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Abstract

Energetic electron precipitation (EEP) into the Earth’s atmosphere can collide with gases
and deposit their energy there. The collisions between electrons and atmospheric gasses initiate
several chemical reactions which can reduce the ozone concentration. Ozone is critically im-
portant in the middle atmosphere energy budget as changes in the ozone concentration impact
temperature and winds. EEP is not fully understood in terms of how much energy is being
deposited and what the associated drivers are. An accurate quanti cation of EEP has limita-
tions due to instrumental challenges and therefore imposes limitations of the associated EEP
parameterization into climate models. A solution to this problem is a better understanding
of the driver processes of energetic electron acceleration and precipitation, alongside optimized
measurements. In this study the bounce loss cone uxes are inferred from EEP measurements
by the Medium Energy Proton and Electron Detector (MEPED) on board the Polar Orbit-
ing Environmental Satellite (POES) and the Meteorological Operational Satellite Program of
Europe (METOP) at tens of keV to relativistic energies. It investigates EEP in contexts of dif-
ferent solar wind structures: high-speed solar wind streams (HSSs) and coronal mass ejections
(CMEs), as well as geomagnetic activity and energy transfer within the magnetosphere. The
study is limited to the year 2010. CME- and CIR-driven geomagnetic storms have di erent
e ects on EEP where combined solar wind structures are most e ective. Geomagnetic indices
and their correlation to EEP is dependent on solar wind drivers. Generally the correlations are
highest during CME-associated storms. The epsilon parameter alone is not su cient in pre-
dicting EEP responses and the estimated energy lost through particle precipitation needs to be
improved. Today’s chemistry climate models and estimations of energy transfer and sinks only
provide snapshots of EEP, independent of context. The results of this thesis suggest, however,
that solar wind structures and pre-storm conditions must be taken into account to accurately
predict EEP responses.
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1 Introduction

Breakthrough discoveries and sensational inventions throughout human history, from inventing the
wheel to passenger-capable spacecrafts, have one very important thing in common: They are the
result of curiosity. Curiosity is what drives us to seek new information and what leads us into the
unknown. The greatest unknown, and cause of questions such as ”are we alone?”, is the boundless
extent surrounding Earth, called Space. Though we might be far away from answering such ques-
tions, we do have the opportunity to learn more about near-Earth space. The relationship between
Earth and Space is fundamental for the study of space weather and has important implications in
not only understanding the universe, but also for practical everyday life, including the operations of
communications and weather satellites, and atmospheric dynamics. In order to better understand
the coupling of Earth to Space, the Birkeland Centre for Space Science (BCSS) has identified three
ongoing areas of research: Dynamics of the asymmetric geospace, particle precipitation and hard
radiation from thunderstorms. The topic of this thesis is particle precipitation.

The aurora is a spectacular phenomenon caused by energetic particles once originating from the
Sun that end their journey by precipitating into the Earth’s atmosphere and depositing their energy
there. The dancing aurora visible on the polar night sky marks only the beginning of the effects
particle precipitation has on the atmosphere. The context for this thesis goes beyond what first meets
the eyes, namely the atmospheric chemical and dynamical impact of particle precipitation. Recently,
it has become known that when energetic particles precipitate, they cause chemical changes in the
upper atmosphere, e.g., the creation of NOx and HOy gasses. In particular, the increase of NO is
important due to its long lifetime during high-latitude winter darkness which allows for downward
transportation and depletion of stratospheric ozone. Ozone is known for its major role in stabilizing
the Earth’s radiation balance and climate system by absorbing incoming solar-wave and emitting
long-wave infrared radiation. Changes in ozone will cause changes in the atmospheric temperature
profile and lead to changes of atmospheric circulation that can map down onto surface climate. The
strength of this effect is highly dependent on the number, type, and energy of the particles reaching
the atmosphere.

Short term variations of the Earth’s magnetic field, known as geomagnetic activity, have been studied
since the mid-nineteenth century and is caused by interactions between the solar wind and its
accompanied interplanetary magnetic field (IMF) and the Earth’s magnetic field. This coupling leads
to a transfer of energy from the solar wind, into the magnetosphere. The most severe disturbances
of near-Earth space are predominantly driven by two types of solar wind structures: coronal mass
ejections (CMEs) and corotating interaction regions (CIRs) and their associated high speed solar
wind streams (HSSs). As the solar wind properties of CMEs and CIRs/HSSs are very different,
so is the geomagnetic activity they drive. An important aspect of these space disturbances is the
acceleration of charged particles to high energies in the inner magnetosphere. During periods of
high geomagnetic activity, a vast number of energetic particles penetrate the Earth’s atmosphere
and deposit their energy by ionizing molecules. The relatively low energy particle precipitation
(< 30keV) from the plasma sheet, which is known to cause aurora, has been extensively studied
over the last century, while the more energetic electron precipitation (EEP) (> 30keV) from the
radiation belts has been harder to capture due to limited knowledge and technical access. An
illustration of the origin and precipitation of auroral and radiation belt electrons and the impact of
particle precipitation on the atmosphere is presented in Figure 1.1.
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Figure 1.1: Magnetospheric electrons (auroral green and radiation belt blue) spiraling along Earth’s
magnetic field lines, precipitating into the Earth’s atmosphere and ionizing it. The following chain
of events are illustrated to the right. Based on Thorne [1980] (left) and Seppdli et al. [2014] (right),
adapted by Linn-Kristine Glesnes Ddegaard and Christine Smith-Johnsen.
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Knowledge of the characteristics of radiation belt EEP is important in order to quantify their im-
pact on the middle atmosphere. While atmospheric climate models today typically predict EEP
fluxes based on one geomagnetic index, this thesis aims to find more accurate predictors by look-
ing at different solar wind structures, different geomagnetic indices and the energy budget in the
magnetosphere. The following questions are addressed:

To what extent do different solar wind structures (both isolated and combined CMEs and
CIRs/HSSs) and their associated shocks affect EEP?

How do geomagnetic indices predict EEP and is the correlation dependent on solar wind
structure?

How does the energy transfer to the magnetosphere and the distribution within scale to EEP
variations?

The scope of this thesis is predicting how bounce loss cone EEP fluxes, measured by the Medium
Energy Proton and Electron Detector (MEPED) on board the National Oceanic and Atmospheric
Administration (NOAA)/Polar Orbiting Environmental Satellite (POES) and the European Orga-
nization for the Exploitation of Meteorological Satellites (EUMETSAT)/Meteorological Operational
Satellite Program of Europe (METOP), respond to different solar wind structures, through looking
at geomagnetic indices and energy transfer to and within the magnetosphere. The study is limited
to the year 2010. We choose to study this year as it starts the inclining phase of solar cycle 24. This
leaves storms driven by different solar wind structures occurring in 2010 relatively isolated which
allows for examination of isolated features.



2 Theoretical Background

2.1 The Sun and the solar wind

The Sun is the Earth’s main source of energy. The largest part of this energy comes in the form
of solar radiation and sustains an inhabitable planet. A second part of the energy input from the
Sun is in the form of a magnetized plasma, called the solar wind. Incoming particles from the solar
wind and their effects on the atmosphere, climate, and technological systems are an important area
of research.

2.1.1 Solar properties

The Sun is a yellow dwarf star located at the center of our solar system. It is a ball of gas consisting
of  70:6% hydrogen and  27:4% helium as well as a small number of heavier elements. Its
radius of roughly 700 thousand kilometers exceeds the Earth’s radius by a factor of 100 and its
volume is roughly 1.3 million times that of the Earth. The Sun is divided into six regions: the core,
the radiative zone, the convective zone, the photosphere, the chromosphere, and the corona. The
photosphere is known as the surface of the Sun and is where most of the solar energy escapes and
is detected as sunlight.

The Sun rotates with an axial tilt of 7.25 degrees with respect to the plane of the planets’ orbits.
Because the Sun is not a solid body, the rotation rate differs with latitude. At the equator, the
rotation rate is 25 Earth days, while at the poles the rotation rate is 36 Earth days. The Sun
has a complex magnetic field that is generated by currents within the Sun. The difference in the
Sun’s rotation rate leads to a distortion of its magnetic field.
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Figure 2.1: The solar magnetic field topology for solar minimum (left) and solar maximum (right).
From [Forsyth, 2001]

The distortion of the Sun’s magnetic field causes a change in solar activity that can be described
by the solar cycle. Approximately every 11 years the Sun’s geographic poles change their magnetic
polarity. Throughout the solar cycle, the activity in the photosphere, chromosphere and corona goes
from a quiet and calm state to a highly active one, and then relaxes back again. When the activity
is at its lowest, it is known as the solar minimum. During solar minimum, the Sun’s magnetic
field resembles a dipole configuration. As the field becomes more and more distorted, the activity
increases until it reaches its maximum level, known as solar maximum. It is worth noting that for
the magnetic field configuration, a complete cycle would take 22 years, as solar maximum occurs
with alternating magnetic polarity. A sketch of the Sun’s magnetic field during solar minimum and
solar maximum is shown in Figure 2.1. There are two types of magnetic field lines, open and closed.
Open field lines are when the magnetic field only has one end attached to the Sun, and closed are
when both ends are attached to the Sun.



2.1.2 Sunspots and coronal holes

Different phenomena that occur on the Sun are illustrated in Figure 2.2. Coronal holes occur in
regions where the Sun’s magnetic field lines are open to interplanetary space. When taking a soft x-
ray or extreme ultraviolet image of the Sun, they are visible as large dark regions on the corona. The
dark appearance is due to coronal holes being cooler and less dense than the surrounding plasma.
The structure of the magnetic field lines allows solar wind to escape more readily into space, resulting
in a relatively fast solar wind flow referred to as high speed solar wind streams (HSS). The size and
number of coronal holes vary within the solar cycle where they are most common and persistent
towards solar minimum. Persistent coronal holes can last long enough to reoccur during several
solar rotations giving them a recurrence rate of 27 days. Coronal holes typically cover large areas
of the Sun’s poles, but during the declining phase they often extend to low heliospheric latitudes
[Bame et al., 1976].
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Figure 2.2: A composite image illustrating the different phenomena that occur on the Sun and that
can result in geomagnetic activity on Earth: sunspots and a CME (top left), erupting prominence
(top right), a coronal hole (bottom left), and a solar flare (bottom right). Courtesy of SOHO
(NASA/ESA).

Towards solar maximum, the magnetic field flux increases around the equator due to the twisting of
the Sun’s magnetic field. The magnetic field lines may then bulge under the increasing pressure and
extend through the photosphere. These concentrations of magnetic flux can be seen on the Sun’s
photosphere as dark spots known as sunspots. The darker color occurs because of reduced surface
temperature due to the suppression of convection. The solar cycle is often quantified according to
the sunspot number, also known as solar activity. This means that solar maximum is the point of
highest sunspot activity, and the solar minimum is the point of lowest activity. Sunspots can last
anywhere from a few days to a few months and are usually found moving towards the equator as



the cycle approaches maximum.

Sunspots, being regions with intense magnetic activity, can accompany secondary phenomena such
as solar flares and coronal mass ejections (CME). When the magnetic pressure on sunspot field lines
becomes too stressed, the field lines with opposite magnetic polarity will reconnect and reconfigure.
This process is called magnetic reconnection and can result in a sudden release of electromagnetic
energy known as a solar flare. Solar flares release photons in almost every wavelength of the spectrum
and are observed as bright areas on the Sun [Zell, 2015a]. Primarily, solar flares are monitored in
x-ray and optical light. Magnetic reconnection of the Sun’s magnetic field lines can also result in
an explosive acceleration of plasma and magnetic field from the corona known as CMEs. CMEs
can also occur in regions where relatively cool and more dense plasma is trapped and suspended
by magnetic flux extending up to the inner corona [Zell, 2015b]. As CMEs are closely related to
sunspots, they occur most frequently during solar maximum.

2.1.3 The solar wind

The solar wind is a highly conducting plasma emitted from the Sun at supersonic speeds of about
500km=s [Baumjohann and Treumann, 1996]. It consists mainly of electrons and protons and is
a result of the solar corona supersonic expansion [Baumgjohann and Treumann, 1996]. Embedded
in the solar wind is the Sun’s magnetic field. The magnetic field is frozen into the plasma due
to the high conductivity and is drawn outward into interplanetary space by the solar wind. The
interplanetary magnetic field (IMF) is of the order of 5nT, and typical values for the electron density
and temperature in the solar wind near Earth are ne  5¢cm 2 and Te  10°K [Baumjohann and
Treumann, 1996).
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Figure 2.3: Schematic of magnetic field lines and the Heliospheric current sheet near the Sun. From
Smith [2001]

The heliospheric current sheet (HCS) is defined as the boundary encircling the Sun that separates
opposite directed open magnetic field lines that originate from the Sun [Smith, 2001]. It is a dis-
tinctive feature of the solar wind and its properties. An illustration of the HCS is shown in Figure
2.3. There could be several current sheets surrounding the Sun, but because the underlying helio-
spheric magnetic field is dipole-like, the HCS is unique and represents the magnetic equator of the
global heliosphere [Smith, 2001]. Due to the Sun’s rotation and rotation axis, the IMF embedded in
the solar wind gets wrapped into Archimedes spirals and oscillates about the heliographic equator



forming a series of peaks and troughs. In three dimensions the HCS resembles a ”ballerina skirt” as
shown in Figure 2.3.

The geocentric solar magnetospheric coordinate-system (GSM-system) is a coordinate system used
when studying the effects of the IMF and solar wind on the terrestrial field. It is oriented with the
x-axis pointing from the center of the Earth to the center of the Sun, the z-axis along the magnetic
dipole axis pointing north, and the y-axis pointing in the opposite direction of the Earth’s orbit
around the Sun. An illustration of the GSM coordinate system is shown in Figure 2.4.
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Figure 2.4: An illustration of the geocentric solar magnetospheric coordinate-system (GSM-system).
From Tanskanen and Ilmatieteen laitos (Finland) [2002].



2.2 The magnetosphere

To understand how solar activity affects the Earth, the interaction between the solar wind and IMF
with the Earth’s magnetic field is a key factor. This section will focus on near-Earth space and aim
to describe this interaction and some of the processes that result thereafter, e.g., the convection of
plasma and particle precipitation.

2.2.1 The geomagnetic eld

The Earth’s magnetic field, known as the geomagnetic field or terrestrial field, is generated in the
Earth’s interior and extends out into space. The processes in the core are best described by the
dynamo model where mechanical energy is converted to electrical energy [Carrigan and Gubbins,
1979]. The model describes how an electrically conductive fluid can generate a long-lived magnetic
field in astrophysical bodies through convection, rotation, gravity, and magnetism [Carrigan and
Gubbins, 1979]. When considering the Earth, this fluid is liquid iron in the Earth’s outer crust. The
field generated can, as an approximation, be modeled as a dipole field.

The dipole model of the Earth’s magnetic field is only valid for low L-shell values. The L-shell
parameter or L-value is described as the radial distance to a specific field line in the Earth’s equatorial
plane, req, divided by the Earth’s radius, Re = 6371km:

Feq

L= (1)
[Baumjohann and Treumann, 1996]. The field lines loop around the Earth, diverging near the
Geographic South Pole and converging near the Geographic North Pole. Therefore, the North
Magnetic Pole roughly corresponds to the South Geographic Pole and vice versa. The magnetic axis
is tilted compared to the rotational axis at an angle of about 11 . The magnetic poles are defined as
the location where the inclination of the magnetic field lines are at a 90 angle downward or upward
depending on if the measurements are done at the North or South Magnetic Pole, respectively. It
can also be defined using a mathematical model, where a line through the center of the Earth parallel
to the best fitting magnetic dipole is used to find the two poles. The two magnetic poles are not
directly opposite each other and asymmetries do occur.

2.2.2 Energy transfer to the magnetosphere

The Earth’s magnetic field works as a shield against the solar wind. The topography of the solar-
terrestrial environment is shown in Figure 2.5. When the supersonic solar wind hits the terrestrial
magnetic field, a bow shock is generated where the plasma is slowed down, and a considerable amount
of the particles’ kinetic energy is converted into thermal energy [Baumjohann and Treumann, 1996].
Behind the bow shock is a region called the magnetosheath. The plasma in the magnetosheath is
denser, hotter and with higher magnetic field values compared to the solar wind plasma [Baumjohann
and Treumann, 1996].

The solar wind in the magnetosheath is mostly deflected around the terrestrial magnetic field leaving
a cavity called the magnetosphere (see Figure 2.5). The boundary between the magnetosheath and
the magnetosphere is called the magnetopause. The occurrence of this cavity is due to the IMF lines,
and the solar wind particles that are frozen into it, not being able to penetrate the terrestrial field
lines. The kinetic pressure from the solar wind plasma leads to a distortion of the terrestrial dipolar
field. On the day-side, the terrestrial field is compressed while on the night-side it is stretched out
into a long magnetotail (see Figure 2.6).
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Figure 2.5: Topography of the solar-terrestrial environment. From Baumjohann and Treumann
[1996]

2.2.3 The convection of plasma

The drift of the plasma and magnetic field lines is often called convection [Baumgjohann and Treumann,
1996]. The main source of magnetospheric convection is the solar wind flow. When the IMF has a

southward component, reconnection between the IMF and the day-side terrestrial field occurs. The

merging, reconnection, and convection of the IMF and terrestrial field is sketched in Figure 2.6.

The southward directed IMF, denoted by (1), merges with the terrestrial field line (1) which has

both footpoints on Earth and is being transported towards the magnetopause. As the two field lines

merge and reconnect, they will split into two open field lines marked by (2). These field lines have

one footpoint on Earth and one stretching out into the IMF.

The footpoints of the open field lines lie in the ionosphere. Here conductivity is high and mobility of
the field lines low due to friction by collisions with local ions. The open field lines are bent towards
the night-side due to the solar wind flow (visible in points (5) and (6)). When the magnetic stress
of the curvature exceeds the friction in the ionosphere, the footpoint of the magnetic field lines will
be dragged towards the night-side.

Far out on the night-side, around 100 200Rg, the open field lines will meet and reconnect again.
This leaves a closed but stretched terrestrial field line and an open solar wind field line down-tail of
the magnetosphere (both denoted by (8)). The stretched terrestrial field line will start to relax back
towards Earth and into a more dipolar-like structure due to the magnetic tension in the stretched
tail. As this happens the footpoints on Earth will move towards lower latitudes. The plasma is still
frozen into the magnetic field, meaning the transport of plasma follows the relaxation of the magnetic
field lines. Eventually, the field lines will be transported back to the day-side magnetosphere and
replace the terrestrial field lines there. This cycle, often referred to as the Dungey cycle, can then
be repeated provided that the IMF has a southward component.



The magnetic field depicted in Figure 2.6 is a simple model used to describe the interaction between
the IMF and the terrestrial field. In reality, the day-side magnetic field is confined to about 10Rg,
while the night-side stretches out to hundreds of Rg. The reconnection rate and efficiency of energy
transfer are highest during strong southward IMF, but reconnection can also happen with northward
IMF at higher latitudes [Onsager et al., 2001]. Asymmetries of the terrestrial field occur due to the
tilt of the dipole axis with respect to the ecliptic plane and the angle at which the solar wind hits
the bow shock. This means that the convection of plasma in the magnetosphere is much more
complicated.
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Figure 2.6: Sketch of the merging, reconnection and convection of the IMF and terrestrial magnetic
field. The numbers indicate the movement of a magnetic field line. From Baumjohann and Treumann
[1996]

2.2.4 The radiation belts

The plasma in the magnetosphere consists mainly of electrons and protons originating from the
solar wind and the terrestrial ionosphere. It is also possible to find small fractions of He*™ ions,
originating from the solar wind, and He* and O™ ions of ionospheric origin [Baumjohann and
Treumann, 1996]. The plasma inside the magnetosphere is not evenly distributed and is therefore
grouped into different regions with different densities and temperatures. Figure 2.7 shows some of
these regions and currents.

The plasmasphere is the closest region to Earth. It contains a cool/low-energy, dense plasma. The
particles found in the plasmasphere originate from the top of the Earth’s atmosphere and are trapped
on closed and almost dipolar magnetic field lines. The outer boundary of the plasmasphere is called
the plasmapause and extends out to about 4Rg [Baumjohann and Treumann, 1996].

The radiation belts, or the Van Allen belts, are regions where energetic charged particles are trapped
in the Earth’s magnetic field [Horne et al., 2005]. The radiation belts are separated into two re-
gions known as the inner and outer radiations belts. The inner radiation belt is embedded in the
plasmasphere and is stable on long time scales. It mainly consists of trapped high-energy protons
between 0:1 40MeV , where the maximum flux is found around 2Rg. The outer radiation belt is






