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One of the most noticeable effects of solar–terrestrial physics is the aurora which regularly appears
in the polar regions. This polar light is the result of the excitation of atmospheric species by charged
particles originating from the solar wind and magnetosphere that enter the Earth’s atmosphere,
which are called precipitating particles. We present the first results on auroral proton precipitation
into the ionosphere using a global 3-dimensional simulation of near-Earth space plasma with the
Vlasiator hybrid-Vlasov model, driven with a southward interplanetary magnetic field and steady
solar wind parameters. The hybrid-Vlasov approach describes ions through their velocity distri-
bution function in phase space (3-dimensional ordinary space and 3-dimensional velocity space),
while electrons are represented by a massless charge-neutralizing fluid. Vlasiator is a global model
describing the whole region of near-Earth space including the Earth’s magnetosphere (whole day-
side and part of the magnetotail), the magnetosheath, as well as the foreshock region and some
solar wind. The precipitating proton differential number fluxes for this run are determined from the
proton phase-space density contained within the bounce loss-cone, which is set at a constant angle
of 10 degrees everywhere. To determine the precipitation of particles at ionospheric altitudes (in
this case a height of 110 km above the Earth’s surface), we trace magnetic field lines from the iono-
sphere to the inner boundary of the Vlasiator domain using the Tsyganenko model. With this, we
obtain a magnetic local time–geomagnetic latitude map of differential number flux of precipitating
protons in 9 energy bins between 0.5 and 50 keV. From the differential number flux, proton integral
energy fluxes and mean energies can be obtained. The integral energy fluxes in the Vlasiator run
are then compared to data of the Precipitation Electron/Proton Spectrometer (SSJ) instrument of
the Defense Meteorological Satellite Program (DMSP) for several satellite overpasses during events
with similar solar wind conditions as in the Vlasiator run. The SSJ instrument bins proton ener-
gies between 0.03 and 30 keV. Typical values of the total integral energy flux are between 5 · 106

and 5 · 107 keV cm−2 s−1 sr−1 in the cusp and between 1 · 106 and 3 · 107 keV cm−2 s−1 sr−1 in
the evening sector for both Vlasiator and DMSP, although DMSP fluxes can locally be up to an
order of magnitude higher. Additionally, global precipitation patterns in Vlasiator are compared to
Ovation Prime, which is an empirical model based on data from DMSP which can be used to fore-
cast precipitation of auroral electrons and protons. Although Ovation Prime shows a much wider
cusp region compared to Vlasiator, both show similar maximum integral energy fluxes around 1 to
2 · 107 keV cm−2 s−1 sr−1 in the cusp region, and between 3 · 106 and 5 · 107 keV cm−2 s−1 sr−1 in
the nightside oval.

HELSINGIN YLIOPISTO — HELSINGFORS UNIVERSITET — UNIVERSITY OF HELSINKI
Tiedekunta — Fakultet — Faculty Koulutusohjelma — Utbildningsprogram — Degree programme

Tekijä — Författare — Author

Työn nimi — Arbetets titel — Title

Työn laji — Arbetets art — Level Aika — Datum — Month and year Sivumäärä — Sidantal — Number of pages

Tiivistelmä — Referat — Abstract

Avainsanat — Nyckelord — Keywords

Säilytyspaikka — Förvaringsställe — Where deposited

Muita tietoja — Övriga uppgifter — Additional information





Contents

1 Introduction 1
1.1 The Solar Wind and the Earth’s Magnetosphere . . . . . . . . . . . . . 3

1.1.1 The Solar Wind . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.1.2 The Earth’s Magnetosphere . . . . . . . . . . . . . . . . . . . . 4
1.1.3 The Earth’s Ionosphere . . . . . . . . . . . . . . . . . . . . . . . 5

1.2 Particle Precipitation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.2.1 Single Particle Motion . . . . . . . . . . . . . . . . . . . . . . . 7
1.2.2 Loss Cone . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.2.3 Observations of Precipitation . . . . . . . . . . . . . . . . . . . 10

1.3 Research Question . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2 Methods 15
2.1 Plasma Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2 Vlasiator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2.1 The Simulation Domain in Vlasiator . . . . . . . . . . . . . . . 16
2.2.2 Grid Discretization, Variables and Storing Results . . . . . . . . 17
2.2.3 Obtaining Precipitation Fluxes from Vlasiator . . . . . . . . . . 20

2.3 Validation of Precipitation . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.3.1 Satellite Observations . . . . . . . . . . . . . . . . . . . . . . . . 23
2.3.2 Ovation Prime . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.3.3 Real-World Solar Wind Conditions . . . . . . . . . . . . . . . . 24

3 Results 25
3.1 Global Precipitation Patterns in the Vlasiator Run . . . . . . . . . . . 25
3.2 Comparison with Satellite Observations . . . . . . . . . . . . . . . . . . 31
3.3 Comparison with Ovation Prime . . . . . . . . . . . . . . . . . . . . . . 36

4 Discussion 41

5 Conclusion 45

v



vi

Bibliography 48



1. Introduction

One of the most prominent effects of space weather is the bright display of lights in
the polar regions called aurora or the northern (or southern) lights (see Figure 1.1).
Auroras generally occur when there is a disturbance in the Earth’s protective magnetic
shield called the magnetosphere. This disturbance is caused by the solar wind, which
is a continuous stream of plasma created by the Sun. In most cases, geomagnetic
storms do not cause major problems on Earth. However, there is a huge amount of
energy that enters the Earth’s atmosphere from space, which affects the chemistry
and dynamics of the atmosphere (Palmroth et al., 2021).

There were a few events that did cause major disturbances however, and the
largest recorded geomagnetic storm in history is the Carrington event named after
Richard Carrington, which happened in September 1859. Carrington was looking
at the Sun through his telescope† when he was blinded by a sudden flash of light.
This sudden flash of light is now known as a solar flare, which was paired with a
Coronal Mass Ejection (CME). A CME is a large amount of magnetized plasma
that is ejected from the Sun. A day after Carrington observed the CME, a huge
geomagnetic storm interacted with the Earth’s magnetosphere, and northern lights,
which are normally only seen in the polar regions, were visible everywhere on Earth
(Bell and Phillips, 2008). The amount of energy entering the Earth’s atmosphere was
so huge that global communication at the time, which mainly consisted of telegraph
systems, malfunctioned and some even sent sparks flying. Other telegraphs continued
operating without being connected to a power source because of large currents that
were induced in association with the aurora.

In 1989, another extreme CME hit the Earth, although it was not as powerful
as the CME during the Carrington event. There was a bright aurora that was
visible even at 30 degrees latitude and caused problems with radio signals. Famously,
there was a large power outage in Quebec caused by this event and in addition,

†Warning: never look directly at the Sun through a telescope if you do not know what you are
doing!

1



2 Chapter 1. Introduction

Figure 1.1: Two examples of aurora photographs.

several satellites reported false telemetry among other things. It is estimated that
Quebec-sized events happen about once every 50 years, while Carrington-sized
events happen once every 100 to 250 years (Lloyds et al., 2013). They estimate
the cost of another Carrington-size event to occur in modern times to be in the
range of a trillion dollars for just the United States, only taking into account the
economic loss of not having electricity for a considerable amount of time. There is a
good chance the actual costs will be considerably higher when accounting for other
present-day infrastructure like the internet, the lack of power for pumping running
water and gas, not to speak of the damage such storm would cause to orbiting satellites.

Less extreme storms generally do not have a large impact on everyday life.
Nonetheless, next to changing the atmosphere in terms of chemistry, temperature and
circulation, geomagnetic storms do indeed cause noticeable problems like damaging
satellites, they can block navigation signals and can cause radio blackouts. Although
we cannot prevent these storms from happening, we can prepare for them by getting a
better understanding of their impact on Earth. The best early-warning for these storms
hitting the Earth come from satellites orbiting around the so-called Lagrange point L1,
which is about 1.5 million kilometers away from Earth in the direction of the Sun. Next
to optical observations of the Sun, these satellites measure the solar wind conditions
directly, which can give a good indication of the severity of a solar storm. To find out
the impact on Earth quantitatively, ground-based observations can be used in addition
to measurements from satellites in low-Earth orbit. These methods do not give the
full picture however, since the former can only make indirect observations, while the
latter can only make direct measurements along a one-dimensional line moving in space.
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Space plasma simulations like Vlasiator, which is the simulator used in this thesis,
are a good tool for filling in gaps in the observational data. These numerical tools can
simulate the response of the entire Earth’s magnetosphere to incoming solar wind. The
goal of this thesis is to quantify the effects of geomagnetic storms in the form of proton
precipitation using data from the first six-dimensional global magnetospheric Vlasiator
run. Proton precipitation contains charged particles that get absorbed in the Earth’s
ionosphere, and it is next to electron precipitation responsible for the visible aurora.

1.1 The Solar Wind and the Earth’s Magneto-
sphere

The Sun is a star that emits a continuous stream of plasma flowing radially outwards.
The plasma outflow is driven by the pressure difference between the Sun’s heated corona
and outer space and mainly consists of electrons and ions. About 95 mass percent of
the ion outflow consists of protons while the rest are heavier ions, mainly being alpha
particles (He2+). Close to the Sun, the outflow of plasma is still being accelerated. At
a distance of several solar radii (R� = 696 000 km), the outflow of plasma becomes
supermagnetosonic and superalfvénic, reaching velocities up to 1000 km s−1 (Koskinen,
2011). Part of the mechanism that accelerates these particles to these velocities is
due to the hot corona, reaching temperatures in the range of 106 K. It is not fully
understood yet how the corona reaches these temperatures, since the surface of the
Sun is only a few thousand Kelvin. This topic is actively being researched and is one
of the main science goals of the recently launched Parker Solar Probe (Fisk and Kasper,
2020; Howard et al., 2019), which reached into the subsonic solar atmosphere for the
first time in April 2021 and will keep getting closer to the Sun until 2025.

1.1.1 The Solar Wind

The magnetic field of the Sun cannot just be approximated by a simple bar magnet.
One of the reasons is that the solar wind carries the magnetic field of the Sun. This can
be shown by looking at the magnetic Reynolds number, which is defined as the ratio
between convection and diffusion in a plasma (Kilpua and Koskinen (2017), 6.18):

Rm = convection
diffusion = µ0σLBV (1.1)

Here, µ0 is the magnetic permeability of free space, σ is the plasma conductivity,
LB is the plasma length scale and V is the plasma velocity. The convection and diffusion
equation can be derived from the two terms in the magnetohydrodynamic induction
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equation respectively (B is the magnetic field and t is time):

d ~B
dt = ~∇× (~V × ~B) + 1

µ0σ
~∇2 ~B (1.2)

In the solar wind, the convection term dominates, since both the solar wind
velocity V and the plasma conductivity σ are large. This leads to a condition called
the frozen-in condition, which means that the magnetic field lines do not (or hardly)
move in the plasma frame. This leads to the solar wind plasma carrying the Sun’s
magnetic field. Meanwhile, since the Sun rotates while the solar wind flows radially
outwards, the magnetic field will twist as the field expands into space, creating an
Archimedean spiral (Parker, 1958). In reality, the solar wind is a lot more complex,
since the Sun is not in a perfect equilibrium. The surface magnetic field of the Sun
contains a lot of irregularities like sunspots, coronal holes and other active regions,
which among other things produce fast and slow solar winds, that in turn interact
with each other once a fast stream catches up with a slow stream. These are called
stream interaction regions, which are associated with coronal holes (Richardson, 2018).
Additionally, solar events happen like coronal mass ejections and solar flares that fling
large amounts of matter into space.

1.1.2 The Earth’s Magnetosphere

The Earth’s magnetic field protects the surface of the Earth against charged particles
coming from the Sun and the solar wind. When the solar wind reaches the Earth,
the supermagnetosonic and superalfvénic plasma interacts with the dipole magnetic
field of the Earth, forming a bow shock (see Figure 1.2). Inside the bow shock there
is a region of shocked plasma called the magnetosheath, which is a turbulent region of
plasma stretching to about 10 Earth radii (RE = 6.371 ·106 m). At the inner boundary
of the magnetosheath is the magnetopause, which is the boundary region beyond
which the Earth’s magnetic field dominates the interplanetary magnetic field (IMF).
Within the magnetopause on the dayside, magnetic field lines close back to the Earth.
When the solar wind has a southward interplanetary magnetic field, reconnection will
take place at the dayside magnetopause. Reconnection is a phenomenon that occurs
in a plasma with a frozen-in magnetic field when field lines with opposing directions
head towards each other. The magnetic field lines break and reconnect, flowing back
outwards in a perpendicular direction.

On the nightside of the Earth there is a large region of low-density plasma reaching
far beyond the Moon called the magnetotail. The magnetotail consists of two lobes
that are separated by a thin plasma sheet. The density of particles in the magnetotail,
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especially in the lobes, is generally a lot lower than other magnetospheric regions.
With a southward interplanetary magnetic field, reconnection will also take place in
the plasma sheet because of the reconnection in the dayside magnetopause, which
creates open magnetic flux that piles up in the magnetotail lobes. In between the
dayside and nightside magnetopause in both the northern and southern hemisphere is
a gap called the polar cusp, which forms a direct connection between the Earth and
charged particles in the magnetosheath. When reconnection takes place in both the
dayside and the nightside, stored magnetic energy is released, and charged particles
flow along magnetic field lines into the cusp region, into the Earth’s ionosphere.

Figure 1.2: A visualization of different regions of near-Earth space in a 2D-Vlasiator simulation.

1.1.3 The Earth’s Ionosphere

The ionosphere is the boundary between the Earth’s dense atmosphere and its mag-
netosphere. From the Earth’s perspective, the ionosphere is a layer of the atmosphere
that absorbs extreme ultraviolet (EUV) radiation and X-rays from the Sun, ionizing
neutrals and freeing electrons. Neutral ionospheric particles can be considered to be
in hydrostatic equilibrium, which gives a density profile that decays exponentially as
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a function of height. Each ionospheric species has a different density scale height with
their respective mass indicating the rate at which the density decreases (Hargreaves
(1992), 4.1).

The ionosphere can be divided into several regions, namely the D, E and F-
regions, which are defined based on local electron density peaks inside the ionosphere.
Typically, the D region lies between 60 and 90 km and only exists during the day
because of the radiation from the Sun. At night, cosmic rays is the only form of
radiation that enter the Earth’s atmosphere, which does not produce sufficient flux
for a noticeable D-layer. The E-region is the main region where electrons and protons
precipitate (1.2) and is generally located at an altitude between 90 and 120 km. It is
the region in the ionosphere that was first discovered by Appleton and Barnett (1925)
by observing radio signals being reflected by the atmosphere. Above the E-layer
there is the F-region, which has the highest electron densities and extends all the
way to more than 500 km above the Earth’s surface. During the day, the F-region
has generally two electron density peaks, and is therefore subdivided into the F1-
and F2-region (Figure 1.3). The exact location and height of each layer is highly
dependent on the time of day, the season and the conditions of the magnetosphere.
The E- and F-layers are nowadays used for global radio communication and navigation.

The ionosphere is anisotropic because ions and electrons have different collision-
and gyro frequencies. Therefore, the tensor conductivity has to be used rather than
a scalar conductivity value. This leads to the Pedersen (σP ), Hall (σH), and field
aligned or Birkeland (σ‖) conductivity, which act parallel to the electric field (E⊥),
perpendicular to the electric and magnetic field, and aligned to the magnetic field
respectively. The current flow in the E-region associated with these terms is shown in
Figure 1.4. Hall currents are mainly carried by electrons and therefore flow against
the direction of ionospheric convection. The peak Hall current is at an altitude around
120 km, while the Pedersen current peaks at an altitude of 150 km (Koskinen (2011),
1.4.3). Field-aligned currents are mainly carried by precipitating electrons and protons
and connect the ionosphere with several magnetospheric current systems including
the cross-tail and Chapman-Ferraro currents. Field-aligned currents generally flow
in pairs, since current loops have to be closed, and are connected in the ionosphere
by Pedersen currents. Pedersen currents are in turn responsible for Joule heating, as
Pedersen currents are associated with collisions that take place between ionospheric
ions and neutrals, resulting in ion-neutral frictional heating.
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Figure 1.3: The D-, E- and F-regions with their typical electron densities during the daytime (black
line) and night time (dashed black line). Colored lines indicate density profiles of the main species for
the daytime electron density profile. Reproduced from Grandin (2017)

1.2 Particle Precipitation

Next to solar radiation, an important contributor to the ionization of the ionosphere,
especially in the polar regions, is precipitation of electrons and protons. In this section,
an introduction is given on the theory of precipitating particles using the theory for
single particle motion. In particular the equation for the bounce loss cone is derived,
which can be used to determine the number of particles that precipitate into the iono-
sphere versus the number of particles that bounce back and are trapped within the
dipole field of the Earth.

1.2.1 Single Particle Motion

A single charged particle moves inside of an electromagnetic field according to the
following equation:

m
d~v
dt = q( ~E + ~v × ~B) (1.3)

Here, ~E and ~B are the electric- and magnetic field, and m, q and ~v are the mass,
charge and velocity vector of the particle respectively. In the simplest case, there is
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Figure 1.4: An illustration of Pedersen, Hall and field-aligned currents in the northern polar region
of the Earth’s ionosphere. The nightside is at the top of the figure.

no electric field, there are no other forces acting on the particle, and the particle is
inside of a constant homogeneous magnetic field ~B = Bêz, resulting in the following
equation:

m
d~v
dt = q(~v ×Bêz) (1.4)

From this we can calculate the three force components of the charged particle.

m
dvx

dt = qBvy

m
dvy

dt = −qBvx

m
dvz

dt = 0

(1.5)

We find that in a homogeneous magnetic field, the velocity component in the
parallel direction relative to the magnetic field v‖ is constant. We can solve the case
for perpendicular velocity v⊥ = (v2

x + v2
y)1/2 by taking the time derivative of above

equations:

d2

dt2vx = d
dt(

qB

m
vy) = −(qB

m
)2vx

d2

dt2vy = d
dt(−

qB

m
vx) = −(qB

m
)2vy

(1.6)
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This equation is the solution of a harmonic oscillator with frequency ωg:

ωg = |q|B
m

(1.7)

The particle follows a circular motion with Larmor radius rL:

rL = v⊥
ωg

= mv⊥
|q|B

(1.8)

The particle will move with parallel velocity v‖ along a magnetic field line, and
gyrate around the magnetic field line with velocity v⊥. The center of this gyrating
motion is called the guiding center. A reference frame commonly used for single
particle motion in an electromagnetic field is called the Guiding Center System (GCS),
which is the frame where v‖ is zero.

Since the magnetic field acts perpendicular to the velocity of a charged particle
(eq. 1.3), magnetic fields do not do any work. Therefore, the total energy of the
particle stays constant even in a non-homogeneous magnetic field. Additionally, the
total magnetic flux Φ enclosed by a gyrating particle is conserved:

Φ =
∫∫

S

~B · d~S = Bπr2
L = πm2

q2
v2
⊥
B

(1.9)

1.2.2 Loss Cone

When a charged particle moves towards an increasingly stronger magnetic field, Φ
has to remain constant. Therefore, the perpendicular velocity of the particle has to
increase according to (eq. 1.9). Consequently, to account for momentum conservation,
the parallel kinetic energy of the particle has to decrease because a magnetic field does
no work on a charged particle. If the magnetic field strength increases by so much
that all of the parallel energy of the particle is transferred to gyro motion, the particle
will be reflected back into the opposite direction. This concept is called a magnetic
mirror.

To find if a particle will be reflected by a strengthening magnetic field, the pitch
angle α can be used, which is the angle between the velocity vector of the particle and
the (local) magnetic field direction. Using basic geometry we find:

v⊥
v‖

= tanα

v⊥ = v sinα
(1.10)
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Combining equations (1.9) and (1.10) and the fact the total velocity v remains
constant assuming there are no other forces acting on the particle, we find:

Φ q2

v2πm2 = v2
⊥

v2B
= sin2 α

B
= constant (1.11)

Therefore, for a single particle moving to a stronger magnetic field, the sine of the
pitch angle squared is proportional to the magnetic field strength. For a particle inside
of a magnetic field with magnetic field strength B0 and pitch angle α0 moving towards
a stronger (or weaker) magnetic field B1, the new pitch angle α1 can be calculated from
the following equation:

Φ0 = Φ1

sin2 α0

B0
= sin2 α1

B1

(1.12)

Where B0 is the magnetic field at the reference point with pitch angle α0 and
B1 is the magnetic field at the new point with pitch angle α1. As mentioned before, a
particle will be reflected back if the parallel velocity decreases to 0. By definition, this
happens when the pitch angle αm is exactly 90◦, resulting in sin2 αm = 1. A charged
particle moving towards a strengthening magnetic field will therefore be reflected at
the point where the magnetic field strength reaches Bm:

Bm = B0

sin2 α0
(1.13)

One can determine if any particle moving towards the Earth will precipitate into
the ionosphere using just the location and pitch angle of the particle as well as the
magnetic field strength and direction at the location of the particle along the magnetic
field line towards the ionosphere. For any particle, if the magnetic mirror altitude is
within the region of the atmosphere where collisions are frequent, the energy of the
particle will be lost due to these collisions, and hence the particle will stay in the
atmosphere and ‘precipitate’. Particles that would precipitate into the ionosphere are
said to be part of the bounce loss cone, while particle that get reflected back at the
mirror point are trapped inside of a magnetic bottle. Figure 1.5 shows the trajectory
of a particle inside of the Earth’s dipole that is being reflected back at its mirror point
Bm.

1.2.3 Observations of Precipitation

There are several ways particle precipitation can be observed and measured. One of
the main signs of particle precipitation can be seen on Earth in the form of aurora.
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Figure 1.5: An ion moving towards the Earth along its magnetic field lines. At the mirror point
Bm, its pitch angle α becomes 90◦ and the particle gets reflected.

Aurora occurs mainly in a small band between 10 and 20 degrees from the geomagnetic
poles called the auroral oval and can be seen with the naked eye when there are major
disturbances in the geomagnetic field, which occur during a variety of solar wind
and IMF conditions. Aurora is mainly caused by precipitating electrons and protons
that excite ionospheric species in the ionosphere at altitudes between 85 and 300 km.
The visible light is due to these excited species returning back to their ground state,
releasing a photon. The most common emissions are from atomic oxygen, releasing
photons with a wavelength of 557.7 nm and 630.0 nm. Visible aurora is mainly due to
electrons, since electrons precipitate in a narrow band, while protons spread out a lot.
This spreading is caused by protons gaining and losing their charge when they interact
with an atmospheric hydrogen atom, making them follow a straight line instead of
gyrating around a magnetic field line.

Ground based observations can give a good indication of particle precipitation.
The most straight-forward method is by using an all-sky camera with a filter to
extract the wavelengths of interest. To study the time-evolution of aurora, a keogram
can be created, which plots a north-south meridional slice of an image as a function
of time. A good method to determine the electron density profile in the ionosphere
is using an ionosonde, which is a simple radar system that can determine the
electron density peaks and heights in the ionosphere. A good signal of precipitation
is increased electron densities in the E-region of the ionosphere. A method that
provides much more information than just electron densities is using an incoherent
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scatter radar (ISR). Radar based observations can measure electron density, electron
temperature, ion temperature and ion drift velocity as a function of altitude. This
data can be used to determine several phenomena including electron and proton
precipitation, frictional heating, ion outflows and others. An example of an ISR
is the EISCAT radar system, which contains several ISRs including a 930MHz
UHF and 224MHz VHF transmitter and receiver in Tromsø, Norway, a 224MHz
receiver in Sodankylä, Finland and Kiruna, Sweden and a 500MHz transmitter and
receiver in Longyearbyen in Svalbard. Other instruments to measure precipitation in
particular are riometers, with which you can study energetic precipitation by mea-
suring the absorption of cosmic radio noise due to an increase in D-region ionization
associated with energetic particle precipitation; and magnetometers, which can in-
dicate the presence of precipitation by measuring the intensity of field-aligned currents.

The way to make in-situ observation of particle precipitation is using a satellite
with a low-Earth polar orbit. Satellites that measure or measured precipitation include:

• Arase (Miyoshi et al., 2017; Nakamura et al., 2018) has a highly elliptical orbit
with a perigee of 440 km at an inclination of 32 degrees. Its main purpose is to
study the Van Allen belts, which is a band of high energy electrons and protons
that are trapped by the Earth’s magnetic field, and has instruments to measure
electrons and ions in a large energy range, as well as magnetic field sensors.

• Demeter (Sauvaud et al., 2006) is a small satellite on a polar orbit at an altitude
of 660 km. The main objective of Demeter was to observe changes in the iono-
sphere due to earthquakes and volcanic activity, with a secondary goal to map
the electromagnetic environment in the ionosphere. For measuring precipitation,
Demeter brought the IAP (Instrument for Analyzing Plasma), which measures
the density, temperature and velocity of ions.

• DMSP (Redmon et al., 2017) satellites have a Sun-synchronous circular orbit
at an orbital height of 830 km. Their main purpose is to provide meteorologi-
cal, oceanographic and solar-terrestrial data. Instruments include a radiometer
(SSM/I), a temperature sensor (SSM/T-1), a water vapour profiler (SSM/T-2)
and an imager sounder (SSMIS), all operating in the microwave range, an ul-
traviolet ionosphere and thermosphere imager (SSULI), a ultraviolet ionospheric
spectrograhic imager (SSUSI) and the SESS, which contains several sensors that
measure ionospheric plasma drift/scintillation (SSI/ES-2), precipitation of elec-
trons and protons (SSJ) and a magnetometer (SSM). This thesis will directly
compare ion precipitation data from the SSJ-sensor to the results of Vlasiator.
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• NOAA/POES (Evans and Greer, 2000) satellites have a Sun-synchronous circular
orbit at an altitude of 804 to 870 km depending on the satellite. The main purpose
of NOAA/POES is to forecast the weather and to do vegetation studies, but it
also has sensors to measure ion precipitation.

• SAMPEX (Li et al., 2001) is a small satellite with polar orbit at an altitude of
500 to 700 km. Its main objective is to study solar energetic particles, cosmic
rays and highly energetic and relativistic electrons.

• FORESAIL-1 (Palmroth et al., 2019) is a recently launched nanosatellite. Its
main objective is to measure the pitch angle spectra of energetic and relativistic
precipitating electrons and protons. As a side-mission, FORESAIL-1 will demon-
strate the functionality of a plasma brake to deorbit the satellite at the end of
its lifetime.

1.3 Research Question

The aim of this thesis is to assess proton precipitation in the first 6D-run of Vlasiator,
a hybrid-Vlasov global magnetospheric simulator, in terms of differential energy flux,
integral energy flux and mean energy. The 6D Vlasiator simulation has already been
performed. The main goal of this thesis is to take this Vlasiator output and extract
proton precipitation data that can be directly compared to satellite observations and
empirical models. The following research questions have been formulated:

• What are the quantitative and qualitative features for proton precipitation into
the polar ionosphere in the first Vlasiator 6D run with southward interplanetary
magnetic field in terms of differential energy flux, integral energy flux and mean
energy?

• How does the proton precipitation into the polar ionosphere in the first Vlasi-
ator 6D run with southward interplanetary magnetic field compare to satellite
observations in terms of integral energy flux?

• How does the proton precipitation into the polar ionosphere in the first Vlasiator
6D run with southward interplanetary magnetic field compare to the empirical
model Ovation Prime in terms of integral energy flux and mean energy?





2. Methods

As mentioned in 1.2.3, precipitation of particles can be measured in a lot of ways.
However, if you want to directly measure electron and ion precipitation, using an in-
strument on an in-situ satellite is the only option. Unfortunately, satellites are expen-
sive to launch into space, and often even more expensive to manufacture. Additionally,
satellites can only measure a single point moving through space, for which the path the
satellite traverses is governed by the gravitational pull of the Earth. To get a global
understanding of the movement of plasma in space, including precipitation of charged
particles, one has to resort to simulations. Directly modelling particle precipitation
requires simulation of the global near-Earth space including the solar wind. Despite
there being no direct connection from the (undisturbed) solar wind to the ionosphere,
the solar wind is the main source for precipitation of protons into the ionosphere.

2.1 Plasma Simulations

There are several methods of modelling space plasma which all rely on solving a cer-
tain set of differential equations. All plasma methods fall under one of three categories;
fluid, kinetic or hybrid (Colonna and D’Angola, 2016), and each of these plasma de-
scriptions lacks in some aspect of the accuracy of the simulation. The fluid plasma
description treats the plasma as macroscopic elements, similar to fluid mechanics sim-
ulations. The main fluid model is magneto-hydrodynamics (MHD; Palmroth et al.,
2004; Goedbloed et al., 2019), which uses the fluid continuity equations for conserva-
tion of mass, momentum and energy in combination with the Maxwell equations and
Ohm’s law. The ideal MHD model assumes the plasma is highly collisional, which re-
sults in Maxwellian distribution functions. The kinetic plasma description treats space
plasma particles as a distribution function and solves the Vlasov equation next to the
Maxwell equations. There are two main kinetic approaches: particle in cell (PIC) and
Vlasov methods. PIC (Lapenta, 2012) tracks individual particles or groups of particles
called macro-particles, using the Vlasov equation under the hood, while the Vlasov
method directly solves the Vlasov equation on a grid of phase space in which particle
distributions evolve. Both kinetic methods rely on the fact that space plasmas are
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collisionless. PIC methods often introduce some noise in the system since the number
of macro-particles you can simulate is way lower than the number of protons in a real
plasma. Vlasov simulations on the other hand do not produce noise, but they are rather
computationally expensive to solve, since every cell in a grid needs to be propagated
over time. Finally, there are hybrid methods (Palmroth et al., 2018), which combine
kinetic and fluid methods. The most popular approach for modelling space plasmas is
to describe protons kinetically with electrons as a charge-neutralizing fluid.

2.2 Vlasiator

Vlasiator is a 6D hybrid-Vlasov global magnetospheric simulator. Global magneto-
spheric means that the simulation domain encompasses a large part of the magneto-
sphere, magnetosheath, bow shock and ion foreshock. Hybrid-Vlasov means that ions
are modelled as distribution functions following the Vlasov equation, while electrons
are represented by a massless charge-neutralizing fluid. 6D means that Vlasiator sim-
ulates three spatial dimensions with a three-dimensional velocity distribution at every
point in space.

2.2.1 The Simulation Domain in Vlasiator

In Vlasiator, the origin of the simulation is at the center of the Earth, where the
positive X-axis points towards the Sun, the positive Z-axis points to the geomagnetic
north of the Earth and the positive Y-axis points towards the evening sector, per-
pendicular to the X- and Z-axis. In the 6D-Vlasiator run considered in this thesis,
the simulation domain extends from −110RE < X < 50RE in the X-direction and
−58RE < Y,Z < 58RE in the Y- and Z-direction. Additionally, there is a spherical
near-Earth boundary with a radius of 4.7RE (30 000 km). The ordinary-space grid has
a resolution ranging from 8000 km to 1000 km and the velocity space has a resolution of
40 km s−1. Figure 2.1 shows the proton density in the entire simulation domain at 1200
seconds into the simulation used. The initial conditions of the simulation are a uni-
form Maxwellian plasma and the dipole field of the Earth. During the simulation there
is a continuous influx of solar wind coming from the positive x-axis boundary. The
other boundaries including the inner boundary use Neumann boundary conditions, or
more specifically, a constant Maxwellian velocity distribution function is copied to the
cells at the border of the simulation domain. The inner boundary is required because
of the dramatic increase in magnetic field strength in the near-Earth regime, which
would greatly increase the computational load due to the required time-step (Palm-
roth et al., 2018). This is due to the fact that the ion gyrofrequency is proportional
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to the magnetic field strength, and the time-step requirement is directly proportional
to the gyrofrequency. Another consequence of the gyrofrequency proportionality and
the time-step used is that the study of electron-scale physics is not (yet) feasible using
Vlasiator. This hybrid approach can be justified since the global dynamics of near-
Earth plasma is dominated by the interaction of ions rather than electrons. There has
been some progress in modelling electrons as a Vlasov population in a setup called
eVlasiator (Battarbee et al., 2021; Alho et al., 2022). Electrons were modelled in a
small part of the global Vlasiator domain using the static magnetic field vectors and
proton plasma moments from a single frame of the (ion-) Vlasiator output.

Figure 2.1: The proton density at 1200 seconds into the Vlasiator run. The left panel shows the
entire simulation domain with ticks every 10RE . The right panel shows a zoomed-in version at
−17RE < x < 17RE , −12RE < y, z < 12RE with ticks every 2RE .

2.2.2 Grid Discretization, Variables and Storing Results

The spatial domain of Vlasiator is modelled as cubic cells on a Cartesian grid. At
every cell, the magnetic field and the three-dimensional velocity distribution are
propagated over time. From these values, the proton density, the pressure tensor and
the magnetic field components are calculated and stored into a bulk file. From these
variables, other parameters can be calculated like temperature and Alfvén velocity.
Several optimizations have been applied to reduce computational load. First of all,
adaptive mesh requirement (AMR) is used to increase the base grid resolution of
8000 km to a resolution of 4000, 2000 or 1000 km in the areas where a higher spatial
accuracy is required. Additionally, the velocity distribution function use a sparse rep-
resentation, and velocity cells with a phase-space density under a certain threshold are



18 Chapter 2. Methods

discarded (von Alfthan et al., 2014). For this run, a threshold was used of 10−15 m−6 s3.

Not all time-steps in the simulation are saved for analyzing the results. Instead,
the results are only saved whenever a certain (simulation-) time has passed on the order
of 1 second. Typical Vlasiator runs have a simulation-time between 30 minutes and an
hour, which in real-time can take weeks to complete on a supercomputer with several
thousands of cores. Actual science run-time is restricted to several minutes however,
since the Earth’s magnetosphere has to be formed self-consistently first, starting from
the initial conditions. The simulation data that is stored into a bulk-file does not
include the velocity distribution function at all cells in the grid, since that would require
even more storage space than the already enormous storage requirements, which is on
the order of 30 Terabytes for a single 6D run without taking into account the velocity
distributions. Rather, the velocity distribution function is only saved on a regularly
spaced Cartesian grid with a cell-size of several Earth radii. Figure 2.2 shows the
velocity distribution functions (VDFs) on top of the density at intervals of 2.5 Earth
radii. Both the VDFs and the proton number density plot are slices of the XZ-plane
at Y = 0.
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Figure 2.3: Slices of differential energy flux in the X = 0 and Y = 0 planes as calculated by Vlasiator
at energies of 1.6 keV and 8.9 keV with a constant loss cone of 10 degrees everywhere.

2.2.3 Obtaining Precipitation Fluxes from Vlasiator

Obtaining precipitation data from Vlasiator, and therefore energy fluxes, requires
a full velocity distribution to be present. However, it is not feasible to store the
velocity distribution function of every cell because that would dramatically increase
the already enormous storage requirements. Therefore, differential energy fluxes in
nine logarithmically spaced bins between 0.5 and 50.0 keV are directly calculated and
stored in the bulk files for every grid cell during the Vlasiator run using the magnetic
field vector, the velocity distribution function, and a constant bounce loss-cone
(see 1.2.2) of 10 degrees everywhere. Figure 2.3 shows slices of precipitation differ-
ential flux in two energy bins at t = 1200 s in the simulation, centered around the Earth.

As mentioned before, the Vlasiator domain only reaches 4.7 Earth-radii. How-
ever, ions precipitate into the ionosphere at much lower altitudes of 60 to 900 km
above the surface of the Earth. Additionally, in Vlasiator, the magnetic field inside
of the inner boundary is only approximated by a perfect dipole. To get an accurate
representation of precipitation at ionospheric altitudes, the Tsyganenko 2001 model
(Tsyganenko, 2002) was used to map precipitation energy fluxes from inside the Vlasi-
ator domain into the ionosphere. The Tsyganenko model uses solar wind parameters
and the Earth’s dipole tilt to create a model of the magnetospheric magnetic field.
11 march 2020 has been chosen for the Earth’s dipole tilt, which is the date in 2020
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where the Earth had the least tilt, as the dipole field of the Earth points straight up
relative to the Sun in Vlasiator. The magnetic north pole was located at 86.3 degrees
latitude and 169.7 degrees longitude at that time (Macmillan, 2020), while the Sun
pointed at −3.2 degrees latitude, which is essentially perpendicular to the pointing
direction of the dipole field at that time. The same solar wind parameters as in the
Vlasiator run have been used as input to the Tsyganenko model.

Figure 2.4: The path lengths of magnetic field lines as traced with the Tsyganenko 2001 model using
the solar wind parameters as in the Vlasiator run. The geomagnetic north is located in the center of
each panel, while red circles indicate magnetic latitude (MLAT). The Sun is pointed towards noon at
a magnetic local time (MLT) of 12 at the top of each panel.

The magnetic field lines have been traced from ionosphere altitude of 110 km
above the Earth’s surface to a radius 5.5RE, which is about 0.8RE inside the Vlasiator
domain. This margin was taken to obtain actual precipitating proton fluxes, since the
boundary of the Vlasiator domain is set as a perfect Maxwellian, which might interfere
with precipitation data. A magnetic latitude (MLAT) grid has been used from 63.5 to
84.5 degrees with a resolution of 1.0 degrees, while a resolution of 0.5 has been used
for magnetic local time (MLT), resulting in a mesh of 22 by 48 points respectively.
Figure 2.4 shows the path length that resulted from the magnetic field lines traced
with the Tsyganenko model, both at the starting location at ionospheric altitude and
at the other end inside the Vlasiator domain. The figure at 5.5RE shows why the lower
latitude of 63.5 degrees has been chosen − field lines at lower latitudes will curl back
to Earth at altitudes lower than 5.5RE. Figure 2.5 shows a 3D visualization of these
plots, approximately to scale. In practice, the algorithm has been implemented using
the Geopack library in Python (Tian, 2018).
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Figure 2.5: A 3D scale representation of the magnetic field line path lengths as traced traced with
the Tsyganenko 2001 model. The camera points at 10 MLT and the same colors have been used as in
figure 2.4. The purple drawn field lines are for illustrative purposes.

2.3 Validation of Precipitation

To validate the results of precipitation fluxes observed in Vlasiator, the precipitation
data will be compared both quantitatively and qualitatively with two different methods.
The integral energy flux will be directly compared to satellite observations, while the
integral energy flux and mean energy will be compared with Ovation Prime.
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2.3.1 Satellite Observations

Proton precipitation data of the SSJ instrument on the Defense Meteorological Satellite
Program (DMSP) (Doherty, 2008, 2012) will be used to compare to Vlasiator data.
The SSJ is based on a Electrostatic Analyzer Detector (ESA-500) made by Amptek
2.6, which can simultaneously analyze electrons and ions with energies between a few
eV and 60 keV over a 90 degree field of view. DMSP has an orbital height of 830 km,
but precipitation data has been adjusted to precipitation at an altitude of 110 km. As
mentioned at the beginning of this chapter, the path of a satellite will only cover a line,
rather than cover the entire auroral oval region. Therefore, to directly compare the
two, the path of the satellite will be plotted on top of Vlasiator and the integral energy
flux will be compared along the satellite path. The DMSP data contains some noise,
especially in regions with lower precipitation. Therefore, a moving time-average of 20
seconds has been taken for the direct comparison. The time of 20 seconds is chosen to
match the resolution in latitude of 1 cell per degree of the ionospheric Vlasiator plot,
which takes about 20 seconds at the orbital height of the satellite.

Figure 2.6: An image of the SSJ sensor on DMSP. Image by Amptek

2.3.2 Ovation Prime

Next to comparing Vlasiator to satellite data, integral energy flux and mean energies
will be compared to Ovation Prime (Newell et al., 2014). Ovation Prime is an empirical
model that uses DMSP data in combination with solar wind parameters to estimate
integral energy flux, integral number flux and mean energy of electron and ion pre-
cipitation. Originally, Ovation Prime is written in IDL, but here the Python version
of Ovation Prime 2010 is used, which is translated to Python by Liam Kilcommons
and Steve Morley (Kilcommons and Morley, 2016). The Ovation Prime model does
have some limitations. Ovation Prime is generally less reliable at higher geomagnetic
activity (Kp > 6) and the model is known to produce some large nonphysical values
in isolated latitude/MLT bins.
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Vlasiator Target
v[ km s−1] 750 v > 650
N [H+ cm−3] 1.0 1 ≤ N < 5
BZ [ nT] −5.0 −10.0 < BZ < 0.0
BY [ nT] 0.0 |BY | < 5.0

Table 2.1: Solar wind requirements for DMSP satellite date.

2.3.3 Real-World Solar Wind Conditions

As mentioned before, the solar wind input in Vlasiator is a continuous flux coming from
the positive x-axis boundary. This input is constant in time and for this simulation,
the incoming solar wind has a velocity of 750 km s−1 with a density of 1H+ cm−3 and
a southward magnetic field of 5 nT. Comparing Vlasiator with both satellite data
and Ovation Prime requires a choice of date and time for which the real-world solar
wind conditions match, or are at least close to, the solar wind conditions used in the
Vlasiator run.

The solar wind speed of 750 km s−1 is relatively rare, especially in combination
with the low density of 1 proton per square centimeter. Additionally, the interplane-
tary magnetic field should point southwards with a y-component that is not too large.
Another property to take into account is the dipole alignment of the Earth, which is
aligned with the z-axis in Vlasiator. This vertical alignment generally only happens
around the equinoxes, which take place in March and September. Table 2.1 shows the
requirements that have been set to match the solar wind conditions with Vlasiator as
closely as possible.

Solar wind data from the OMNIWeb database (King and Papitashvili, 2005) has
been used to find suitable solar wind conditions. A python script has been written
to find all times where the solar wind conditions match the requirements. For a good
comparison, it is important that the solar wind conditions match for at least half
an hour, or as long as the simulation time of the Vlasiator run. Two dates have
been chosen that were found to match these conditions for a longer period of time,
namely 29 February 2008 between 14:00 and 15:00 UT and on 12 March 2012 between
21:00 and 23:59 UT. DMSP satellites passed over the northern cusp during both these
events. DMSP-F16 passed over the polar regions between 14:18 and 14:33 UT on
29 February 2008 and DMSP-F18 passed over the polar regions between 21:14 and
21:27 and between 22:55 and 23:09 UT on 12 March 2012.



3. Results

In this section, we will present the results of the study of auroral precipitation in
the first 6D Vlasiator run. First, we will have a look at global precipitation patterns
in Vlasiator, focusing on differential energy fluxes in the XZ-plane, after which the
results for proton differential energy flux, integral energy flux and mean energy are
presented at ionospheric altitude. Next, the integral energy flux is directly compared
to observations of satellite overpasses of the Defense Meteorological Satellite Program.
Finally, integral energy flux and mean energy is compared with Ovation Prime, which
is an empirical model estimating ionospheric electron and proton precipitation using
solar wind parameters and satellite data.

3.1 Global Precipitation Patterns in the Vlasiator
Run

Figure 3.1 shows six slices of differential number fluxes for precipitating protons in the
Vlasiator run at energies between 0.9 and 16.0 keV at t = 1200 s in the noon-midnight
meridional plane with the Sun on the right side. The parallel component of the
velocity vector of particles precipitating into the ionosphere relative to the magnetic
field is positive in the northern hemisphere and negative in the southern hemisphere.
Consequently, protons in this Vlasiator run are considered to be precipitating if their
velocity vector is parallel to the magnetic field within 10 degrees in the northern
hemisphere (Z ≥ 0), and anti-parallel to the magnetic field with the same angle in the
southern hemisphere (Z < 0).

For each energy, there is a clear band of protons visible on the dayside that
follows the magnetic field line extending to around 10RE. Particles in this band follow
a magnetic field line that is just inside the magnetopause. This band is most prevalent
between 1.6 and 8.9 keV, where the band is slightly wider and the maximum differential
energy flux is the greatest. For energies of 2.8 keV and 5.0 keV, the differential energy
flux reaches up to 1.8 · 104 H+ cm−2 s−1 sr−1 eV−1 with a band that is just under 1RE

25
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Figure 3.1: Differential number flux for precipitating protons in Vlasiator at six energy levels between
0.9 and 16.0 keV in the noon-midnight meridional plane (Y = 0). The grey lines indicate magnetic
field lines.

wide around the equator and around 2RE at the near-Earth boundary of the Vlasiator
simulation domain. At lower energies up to 2.8 keV, there are a lot of precipitating
particles in the dayside that are not part of this main band. Especially at 0.9 keV,
there is a considerable amount of particles precipitating from magnetic field lines
further inside the magnetosphere with differential fluxes upwards of 5.3 · 102 keV. One
possible explanation for this increase in precipitation is the near-Earth boundary of
Vlasiator, which has a constant Maxwellian as a particle velocity distribution. An
excess of particles could be emitted from the inner boundary, following a near-Earth
magnetic field line, after which they will precipitate back into the ionosphere. Outside



3.1. Global Precipitation Patterns in the Vlasiator Run 27

of the main precipitation band and outside of the magnetosphere, there is some
differential energy flux of particles as well, but these field lines are not connected
to the Earth’s atmosphere, and will therefore not be considered. An interesting
phenomenon occurs in the region around (x, z) ≈ (7RE, 7RE), which is a magnetic
island, which will travel along the outer regions of the magnetotail. Part of this island
will reconnect later and form a burst of precipitation at a later time-step.

On the nightside, there is a clear trend, where the maximum differential energy
flux is higher the lower the energy of protons. At the lowest energy of 0.9 keV,
differential energy fluxes of 4.0 ·103 H+ cm−2 s−1 sr−1 eV−1 are present in the nightside
on the inner part of the precipitating band. These particles are all part of the nightside
bounce loss cone. At higher energies, a larger fraction of particles is coming from the
plasma sheet.

At first glance, the northern and southern hemispheres look very similar at each
energy level. There are some subtle differences between them however, especially on
the dayside. These differences can be seen most easily by looking at the north- and
south-most area of the main precipitation band. At all energies, the maximum differ-
ential energy flux is slightly higher in the north compared to the south. Additionally,
the north-most part of the band is generally a bit wider compared to the south. When
looking at the equatorial part of the band, the north side has fewer particles following
the magnetic field lines compared to the south. This is especially visible at 16.0 keV,
since the northern side is nearly empty. Other energies show similar results, where the
north side has fewer particles than the south, although the thickness of both sides of
the equator is similar.

The resulting mapping of proton precipitation differential flux into the ionosphere
at an altitude of 110 km at t = 1200 s is shown in Figure 3.2. Each panel shows the
northern hemisphere, where the geomagnetic north is located in the center of the
panel, and red circles indicate magnetic latitudes of 65 to 80 degrees with intervals
of 5 degrees. The Sun is pointed towards the noon sector at a magnetic local time of
12, the midnight sector is opposite noon at a MLT of zero, and the morning (MLT
around 6) and evening (MLT around 18) sectors are eastwards and westwards of noon
respectively.

The panels corresponding to energies of 2.8 keV, 5.0 keV and 8.9 keV clearly
show the auroral oval with a bright spot both in the noon- and in the midnight
sectors. At t = 1200 s, the peak intensity is about 103 H+ cm−2 s−1 sr−1 eV−1 at
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Energy Dayside maximum F Nightside maximum F
[ keV] [ H+ cm−2 s−1 sr−1 ev−1] [MLT] [ H+ cm−2 s−1 sr−1 ev−1] [MLT]
0.9 1.2 · 103 9.0 - 15.5 3.7 · 103 21.0 - 2.0*
1.6 1.9 · 103 10.0 - 14.5 1.9 · 103 20.5 - 1.0
2.8 9.5 · 102 10.0 - 14.0 1.6 · 103 21.0 - 1.0
5.0 2.2 · 102 10.0 - 13.5 1.5 · 103 21.0 - 0.5
8.9 1.0 · 102 10.0 - 13.5 1.2 · 102 21.0 - 0.0
16.0 1.8 · 101 10.0 - 13.5 < 100 -

Table 3.1: Vlasiator maximum differential energy flux and MLT at ionospheric altitude as a function
of energy in both the day- and the nightside. *For 0.9 keV, there is no clear peak in intensity visible
on the nightside, as there is increased precipitation at all MLT at latitudes between 65 and 70 degrees,
which is where the nightside oval is.

2.8 keV and about 102 H+ cm−2 s−1 sr−1 eV−1 at 8.9 keV around a magnetic latitude
of 74 degrees in the cusp on the dayside. On the nightside, the peak is at a latitude of
68 degrees with peak intensities between 1.2 · 103 and 1.6 · 103 H+ cm−2 s−1 sr−1 eV−1

for the energies of 2.8 keV, 5.0 keV and 8.9 keV (See Table 3.1). Looking at the
flux with energies of 0.9 keV and 1.6 keV, there is a lot more going on in terms of
precipitation. Next to the cusp region, which is a few degrees higher at ±76 degrees,
there is quite some precipitation at lower latitudes both in the morning and in the
evening sector, with a dip right around noon between 11 and 13 MLT. Additionally,
there is some proton precipitation in both the morning and evening sectors at higher
latitudes between 75 and 85 degrees. Beyond this energy, these features disappear. At
16.0 keV, only the cusp region and a small region on the nightside contain precipitation.

Figure 3.3 shows the integral energy flux and mean energy, again at t = 1200 s.
The integral energy flux shows a clear peak flux intensity of≈ 1.8·107 keV cm−2 s−1 sr−1

at 75 degrees on the dayside and ≈ 3.1 · 107 keV cm−2 s−1 sr−1 at 68 degrees on the
nightside. The dayside peak is centered around 12 MLT and the increased intensity
spans from around 9.5 to 14.5 MLT. The nightside peak is much more localized with
the center around 23.5 MLT and is only 1 to 2 hours wide in MLT. In addition
to the main auroral oval, there is increased precipitation for all MLT at latitudes
between 65 and 70 degrees with a slight dip around noon and a maximum at the pre-
and post-noon sectors. Comparing the differential fluxes at 0.9 keV and 1.6 keV with
those of higher energies, as well as looking at the mean energy in those regions, the
precipitation in those regions is mainly due to lower energy protons below 2 keV. The
mean energy in the dayside cusp region is 3 to 5.4 keV while the mean energy in the
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Figure 3.2: Precipitation differential number flux of Vlasiator at ionospheric altitudes for energies
between 0.9 keV and 16.0 keV at t = 1200 s in the northern hemisphere. The geomagnetic north is
located in the center of each panel, while red circles indicate magnetic latitude (MLAT). The Sun is
pointed towards noon at a magnetic local time (MLT) of 12 at the top of each panel.

nightside oval is mostly between 4 and 6 keV with a peak mean energy of 10 keV at a
higher latitude of 78 degrees. In both the day- and the nightside, the mean energy
gradually increases depending on latitude. On the dayside, the mean energy increases
the lower the latitude while on the nightside the mean energy increases the higher the
latitude.

So far, we have looked at a snapshot of the Vlasiator run, but looking at the
time-evolution can give a lot of insights as well. When comparing the integral energy
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Figure 3.3: Proton integral energy flux and mean energy at ionospheric altitudes at t = 1200 s. The
MLAT and MLT layout is similar to Figure 3.2.

fluxes at t = 1200 s (Figure 3.3) with the time-averaged integral energy flux, which
is used for the direct comparison with satellite data and Ovation Prime (e.g. Figure
3.6), it is clear that there are more local flux peaks for the snapshot figure, especially
in the nightside oval. Where there is a clear peak around 23.5 MLT at t = 1200 s,
the nightside peak is smeared out a lot in the time-averaged case. Looking at the
supplementary video of the time-evolution of the integral energy flux, the peak in
MLT drifted from 23.5 to 22.5 MLT between t = 1200 s and the end of the simulation
at t = 1500 s. Additionally, the cusp location drifted slightly northwards, peaking at a
geomagnetic latitude of 75 degrees at t = 1200 s and 76 degrees at t = 1500 s.

To directly compare the mean energy and integral energy flux of precipitating
protons in the Vlasiator run with Ovation Prime and spacecraft data, the time-averaged
integral energy flux is taken between t = 1000 s and the end of the run at t = 1506 s
as opposed to using a single time frame. This is to show global precipitation patterns
in Vlasiator rather than a snapshot, which eliminates the variations in precipitation
observed during a quiet time or during a burst of precipitation. The start time of
t = 1000 s has been chosen at a point in the simulation where the magnetotail has
completely formed.
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3.2 Comparison with Satellite Observations

Integral energy flux data from the Precipitation Electron/Proton Spectrometer
(SSJ) instrument of the Defense Meteorological Satellite Program (DMSP) has been
used and directly compared to Vlasiator by overlaying the observed proton integral
energy flux along the path of DMSP on top of the ionosphere-plots created with the
Vlasiator simulation. Two events have been chosen where the solar wind conditions
were close to those in the Vlasiator run, and where at least one of the then-active
DMSP satellites passed over the cusp region of the auroral oval. Unfortunately, due
to the Sun-synchronous orbit of the DMSP satellites, the satellites never pass over
the nightside of the auroral oval in the northern hemisphere. Therefore, only direct
comparisons of the cusp in the dayside of the auroral oval will be shown. The two
chosen events were on 29 February 2008 between 14:18 and 14:33 UT and on 12 March
2012 between 21:14 and 21:27, and between 22:55 and 23:09 UT, both of which match
the solar wind conditions of Vlasiator pretty well. Additionally, both are close to the
equinox, ensuring that the geomagnetic north pole is approximately orthogonal to the
Sun-Earth line to match the dipole orientation in Vlasiator. Whenever one of the
two events is discussed, they will be referred to as the 2008 event or the 2012 event
respectively.

The solar wind conditions for the 2008 event are shown in Figure 3.4. During
the overpass of the DMSP-16 satellite between 14:18 and 14:33 UT, the solar wind
had a velocity just below 700 km s−1 at a density around 2H+ cm−3, which is twice as
dense as in Vlasiator, but within the requirements set in section 2.3.3. The southward
interplanetary magnetic field component during the 2008 event matches Vlasiator very
well at a value of −5 nT, while the magnitude of the BY component is not too large.

Figure 3.5 shows the overpass of DMSP F-16 during the 2008 event. Panel a
shows the integral energy flux (left side) and mean energy (right side) along the path
of the satellite between 58 and 83 degrees latitude. Panel b shows the differential
energy flux as a function of latitude and panel c shows the integral energy flux and
mean energy as a function of latitude. Both of the right panels are focused on the
dayside cusp region, which is between 73 and 78 degrees. DMSP finds differential
fluxes between 102 and 104 H+ cm−2 s−1 sr−1 eV−1 in the cusp region. These values
are similar to those found in Vlasiator for lower energy levels, and a few times larger
than Vlasiator at 5.0 keV and higher energy levels. At 72 degrees latitudes, which
is in the lower-latitude part of the cusp, the maximum differential flux is around
0.6 keV. In the center of the cusp, the maximum differential flux is at 3 keV and at
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Figure 3.4: Solar wind conditions between 13:00 and 17:00 on 29 February 2008. Panel a shows the
solar wind velocity, panel b shows the density, the BY component, BZ component and the magnitude
of the magnetic field are shown in panel c and the auroral electrojet (AE) index, which is a number to
quantify magnetic activity in the auroral zone, is shown in panel d. The dotted lines show the solar
wind parameters used for the Vlasiator run.

higher cusp latitudes of 78 degrees the maximum differential flux is around 7 keV.
Consequently, the mean energy in the cusp region increases the higher the latitude,
which is also visible in panel c, with mean energies of 1 keV at 72 degrees latitude and
going upwards of 6 keV at 78 degrees. For Vlasiator, the mean ranges between 3 and
5.4 keV, peaking at a latitude of 74 degrees in the cusp.

To directly compare the DMSP satellite data to Vlasiator, the integral energy
flux of DMSP F16 has been plotted on top of the time-averaged integral energy flux
obtained with the Vlasiator simulation (Figure 3.6). Additionally, a direct comparison
is shown of DMSP F16 with Vlasiator as a line plot along the path of the F16 satellite
in panel b. DMSP F16 measured fluxes between 1 · 105 and 4 · 107 keV cm−2 s−1 sr−1,
while Vlasiator measured fluxes between 1 · 104 and 6 · 106 keV cm−2 s−1 sr−1, which
is about one order of magnitude lower. The relative magnitudes are similar however,
and both in Vlasiator and DMSP F16, the cusp can be identified around a latitude of
75 degrees with a width of about 4 degrees. In the evening sector, both Vlasiator and
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Figure 3.5: The overpass of DMSP-F16 over the cusp region, which it passed between 14:28 and
14:36 on 29 February 2008. Panel a shows the overpass as a line plot along the path of the satellite.
The left side of the line shows integral energy flux and the right side shows the mean energy. Panel b
shows the proton differential energy flux and panel c shows the integral energy flux and mean energy
as a function of geomagnetic latitude in the cusp region.

DMSP F16 show an increase in precipitation, although the peak in Vlasiator is a lot
wider in latitude.

For the 2012 event, the solar wind conditions differed slightly more from
Vlasiator compared to the 2008 event. However, the solar wind conditions were
relatively stable for several hours, long enough for multiple overpasses of DMSP to be
compared to Vlasiator. The solar wind speed was between 650 and 750 km s−1 for the
whole duration starting at 20:00 until midnight on 12 March 2012. The southward
component of the interplanetary magnetic field stayed negative except for a small
peak around 21:40, ranging between 1 and −6 nT, while the y-component of the
magnetic field had a magnitude smaller than 5 nT. The density was very constant
around 2 protons per cubic centimeter.

Figure 3.8 shows DMSP F-18 during the second overpass of the 2012 event. For
this overpass, as well as the first overpass of the satellite, the differential energy flux
looks a lot sparser compared to the 2008 event. The cusp region is a lot narrower in
geomagnetic latitude, with a width of only about 2 degrees centered at 74 degrees.
At this latitude, the differential energy flux is maximum at energies between 1 and
2 keV with differential energy fluxes of up to 3 · 103 H+ cm−2 s−1 sr−1 eV−1. The mean
energy in the cusp is rather noisy, and values range between 2 keV at 73 degrees to
over 10 keV at 74.5 degrees latitude.
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Figure 3.6: Overpass of DMSP-F16 on 29 February 2008 between 14:15 and 14:33. Panel a shows
the integral energy flux of the DMSP F-16 satellite along its path on top of Vlasiator. The bottom
plot shows a direct comparison of Vlasiator with F-16 along the path of the satellite.

Figure 3.9 show the integral energy flux of two overpasses of DMSP F-18 on
top of the Vlasiator results. The top plot shows that for both overpasses, DMSP
and Vlasiator agree well in terms of the location of the cusp. The direct comparison
in the two bottom plots confirms this, showing both a similar location of the cusp
as well as similar magnitudes. Both Vlasiator and DMSP find peak fluxes around
6 · 106 keV cm−2 s−1 sr−1 at a latitude between 73 and 75 degrees. On the evening side
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Figure 3.7: Solar wind conditions between 20:00 and 24:00 on 3 March 2012. The same format as
in Figure 3.4 has been used.

Figure 3.8: The overpass of DMSP-F18 over the cusp region, which it passed between 23:04 and
23:12 on 3 March 2012. The same layout has been used as in Figure 3.5.

around 20 MLT, both Vlasiator and DMSP show increased precipitation at around
75 degrees latitude and lower, although the intensities of Vlasiator are slightly lower
for the first overpass and about an order of magnitude lower for the second overpass.
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3.3 Comparison with Ovation Prime

Integral energy flux and mean energy as produced by the 2010 Ovation Prime model
are compared directly to Vlasiator data. To remain consistent with the spacecraft
comparison, Ovation Prime results for the same two dates and times in 2008 and 2012
have been chosen to compare Vlasiator with.

Figure 3.10 shows the integral energy flux and mean energy of Vlasiator (panel
a, b) above the Ovation Prime results for integral energy flux (panel c, e) and mean
energy (panel d, f) during the 2008 (panel c, d) and the 2012 (panel e, f) events.
A different scale is used for the color map compared to that of the spacecraft data
(Figures 3.6 and 3.9) to show more details in the Ovation Prime data.

Overall, the Ovation Prime data looks a lot more smoothed out compared to
both spacecraft data and Vlasiator. This is not entirely unexpected, since Ovation
Prime uses statistical data from a lot of different events, which essentially averages
out the fluxes. Additionally, Ovation Prime takes hourly averages, while the Vlasiator
results are taken over average of 500 seconds. This does not seem like too much of a
difference, but there are some auroral structures that persist in the order of several
minutes to an hour. In terms of integral energy flux, in the cusp, a maximum of
1.2 · 107 keV cm−2 s−1 sr−1 is found for the 2008 event and 1.8 · 107 keV cm−2 s−1 sr−1

for the 2012 event. On the nightside, a maximum of 4.0 · 107 keV cm−2 s−1 sr−1 is
found for the 2008 event and 4.6 · 107 keV cm−2 s−1 sr−1 for the 2012 event. The cusp
region is at a latitude of approximately 74 degrees for both events. In both cases the
cusp region is not very well defined and is quite wide, spanning from 69 to 79 degrees.
Determining a width of the cusp in terms of MLT is quite difficult since there is no
well defined region with more integral energy flux compared to elsewhere.

Mean energies in Ovation Prime are a lot higher in the evening sector compared
to the morning sector. In the noon-evening sector, mean energies are between 1.0
and 5.0 keV while in the morning-noon sector, the mean energy does not really get
higher than 1.0 keV regardless of latitude. Additionally, in either case there is no cusp
visible, and mean energies are generally higher at lower latitudes. Peak mean energies
in the midnight oval span from evening to dawn in Ovation Prime, in contrast to
the localized nightside oval of Vlasiator, which only peaks between 21 to 1 MLT.
Additionally, Vlasiator shows a clear dayside cusp region and a defined auroral oval in
both integral energy flux and mean energy. On the other hand, the cusp in Ovation
Prime is much more spread out and a lot wider in latitude. In the mean energy plot,
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the cusp region is not really visible at all for Ovation Prime. In contrast to Vlasiator,
Ovation Prime shows a large asymmetry when comparing the noon-evening sector and
the morning-noon sector in terms of mean energy.

In summary, the auroral precipitation patterns given by Ovation Prime during the
two events show very few small-scale structures, which is consistent with the empirical
nature of this model, and is amplified by the hourly averaging of precipitating fluxes.
Nevertheless, the obtained fluxes are in relatively good agreement with the Vlasiator
results.
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Figure 3.9: Overpass of DMSP-F18 with Vlasiator on 12 March 2012 between 21:15 and 23:08. A
similar plot layout has been used to 3.6. Two overpasses of the satellite about two hours apart are
shown.
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Figure 3.10: Comparison of the time-averaged Vlasiator results with the two chosen events for
Ovation Prime in terms of integral energy flux and mean energy. The top two panels show the
Vlasiator plots, the middle two panels show the Ovation Prime results with as input the solar wind
parameters of the 2008 event and the bottom two panels show the results for Ovation Prime with the
2012 solar wind parameters as input.





4. Discussion

Grandin et al. (2019) presented results for a previous 2D-3V (2 spatial dimensions,
3 velocity dimensions) Vlasiator run with similar solar wind driving conditions in a
southward interplanetary magnetic field. Grandin et al. (2019) focused on proton
precipitation as measured by virtual spacecraft in the nightside magnetosphere. They
found integral energy fluxes in the range of 1.0 · 107 to 6.0 · 107 keV cm−2 s−1 sr−1

during the entire simulation. This results coincides well with the observed integral
energy fluxes (at ionospheric altitudes) in the Vlasiator run in this thesis, both at
t = 1200 s and in the time-averaged integral energy fluxes in the nightside of 3.1 · 107

and 1.5 · 107 keV cm−2 s−1 sr−1 respectively. Since Grandin et al. (2019) has only
two spatial dimensions, they used a line dipole for their magnetic field and hence
magnetic field lines equations were proportional to the cosine of the angle rather than
the cosine squared. This prevented them from accurately mapping the precipitation
at the virtual spacecraft to the ionosphere.

Comparing the satellite data for the 2008 event and the 2012 event shows that
there is quite some variability in proton precipitation, even when the solar wind
parameters are similar. This is especially visible when looking at the differential energy
flux for both events. The 2008 overpass shows both a wider cusp region in terms of
latitude, with a larger range in differential flux energies compared to the 2012 overpass.
The 2012 data is a lot more grainy, and there is only a clear cusp region visible at
geomagnetic latitudes between 72.5 and 75 degrees. This also shows in the integral
energy fluxes, where the cusp region as observed by DMSP is much wider for the 2008
event compared to the 2012 event, with higher maximum fluxes and much less noise.
Both events show a trend in mean energy, which increases with latitude inside the cusp.

The statistical patterns of precipitation observed with DMSP that are used in
Ovation Prime show a good overview of precipitation fluxes at ionospheric altitudes.
However, in contrast to the satellite observations, which vary quite a lot between
events, Ovation Prime shows very similar results when comparing the 2008 and 2012
events. This is quite visible when looking qualitatively at Figure 3.10. The auroral
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oval in Ovation Prime is quite wide, which suggests that data with similar solar
wind driving conditions can produce an auroral oval at different latitudes, hence the
wide cusp and nightside oval. Ovation Prime shows increased mean energies in the
midnight-morning sector, as well as the noon-evening sector, which could be due to
undersampling in these regions, as DMSP-satellites pass less regularly over those
regions.

For the whole simulation domain, a constant bounce loss-cone angle of 10 degrees
was used. At an altitude of 5.5RE this might be a reasonable approximation, but in the
dynamic environment near the magnetopause, the real loss-cone angle might fluctuate
during the simulation, which would produce slightly different flux values. Additionally,
at larger distances from the Earth’s dipole, the bounce loss-cone angle should be con-
siderably less than 10 degrees, since the magnetic field strength decreases with distance
to the Earth. Figure 5.1 shows the actual bounce loss-cone angle within the magne-
tosphere region. At the near-Earth boundary, the loss-cone is about 7 degrees, which
indeed decreases radially outwards. Inside the tail plasma sheet and in a thin band
at the dayside magnetopause, the loss-cone angle decreases to less than one degree.
The observed differences in loss-cone angle only affects the accuracy of the differential
energy flux (Figure 3.1) further from the Vlasiator Earth boundary. Other results will
only be influenced marginally, since those just use the data at the near-Earth boundary.

For energies of 0.9 and 1.6 keV, there is increased precipitation in the whole
band at a latitude between 63 and 70 degrees (Figure 3.2). As far as we know, there
is no good physical explanation for this, especially not in the intensities observed.
One possible explanation of this phenomena is the boundary conditions applied of
the inner-Earth boundary of Vlasiator. As this boundary emits a continuous stream
of particles with a Maxwellian VDF with proton energies mostly below 0.8 keV, this
might be one of the sources for this precipitation.

In contrast to the mean energy in the cusp in the satellite observations,
this Vlasiator run suggests that the mean energy in the cusp region decreases the
higher the latitude, while in the nightside auroral oval the mean energy increases
the higher the latitude. In practice it is difficult to describe the region inside the
magnetopause with a simple formula because of its highly dynamic nature. However,
a possible explanation for this phenomena that supports the mean energy-latitude
dependency results as seen in Vlasiator is due to the reconnection regions in the
(dayside) magnetopause and in the middle of the tail on the nightside. On the dayside
magnetopause, magnetic field lines get ‘pulled apart’ due to reconnection. These field
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lines are connected to the Earth, and on the Earth’s end of the magnetic field line,
as well as at the magnetopause, the field line moves northwards to higher latitudes
on the north-side and the field moves southwards to lower (more negative) latitudes
in the south. One of the consequences of this is that protons moving slower along
these magnetic field lines may arrive at a higher latitude compared to faster (more
energetic) protons. Conversely, on the nightside reconnection takes place, ‘creating’
new field lines, pushing field lines on the near-Earth side of the reconnection region
inwards. Protons that arrive later would now precipitate at lower latitudes and
therefore the higher the energy of a proton, the higher the latitude which they will pre-
cipitate at. Reiff et al. (1977) found the same results for energy-latitude dispersion in
the dayside cusp using satellite data, and Connor et al. (2015) using a MHD-simulation.

Using the Tsyganenko model to trace magnetic field lines is a good method to
map precipitation from the ionosphere to the Vlasiator domain. However, there are a
lot of physical phenomena that happen within 4.7 Earth radii that are not captured
in the simulation. The current inner-Earth Maxwellian boundary conditions are not
representative of magnetosphere-ionosphere coupling physics. Ganse et al. (2022) is
working on implementing an ionospheric model into Vlasiator, which among other
things couples field-aligned currents onto an ionospheric grid. Additionally, during
times when there are major disturbances in the magnetosphere, precipitation can
happen at geomagnetic latitudes below 63 degrees, which cannot be captured at all
using the current method, since these magnetic field lines do not reach the altitude
of 5.5RE at which the field lines are mapped. The way to solve this problem is to
decrease the radius of the inner boundary, which comes at the cost of an increase in
computational load.

Proton precipitation only accounts for about 15% (Simon et al., 2007) of total
precipitation into the ionosphere. The other 85% comes from electron precipitation.
As mentioned in section 2.2.1, there is progress in modelling electrons as a Vlasov
population. This same setup could be used to find electron precipitation in Vlasiator,
which has been done for a 2D-3V Vlasiator run already (Grandin et al., 2021). The
same setup could be used to obtain electron precipitation for this 3D-3V-run or another
6D run to give the full picture of ionospheric precipitation.





5. Conclusion

This thesis presents the results for ionospheric proton precipitation in the first 6D
global magnetospheric hybrid-Vlasov Vlasiator run. The results were compared to
observational data from the Defense Meteorological Satellite Program (DMSP) and to
statistical data from the empirical model Ovation Prime, which in turn uses several
years of observations from DMSP. Two dates where the solar wind conditions matched
well with those used in Vlasiator were used for both comparisons. This Vlasiator
run used as solar wind parameters a velocity of 750 km s−1 at a density of 1H+ cm−3

with a purely southward interplanetary magnetic field of 5 nT. The chosen dates were
29 February 2008 between 14:00 and 14:40 and 12 March 2012 between 21:00 and 23:59.
The following conclusions were drawn:

• Vlasiator produces plausible peak differential energy fluxes in the cusp in the
range of 102 to 103 H+ cm−2 s−1 sr−1 eV−1 at energies between 2.8 and 8.9 keV
at t = 1200 s, producing peak integral energy fluxes of 1.8 ·107 keV cm−2 s−1 sr−1

at a geomagnetic latitude (MLAT) of 75 degrees. At the same time-step and
energies, differential energy fluxes were around 1.5 ·103 H+ cm−2 s−1 sr−1 eV−1 in
the nightside oval, giving peak integral energy fluxes of 3.1·107 keV cm−2 s−1 sr−1

at 68 degrees MLAT.

• Both DMSP-F16 (2008 event) and DMSP-F18 (2012 event) produced similar
results compared to Vlasiator in terms of cusp location. For the 2008 event,
there was up to an order of magnitude difference in terms of integral energy flux
in the cusp region, while for the 2012 event, the difference was less than a factor
two.

• Ovation Prime finds similar maximum integral energy fluxes in both the cusp and
the nightside oval compared to Vlasiator. There are however major qualitative
differences between the two. The auroral oval in Ovation Prime is much wider
compared to the oval in Vlasiator. This is probably because Ovation Prime
takes averages of numerous spacecraft overpasses, which observe precipitation at
different latitudes even with similar solar wind conditions.
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• The mean energy in Ovation Prime is generally a bit lower than the mean energies
found in Vlasiator, and from the mean energy data there is no cusp or nightside
oval visible in contrast to the Vlasiator data, which has a very clear oval with
increased mean energies.

In conclusion, this thesis has shown that 6D-Vlasiator runs can produce similar
proton precipitation fluxes as DMSP observations and Ovation Prime data. Vlasiator
is still actively being developed and in the near future even more science can be done on
particle precipitation using Vlasiator, for example by using real-world solar wind data
as the boundary condition on the positive X-axis, by observing electron precipitation
using eVlasiator and by using an ionospheric model to be able to simulate proper
Magnetosphere-Ionosphere coupling.

Figure 5.1: The bounce loss cone angle on the XZ-slice at Y = 0, t = 1200 s taking a constant
magnetic field strength at the Earth’s polar ionosphere of 52000nT. This calculation assumes the
magnetic field lines are connected to the Earth. Therefore most values that are not within the
magnetopause are nonphysical. Black circles indicate locations where the VDFs are saved.
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