Green, W. Denig, D. Biesecker, and V.
Angelopoulos (2015), Space weather conditions during the Galaxy 15 spacecraft
anomaly, Space Weather, 13, 484–502, doi:10.1002/2015SW001239.

Malaspina, D. M., A. N. Jaynes, C. Boulé, J. Bortnik, S. A. Thaller, R. E. Ergun, C. A.
Kletzing, and J. R. Wygant (2016), The distribution of plasmaspheric hiss wave
power with respect to plasmapause location, Geophysical Research Letters, 43, 7878–
7886, doi:10.1002/2016GL069982.

Matthes, K., B. Funke, M. E. Andersson, L. Barnard, J. Beer, P. Charbonneau,
M. A. Clilverd, T. Dudok de Wit, M. Haberreiter, A. Hendry, C. H. Jackman,
M. Kretschmar, T. Kruschke, M. Kunze, U. Langematz, D. R. Marsh, A. Maycock,
S. Misios, C. J. Rodger, A. A. Scaife, A. Seppälä, M. Shangguan, M. Sinnhuber,
K. Tourpali, I. Usoskin, M. van de Kamp, P. T. Verronen, and S. Versick (2017),
Solar Forcing for CMIP6 (v3.2), Geoscientific Model Development, 10, 2247–2302,
doi:10.5194/gmd-10-2247-2017.

McIlwain, C. E. (1961), Coordinates for mapping the distribution of mag-
netically trapped particles, Journal of Geophysical Research, 66, 3681–3691,
doi:10.1029/JZ066i011p03681.

McPherron, R. L., D. N. Baker, and N. U. Crooker (2009), Role of the Russell-
McPherron effect in the acceleration of relativistic electrons, Journal of Atmospheric
and Solar-Terrestrial Physics, 71, 1032–1044, doi:10.1016/j.jastp.2008.11.002.

Meredith, N. P., R. B. Horne, and R. R. Anderson (2001), Substorm de-
pendence of chorus amplitudes: Implications for the acceleration of elec-
trons to relativistic energies, Journal of Geophysical Research, 106, 13,165–13,178,
doi:10.1029/2000JA900156.

Meredith, N. P., R. B. Horne, D. Summers, R. M. Thorne, R. H. A. Iles, D. Heynder-
ickx and R. R. Anderson (2002), Evidence for acceleration of outer zone electrons
to relativistic energies by whistler mode chorus, Annales Geophysicae, 20, 967–979,
doi:10.5194/angeo-20-967-2002.

317



Meredith, N. P., R. M. Thorne, R. B. Horne, D. Summers, B. J. Fraser, and R. R.
Anderson (2003), Statistical analysis of relativistic electron energies for cyclotron
resonance with EMIC waves observed on CRRES, Journal of Geophysical Research,
108, SMP17, doi:10.1029/2002JA009700.

Meredith, N. P., R. B. Horne, A. Sicard-Piet, D. Boscher, K. H. Yearby, W. Li,
and R. M. Thorne (2012), Global model of lower band and upper band chorus
from multiple satellite observations, Journal of Geophysical Research, 117, A10225,
doi:10.1029/2012JA017978.

Meredith, N. P., R. B. Horne, W. Li, R. M. Thorne, and A. Sicard-Piet (2014a), Global
model of low-frequency chorus (fLHR < f < 0.1fce) from multiple satellite obser-
vations, Geophysical Research Letters, 41, 280–286, doi:10.1002/2013GL059050.

Meredith, N. P., R. B. Horne, T. Kersten, B. J. Fraser, and R. S. Grew (2014b),
Global morphology and spectral properties of EMIC waves derived from CR-
RES observations, Journal of Geophysical Research Space Physics, 119, 5328–5342,
doi:10.1002/2014JA020064.

Meredith, N. P., R. B. Horne, J. D. Isles, and J. V. Rodriguez (2015), Extreme relativis-
tic electron fluxes at geosynchronous orbit: Analysis of GOES E >2 MeV electrons,
Space Weather, 13, 170–184, doi:10.1002/2014SW001143.

Millan, R. M., R. P. Lin, D. M. Smith, K. R. Lorentzen, and M. P. Mc-
Carthy (2002), X-ray observations of MeV electron precipitation with balloon-
borne germanium spectrometer, Geophysical Research Letters, 29, 2194–2197,
doi:10.1029/2002GL015922.

Miyoshi, Y., and R. Kataoka (2008), Flux enhancement of the outer radiation belt
electrons after the arrival of stream interaction regions, Journal of Geophysical Re-
search Space Physics, 113, A03S09, doi:10.1029/2007JA012506.

Miyoshi, Y., S. Oyama, S. Saito, H. Fujiwara, R. Kataoka, Y. Ebihara, C. Kletzing, G.
Reeves, O. Santolik, M. Clilverd, C. Rodger, E. Turunen, and F. Tsuchiya (2015),
Energetic electron precipitation associated with pulsating aurora: EISCAT and
Van Allen Probes observations, Journal of Geophysical Research Space Physics, 120,
2754–2766, doi:10.1002/2014JA020690.

318



Moldwin, M. B., L. Downward, H. K. Rassoul, R. Amin, and R. R. Anderson (2002),
A new model of the location of the plasmapause: CRRES results, Journal of Geo-
physical Research, 107, SMP2 1–9, doi:10.1029/2001JA009211.

Mozer, F. S., O. V. Agapitov, J. B. Blake, and I. Y. Vasko (2018), Simultaneous ob-
servations of lower band chorus emissions at the equator and microburst pre-
cipitating electrons in the ionosphere, Geophysical Research Letters, 45, 51–516,
doi:10.1002/2017GL076120.

Nakamura, R., D. N. Baker, J. B. Blake, S. Kanekal, B. Klecker, and D. Hovestadt
(1995), Relativistic electron precipitation enhancements near the outer edge of the
radiation belt, Geophysical Research Letters, 22, 1129–1132, doi:10.1029/95GL00378.

Nakamura, R., M. Isowa, Y. Kamide, D. N. Baker, J. B. Blake, and M. Looper (2000),
SAMPEX observations of precipitation bursts in the outer radiation belt, Journal of
Geophysical Research, 105, 15875–15885, doi:10.1029/2000JA900018.

Nakamura, S., Y. Omura, S. Machida, M. Shoji, M. Nosé, and V. Angelopoulos
(2014), Electromagnetic ion cyclotron rising tone emissions observed by THEMIS
probes outside the plasmapause, Journal of Geophysical Research Space Physics, 119,
1874–1886, doi:10.1002/2013JA019146.

Nakamura, S., Y. Omura, and V. Angelopoulos (2016), A statistical study of EMIC
rising and falling tone emissions observed by THEMIS, Journal of Geophysical Re-
search Space Physics, 121, 8374–8391, doi:10.1002/2016JA022353.

[NGDC Data Website, 2015] NOAA National Centers for Environmental Infor-
mation, Access to GOES SEM data, https://www.ngdc.noaa.gov/stp/

satellite/goes/dataaccess.html, accessed: 1 September 2015.

[NGDC Data Website, 2017] NOAA National Centers for Environmental Infor-
mation, GOES Space Environment Monitor: Data describing the environment
at geosynchronous orbit, https://www.ngdc.noaa.gov/stp/satellite/
goes/index.html, accessed: 5 April 2017.

Ni, B., W. Li, R. M. Thorne, J. Bortnik, J. C. Green, C. A. Kletzing, W. S. Kurth,
G. B. Hospodarsky, and M. de Soria-Santacruz Pich (2014), A novel technique to
construct the global distribution of whistler mode chorus wave intensity using
low-altitude POES electron data, Journal of Geophysical Research: Space Physics, 119,
5685–5699, doi:10.1002/2014JA019935.

319



O’Brien, T. P., K. R. Lorentzen, I. R. Mann, N. P. Meredith, J. B. Blake, J. F. Fennell,
M. D. Looper, D. K. Milling, and R. R. Anderson (2003), Energization of relativistic
electrons in the presence of ULF wave power and MeV microbursts: Evidence
for dual ULF and VLF acceleration, Journal of Geophysical Research, 108, SMP11,
doi:10.1029/2002JA009784.

O’Brien, T. P., and M. B. Moldwin (2003), Empirical plasmapause models from mag-
netic indices, Geophysical Research Letters, 30, 1152, doi:10.1029/2002GL016007.

O’Brien, T. P., M. D. Looper, and J. B. Blake (2004), Quantification of relativistic elec-
tron microburst losses during the GEM storms, Geophysical Research Letters, 31,
L04802, doi:10.1029/2003GL018621.

O’Brien, T. P., J. F. Fennell, J. L. Roeder, and G. D. Reeves (2007), Extreme electron
fluxes in the outer zone, Space Weather, 5, S01001, doi:10.1029/2006SW000240.

Omura, Y., M. Hikishima, Y. Katoh, D. Summers, S. Yangitani (2009), Non-
linear mechanisms of lower-band and upper-band VLF chorus emissions in
the magnetosphere, Journal of Geophysical Research Space Physics, 114, A7,
doi:10.1029/2009JA014206.

Omura, Y., and Q. Zhao (2013), Relativistic electron microbursts due to nonlinear
pitch angle scattering by EMIC triggered emissions, Journal of Geophysical Research
Space Physics, 118, 5008–5020, doi:10.1002/jgra.50477.

Onsager, T. G., A. A. Chan, Y. Fei, S. R. Elkington, J. C. Green, and H. J. Singer
(2004), The radial gradient of relativistic electrons at geosynchronous orbit, Journal
of Geophysical Research, 109, A05221, doi:10.1029/2003JA010368.

Parrot, M., D. Benoist, J. J. Berthelier, J. Błȩcki, Y. Chapuis, F. Colin, F. Elie, P. Fergeau,
D. Lagoutte, F. Lefeuvre, C. Legendre, M. Lévêque, J. L. Pinçon, B. Poirier, H.-C.
Seran, and P. Zamora (2006), The magnetic field experiment IMSC and its data
processing onboard DEMETER: Scientific objective, description and first results,
Planetary and Space Science, 54, 441–455, doi:10.1016/j.pss.2005.10.015.

Pickett, J. S., B. Grison, Y. Omura, M. J. Engebretson, I. Dandouras, A. Masson,
M. L. Adrian, O. Santolík, P. M. E. Décréau, N. Cornilleau-Wehrlin, and D. Con-
stantinescu (2010), Cluster observations of EMIC triggered emissions in associ-
ation with Pc1 waves near Earth’s plasmapause, Geophysical Research Letters, 37,
doi:10.1029/2010GL042648.

320



Reeves, G. D., K. L. McAdams, R. H. W. Friedel, and T. P. O’Brien (2003), Accel-
eration and loss of relativistic electrons during geomagnetic storms, Geophysical
Research Letters, 30(10), 1529, doi:10.1029/2002GL016513.

Ripoll, J.-F., Y. Chen, J. F. Fennell, and R. H. W. Friedel (2015), On long decays of
electrons in the vicinity of the slot region observed by HEO3, Journal of Geophysical
Research Space Physics, 120, 460–478, doi:10.1002/2014JA020449.

Rodger, C. J., M. A. Clilverd, D. Nunn, P. T. Verronen, J. Bortnik, and E. Turunen
(2007), Storm time, short-lived bursts of relativistic electron precipitation detected
by subionospheric radio wave propagation, Journal of Geophysical Research, 112,
A07301, doi:10.1029/2007JA012347.

Rodger, C. J., and M. A. Clilverd (2008), Magnetospheric physics: Hiss from the
chorus, Nature, 452, 41–42, doi:101038/452041a.

Rodger, C. J., M. A. Clilverd, A. Seppälä, N. R. Thomson, R. J. Gamble, M. Parrot,
J.-A. Sauvaud, and T. Ulich (2010a), Radiation belt electron precipitation due to
geomagnetic storms: Significance to middle atmosphere ozone chemistry, Journal
of Geophysical Research, 115, A11320, doi:10.1029/2010JA015599.

Rodger, C. J., M. A. Clilverd, J. Green, and M.-M. Lam (2010b), Use of POES
SEM-2 observations to examine radiation belt dynamics and energetic electron
precipitation in to the atmosphere, Journal of Geophysical Research, 115, A04202,
doi:10.1029/2008JA014023.

Rodger, C. J., A. J. Kavanagh, M. A. Clilverd, and S. Marple (2013), Comparison
between POES energetic electron precipitation observations and riometer absorp-
tions: Implications for determining true precipitation fluxes, Journal of Geophysical
Research, 118, 7810–7821, doi:10.1002/2013JA019439.

Rodger, C. J., K. Cresswell-Moorcock, and M. A. Clilverd (2016), Nature’s grand
experiment: Linkage between magnetospheric convection and the radiation belts,
Journal of Geophysical Research, 121, 171–189, doi:10.1002/2015JA021537.

Rodriguez, J. V., J. C. Krosschell, and J. C. Green (2014), Intercalibration of GOES 8–
15 solar proton detectors, Space Weather, 12, 92–109, doi:10.1002/2013SW000996.

Roederer, J. G. (1970), Dynamics of Geomagnetically Trapped Radiation, Springer.

321



Rozanov, E., L. Callis, M. Schlesinger, F. Yang, N. Andronova, and V. Zubov (2005),
Atmospheric response to NOy source due to energetic electron precipitation, Geo-
physical Research Letters, 32, L14811, doi:10.1029/2005GL023041.

Russell, C. T., and R. L. McPherron (1973), Semiannual variation of geomagnetic
activity, Journal of Geophysical Research, 78, 92–108, doi:10.1029/JA078i001p00092.

Saikin, A. A., J.-C. Zhang, R. C. Allen, C. W. Smith, L. M. Kistler, H. E. Spence,
R. B. Torbert, C. A. Kletzing and V. K. Jordanova (2015), The occurrence and
wave properties of H+-, He+-, and O+-band EMIC waves observed by the
Van Allen Probes, Journal of Geophysical Research Space Physics, 120, 7477–7492,
doi:10.1002/2015JA021358.

Saikin, A. A., J.-C. Zhang, C. W. Smith, H. E. Spence, R. B. Torbert, and C. A.
Kletzing (2016), The dependence on geomagnetic conditions and solar wind
dynamic pressure of the spatial distributions of EMIC waves observed by the
Van Allen Probes, Journal of Geophysical Research Space Physics, 121, 4362–4377,
doi:10.1002/2016JA022523.

Saito, S., Y. Miyoshi, and K. Seki (2012), Relativistic electron microbursts associated
with whistler chorus rising tone elements: GEMSIS-RBW simulations, Journal of
Geophysical Research, 117, A10206, doi:10.1029/2012JA018020.

[SAMPEX Data Website, 2015] SAMPEX Data Center Technical Lead, Andrew
Davis. High-Resolution Count Rates from SAMPEX/HILT. http://www.srl.
caltech.edu/sampex/DataCenter/docs/HILThires.html, accessed: 4
October 2017.

Santolik, O., D. A. Gurnett, J. S. Pickett, M. Parrot, and N. Cornilleau-Wehrlin (2003),
Spatio-temporal structure of storm-time chorus, Journal of Geophysical Research
Space Physics, 108(A7), 1278, doi:10.1029/2002JA009791.

Sauvaud, J. A., T. Moreau, R. Maggiolo, J.-P. Treilhou, C. Jacquey, A. Cros, J. Coute-
lier, J. Rouzaud, E. Penou, and M. Gangloff (2006), High-energy electron detection
onboard DEMETER: the IDP spectrometer, description and first results on the in-
ner belt, Plentary and Space Science, 54, 502–511, doi:10.1016/j.pss.2005.10.019.

Schulz, M. (1996), Canonical coordinates for radiation belt modeling, in Radiation
Belts: Models and Standards, AGU, Editors: J. F. Lemaire, D. Heynderickx, and
D. N. Baker, pp. 153–160, Geophysical Monograph Series.

322



Seppälä, A. (2007), Observations of production and transport of NOx formed by
energetic particle precipitation in the polar night atmosphere (Doctoral thesis),
Finnish Meteorological Institute.

Seppälä, A., M. A. Clilverd, C. J. Rodger, P. T. Verronen, and E. Turunen (2008), The
effects of hard-spectra solar proton events on the middle atmosphere, Journal of
Geophysical Research, 113, A11311, doi:10.1029/2008JA013517.

Seppälä, A., C. E. Randall, M. A. Clilverd, E. Rozanov, and C. J. Rodger (2009), Geo-
magnetic activity and polar surface air temperature variability, Journal of Geophys-
ical Research, 114, A10312, doi:10.1029/2008JA014029.

Seppälä, A., M. A. Clilverd, M. J. Beharrell, C. J. Rodger, P. T. Verronen, M. E. Ander-
sson, and D. A. Newnham (2015), Substorm-induced energetic electron precipita-
tion: Impact on atmospheric chemistry, Geophysical Research Letters, 42, 8172–8176,
doi:10.1002/2015GL065523.

Seppälä, A., E. Douma, C. J. Rodger, P. T. Verronen, M. A. Clilverd, J. Bortnik (2018),
Relativistic electron microburst events: Modeling the atmospheric impact., Geo-
physical Research Letters, 45, 1141–1147, doi: 10.1002/2017GL075949.

Shimazaki, T. (1984), Minor Constituents in the Middle Atmosphere, Dev. in Earth
and Planet. Phys, 6, Springer, New York.

Shumko, M., J. Sample, A. Johnson, B. Blake, A. Crew, H. Spence, D. Klumpar, O.
Agapitov, and M. Handley (2018), Microburst Scale Size Derived from Multiple
Bounces of a Microburst Simultaneously Observed with the FIREBIRD-II Cube-
Sats, Geophysical Research Letters, Accepted, doi:10.1029/2018GL078925.

Smith, A. J. (1995), VELOX: a new VLF/ELF receiver in Antarctica for the Global
Geospace Science mission, Journal of Atmospheric and Terrestrial Physics, 57, 507–
524, doi:10.1016/0021-9169(94)00078-3.

Smith, A. J., M. P. Freeman, and G. D. Reeves (1996), Post midnight VLF chorus
events, a substorm signature observed at the ground near L = 4, Journal of Geo-
physical Research, 101, 24641–24653, doi:10.1029/96JA02236.

Smith, A. J., and M. A. Clilverd (1998), BAS VLF/ELF/ULF Data Manual, British
Antarctic Survey [Available on request].

323



Smith, A. J., M. P. Freeman, M. G. Wickett, and B. D. Cox (1999), On the relation-
ship between the magnetic and VLF signatures of the substorm expansion phase,
Journal of Geophysical Research, 104, 12351–12360, doi:10.1029/1998JA900184.

Smith, A. J., N. P. Meredith, and T. P. O’Brien (2004), Differences in ground-
observed chorus in geomagnetic storms with and without enhanced relativis-
tic electron fluxes, Journal of Geophysical Research Space Physics, 109, A11204,
doi:10.1029/2004JA010491.

Smith, A. J., R. B. Horne, and N. P. Meredith (2010), The statistics of natural
ELF/VLF waves derived from a long continuous set of ground-based observa-
tions at high latitude, Journal of Atmospheric and Solar-Terrestrial Physics, 72, 463–
475, doi:10.1016/j.jastp.2009.12.018.

Summers, D., R. M. Thorne, and F. Xiao (1998), Relativistic theory of wave-particle
resonant diffusion with application to electron acceleration in the magnetosphere,
Journal of Geophysical Research, 103, 20487–20500, doi:10.1029/98JA01740.

Summers, D., B. Ni, and N. P. Meredith (2007a), Timescales for radiation belt electron
acceleration and loss due to resonant wave-particle interactions: 1. Theory, Journal
of Geophysical Research, 112, A04206, doi:10.1029/2006JA011801.

Summers, D., B. Ni, and N. P. Meredith (2007b), Timescales for radiation belt elec-
tron acceleration and loss due to resonant wave-particle interactions: 2. Evalua-
tion for VLF chorus, ELF hiss and electromagnetic ion cyclotron waves, Journal of
Geophysical Research, 112, A04207, doi:10.1029/2006JA011993.

Szita, S., A. N. Fazakerley, P. J. Carter, A. M. James, P. Trávníček, G. Watson, M. An-
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A | Data Sources

Here we describe the web location of the data used in this thesis and the date it was
last accessed/updated. For some of the satellite data discussed, we also include
the directory on Nimrod or Endurance 2 (Space Physics servers at the University of
Otago) for future students in the Otago Space Physics Group.

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

The SPE corrected SAMPEX HILT SSD4 data can be found on nimrod using the
following file path: /data3/E_Douma_SAMPEX_work/SAMPEX_SPE_corrected_
data.

The OMNI data is available from ftp://spdf.gsfc.nasa.gov/../pub/data/

omni/high_res_omni/. The OMNI 5 min data was last accessed (and updated)
on 01 September 2015. The OMNI 1 min data was last accessed (and updated) on 15
September 2017.

The GOES data was last accessed on 05 April 2017 from https://satdat.

ngdc.noaa.gov/sem/goes/data/new_avg/.

The geomagnetic index data is available from the WDC, Kyoto. Specifically, the
AE data is from http://swdcwww.kugi.kyoto-u.ac.jp/aeasy/, the Kp data
is from http://wdc.kugi.kyoto-u.ac.jp/kp/index.html, and the Dst data
is available from http://wdc.kugi.kyoto-u.ac.jp/dstae/index.html. The
Dst data was last accessed on 21 November 2016, while the Kp data was last ac-
cessed on 08 May 2015. Most of the AE data used in this thesis has been taken from
the OMNI files.
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The HEO data was last accessed on 02 December 2016 and is available from
http://virbo.org/ftp/HEO3/EXP/VIRBO/merged/ and http://virbo.org/
ftp/HEO3/LBIN/IGRF/VIRBO/merged/. The original data files are also avail-
able on http://virbo.org/ftp/users/obrien/heo/ascii.

The DEMETER Quick Looks can be accessed on http://demeter.cnrs-orleans.
fr/dmt/index.html. We have also used some of the preprocessed DEMETER
data on Nimrod available from /data2/rgamble/Demeter/demeter3_data/

full_dataset/ice/4_processed. The detailed data processing was completed
by Rory Gamble, refer to Gamble [2011] for further details.

The BAS data is available from http://psddb.nerc-bas.ac.uk/data/access/

main.php?menu=1. Specifically the magnetometer data was last accessed on 25
January 2017, from http://psddb.nerc-bas.ac.uk/data/access/coverage.

php?class=101\&menu=1\&source=1\&script=1. The VELOX data was last
accessed on 20 May 2016 from http://psddb.nerc-bas.ac.uk/data/access/

coverage.php?class=140,13\&menu=1,7\&source=1\&script=1.

The POES data used in this thesis was preprocessed by Aaron Hendry. Please
refer to Hendry [2017] for details on this processing and the source of the POES
code. We have accessed the POES data on Endurance 2 at: /research/POES/

mat_from_cdf.
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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 identify 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 observations are normalized to provide the change in absolute occurrence
rates with various parameters. We find that relativistic microbursts are mostly confined to the outer radiation
belt, from L=3–8, occurring primarily on the morningside, 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 relativistic
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 6.6fKpf8.7. 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 exhibits 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 understand 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 various satellites, most com-
monly using observations from the Solar Anomalous Magnetospheric Particle Explorer (SAMPEX) satellite.
Additionally, an algorithm has been published 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 con-
sidered 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 defi-
ciency we correct in the current study. We summarize below the primary conclusions regarding microburst
occurrence which have appeared in the literature 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].
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It is known that the occurrence of relativistic microbursts depends on the storm phase, with activity begin-
ning 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 near MLT midnight for weak Dst activity and moves to the prenoon MLT sector for increased 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 et al., 2015].

It has been suggested for some time that relativistic microbursts are driven by pitch angle scattering of radi-
ation 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 consistent 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 microburst occur-
rence regions [Nakamura et al., 2000; Lorentzen et al., 2001b; Johnston and Anderson, 2010; Kertsen et al., 2011;
Kurita et al., 2016] and the timescale of the chorus risers being comparable to the duration of the microbursts
[Nakamura et al., 2000; Lorentzen et al., 2001b; Kertsen et al., 2011]. Furthermore, modeling 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; Miyoshi et al.,
2015], and the rising tone elements in chorus waves can reproduce the few hertz modulation of microbursts
observed by SAMPEX [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 precipitating electrons in both satellite and subionospheric obser-
vations 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 anomalous 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 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 trig-
gered 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 that 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 reexamined.

In this paper we use the O’Brien et al. [2003] method to produce a very large database of SAMPEX relativis-
tic microburst detections that occurred across a long time period and over a broad range of geomagnetic
conditions. By using this very large data set we can reliably correct for the sampling bias in the satellite
observations. Hence, we can establish for the first time how the absolute relativistic microburst occurrence
rate varies across multiple parameters. We discuss the distribution of the relativistic microbursts when pro-
jected 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.
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2. Experimental Data Set

The Solar Anomalous Magnetospheric Particle Explorer (SAMPEX) satellite was launched in July 1992, reen-
tering the atmosphere in late 2012 [Baker et al., 2012]. SAMPEX 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 are available from the SAMPEX Data Center (http://www.srl.caltech.edu/sampex/DataCenter).

SAMPEX carried the Heavy Ion Large Telescope (HILT) instrument, which produced high sensitivity and high
time resolution>1.05 MeV electron and>5 MeV proton flux measurements with an effective geometric factor
ofÌ60 cm2 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 composed of a large
area ion drift chamber, two position-sensitive proportional counters, an array of 16 silicon solid state detectors,
and a CsI crystal unit [Klecker et al., 1993]. In the current study we use row 4 of the solid state detector array as
the temporal resolution of the sampling rate of this data set 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 data set on 3 November 2012 are included in our initial analysis.

The HILT instrument responds to both electron and protons; thus, as an initial processing step we remove all
data coinciding with solar proton events. In order to define a solar proton event (SPE) we use the 5 min aver-
age >10 MeV proton flux measurements from the National Oceanic and Atmospheric Administration (NOAA)
Geostationary Operational Environmental Satellites (GOES) spacecraft, available in the NASA High Resolution
OMNI data set. The threshold level generally used by NOAA to define a SPE is the time when the proton flux
is above 10 pfu (where pfu is the >10 MeV proton flux unit; i.e., protons s*1sr*1cm*2 at geostationary orbit).
However, Cresswell-Moorcock et al. [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 min 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 SAMPEX is inside the SAMA; thus, any period where this flag variable had a
value of 1 was removed from the analysis.

3. Event Selection

We apply the O’Brien et al. [2003] algorithm to row 4 of the HILT solid state detector array after the SPE removal.
It was found that the algorithm did not correctly detect relativistic microbursts when SAMPEX was in a spin-
ning mode. Thus, as part of further data processing we ensure that 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 data from a spin mode,
while values of 0 or 1 indicate high quality data from a nonspin mode. Thus, we only include in our analysis
data that have an attitude flag value of 0 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 reentry, limiting us to the period from 23 August 1996
through to 11 August 2007. The algorithm is as follows:

N100 * A500˘
1 + A500

> 10, (1)

where N100 is the number of counts in 100 ms and A500 is the centered running average of N100 over five 100 ms
intervals (i.e., over 500 ms). It should be noted that the algorithm does not perform well either at low radiation
belt fluxes or during strong pitch angle diffusion [O’Brien et al., 2003], which has been taken into account when
interpreting the results presented later in this paper.

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
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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.

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 relativistic microbursts over one pass
through the radiation belt as relativis-
tic 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 cor-
rected the statistics presented below for
any satellite sampling bias. We normalize
the global microburst 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 rel-
ativistic microbursts, 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 Antarctic Peninsula. Comparing this
to Figure 3 of Dietrich et al. [2010], the North Atlantic microburst 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 decreased relativistic microburst frequency corresponds to HILT sampling the trapped flux along with
the BLC and the drift loss cone (DLC). Thus, we conclude that 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.

Figure 2. Frequency of occurrence of the relativistic microbursts
identified between 1996 and 2007 projected onto the Earth.

5. Russell-McPherron Effect
and Solar Cycle Dependence

The Russell-McPherron effect, outlined in
Russell and McPherron [1973], explains the
semiannual variation in geomagnetic ac-
tivity occurring during both active and
quiet geomagnetic conditions. The max-
imum activity occurs near the equinoxes
(strong for inward (outward) interplane-
tary fields in the Northern Hemisphere
spring (autumn), while the minimum ac-
tivity occurs near the solstices [Russell and
McPherron, 1973; Zhao and Zong, 2012].
This is caused by a semiannual variation
in the effective southward component of
the interplanetary magnetic field (IMF),
leading to the Earth extracting approxi-
mately 40% more energy from the solar
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Figure 3. (a) The monthly distribution of microburst frequency from L = 3–8 and over all MLTs, displaying the
Russell-McPherron effect. (b) The 3-monthly distribution of microburst frequency from L = 3–8 and over all MLT,
displaying the solar cycle dependence.

wind during the equinoctial months than during the solstitial months [Russell and McPherron, 1973]. Both
the maximums and the minimums in geomagnetic activity occur later during quiet years than during active
years [Russell and McPherron, 1973]. 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 effective-
ness 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, and May) or “away” (IMF azimuthal angle from the x axis ranges from 90’ to 180’) during the Northern
Hemisphere autumn (August, September, October, and November) [Miyoshi and Kataoka, 2008]. Under these
conditions there is an enhancement of the southward geocentric solar magnetic (GSM) IMF Bz component of
the IMF such that the southward GSM Bz couples most efficiently to the Earth’s magnetosphere. Under the
opposite conditions (spring-away, fall-toward) there is a suppression of the southward IMF GSM Bz compo-
nent reducing the efficiency of a southward GSM IMF Bz coupling to the Earth’s magnetosphere [Miyoshi and
Kataoka, 2008; Kellerman et al., 2015].

A semiannual variation was also seen in relativistic electron fluxes by McPherron et al. [2009]. They found that
if the IMF is predominantly northward, substorm activity will be at a minimum, allowing loss processes to
dominate over acceleration of relativistic 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] 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 fre-
quency of occurrence between L=3 and 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 maximums is a result of only analyzing data inside one solar cycle; if we
were able to average over multiple solar cycles, the maximums would be expected to be symmetric [Russell
and McPherron, 1973].

Additionally, we investigate the IMF sector polarity associated with the microbursts. 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 Bz polarity around the time of the microbursts. We find that all our
microburst events are associated with a southward Bz component. The IMF Bz has stronger values southward
for microburst events which occur when there is less efficient coupling to the magnetosphere (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 Bz in order
for the solar wind to couple to the magnetosphere and reconnection to occur.
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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.

We also consider how the relativistic microburst frequency is related to the solar cycle, as we have coverage
of nearly an entire solar cycle (August 1996 to August 2007). Figure 3b presents the frequency of relativis-
tic microbursts every 3 months for the entire temporal period. There is a clear peak in microburst frequency
occurring in 2003 during the declining phase of solar cycle 23 and corresponding to the peak smoothed
monthly average Ap values of solar cycle 23. There is also a peak between 1999 and 2000 which corresponds
to the peak in the sunspot number of solar cycle 23. The year 2002 also corresponds to a peak in the sunspot
number; however, we observe very little microbursts occurring during this year.

6. L and MLT Properties

The histogram of the relativistic microburst L values (corrected for satellite sampling bias), Figure 4a, indicates
that 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*1 (i.e., at L=5 over all MLT, one microburst is detected, on average, every 83 s). The occur-
rence frequency drops more rapidly as one moves inward in L compared with outward 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 that we extend this up to 2007
in the data set 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 rela-
tivistic microbursts, Figure 4b, indicates that relativistic microbursts are more frequent on the morningside,
from 0 to 13 MLT. The peak in occurrence frequency of relativistic microbursts occurs at 8 MLT, at a rate
of 0.01 microbursts s*1 (i.e., one microburst is detected every 100 s). The occurrence frequency drops
more rapidly for later MLT locations when compared to the change from the peak location toward ear-
lier MLT locations. The occurrence frequency of relativistic microbursts minimizes at 15 MLT with a rate of
6 ù 10*4 microbursts s*1 (i.e., one microburst detected every 28 min). The MLT morning sector peak in
microburst occurrence has been well established in the literature using smaller data sets [e.g., Nakamura et al.,
2000; O’Brien et al., 2003; Blum et al., 2015], and our larger data set confirms the result. However, Figure 4b also
indicates that there is a small population of relativistic microbursts occurring prior to midnight, from 20 to 24
MLT, with an occurrence rate at 23 MLT of 3ù10*3 microbursts s*1, i.e., one third of the peak morningside rate.

7. Geomagnetic Activity

The L distribution of relativistic microbursts is highly dependent on the level of geomagnetic activity. This
variation is presented in Figure 5a with five geomagnetic activity levels, all corrected for the satellite sampling
bias. During quiet geomagnetic conditions, Kpf 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*1 at L=5.5. During disturbed
geomagnetic conditions, 3 < Kp < 4.6 (the blue line), relativistic microbursts become more frequent over the
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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 f 3), the blue line is associated with disturbed conditions (3 < Kp < 4.6),
the green line is associated with moderate storms (4.6 f Kp f 6.4), and the red line is associated with severe storms
(6.6 f Kp f 8.7). (b) The frequency of relativistic microbursts relative to the plasmapause. Here the red line indicates
the modeled location of the plasmapause.

L values from 3 to 8 (recall that there is little microburst activity outside these L values), with a peak occurrence
of 0.033 microbursts s*1 at L = 5. This 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 f Kp f 6.4 (the green line), relativistic microbursts have a peak
occurrence of 0.068 microbursts s*1 at L = 5. The relativistic microbursts become most frequent for severe
geomagnetic conditions, 6.6 f Kp f 8.7 (the red line), with a peak occurrence of 0.096 microbursts s*1 at L = 4.
This peak relativistic microburst occurrence rate of 0.096 microbursts s*1 equates to an average of one
microburst occurring every 10.4 s. Our data set does not contain any extreme geomagnetic conditions with
Kp > 8.7.

Thus, we observe that the microbursts become more frequent as the geomagnetic activity level increases.
Again, this agrees with previous studies of smaller data sets, in particular, with O’Brien et al. [2003], who found a
similar relationship of relativistic microburst occurrence frequency with Dst, based on observations from 1996
to 2001. Additionally, we observe that 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 activity. This is also seen
in the literature based on smaller data sets [Nakamura et al., 1995, 2000; Lorentzen et al., 2001a; Johnston and
Anderson, 2010; Blum et al., 2015] and was described above.

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:

Lpp =
⇠
*0.39 + 0.1326 cos

⇠
� * 8.3⇡

6

⇡⇡
max

⌅
Kp(*36,*2)

⇧
+ (5.6 + 0.672 cos

⇠
� * ⇡

4

⇡
, (2)

where max
⌅

Kp(*36,*2)
⇧

is the maximum value of Kp taken from the previous 36 h to the previous 2 h and
� = 2⇡(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 loca-
tion 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 loca-
tion of the plasmapause. We can conclude that the relativistic microbursts almost always occur outside of
the plasmapause with the highest occurrence frequency �L=2 beyond the plasmapause location. Given the
uncertainty in the plasmasphere 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 enhanced geomagnetic activity. This tracking of the plasmapause has
been reported earlier by Johnston and Anderson [2010] in the case study storms they considered.
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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* f 100 nT, (b) disturbed conditions, defined as 100 < AE* f 300 nT, and (c) active conditions, defined as AE* > 300 nT. Note that all
three panels have the same log color scale.

Recall that the whistler mode chorus wave activity is observed outside the plasmapause [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 toward answering which of the two waves are the dom-
inant 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 activity as measured by AE*. Here we
use the same definition of AE* as used by Li et al. [2009], where AE* is the mean of AE over the previous 1 h. The
L and MLT distributions of the relativistic microbursts presented in Figure 6 have a resolution of 0.5 L and 1 h
MLT. The colorbar describes the absolute frequency at which the relativistic microbursts occur on a log scale.
In the following sections all ranges in MLT are described using a counterclockwise rotation in Figure 6.

8.1. Whistler Mode Chorus Comparison
Quiet geomagnetic conditions, AE* f 100 nT, are presented in Figure 6a. It appears that there are two dis-
tinct peaks in the L and MLT distribution of relativistic microbursts. One peak occurs prior to midnight, with
an occurrence rate of 1.2 ù 10*3 microbursts s*1 at L = 5.5 and Ì23 MLT, and the other occurs prior to noon,
with an occurrence rate of 8.8 ù 10*4 microbursts s*1 at L = 5.5 and Ì10 MLT. These peaks are about 3 times
larger than the rate midway between these points at L = 5.5 and Ì4 MLT of ˘ 3 ù 10*4 microbursts s*1.
We compare the relativistic microburst occurrence distribution to the average root mean square chorus wave
amplitudes presented in Li et al. [2009, Figure 2] and reproduced here as Figure 7. Kertsen 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] have 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 that Figure 7 is the result of a statistical 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* f 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 microbursts occur in Figure 6a. Furthermore, there
is no evidence of large-amplitude chorus waves in the region prior to midnight (21–24 MLT).

Relativistic microburst activity located near midnight during quiet geomagnetic conditions has been previ-
ously 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. Therefore, the distribution described above may not be representative of the relativis-
tic microburst 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 relativis-
tic microbursts occurring during quiet conditions are a result of scattering by whistler mode chorus waves.
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Figure 7. The global distribution of chorus adapted from Li et al. [2009, Figure 2]. The global distribution of chorus
observed at the L shells between 5 and 10 categorized by different AE* in the near equatorial (|MLAT| < 10’) regions.
(a) The larger plots show RMS chorus wave amplitudes (pT), and (b) the smaller plots indicate the number of samples
in each bin.

A modification of the algorithm and a reanalysis of the quiet time MLT distribution may resolve this uncertainty
in future work.

Relativistic microburst distributions are presented in Figure 6b for disturbed conditions and Figure 6c for
active conditions. During both disturbed, 100 < AE* f 300 nT, and active, AE* > 300 nT, geomagnetic condi-
tions we see that 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 fre-
quent during active geomagnetic conditions, with a peak occurrence rate ofÌ0.1 microbursts s*1 at L = 5 and
from 6–10 MLT. In contrast, the peak occurrence rate for disturbed conditions is about 10 times lower with a
value of Ì0.01 microbursts s*1 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. [2009, Figure 2] and reproduced here as Figure 7 has significant chorus activ-
ity at much lower L during disturbed and active geomagnetic conditions than that observed during quiet
conditions. Further, stronger chorus wave amplitude is observed from MLT midnight through to noon
(i.e., from 0 to 12 MLT) for disturbed conditions. During active conditions there is even stronger chorus wave
amplitude observed prior to MLT midnight and through to postnoon (i.e., from 22 to 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 chorus 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 modeling community.

8.2. EMIC Wave Comparison
We will not compare the EMIC distributions in L and MLT with the relativistic microburst occurrence during
quiet conditions due to the algorithm limitations discussed above. Note that we find that the L and MLT distri-
butions 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.
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Intense (Bw
2 > 0.1 nT2) helium band EMIC waves are most prevalent in the afternoon sector (from 12 to 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 nT2 [Meredith et al., 2014]. Intense (Bw

2 > 0.1 nT2) hydrogen band EMIC waves
are also most prevalent in the same MLT and L region during active conditions, but they have a lower average
percentage occurrence of 0.6% and a lower average intensity of 0.5 nT2 [Meredith et al., 2014]. Comparing this
to our distribution of relativistic microbursts observed during active conditions, Figure 6c, 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 Ì10 MLT, while
under higher AE* values (AE* > 300 nT) they are observed at Ì15 MLT over L= 5–10 [Nakamura et al., 2016].
Comparing this to our distribution of relativistic microburst occurrence rate during active conditions,
Figure 6c, we observe that the reported peak in EMIC rising/falling tone emissions for lower AE* values coin-
cides with our peak region of relativistic microburst occurrence. During more active AE* conditions the MLT
and L region of peak EMIC rising/falling tone emissions no longer coincide with the peak relativistic microburst
occurrence, although we do observe less frequent microbursts at Ì15 MLT. It appears that reported occur-
rence 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 reach-
ing Ì10% 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 8–17 MLT at L g 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 to 6 with an occurrence rate
of Ì25% [Usanova et al., 2012; Saikin et al., 2016]. More recently, EMIC waves have also been observed in the
dusk MLT sector (from 18 to 24 MLT) with occurrence rates increasing with geomagnetic activity [Saikin et al.,
2016]. That study found that the average occurrence rate of EMIC waves in this MLT sector reaches Ì15% over
L = 4–6 during active geomagnetic conditions [Saikin et al., 2016]. Comparing this to the L and MLT distri-
bution of relativistic microbursts, we note some similarities in the distributions. The EMIC activity observed
during both moderate and active geomagnetic conditions from 8 to 17 MLT is coincident in L with the relativis-
tic microburst activity along with the EMIC activity observed in the dusk sector, from 18 to 24 MLT. However,
the frequent relativistic microburst activity from 24 to 8 MLT does not coincide with that seen in the pat-
terns 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 to 22 MLT, where chorus amplitudes are very low [Li et al., 2009, Figure 2].

9. Summary and Conclusions

We have applied the O’Brien et al. [2003] algorithm to row 4 of the HILT instrument on board the SAMPEX
satellite from 1996 to 2012, excluding periods of SPE, satellite spin, and regions within the SAMA. From this
we identify 193,694 relativistic microbursts in the> 1.05 MeV electron fluxes occurring across the time period
from 23 August 1996 through to 11 August 2007.

From this large data set of events we find that relativistic microbursts are largely confined to the outer radi-
ation belt, from L = 3 to 8. Furthermore, they occur primarily on the morningside, between 0 and 13 MLT.
Additionally, the Russell-McPherron effect is observed. Relativistic microbursts become more frequent as the
geomagnetic activity level increases as measured by either Kp or AE*, with microbursts being most frequent
during active geomagnetic conditions. The peak occurrence frequency of the relativistic microbursts 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 6.6f Kpf 8.7. Microbursts primarily occur outside of the plasmapause. We suggest that
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 distribution 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 min at L = 5.5 and Ì23 MLT and the other occurring
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prior to noon, with a peak occurrence rate of one microburst every 18.9 min at L = 5.5 and Ì10 MLT. However,
due to the poor triggering rate of the algorithm under these conditions, we cannot 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 location, 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 to 13 MLT coincident in L with the relativistic microburst
activity. EMIC wave occurrence is most frequent from 8 to 17 MLT during both moderate and active condi-
tions and from 18 to 24 MLT during active conditions, indicating some coincidence in L with the relativistic
microburst activity.

The relativistic microbursts occurring from 22 to 13 MLT are consistent with scattering 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 to 13 MLT and from 22 to 24 MLT where the relativis-
tic microbursts are consistent 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 obser-
vations 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 toward
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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Abstract Relativistic electron microbursts are a known radiation belt particle precipitation phenomenon;
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 electromagnetic
ion cyclotron (EMIC) waves) are capable of causing relativistic microbursts. We use the very low
frequency/extremely low frequency Logger Experiment and search coil magnetometer at Halley, Antarctica,
to investigate the ground-based wave activity at the time of the relativistic microbursts observed by the
Solar Anomalous Magnetospheric Particle Explorer. 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 very low frequency 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 Pc1–Pc2 wave power at the time of the relativistic 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) (Blum et al., 2015; Johnston & Anderson, 2010; Nakamura et al., 2000; O’Brien et al., 2003;
Thorne et al., 2005). It is believed relativistic electron microbursts are significant contributors to radiation belt
losses, with the suggestion that a single storm containing relativistic microbursts could empty the entire outer
radiation belt relativistic electron population (Clilverd et al., 2006; Dietrich et al., 2010; Lorentzen, Looper, &
Blake, 2001). 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 hundreds of keV) are a result of
wave particle interactions with whistler mode chorus waves (Fennell et al., 2014; Lorentzen, Blake, et al., 2001).
For some time it has been suggested that relativistic microbursts are also a result of pitch angle scattering of
radiation belt electrons 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 primarily 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., Anderson et al., 1977; Johnston & Anderson, 2010; Kersten et al., 2011; Kurita et al., 2016; Lorentzen, Blake,
et al., 2001; Nakamura et al., 2000). 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
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the equator along the field line (high magnetic latitude) can cause relativistic microbursts at the same time
as low-energy microbursts (Kersten et al., 2011; Lorentzen, Blake, et al., 2001; Miyoshi et al., 2015; Nakamura
et al., 2000; Saito et al., 2012; Thorne et al., 2005). Although, there is an absence of simultaneous < 100 keV
precipitating electrons in subionospheric observations during two relativistic microburst precipitation events
studied in detail by Rodger et al. (2007), recent observations by Focused Investigations of Relativistic Electron
Bursts: Intensity, Range, and Dynamics II have shown microburst precipitation spanning 200 keV to 1 MeV
(Crew et al., 2016).

Recently, Omura and Zhao (2013) focused upon anomalous cyclotron resonance between 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 coherent EMIC-triggered emissions as they increase in frequency. This work has been
expanded upon in Kubota and Omura (2017), who found that 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 distribution over L and MLT and compared this to the EMIC
wave (and chorus wave) distributions. 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 that there is uncertainty as to the dominant scattering 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 characterized by a sequence of
discrete elements typically in the range 0.1–0.8 fce (where fce 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
gyrofrequency (Tsurutani & Smith, 1974). The generation region of chorus is located outside the plasmapause
near the geomagnetic equator (LeDocq et al., 1998; Santolik et al., 2003) and is associated with enhanced
fluxes of suprathermal electrons injected from the plasma sheet (Anderson & 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 Pc1–Pc2 (0.1–5 Hz) waves that are generated near the magnetic
equator 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 gyrofrequencies, respectively. EMIC waves
have been observed across a wide range of L shells (Meredith et al., 2014; Usanova et al., 2012), and recent
studies have shown that the occurrence of EMIC events is higher on the dayside than the nightside of the
magnetosphere (Saikin et al., 2015).

In our study we address this lack of direct comparison between relativistic electron microbursts and potential
wave drivers. Due to the difficulty of comparing measurements from moving satellite platforms, we choose to
use a Low Earth Orbiting satellite and ground-based observations for our comparison. We will begin by pre-
senting 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 relativistic microbursts. We
use the >1 MeV electron flux channel on the Solar Anomalous Magnetospheric Particle Explorer (SAMPEX)
satellite. A detailed instrument description of the Heavy Ion Large Telescope instrument and SAMPEX space-
craft is given in Klecker et al. (1993) and Baker et al. (1993) and summarized in Douma et al. (2017) along
with a detailed description of the detection algorithm used. The algorithm employed is an application of 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 N100 is the number of counts in 100 ms and A500 is the centered running average of N100

over five 100 ms intervals, is applied to all the SAMPEX Heavy Ion Large Telescope data from 23 August 1996
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to 11 August 2007. Note, however, that the detection algorithm does not perform well at either low radiation
belt fluxes or during strong pitch angle diffusion (O’Brien et al., 2003).

N100 * A500˘
1 + A500

> 10 (1)

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 data set more than once). An event is
defined as a group of microbursts occurring within a 4 min window (roughly equivalent to one pass of SAMPEX
through the outer radiation belt). We have a total of 22,023 relativistic microburst events observed between
the start of 1996 and the end of 2007, which is a combination of 193,694 individual microbursts. From the
start of 2005 to the end of 2007 we only have 4,199 relativistic microburst events, a combination of 32,871
individual microbursts.

The wave analysis is achieved using the scientific instruments at the British Antarctic 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 universal time (UT) (Engebretson et al., 2008). In particular, we use two ground-based wave detection
instruments: the very low frequency/extremely low frequency (VLF/ELF) Logger Experiment (VELOX) and the
search coil magnetometer (SCM).

Both whistler mode chorus and EMIC waves propagate from their respective generation 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 International Geomagnetic
Reference Field (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 SCM started operation in February 2005 and continued to take measurements through until January
2017. It is capable of measuring wave power in the Pc1–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 instrument description of VELOX is given in Smith
(1995) and summarized here. VELOX has eight logarithmically spaced frequency bands (0.5, 1, 1.5, 2, 3, 4.25,
6, and 9.3 kHz) with an amplitude resolution of 0.376 dB, where the 0 dB reference level is 10*33 T2 Hz*1.
The system noise level is 15–20 dB, and the saturation level isÌ75 dB. VELOX measures the average log ampli-
tude occurring in each frequency channel at 1 s 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 lowest 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 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; that is, VELOX cannot detect the high time resolution variation of the chorus elements.

3. Case Studies

Previous studies presented in the literature have found relativistic microbursts occurring coincident in time
with whistler mode chorus waves. In particular, Lorentzen, Blake, et al., (2001) presented case studies of
relativistic microburst observations made by SAMPEX and whistler mode chorus waves observed on Polar
occurring in a similar local time sector, separated by 1–3 L and 1 MLT. Kersten et al. (2011) showed case
studies of relativistic microburst observations made by SAMPEX at similar L shell but separated by 1–5 MLT
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Figure 1. Maps of the SAMPEX satellite track (blue line), the location of the SAMPEX observed microburst (blue diamond),
and Halley’s conjugate location (red diamond, off the east coast of Canada) for the case study events on (a) 2 March
2005, (b) 1 July 2005, and (c) 19 May 2005.

with whistler mode chorus waves observed by the Solar Terrestrial Relations Observatory. Here we present one
such case study of relativistic microbursts observed by SAMPEX occurring concurrently with whistler mode
chorus wave observations made on the ground at Halley. In addition, we present case studies of relativistic
microbursts 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 2 h window of the relativistic microburst event to allow comparison of the results with Hendry et al.
(2016). For consistency we have also investigated the chorus wave activity within a 2 h window of the relativis-
tic 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 Pc1–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’ indicates 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 (following Seppälä 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, during 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 1a. 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 con-
sists of 16 individual microbursts detected by the algorithm, occurring during an AE index value of 298 nT
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Figure 2. (a) The SAMPEX > 1.05 MeV electron flux (log scale) on 2 March 2005, with each red cross indicating 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 indicate ±1 h 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 h from event onset.

(Dst of *11 nT, and Kp of 3). Although geomagnetic activity is low with the exception of AE, our case study
occurs during sunlit conditions at Halley, and hence, we expect to see reduced penetration of the VLF/ULF
waves as stated above.

Figure 2b presents the Halley VELOX quick look plot on 2 March 2005. The start of the relativistic microburst
event (shown in Figure 2a) is identified by the red line in Figure 2b. Two white lines representing times 1 h prior
and after the microburst event onset are shown. In Figure 2b we note a clear increase in the wave amplitude
(above the background) in the 1–4 kHz frequency range during the 2 h window surrounding the relativistic
microburst event. As noted previously, this increase in ground detected wave amplitude in the 1–4 kHz fre-
quency range is an indication of either whistler mode chorus or hiss activity. We can further identify the wave
activity by the delayed enhancement of wave power at higher frequencies in the 2–4 kHz frequency range
inside this temporal window compared with the initial enhancement at Ì0.5 kHz. This rounded shape is iden-
tified as evidence of whistler mode chorus wave activity (see, e.g., Abel et al., 2006; Collier & Hughes, 2004;
Smith et al., 1999). Although the ionosphere above Halley is sunlit during the relativistic microburst event, we
have evidence of strong chorus wave activity detected on the ground.

We investigate the EMIC activity within a 2 h window of the relativistic microburst event onset following
the analysis of Hendry et al. (2016), and to remain consistent with the chorus wave investigation. Figure 2c
presents the Bz component of the Halley SCM spectrogram on 2 March 2005, where the relativistic microburst
event is identified in the same way as Figure 2b. All three components of the magnetometer show the same
wave power structure, but we have only presented the Bz component as it has the lowest noise. From Figure 2c
it is clear there is no wave power present (above the background) inside the 2 h window of the relativistic
microburst event start. As Halley is sunlit during this relativistic microburst event, the EMIC waves may not be
able to penetrate the ionosphere and reach the ground (Engebretson et al., 2008). This could be the cause of
our lack of EMIC wave observations in the Halley magnetometer.

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

3.2. Case 2: EMIC Wave Activity Only
The second case study we present occurred on 1 July 2005 at 19:36:30 UT, during night conditions at Halley
(solar zenith angle of 109.5’ at 100 km). As the ionosphere is in darkness we will not discuss further the effects
of transionospheric absorption. 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 conju-
gate location (at SAMPEX altitude). SAMPEX observed the relativistic microburst event at an IGRF L of 4.99.
The microburst event consisted of three 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 individual 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
less than five individual microbursts. 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.

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 that there is no wave amplitude increase evident above the back-
ground level in the 1–4 kHz frequency range during the 2 h 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 SCM spectrogram 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 2 h
window of the relativistic microburst event, the spectrogram shows clear bursts of wave power present in the
Pc1–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
gyrofrequencies at the IGRF-determined geomagnetic equator. The IGRF magnetic field at the geomagnetic
equator was calculated using the International Radiation Belt Environment Modeling library (Boscher et al.,
2015). Comparing the calculated ion gyrofrequencies with the frequency range of the EMIC wave observed
at Halley, we find the EMIC wave is between the helium and oxygen ion gyrofrequencies, that is, is a Helium
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Figure 4. As Figure 2 but for the relativistic microburst event on 19 May 2005.

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 that this satellite-observed relativistic microburst event was observed occurring concur-
rently 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 microburst event which might be driven by an EMIC electron scattering mechanism
proposed by Omura and Zhao (2013).

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, during 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 observed 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
four individual microbursts detected by the algorithm, shown in Figure 4a (similar to Figure 2a). The relativistic
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 2 h 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.

Figure 4c presents the Bz component of the Halley SCM spectrogram 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 improved propagation of EMIC waves to the ground (Engebretson et al., 2008). In Figure 4c
we can see bursts of Pc1–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 location to estimate the ion gyrofrequencies as before. Here we find that the EMIC wave is between
the hydrogen and helium ion gyrofrequencies, that is, 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 microburst 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 SCM.

4.1. Whistler Mode Chorus Wave Activity
In order to test the relationship between whistler mode chorus waves and relativistic microbursts, we under-
take a superposed epoch analysis of the 1 min 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 cannot confirm the occurrence of whistler mode chorus waves
through a superposed epoch analysis due to limitations of the VELOX instrument resolution. 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 relativistic 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 that ±15’ longitude is equivalent
to ±1 h in MLT (Hendry et al., 2016). This reduces our data set of relativistic microburst events to 2,239 events
(Ì10% of the entire microburst database), resulting from a combination of 21,708 individual microbursts.
We further limit our relativistic 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 reduces our data set of relativistic
microburst events to 1,074 events (a combination of 9,228 individual microbursts).

Whistler mode chorus waves undergo strong attenuation as they propagate in the Earth-ionosphere waveg-
uide to Halley (Smith et al., 2010). Figure 2b of Smith et al. (2010) indicates that 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 waveguide; 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 absorp-
tion difference will be of importance to our investigation as it will strongly influence the detection efficiency
of the VELOX instrument. To address this issue, we have investigated the VLF wave amplitude in the 2 kHz fre-
quency range at Halley separately for the Halley summer (November, December, January, and February) and
winter (May, June, July, and August). Note that 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 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 have a resolution of 1 s with calibration tones occurring on each minute (1 s long), on each
10 min (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 request.). 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 amplitude 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 presented in Figures 5a and 5c (Figures 5b and 5d). The black line in Figures 5a
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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, that is, 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.I.) of the
microburst events minus the upper 95% C.I. of the random events.

and 5b is the median wave amplitude for ±15 h 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 in 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 min (1 h) prior
to the onset of winter (summer) relativistic microburst events seen during the satellite overpass. It remains
elevated for Ì9 h (Ì13 h) following the winter (summer) microburst event epoch onset. The median wave
amplitude reaches a peak Ì4 h after the onset for both summer and winter relativistic microburst events.
However, there is a larger increase (average of 3.1 dB increase from the random events over the Ì9 h of
elevation) in the median 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 Ì13 h
of elevation). This difference is consistent with expected seasonal changes in ionospheric absorption. The dif-
ference between the median wave amplitudes for microburst events and random events is significant forÌ9 h
following the start of the winter relativistic microburst events. For the summer events there are occasional
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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.

periods with significant differences in the medians, namely, 1 h prior to the start of the summer microburst
events, Ì3–5 h, and Ì10–12 h 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 increases in the 1–4 kHz frequency range within
the ±1 h window of the microburst events (following the method outlined in the case studies). We find Ì75%
of the winter relativistic microburst events contain VLF wave amplitude increases inside the 2 h window sur-
rounding the microburst event onset. The rounded shape of the VLF wave amplitude increases observed
suggests we may be identifying whistler mode chorus waves. OnlyÌ58% of the random epochs during winter
have increased wave amplitude present within the 2 h temporal window encompassing the microburst event
onset. A similar trend is found during the summer microburst events, where Ì73% of the microburst events
contain VLF wave amplitude increases inside the microburst temporal window. Only Ì50% of the random
epochs during summer have increased wave amplitude present within the 2 h temporal window. We suggest
the change in chorus-linked wave amplitude 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 Ì1 day following both the winter and summer relativistic
microburst events. The median AE value reaches a peak Ì30 min prior to the onset of both summer and
winter relativistic microburst events. However, there is a larger increase (increases by 470 nT from the random
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 geomagnetic conditions than the winter events.

The AE index reaches a maximum Ì30 min prior to the onset of the relativistic microburst events, while the
VLF wave amplitude reaches a maximum Ì4 h after the onset of the microburst events. Therefore, we sug-
gest the change in the wave amplitude seen on the ground might reflect triggering of whistler mode chorus
by substorms (Rodger et al., 2016; Smith et al., 1996). However, we have unusually strong substorm activity,
producing very large AE values (i.e., median AE of Ì410–600 nT). The relativistic microburst events are occur-
ring concurrently with increases in the VLF wave amplitude in the 1–4 kHz frequency range, identified as
magnetospheric emissions (either hiss or chorus). 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).
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4.2. EMIC Wave Activity
In order to investigate the suggested relationship between EMIC waves and relativistic microbursts, we under-
take 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 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
data set of relativistic microburst events to 418 of the 4,471 occurring between 2005 and 2007 (Ì10% of the
data set), a combination of 3,773 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.

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 data sets 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 mea-
sured by the Halley magnetometer in the 0.1–0.8 Hz frequency range at 1 min 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 super-
posed epoch analysis of the magnetometer spectrogram 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 microburst 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 median wave power begins approximately 2.5 h prior to
the onset of the relativistic microburst events and remains elevated for Ì5 h following the microburst events.
The median wave power peaks atÌ10*7 nT2 z, 30 min after the onset of the relativistic microburst epochs. The
EMIC (broadband noise)-linked microburst events median wave power peaks atÌ10*7 nT2 Hz (Ì10*6 nT2 Hz),
30 min after the onset of the relativistic microburst events. The increase in the median wave power begins
much earlier and remains elevated longer for the broadband noise-linked events. The EMIC linked events only
show increased wave power within a 2 h 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 frequency 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 1 day (±8 h from
epoch onset), Figure 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 that 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 microburst events compared to the random events.
The increase in the median wave power begins Ì2 h prior to the onset of the relativistic microburst events
and remains elevated for Ì3 h following the microburst events. The median wave power reaches a peak of
Ì10*6 nT2 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 Ì10*7 nT2 Hz, in agreement with Figure 7.
However, there is no distinguishable 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 Ì0.1 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 average 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 atÌ10*6 nT2 Hz while for broadband noise-linked microburst events peaks
in the 0–0.4 Hz frequency range with much higher wave power (i.e., Ì10*5 nT2 Hz). The superposed spectro-
gram of all microburst events is more similar 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 broadband 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 geomagnetic 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 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 2 h window around the microburst events, following the method
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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 that C.I. refers to the confidence interval.
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and remains elevated for Ì3 h following the microburst events. The median wave power reaches a peak of
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entire 0–1 Hz frequency range we have an average wave power of Ì10*7 nT2 Hz, in agreement with Figure 7.
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in Figure 8a. When we only consider the EMIC-linked microburst events we note a very subtle lower limit to
the wave power at Ì0.1 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 average 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 atÌ10*6 nT2 Hz while for broadband noise-linked microburst events peaks
in the 0–0.4 Hz frequency range with much higher wave power (i.e., Ì10*5 nT2 Hz). The superposed spectro-
gram of all microburst events is more similar 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 broadband 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 geomagnetic 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 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 2 h window around the microburst events, following the method
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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.

5. Summary and Conclusions

In this paper we presented three case study events of SAMPEX satellite-observed relativistic microburst events
occurring concurrently with ground-based wave measurements made at Halley, Antarctica. We have three
different wave observations for the three different case studies, relativistic microbursts occurring concurrently
with whistler mode chorus waves measured by VELOX, EMIC waves measured by the SCM, 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 frequency 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 SCM 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 increased 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 Halley mag-
netometer 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 secondary, 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 geomagnetic 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.

References
Abel, G. A., Freeman, M. P., Smith, A. J., & Reeves, G. D. (2006). Association of substorm chorus events with drift echoes. Journal of Geophysical

Research, 111, A11220. https://doi.org/10.1029/2006JA011860
Anderson, R. R., & Maeda, K. (1977). VLF emissions associated with enhanced magnetospheric electrons. Journal of Geophysical Research, 82,

135–146. https://doi.org/10.1029/JA082i001p00135
Anderson, B. R., Shekhar, S., Millan, R. M., Crew, A. B., Spence, H. E., Klumpar, D. M.,… Turner, D. L. (1977). Spatial scale and duration of one

microburst region on 13 August 2015. Journal of Geophysical Research, 122, 5949–5964. https://doi.org/10.1002/2016JA023752

Acknowledgments
The authors would like to thank the
many individuals involved in the
development, operation, and mainte-
nance of SAMPEX, the Halley search
coil magnetometer, and the Halley
VELOX instrument. Support for the
Halley search coil magnetometer was
provided by U.S. National Science
Foundation grants PLR-1341493 to
Augsburg College and PLR-1341677
to the University of New Hampshire.
E. D. was supported by the University
of Otago via a Fanny Evans PhD
scholarship for women. Data avail-
ability is described at the following
websites: http://www.srl.caltech.edu/
sampex/DataCenter/index.html
(SAMPEX), http://psddb.nerc-bas.ac.uk/
data/access/coverage.php?class=101
&menu=1&old=7&source=1&script=1
(Halley magnetometer),
wdc.kugi.kyoto-u.ac.jp (AE),and
http://psddb.nerc-bas.ac.uk/data/
access/coverage.php?menu=1,7
&source=1&script=1&class=140
(Halley VELOX).

DOUMA ET AL. 14

357



Journal of Geophysical Research: Space Physics 10.1002/2017JA024754

Arnoldy, R. L., Cahill, Jr., Engebretson, M. J., Lanzerotti, L. J., & Wolfe, A. (1998). Review of hydromagnetic wave studies in the Antarctic.
Reviews of Geophysics, 26, 181–207. https://doi.org/10.1029/RG026i001p00181

Baker, D. N., Mason, G. M., Figueroa, O., Colon, G., Watzin, J. G., & Aleman, R. M. (1993). An overview of the Solar, Anomalous,
and Magnetospheric Particle Explorer (SAMPEX) mission. IEEE Transactions on Geoscience and Remote Sensing, 31, 531–541.
https://doi.org/10.1109/36.225519

Blake, J. B., Looper, M. D., Baker, D. N., Nakamura, R., Klecker, B., & Hovestadt, D. (1996). New high temporal and spatial resolution
measurements by SAMPEX of the precipitation of relativistic electrons. Advances in Space Research, 18, 171–186.
https://doi.org/10.1016/0273-1177(95)00969-8

Blum, L., Li, X., & Denton, M. (2015). Rapid MeV electron precipitation as observed by SAMPEX/HILT during high-speed stream-driven
storms. Journal of Geophysical Research: Space Physics, 120, 3783–3794. https://doi.org/10.1002/2014JA020633

Boscher, D., Bourdarie, S., O’Brien, P., & Guild, T. (2015). IRBEM-lib—Project home page. Retreived from http://irbem.sourceforge.net/
Breneman, A. W., Crew, A., Sample, J., Klumpar, D., Johnson, A., Agapitov, O.,… Kletzing, C. A. (2017). Observations directly linking

relativistic electron microbursts to whistler mode chorus: Van Allen Probes and FIREBIRD II. Geophysical Research Letters, 44,
11,265–11,272. https://doi.org/10.1002/2017GL075001

Clilverd, M. A., Rodger, C. J., & Ulich, T. (2006). The importance of atmospheric precipitation in storm-time relativistic electron flux drop outs.
Geophysical Research Letters, 33, L01102. https://doi.org/10.1029/2005GL024661

Collier, A., & Hughes, A. (2004). Modelling substorm chorus events in terms of dispersive azimuthal drift. Annales Geophysicae, 22,
4311–4327. https://doi.org/10.5194/angeo-22-4311-2004

Crew, A. B., Spence, H. E., Blake, J. B., Klumpar, D. M., Larsen, B. A., O’Brien, T. P.,…Widholm, M. (2016). First multipoint in situ observations
of electron microbursts: Initial results from the NSF FIREBIRD II mission. Journal of Geophysical Research: Space Physics, 121, 5272–5283.
https://doi.org/10.1002/2016JA022485

Dietrich, S., Rodger, C. J., Clilverd, M. A., Bortnik, J., & Raita, T. (2010). Relativistic microburst storm characteristics: Combined satellite and
ground-based observations. Journal of Geophysical Research, 115, A12240. https://doi.org/10.1029/2010JA015777

Douma, E., Rodger, C. J., Blum, L. W., & Clilverd, M. A (2017). Occurrence characteristics of relativistic electron microbursts from SAMPEX
observations. Journal of Geophysical Research: Space Physics, 122, 8096–8107. https://doi.org/10.1002/2017JA024067

Engebretson, M. J., Lessard, M. R., Bortnik, J., Green, J. C., Horne, R. B., Detrick, D. L.,… Rose, M. C. (2008). Pc1–Pc2 waves and energetic
particle precipitation during and after magnetic storms: Superposed epoch analysis and case studies. Journal of Geophysical Research,
113, A01211. https://doi.org/10.1029/2007JA012362

Fennell, J. F., Roeder, J. L., Kurth, W. S., Henderson, M. G., Larsen, B. A., Hospodarsky, G.,… Reeves, G. D. (2014). Van Allen Probes
observations of direct wave-particle interactions. Geophysical Research Letters, 41, 1869–1875. https://doi.org/10.1002/2013GL059165

Hendry, A. T., Rodger, C. J., Clilverd, M. A., Engebretson, M. J., Mann, I. R., Lessard, M. R.,…Milling, D. K. (2016). Confirmation of
EMIC wave-driven relativistic electron precipitation. Journal of Geophysical Research: Space Physics, 121, 5366–5383.
https://doi.org/10.1002/2015JA022224

Johnston, W. R., & Anderson, P. C. (2010). Storm time occurrence of relativistic electron microbursts in relation to the plasmapause. Journal
of Geophysical Research, 115, A02205. https://doi.org/10.1029/2009JA014328

Jordanova, V. K., Albert, J., & Miyoshi, Y. (2008). Relativistic electron precipitation by EMIC waves from self-consistent global simulations.
Journal of Geophysical Research, 113, A00A10. https://doi.org/10.1029/2008JA013239

Kersten, K., Cattell, C. A., Breneman, A., Goetz, K., Kellogg, P. J., Wygant, J. R.,… Roth, I. (2011). Observation of relativistic electron
microbursts in conjunction with intense radiation belt whistler-mode waves. Geophysical Research Letters, 38, L08107.
https://doi.org/10.1029/2011GL046810

Klecker, B., Hovestadt, D., Scholer, M., Arbinger, H., Ertl, M., Kastle, H.,…Mabry, D. (1993). HILT: A heavy ion large area proportional
counter telescope for solar and anomalous cosmic rays. IEEE Transanctions of Geoscience and Remote Sensing, 31, 542–548.
https://doi.org/10.1109/36.225520

Kubota, Y., & Omura, Y. (2017). Rapid precipitation of radiation belt electrons induced by EMIC rising tone emissions localized in longitude
inside and outside the plasmapause. Journal of Geophysical Research: Space Physics, 122, 293–309. https://doi.org/10.1002/2016JA023267

Kurita, S., Miyoshi, Y., Blake, J. B., Reeves, G. D., & Kletzing, C. A. (2016). Relativistic electron microbursts and variations in trapped MeV
electron fluxes during the 8–9 October 2012 storm: SAMPEX and Van Allen Probes observations. Geophysical Research Letters, 43,
3017–3025. https://doi.org/10.1002/2016GL068260

LeDocq, M. J., Gurnett, D. A., & Hospodarsky, G. B. (1998). Chorus source locations from VLF poynting flux measurements with the Polar
spacecraft. Geophysical Research Letters, 25, 4063–4066. https://doi.org/10.1029/1998GL900071

Li, W., Thorne, R. M., Angelopoulos, V., Bortnik, J., Cully, C. M., Ni, B.,…Magnes, W. (2009). Global distribution of whistler-mode chorus waves
observed on the THEMIS spacecraft. Geophysical Research Letters, 36, L09104. https://doi.org/10.1029/2009GL037595

Lorentzen, K. R., Looper, M. D., & Blake, J. B. (2001). Relativistic electron microbursts during the GEM storms. Geophysical Research Letters, 28,
2573–2576. https://doi.org/10.1029/2001GL012926

Lorentzen, K. R., Blake, J. B., Inan, U. S., & Bortnik, J. (2001). Observations of relativistic electron microbursts in association with VLF chorus.
Journal of Geophysical Research, 106, 6017–6027. https://doi.org/10.1029/2000JA003018

Loto’aniu, T. M., Fraser, B. J., & Waters, C. L. (2005). Propagation of electromagnetic ion cyclotron wave energy in the magnetosphere. Journal
of Geophysical Research, 110, A07214. https://doi.org/10.1029/2004JA010816

Meredith, N. P., Horne, R. B., Kersten, T., Fraser, B. J., & Grew, R. S. (2014). Global morphology and spectral properties of EMIC waves derived
from CRRES observations. Journal of Geophysical Research: Space Physics, 119, 5328–5342. https://doi.org/10.1002/2014JA020064

Miyoshi, Y., Oyama, S., Saito, S., Fujiwara, H., Kataoka, R., Ebihara, Y.,… Tsuchiya, F. (2015). Energetic electron precipitation associated
with pulsating aurora: EISCAT and Van Allen Probes observations. Journal of Geophysical Research: Space Physics, 120, 2754–2766.
https://doi.org/10.1002/2014JA020690

Nakamura, R., Isowa, M., Kamide, Y., Baker, D. N., Blake, J. B., & Looper, M. (2000). SAMPEX observations of precipitation bursts in the outer
radiation belt. Journal of Geophysical Research, 105, 15,875–15,885. https://doi.org/10.1029/2000JA900018

O’Brien, T. P., Lorentzen, K. R., Mann, I. R., Meredith, N. P., Blake, J. B., Fennell, J. F.,… Anderson, R. R. (2003). Energization of relativistic
electrons in the presence of ULF wave power and MeV microbursts: Evidence for dual ULF and VLF acceleration. Journal of Geophysical
Research, 108, SMP11. https://doi.org/10.1029/2002JA009784

Omura, Y., & Zhao, Q. (2013). Relativistic electron microbursts due to nonlinear pitch angle scattering by EMIC triggered emissions. Journal
of Geophysical Research: Space Physics, 118, 5008–5020. https://doi.org/10.1002/jgra.50477

Reeves, G. D., McAdams, K. L., Friedel, R. H. W., & O’Brien, T. P. (2003). Acceleration and loss of relativistic electrons during geomagnetic
storms. Geophysical Research Letters, 30(10), 1529. https://doi.org/10.1029/2002GL016513

DOUMA ET AL. 15

358



Journal of Geophysical Research: Space Physics 10.1002/2017JA024754

Rodger, C. J., Clilverd, M. A., Nunn, D., Verronen, P. T., Bortnik, J., & Turunen, E. (2007). Storm time, short-lived bursts of relativistic
electron precipitation detected by subionospheric radio wave propagation. Journal of Geophysical Research, 112, A07301.
https://doi.org/10.1029/2007JA012347

Rodger, C. J., Cresswell-Moorcock, K., & Clilverd, M. A. (2016). Nature’s Grand Experiment: Linkage between magnetospheric convection and
the radiation belts. Journal of Geophysical Research: Space Physics, 121, 171–189. https://doi.org/10.1002/2015JA021537

Saikin, A. A., Zhang, J.-C., Allen, R. C., Smith, C. W., Kistler, L. M., Spence, H. E.,… Jordanova, V. K. (2015). The occurrence and wave
properties of H+-, He+-, and O+-band EMIC waves observed by the Van Allen Probes. Journal of Geophysical Research: Space Physics, 120,
7477–7492. https://doi.org/10.1002/2016JA022523

Saito, S., Miyoshi, Y., & Seki, K. (2012). Relativistic electron microbursts associated with whistler chorus rising tone elements: GEMSIS-RBW
simulations. Journal of Geophysical Research, 117, A10206. https://doi.org/10.1029/2012JA018020

Santolik, O., Gurnett, D. A., Pickett, J. S., Parrot, M., & Cornilleau-Wehrlin, N. (2003). Spatio-temporal structure of storm-time chorus. Journal
of Geophysical Research Space Physics, 108(A7), 1278. https://doi.org/10.1029/2002JA009791

Seppälä, A., Clilverd, M. A., Rodger, C. J., Verronen, P. T., & Turunen, E. (2008). The effects of hard-spectra solar proton events on the middle
atmosphere. Journal of Geophysical Research, 113, A11311. https://doi.org/10.1029/2008JA013517

Smith, A. J. (1995). VELOX: A new VLF/ELF receiver in Antarctica for the Global Geospace Science mission. Journal of Atmospheric and
Terrestrial Physics, 57, 507–524. https://doi.org/10.1016/0021-9169(94) 00078-3

Smith, A. J., Freeman, M. P., & Reeves, G. D. (1996). Post midnight VLF chorus events, a substorm signature observed at the ground
near L = 4. Journal of Geophysical Research, 101, 24,641–24,653. https://doi.org/10.1029/96JA02236

Smith, A. J., Freeman, M. P., Wickett, M. G., & Cox, B. D. (1999). On the relationship between the magnetic and VLF signatures of the substorm
expansion phase. Journal of Geophysical Physics, 104, 12,351–12,360. https://doi.org/10.1029/1998JA900184

Smith, A. J., Meredith, N. P., & O’Brien, T. P. (2004). Differences in ground-observed chorus in geomagnetic storms with and without
enhanced relativistic electron fluxes. Journal of Geophysical Research, 109, A11204. https://doi.org/10.1029/2004JA010491

Smith, A. J., Horne, R. B., & Meredith, N. P. (2010). The statistics of natural ELF/VLF waves derived from a long continuous set of ground-based
observations at high latitude. Journal of Atmospheric and Solar-Terrestrial Physics, 72, 463–475. https://doi.org/10.1016/j.jastp.2009.12.018

Thorne, R. M., O’Brien, T. P., Shprits, Y. Y., Summers, D., & Horne, R. B. (2005). Timescale for MeV electron microburst loss during geomagnetic
storms. Journal of Geophysical Research, 110, A09202. https://doi.org/10.1029/2004JA010882

Troitskaya, V. A. (1961). Pulsation of the Earth’s electromagnetic field with periods of 1 to 15 seconds and their connection with phenomena
in the high atmosphere. Journal of Geophysical Research, 66, 5–18. https://doi.org/10.1029/JZ066i001p00005

Tsurutani, B. T., & Smith, E. J. (1974). Postmidnight chorus: A substorm phenomenon. Journal of Geophysical Research, 79, 118–127.
https://doi.org/10.1029/JA079i001p00118

Tsyganenko, N. A. (1989). A magnetospheric magnetic field model with a warped tail current sheet. Planetary and Space Science, 37, 5–20.
https://doi.org/10.1016/0032-0633(89)90066-4

Usanova, M. E., Mann, I. R., Bortnik, J., Shao, L., & Angelopoulos, V. (2012). THEMIS observations of electromagnetic ion cyclotron
wave occurrence: Dependence on AE, SYMH, and solar wind dynamic pressure. Journal of Geophysical Research, 117, A10218.
https://doi.org/10.1029/2012JA018049

DOUMA ET AL. 16

359



Geophysical Research Letters

Relativistic Electron Microburst Events: Modeling
the Atmospheric Impact

A. Seppälä1,2 , E. Douma1 , C. J. Rodger1 , P. T. Verronen3 , M. A. Clilverd4 ,

and J. Bortnik5

1Department of Physics, University of Otago, Dunedin, New Zealand, 2Formerly at Finnish Meteorological Institute,
Helsinki, Finland, 3Finnish Meteorological Institute, Helsinki, Finland, 4British Antarctic Survey/NERC, Cambridge, UK,
5Department of Atmospheric and Oceanic Sciences, University of California, Los Angeles, CA, USA

Abstract Relativistic electron microbursts are short-duration, high-energy precipitation events that
are an important loss mechanism for radiation belt particles. Previous work to estimate their atmospheric
impacts found no significant changes in atmospheric chemistry. Recent research on microbursts revealed
that both the fluxes and frequency of microbursts are much higher than previously thought. We test the
seasonal range of atmospheric impacts using this latest microburst information as input forcing to the
Sodankylä Ion and Neutral Chemistry model. A modeled 6 h microburst storm increased mesospheric HOx

by 15–25%/800–1,200% (summer/winter) and NOx by 1,500–2,250%/80–120%. Together, these drive
7–12%/12–20% upper mesospheric ozone losses, with a further 10–12% longer-term middle mesospheric
loss during winter. Our results suggest that existing electron precipitation proxies, which do not yet take
relativistic microburst energies into account, are likely missing a significant source of precipitation that
contributes to atmospheric ozone balance.

1. Introduction

In recent years, we have seen an increased interest in assessing the importance of solar variability in the form
of energetic particle precipitation on the Earth’s atmosphere (e.g., Andersson et al., 2014; Arsenovic et al.,
2016; Damiani et al., 2016; Seppälä et al., 2014). These particles, mainly electrons and protons, are of solar and
magnetospheric origin and are guided by the Earth’s magnetic field to the polar regions, where they ionize
the neutral atmosphere. This effect, known as energetic particle precipitation, or EPP, influences the chemical
balance of the atmosphere by increasing the production of a number of gases (so called odd hydrogen, HOx ,
and odd nitrogen, NOx) which take part in ozone loss (see the comprehensive review by Jackman & McPeters,
2004). Changes in the chemical balance can couple further to atmospheric dynamics providing a potential link
to regional variations in climate even up to solar cycle time scales (e.g., Arsenovic et al., 2016; Baumgaertner
et al., 2011; Semeniuk et al., 2011; Seppälä et al., 2009, 2013).

In order to include these effects in climate simulations, Matthes et al. (2017) have provided the first long-term
proxy for energetic electron precipitation (<1 MeV) levels building on work by van de Kamp et al. (2016).
Proxies like this rely on EPP observations organized by solar and geomagnetic activity levels as measured by
geomagnetic activity indices, such as the Ap index. While geomagnetic indices can capture the overall activity
levels reasonably well, they are not able to resolve precipitation at high time resolution. In reality there are
many different physical processes in near-Earth space that drive geomagnetic activity, and also precipitation
of energetic particles, into the atmosphere. The dynamical variability of all possible driving mechanisms is yet
to be taken into account, and the short but high-intensity events are not adequately captured when proxies
are created using average geomagnetic activity indices. One example of these types of events is relativistic
electron microbursts. Relativistic microbursts are short-duration (<1 s) bursts of precipitation of high-energy
(>1 MeV) electrons (Blake et al., 1996; Imhof et al., 1992). They occur primarily on the magnetic local time
morningside outside the plasmasphere in the L shell range 3–8 (Douma et al., 2017). L is a magnetic field line
parameter used to describe the relation of the magnetic latitude of the field line at the surface and its location
in near-Earth space (McIlwain, 1961). Here we calculated the L shells using the International Geomagnetic
Reference Field. Lorentzen et al. (2001) found that microbursts remained intense for Ì6 h during a period of
high geomagnetic activity. One precipitation period can be made up of many individual microbursts, with
localized impact, while the overall precipitation can have a large impact (Dietrich et al., 2010).
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The relativistic energies of the electron microbursts mean that the main impact of the precipitation will be
focused at mesospheric altitudes above about 50 km. Previously, Turunen et al. (2009) simulated the impact
of a single monoenergetic, 2 MeV electron microburst event on the atmosphere and found the impact to be
negligible. Since their study, research by, for example, Blum et al. (2015) and Douma et al. (2017) has shown
that (1) there can be many microburst events in close succession during periods of high geomagnetic activity,
(2) their fluxes are often much higher than the 100 el cm*2 sr*1 s*1 used by Turunen et al. (2009) (Borovsky,
2017), and (3) the electron energy spectrum is more accurately modeled as exponentially decreasing (with
increasing energy) than monoenergetic (Crew et al., 2016).

Here we use the newly available information on microburst electron precipitation characteristics to esti-
mate the seasonal range of impact on polar atmospheric HOx , NOx , and ozone and assess the importance of
relativistic electron microbursts on energetic particle precipitation-driven atmospheric ozone variability.

2. Materials and Methods

In order to describe the characteristic precipitation in these events, we utilize the relativistic microburst
data set derived from Solar, Anomalous, and Magnetospheric Particle Explorer (SAMPEX) Heavy Ion Large
Telescope (HILT), recently reported in Douma et al. (2017). We employ the O’Brien et al. (2003) algorithm which
was updated by Blum et al. (2015) to include the microburst intensity. Based on a long-time scale global aver-
age, we find that the best conjunction of high microburst occurrence and high microburst intensity is located
at L shell 4.43 and (56.11’N, 311.95’E), being SAMPEX observations mapped to 100 km altitude. This location
is in the region where SAMPEX HILT measures only the bounce loss cone (Dietrich et al., 2010). During highly
geomagnetically disturbed times (AE* > 300 nT) within 2’ latitude and longitude of this location we calculate
an occurrence rate of 0.0513 microbursts per second (Ì3 microbursts per minute) with a flux intensity mean
value of 1,733.5 cm*2 sr*1 s*1 and median value of 963 cm*2 sr*1 s*1 of >1.05 MeV electrons, that is, about
an order of magnitude larger than Turunen et al. (2009). Further, it is found that the average duration of these
microbursts is 0.1 s, in agreement with the value used by Rodger et al. (2007) and Turunen et al. (2009). The
above averages were calculated from the SAMPEX HILT solid state detector array row 4 data between 1996
and 2007 during high geomagnetic activity (AE* > 300 nT). To estimate the duration, we used the highest
available instrument resolution (100 ms for this row, see Douma et al., 2017). Note that higher occurrence
rates and intensities are observed (O’Brien et al., 2004), but we use the statistical averages to consider a more
“typical,” not extreme precipitation levels here.

The SAMPEX HILT intensity observations provide integral electron fluxes with energies >1.05 MeV. We con-
vert this integral intensity to a differential electron flux spectrum based on the modeling of whistler mode
chorus produced electron microbursts reported in Rodger et al. (2007). Here we use the modeled results for
the Southern Hemisphere. We find that the Rodger et al. (2007) modeling is well fit by a spectral relationship
combining (through multiplication) a power law and e-folding (i.e., exponentially decreasing) relationship for
energies <1 MeV and an e-folding only relationship for energies >1 MeV. A differential electron flux spectrum
is produced for both the mean and median fluxes, presented here in Figure 1. The figure also includes scaled
values of the Focused Investigations of Relativistic Electron Burst: Intensity, Range, and Dynamics (FIREBIRD)
L = 5.9 microburst flux observations from Crew et al. (2016). This shows that our differential electron flux spec-
trums are highly consistent with the energy dependence of the experimentally observed <1 MeV microburst
fluxes reported by Crew et al. (2016).

To assess the impact of the microburst precipitation, we used the 1-D Sodankylä Ion and Neutral Chemistry
(SIC) model. The latest version (corresponding to the one used in this study) of the model was recently
reported by Verronen et al. (2016). A detailed description of the SIC model is available from Verronen et al.
(2005) and Turunen et al. (2009). Our modeling location was set to (73’S, 349’E). This is the Southern
Hemisphere (SH) conjugate location for the SAMPEX observations discussed above and corresponds to L shell
of 4.43. We performed two sets of simulations, one for summer solstice conditions and one for winter solstice
conditions, to gain the full range of atmospheric responses to the electron precipitation. Background con-
ditions were set to the geomagnetically active year 2003, and no other source of particle precipitation was
included. For both seasons three simulations were made: “REF,” a background reference without microburst
electron precipitation; “mean flux” with microburst electron forcing based on the mean event precipitat-
ing flux as described above; and “median flux” with microburst electron forcing based on the median event
precipitating flux as described above. We take the previously mentioned Lorentzen et al. (2001) 6 h period
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Figure 1. Differential electron flux and energy spectrum for the mean
event (solid line) and median event (dashed line) precipitating microburst
flux. The red crosses show the scaled fluxes from FIREBIRD microburst
observations (Crew et al., 2016).

of microburst precipitation in our simulations, which is also consistent with
the time AE* is elevated above 300 nT during very large geomagnetic
storms. The microbursts take place in the first 6 h of the mean flux and
median flux simulations, after which the electron forcing is turned off and
no excess ionization is applied.

The SIC model is normally run at a temporal resolution of 5 min. As this
is much longer than the duration of the individual microbursts (0.1 s), we
need to account for this in the electron forcing. With the occurrence rate
of 3 microbursts per minute and each individual microburst having a dura-
tion of 0.1 s, we find that the fraction of the 5 min time step impacted by
the microbursts is 1/200. By using the ionization calculated for an individ-
ual microburst electron flux and spectrum (I�Burst) multiplied with this factor,
we can now apply the average ionization over the 5 min time step, that is,
Iaverage = 1_200 ù I�Burst. We note that the photochemical lifetimes of HOx

and NOx at mesospheric altitudes range from hours to days.

3. Results

The ionization rates for the mean and median flux microbursts (I�Burst) are
shown in Figure 2. Due to the energies of these precipitating electrons,
the enhanced ionization from the microbursts is focused on the meso-

sphere and lower thermosphere, with the highest ionization rates between about 60 km and 90 km.
The change in the background atmosphere from summer to winter has an effect on the ionization rate alti-
tude profile, and the peak height of the ionization is about 5 km higher during summer than during winter.
There is also a clear difference between the mean and median precipitating fluxes, with higher ionization rates
for the mean fluxes.

Figure 3 presents the change in HOx , NOx , and ozone for SH summer solstice. Figure 3 (top row) corresponds
to the mean flux precipitation (blue lines in Figure 2), and Figure 3 (bottom row) corresponds to the median
flux precipitation (red lines in Figure 2). All results here and after this are presented as percent change from
the REF simulation. The change in atmospheric chemistry closely follows the shape of the ionization rate pro-
files (see Figure 3 of Turunen, 2009, for impact altitudes of different energies). The largest impact is focused
between about 75 km and 85 km, reflecting the peak of the ionization profile. The short lived HOx increases
by up to 15% when median flux is applied, and up to 25% when mean flux is applied. From now on, instead
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Figure 2. Atmospheric ionization rates at midnight for summer (red) and
winter (blue). Solid lines correspond to the mean precipitating flux and
dashed lines to the median flux as in Figure 1.

of giving the median and mean flux responses separately, we will report
them together, for example, for HOx above as 15–25% with the first value
corresponding to the median flux response and the second value cor-
responding to the mean flux response. After the first 6 h of simulation
the microburst forcing stops and HOx rapidly recovers to background lev-
els. The NOx enhancements are focused at the same altitude region but
are much higher in magnitude (1,500–2,250%) and persist longer, with
500–750% increases remaining by the end of the day. Our analysis of the
individual chemical reactions for these simulations confirms that under
the summer conditions and at high mesospheric altitudes, the ozone
response is largely dominated by HOx-driven ozone loss. The largest ozone
impacts occur around the local minimum in mesospheric ozone profile,
at about 80 km altitude. These range from *10 to *18% and have largely
recovered within 3 h of the precipitation ending, consistent with the
HOx recovery.

The SH winter solstice responses are presented in Figure 4. Unlike sum-
mer, the changes in all constituents are spread over a wider range of
altitudes and, due to polar night conditions in our SH winter solstice loca-
tion, last much longer. Due to the longer lasting effects, these simulations
were extended to 48 h (summer simulations were restricted to 24 h).
The HOx responses are much larger than during summer, as expected
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Figure 3. Summer: change in (left column) HOx , (middle column) NOx , and (right column) O3 for the (top row) mean flux simulation and (bottom row) median
flux simulation. All values are presented as percent change from the REF simulation. Time on the x axis is local time from the start of the simulation. The
microbursts take place in the first 6 h.

(Seppälä et al., 2015), and range from 800% to 1,200%. At the end of the 48 h period HOx remains elevated
but <50%. While the microburst precipitation enhances HOx between 55 and 80 km, by the end of the 6 h
microburst storm period the peak increases are toward the bottom end of this altitude range, at around
65 km. On the other hand, the NOx enhancements of 80–120% peak around 70 km, closer to the ionization
rate maximum. The lack of photodissociation loss processes in the polar winter enable the long-lived NOx

enhancements, with only marginal reduction after 2 days. As discussed in previous work (see Seppälä et al.,
2015), we note that although the percent change values seem to have a large discrepancy between summer
and winter, these are driven by seasonal variations in the background atmosphere and the absolute increases
are comparable for both seasons (NOx : 106 –107 mol cm*3, HOx : 105 –106 mol cm*3).

The largest ozone losses (*25 to *35%) take place in the first 12 h and are focused at altitudes of 75–80 km.
In this region the main source of ozone loss is the reaction H + O3 ô OH + O2 which forms a HOx-driven
catalytic cycle together with OH + O ô H + O2. Below 75 km the brief 2 h window of sunlight around noon at
the high mesospheric altitudes activates the effective ozone loss (see Verronen et al., 2005), leading to >10%
ozone reduction which persists beyond the simulation period. Detailed examination reveals that there are
two distinct ozone loss regions, one above and one below Ì70 km. Above 70 km the loss is driven by HOx

and at Ì36 h we start to see recovery of the ozone as the HOx enhancements deplete. Below 70 km the ozone
loss is largely dominated by NOx and remains depleted at Ì10% level beyond the 48 h simulation period. We
examine this more closely in Figure 5 which shows the change in ozone in the upper mesospheric column at
75–82 km and the middle mesospheric column at 63–70 km.

The upper mesospheric column in Figure 5 corresponds to the region dominated by the short-term
HOx-driven ozone loss, and the middle mesospheric column to the region dominated by the long-term
NOx-driven ozone loss during winter. During summer the total ozone amount is a balance of the loss driven
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Figure 4. As in Figure 3 but during winter. Note that the time period here is 48 h.
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Figure 5. Change in ozone in the 75–82 km column during the first 24 h
for summer (red) and winter (dark blue), and in the 63–70 km column for
winter (light blue). For individual altitudes, see Figures 3 and 4. Solid lines
correspond to the mean precipitating flux and dashed lines to the median
flux as in Figures 1 and 2. The microbursts take place in the first 6 h as
indicated by the grey horizontal bar. The solar illumination conditions at
75 km altitude (star = night, circle = day) are marked for the summer/
winter cases with corresponding colors (red/blue) at the bottom of
the figure.

by the microburst forcing and production from photolysis (sunlight). As
a balance of these two the ozone loss maximizes near the end of the
microburst forcing period, reaching values of *7 to *12%. As the forcing
ends, ozone rapidly recovers and returns to background levels within 4 h.
During winter we observe an ozone enhancement in the upper mesosphere
in the first 2 h of the simulation. This is a result of enhanced production
of atomic oxygen which rapidly reacts to form ozone. Within 2 h this addi-
tional production is overtaken by the HOx-driven loss that results in 12–20%
reduction in the column ozone. The brief sunlit hours at the upper meso-
spheric altitudes (Verronen et al., 2005) start the ozone recovery by boosting
production. By the end of the 24 h period, the ozone column has recovered
to within*5 to*10% of the unperturbed levels and is showing a clear trend
toward background levels. In the middle mesosphere, below 70 km, where
ozone responses were limited to wintertime, the impact is *2 to *5% ini-
tially, but this increases to *10 to *12% following activation of the catalytic
loss cycles by sunlight. While ozone above 70 km starts to recover by the
following day, in the middle mesosphere region ozone remains reduced at
the 10% level at the end of the 48 h simulation period and shows no clear
recovery trend.

4. Conclusions

Based on the available information, Turunen et al. (2009) found microbursts
to have a negligible impact on atmospheric chemical balance. Since this
study, new results presented by Blum et al. (2015) have shown that the
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microburst fluxes of Turunen et al. (2009) were underestimated by at least an order of magnitude. We now also
know that high geomagnetic activity levels will likely lead to many repeated microbursts, while previously,
only an isolated precipitation burst was considered (Turunen et al., 2009).

Using this new information, we carried out a set of simulations to investigate the effects of relativistic elec-
tron microbursts on atmospheric chemistry. To assess the seasonal variation of the atmospheric effects, which
are known to strongly depend on solar illumination, we examined the impacts for both summer and winter
solstice conditions. A storm of microbursts occurring over a 6 h time period, consistent with a large geo-
magnetic storm, will reduce the upper mesospheric ozone column by 7–12% during summer conditions.
This ozone loss is short lived, and the HOx and NOx produced by the microburst precipitation both rapidly
recover to background levels. However, during winter when photochemical loss is limited by lack of sun-
light, the upper mesospheric ozone column is initially reduced by 12–20%. As the upper mesospheric column
starts to recover, a delayed 10–12% ozone loss, lasting beyond the 48 h simulation period, dominates the
middle mesosphere (63–70 km). Our results show that the atmospheric impact is a balance of the ioniz-
ing electron precipitation and the prevailing sunlight conditions (see also Verronen et al., 2005). We applied
a constant occurrence rate of 3 microbursts per minute in our simulations. In reality this rate is not con-
stant. However, variations in this rate would not impact the longer-term change in ozone, which appears
well after the microburst forcing has ended and is largely controlled by the enhanced long-lived NOx and
sunlight conditions.

Relativistic microbursts typically include energies higher than the<1 MeV electrons included in the EPP proxy
of van de Kamp et al. (2016) and Matthes et al. (2017). In terms of atmosphere response, this energy difference
means that the higher-energy microburst electrons impact lower atmospheric altitudes. As a result, the peak
impact from microbursts (Figure 2) takes place about 10 km lower in the atmosphere than the van de Kamp
et al. (2016, Figure 9) EPP proxy. Microbursts are an important loss mechanism for particles from the radiation
belts, and they occur as part of geomagnetic activity. The results presented here suggest that the existing
EPP proxies, which do not yet take relativistic microburst energies into account, are likely missing a significant
source of EPP contributing to atmospheric ozone balance.
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C | Solar Proton Event Times

The start and end times of the 214 SPEs identified during SAMPEX’s lifetime are
presented in Table C.1, and were discussed in more detail in Section 7.2.1. Briefly,
the SPE event times were identified in the 5 minute average >10 MeV proton flux
measurements from the NOAA GOES ‘primary’ spacecraft, included in the NASA
High Resolution OMNI data set. An SPE was defined as proton fluxes exceeding
3 protons s�1sr�1cm�2 in the GOES >10 MeV proton channel.

Table C.1: A list of all of the Solar Proton Event times between 1996 and 2015.

Year Start time End time Year Start time End time
1997 7:25, 4 Nov 08:25, 6 Nov 2015 17:50, 21 June 23:55, 22 June
1997 12:50, 6 Nov 03:35, 10 Nov 2015 07:25, 18 June 14:45, 19 June
1998 12:55, 20 April 22:45, 25 April 2015 05:40, 12 May 19:05, 12 May
1998 14:05, 2 May 09:00, 4 May 2015 07:00, 16 March 17:25, 16 March
1998 08:30, 6 May 17:15, 7 May 2015 09:30, 15 March 11:45, 15 March
1998 09:00, 9 May 09:30, 10 May 2014 11:10, 23 Dec 11:50, 23 Dec
1998 00:40, 23 Aug 10:00, 23 Aug 2014 13:10, 2 Nov 07:20, 3 Nov
1998 00:40, 23 Aug 10:00, 23 Aug 2014 01:15, 2 Nov 08:30, 2 Nov
1998 23:15, 24 Aug 14:45, 30 Aug 2014 19:35, 1 Nov 20:30, 1 Nov
1998 19:15, 30 Aug 19:15, 30 Aug 2014 23:35, 10 Sept 07:25, 13 Sept
1998 19:45, 24 Sept 06:35, 25 Sept 2014 04:40, 9 Sept 04:40, 9 Sept
1998 14:40, 30 Sept 08:30, 3 Oct 2014 18:40, 8 Sept 22:00, 8 Sept
1998 02:25, 19 Oct 12:40, 19 Oct 2014 16:00, 3 Sept 10:30, 8 Sept
1998 08:55, 6 Nov 00:15, 7 Nov 2014 08:30, 3 Sept 08:30, 3 Sept
1998 12:50, 7 Nov 16:00, 7 Nov 2014 14:25, 18 April 16:40, 20 April
1998 22:30, 7 Nov 11:10, 8 Nov 2014 10:05, 4 March 10:05, 4 March
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Year Start time End time Year Start time End time
1998 07:45 14 Nov 00:10, 17 Nov 2014 10:15, 25 Feb 01:40, 4 March
1998 08:50, 22 Nov 10:45, 22 Nov 2014 08:30, 20 Feb 14:30, 20 Feb
1999 03:55, 21 Jan 09:35, 24 Jan 2014 03:20, 20 Feb 03:40, 20 Feb
1999 16:40, 24 April 06:25, 26 April 2014 08:35, 6 Jan 01:25, 13 Jan
1999 08:00, 5 May 08:00, 5 May 2013 20:45, 28 Dec 15:15, 29 Dec
1999 15:40, 5 May 06:50, 7 May 2013 03:05, 7 Nov 10:35, 7 Nov
1999 12:25, 27 May 21:30, 27 May 2013 06:00, 30 Oct 15:05, 30 Oct
1999 22:55, 1 June 15:20, 6 June 2013 20:25, 29 Oct 21:10, 29 Oct
1999 02:15, 11 June 03:50, 11 June 2013 11:20, 29 Oct 12:00, 29 Oct
2000 10:10, 18 Feb 21:30, 18 Feb 2013 03:30, 30 Sept 23:25, 2 Oct
2000 19:00, 4 April 17:40, 6 April 2013 09:00, 23 June 13:25, 24 June
2000 08:15, 7 June 13:20, 9 June 2013 22:00, 21 June 04:50, 23 June
2000 17:50, 10 June 23:40, 11 June 2013 11:40, 15 May 03:20, 20 May
2000 04:00, 18 June 06:25, 18 June 2013 22:55, 13 April 00:15, 14 April
2000 21:40, 25 June 06:15, 26 June 2013 09:35, 11 April 13:45, 13 April
2000 09:40, 13 July 16:45, 13 July 2013 05:20, 16 March 20:00, 17 March
2000 10:40, 14 July 00:10, 22 July 2012 01:25, 15 Dec 04:30, 15 Dec
2000 12:25, 22 July 06:40, 23 July 2012 02:10, 28 Sept 17:00, 28 Sept
2000 03:40, 28 July 06:55, 29 July 2012 11:50, 1 Sept 11:35, 4 Sept
2000 15:35, 11 Aug 17:40, 11 Aug 2012 09:55, 23 July 14:25, 26 July
2000 13:40, 12 Aug 13:40, 12 Aug 2012 16:30, 17 July 20:10, 21 July
2000 03:45, 13 Aug 07:00, 13 Aug 2012 18:15, 12 July 06:45, 15 July
2000 15:00, 12 Sept 21:10, 17 Sept 2012 20:35, 8 July 05:50, 10 July
2000 09:00, 16 Oct 02:25, 18 Oct 2012 03:15, 7 July 13:10, 8 July
2000 15:35, 25 Oct 04:25, 27 Oct 2012 16:50, 16 June 03:50, 17 June
2000 14:05, 31 Oct 18:05, 31 Oct 2012 01:05, 27 May 13:50, 27 May
2000 22:45, 31 Oct 05:50, 1 Nov 2012 02:05, 17 May 11:05, 19 May
2000 02:25, 4 Nov 02:25, 4 Nov 2012 16:30, 18 April 16:30, 18 April
2000 23:45, 8 Nov 18:20, 15 Nov 2012 19:05, 15 March 23:25, 15 March
2000 00:20, 16 Nov 00:20, 16 Nov 2012 03:20, 7 March 13:35, 15 March
2000 07:50, 24 Nov 02:30, 2 Dec 2012 08:45, 6 March 08:45, 6 March
2000 11:50, 2 Dec 11:50, 2 Dec 2012 15:05, 5 March 00:25, 6 March
2001 13:15, 22 Jan 18:30, 22 Jan 2012 04:45, 23 Jan 06:00, 1 Feb
2001 23:00, 22 Jan 23:00, 22 Jan 2012 09:45, 22 Jan 09:45, 22 Jan
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Year Start time End time Year Start time End time
2001 19:15, 28 Jan 12:30, 30 Jan 2011 10:10, 26 Nov 10:10, 28 Nov
2001 07:00, 27 March 11:55, 27 March 2011 11:35, 4 Nov 11:35, 4 Nov
2001 17:20, 27 March 18:20, 27 March 2011 18:30, 24 Oct 18:35, 24 Oct
2001 14:10, 29 March 12:40, 31 March 2011 08:05, 24 Oct 08:25, 24 Oct
2001 23:55, 31 March 00:25, 1 April 2011 06:05, 23 Oct 01:25, 24 Oct
2001 14:20, 2 April 12:55, 8 April 2011 18:10, 28 Sept 18:10, 28 Sept
2001 18:20, 9 April 07:30, 14 April 2011 06:55, 23 Sept 03:15, 28 Sept
2001 14:05, 15 April 09:25, 21 April 2011 03:10, 7 Sept 15:40, 7 Sept
2001 18:00, 27 April 13:00, 28 April 2011 08:25, 9 Aug 01:30, 10 Aug
2001 15:00, 7 May 02:05, 9 May 2011 05:10, 4 Aug 12:05, 6 Aug
2001 9:00, 20 May 06:25, 21 May 2011 06:55, 17 June 11:05, 17 June
2001 16:50, 15 June 13:50, 17 June 2011 07:45, 12 June 18:50, 13 June
2001 01:10, 10 Aug 21:50, 10 Aug 2011 19:20, 11 June 19:50, 11 June
2001 01:20, 16 Aug 16:10, 22 Aug 2011 19:45, 9 June 20:45, 9 June
2001 23:30, 22 Aug 23:55, 22 Aug 2011 07:20, 7 June 13:00, 9 June
2001 11:45, 23 Aug 11:45, 23 Aug 2011 01:50, 6 June 10:40, 6 June
2001 14:05, 15 Sept 23:50, 15 Sept 2011 00:40, 5 June 01:00, 5 June
2001 12:00, 24 Sept 04:20, 9 Oct 2011 07:20, 21 March 14:15, 22 March
2001 09:25, 9 Oct 09:25, 9 Oct 2011 23:40, 7 March 08:35, 11 March
2001 23:40, 9 Oct 18:50, 10 Oct 2010 11:50, 18 Aug 13:10, 18 Aug
2001 05:35, 19 Oct 00:45, 21 Oct 2010 11:45, 14 Aug 20:10, 14 Aug
2001 18:30, 22 Oct 11:35, 24 Oct 2010 17:40, 3 Aug 20:00, 3 Aug
2001 19:20, 24 Oct 19:20, 24 Oct 2006 20:30, 5 Dec 06:50, 16 Dec
2001 16:55, 4 Nov 13:05, 11 Nov 2006 14:20, 23 April 14:20, 23 April
2001 18:25, 11 Nov 18:25, 11 Nov 2005 18:20, 24 Dec 18:20, 24 Dec
2001 06:50, 18 Nov 11:30, 21 Nov 2005 14:50, 18 Sept 14:50, 18 Sept
2001 22:05, 22 Nov 09:15, 29 Nov 2005 09:25, 17 Sept 15:15, 17 Sept
2001 06:00, 26 Dec 14:30, 6 Jan 2002 2005 00:00, 8 Sept 21:20, 16 Sept
2002 13:50, 10 Jan 09:15, 18 Jan 2005 04:50, 22 Aug 14:00, 25 Aug
2002 14:45, 27 Jan 22:05, 27 Jan 2005 05:35, 27 July 11:00, 2 Aug
2002 07:15, 20 Feb 12:05, 20 Feb 2005 22:10, 13 July 05:00, 19 July
2002 11:40, 16 March 16:50, 16 March 2005 21:20, 16 June 01:45, 18 June
2002 00:50, 17 March 02:40, 21 March 2005 01:10, 14 May 06:55, 16 May
2002 16:30, 22 March 01:50, 24 March 2005 19:30, 7 May 19:30, 7 May
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Year Start time End time Year Start time End time
2002 12:50, 17 April 10:40, 18 April 2005 09:45, 7 May 09:45, 7 May
2002 07:55, 19 April 08:55, 19 April 2005 22:35, 6 May 22:35, 6 May
2002 16:40, 19 April 23:10, 19 April 2005 15:20, 23 Jan 15:20, 23 Jan
2002 02:00, 21 April 21:35, 27 April 2005 09:05, 15 Jan 11:15, 23 Jan
2002 04:35, 1 May 09:05, 1 May 2004 21:25, 3 Dec 22:20, 3 Dec
2002 09:55, 22 May 23:30, 24 May 2004 04:00, 15 Nov 13:25, 15 Nov
2002 14:15, 7 July 23:40, 8 July 2004 15:50, 7 Nov 22:05, 14 Nov
2002 15:20, 16 July 01:25, 20 July 2004 06:45, 1 Nov 14:30, 2 Nov
2002 08:40, 21 July 08:05, 29 July 2004 18:45, 19 Sept 02:50, 21 Sept
2002 13:30, 29 July 13:30, 29 July 2004 18:05, 13 Sept 05:30, 16 Sept
2002 07:30, 14 Aug 08:05, 15 Aug 2004 14:45, 1 Aug 03:45, 2 Aug
2002 04:10, 17 Aug 02:05, 18 Aug 2004 17:30, 25 July 00:00, 1 Aug
2002 00:15, 19 Aug 11:50, 19 Aug 2004 18:55, 23 July 15:50, 28 July
2002 03:30, 22 Aug 07:00, 23 Aug 2004 09:15, 23 July 06:05, 24 July
2002 01:30, 24 Aug 03:50, 27 Aug 2004 00:00, 22 July 10:55, 23 July
2002 09:05, 6 Sept 11:15, 8 Sept 2004 07:35, 11 April 14:55, 12 April
2002 17:20, 9 Nov 12:20, 11 Nov 2003 14:55, 2 Dec 00:50, 4 Dec
2002 02:05, 20 Dec 05:20, 20 Dec 2003 20:05, 21 Nov 00:45, 24 Nov
2003 12:00, 22 April 00:00, 23 April 2003 10:45, 20 Nov 23:55, 20 Nov
2003 20:35, 26 April 20:45, 26 April 2003 08:00, 8 Nov 15:50, 8 Nov
2003 16:25, 28 May 05:35, 30 May 2003 02:10, 28 Oct 01:05, 8 Nov
2003 16:25, 30 May 16:30, 30 May 2003 18:25, 26 Oct 19:40, 27 Oct
2003 03:50, 31 May 20:55, 31 May 2003 18:45, 2 July 18:45, 2 July
2003 15:45, 18 June 18:50, 19 June
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D | DEMETER Quick Looks

In order to make the ’Quick Look’ plots of DEMETER data presented in this thesis,
access to the Level 2 Data on the DEMETER data server demeter.cnrs-orleans.
fr/dmt/index.html is required. Once access is achieved and you have logged
in, proceed to the ‘Data & Products’ tab and select the ‘Level 2 Data’. The following
screenshots will help the reader understand the inputs required to obtain the plots
presented in this thesis.

Once you have selected the ‘Level 2 Data’, you will be prompted to select the
temporal range or half orbit that you are interested in. In this example we have used
half orbits rather than temporal ranges, specifically we want to investigate half orbit
‘09401 up’. Once you have input your desired half orbit, hit the ‘Validate’ button to
continue.

Figure D.1: The temporal selection in the DEMETER data server.

Following this we must confirm which half orbit we require (this will happen
whether you select a half orbit or input a temporal range) by selecting the half orbit
from the left hand box and moving it to the right hand box. We can then ‘Validate’
to continue further.
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Figure D.2: The half orbit selection from the DEMETER data server.

We can now select the instruments we wish to get the Quick Look plots from.
This is done in the same way as the half orbit selection, by moving the desired
instruments into the right hand box. In this example we have selected the ICE and
IMSC instruments.

Figure D.3: The instrument selection from the DEMETER data server.

Further instrument selection is required in the next step. We have used the spec-
trograms in this thesis (as in this example, Figure D.4). The burst mode data has a
limit of 2 minutes that can be investigated with the Quick Look plots, so we have
generally used the survey (or burst and survey) mode data. Additionally most of
our case studies did not correspond to the burst mode DEMETER data. The order in

372



which the Quick Look plots appear in the final figure is determined by the order in
which the instruments appear in the right hand box. This ordering can be modified
in this step by selecting the instrument and moving it up or down the list with the
blue arrows from the ‘Plot Manager’ to the right of the right hand box. We will now
select ‘Reduce time selection’ to continue.

Figure D.4: The detailed instrument selection from the DEMETER data server.

We now further reduce the time period to that which we wish to investigate. In
this step it will be important to note the ‘Maximum time interval’, which will be
determined by the instrument selection. In this example we have no limit on the
time interval but in some situations this limit will be 2 minutes. The boxes for the
time interval will be prefilled to cover the entire half orbit, thus we can not select a
time that is not covered by this half orbit.
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Figure D.5: The refined time interval selection from the DEMETER data server.

The final step is to set the plotting parameters. The VLF instruments are set to
the frequency range 0 – 15 kHz while the ULF instruments are set to the frequency
range 0 – 5 Hz. Additionally for the ULF instruments we have selected an FFT size
of 256. We have also selected the UT, MLT, L, latitude, and longitude of the satellite
to appear on the x axis of the Quick Look plot. In this step we can also save our
instrument selection and plotting range into ‘config 1’, ‘config 2’, or ‘config 3’. This
will significantly speed up our data plotting time as we can move from the half orbit
selection directly to the temporal interval reduction (by selecting one of the ‘configs’
instead of ‘validate’) and then produce the Quick Look plot.
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Figure D.6: The plotting parameters from the DEMETER data server.
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The end result, the DEMETER Quick Look plot, of this example is as follows:

Figure D.7: The DEMETER Quick Look plot from the DEMETER data server.

Note, these plots are discussed in great detail in Chapter 14.
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E | VELOX DOS Commands

Downloading the VELOX files from the BAS website results in file names like vlx00200.
dat where vlx indicates it is VELOX data, the first two numbers correspond to the
year, in this case 2000, and the last three numbers correspond to the day of the year,
in this case day 200 of the year 2000. The VELOX data processing code was written
in the mid-late 90’s, on the DOS operating system. Here we describe how to use
these DOS commands to convert the binary data files and produce the Quick Look
plots. Note, we have downloaded the DOSBox 0.74 emulator (which works on a
Windows 07 computer) to use the following commands.

E.1 Data Conversion to Text Files

Before we can use the Halley VELOX data we need to convert the data from bi-
nary files (.bat) to text files (.txt). This is achieved through the MS-DOS software
VLXLIST.exe.

An example of the VLXLIST command is: VLXLISTvlx05*.dat/phase/variable>
OUTPUT.TXT. In this example both the data phase and the variable have yet to be
specified. The * in vlx05*.dat signifies that any .dat file with vlx05 in its ti-
tle will be processed (e.g., vlx05001, vlx05040, vlx05256, etc.), in this case all
VELOX data from 2005 will be processed. The > symbol in the above command
means the text output will be directed into the file OUTPUT.TXT rather than being
displayed on the screen.

There are two phases of data available from VELOX. Phase 1 data contains the
eight wideband channels (0.5 to 9.3 kHz channels) but does not include the impulse
parameter, which describes the number of times per second the intensity increases
above three specified thresholds [High Greave Associates, 1996; Smith and Clilverd,
1998]. The impulse data is only available from the 3 kHz and 9.3 kHz channels.
Phase 2 data contains the two narrowband channels (10.2 kHz and tunable channels)
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and the impulse parameters from the 3 and 9.3 kHz channels [High Greave Associates,
1996; Smith and Clilverd, 1998].

There are six variable specifiers that can be used in VLXLIST. /S lists the scalar
amplitude (averaged log power) measured by VELOX, /A lists the azimuth data,
/E lists the ellipticity data, /M lists the minimum amplitude data, /P lists the peak
amplitude data, and /I lists the impulse data.

An additional specifier can be used in VLXLIST. If /R is included in the VLXLIST
command the output data will be listed in raw mode. If /R is not included the
output data will be corrected for the input gain and presented in dB relative to 10�33

T2 Hz�1, while the impulse data will be listed as log10(counts per second).

The OUTPUT.TXT file contains a header with the recording site, date and time of
the first data record, and a listing of the data requested. In the remainder of the file,
the first column is the day number, the second column is the hours and minutes (as
a single number, e.g., 0230), the third column is the seconds, the forth column is the
variable specifier, and the remaining columns are the VELOX measurements for the
requested channels. There are 8 columns of measurements if the phase 1 data type is
chosen. The data in the OUTPUT.TXT file is listed in separate blocks for each record
in the file and each parameter. Any amplitude measurements that were too close to
the system noise level are recorded as -9999 in the OUTPUT.TXT file.

E.2 Spectrogram Plots

To plot the wideband channel VELOX data as a spectrogram we use VLXSPEC.exe.
The narrowband or impulse data cannot be plotted with VLXSPEC.

An example of the VLXSPEC command is: VLXSPECvlx05003.dat/options,
where /options can be any of the following variables. To select the data plotted
specify: /S for the scalar amplitude data, /M for the minimum amplitude data, or
/P for the peak amplitude data. To plot the data without suppressing the calibration
tones, use /NSC. The raw data can be plotted with /R. To specify the time frame
being plotted use: /X=n, where n is the number of plotter units per minute and may
take values between 12 (24 hours on one plot) and 960 (18 minutes on one plot). For
the best results n should be a multiple of 16 and a factor of 960.

To direct the spectrogram to an output file use: /O=xxxx, where xxxx corre-
sponds to any characters that can be chosen to label the output file. The output files
are in ‘AV-GRAF’ format and are named: xxxx000.GRF, xxxx001.GRF, xxxx002.GRF,

378



etc. If /O has not been specified the spectrogram is produced on the PC screen. Use
/O=xxxx/I=n in order to create the output files with filenames starting at n rather
than 0: xxxxn.GRF, xxxxn+1.GRF, xxxxn+2.GRF, etc.

When using /S, /P, or /M the range of values plotted in the spectrogram can be
specified by /MINAMP=min and /MAXAMP=max. When using /A (azimuth data) or
/E (ellipticity data), the /MINAMP=min parameter specifies the amplitude threshold,
such that any measurement with an amplitude below this level will not be included.
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