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1 Introduction

The main two flow types of solar wind are coronal mass ejections (CME) and
high speed streams (HSS). CMEs cause fast moving and densely populated
regions in the interplanetary space which create impulsive short period (. 2

days) increases in geomagnetic activity when they hit the Earth. HSSs are
tenuous fast moving streams of particles originating from so called coronal
holes. Both of the drivers’ magnitude as well as occurence rate are affected by
the solar cycle with CMEs peaking during solar maxima and HSSs peaking
during the declining phase of the solar cycle. When hitting the Earth, these
solar wind flow types can create geomagnetic storms which are temporary
disturbances within the Earth’s geomagnetic field or magnetosphere. During
a geomagnetic storm charged particles are injected into the Earth’s magneto-
sphere and accelerated to high velocities, e.g., via wave-particle interactions.

A part of the particles that are injected in the Earth’s magnetosphere, even-
tually precipitate into the Earth’s atmosphere colliding with atmospheric
particles. Precipitation of high energy particles is strongest within the outer
radiation belt where it also varies strongly over time. Precipitation is also
noteworthy within the inner radiation belt which however, does not vary
strongly over time since the strong magnetic field of the inner magnetosphere
prevents particles from entering the belt effectively. Understanding the flux
variations in the outer belt is important as they have been shown to degrade
satellites in the geostationary orbit (e.g., Baker et al. (1998)). Solar ener-
getic proton events which are associated with solar flares and CMEs can also
occasionally pose a radiation hazard to aircraft passengers and electronics
(Dyer et al. 2003).

Before satellite measurements of the precipitating electrons was possible, lo-
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cal geomagnetic variations were one of the few sources of information of the
variations of near-Earth space. Some observatory data date back as far as
the early 19th century and thus can give us very valuable direct information
on geomagnetic activity and indirect information of solar wind parameters
over a few centuries. The mechanisms how geomagnetic indices and magne-
tospheric particles couple together is still not fully understood. Knowing the
mechanics would allow the usage of the indices, some of which date back into
as far as 19th century, to understand better the long term evolution of the
energetic particle fluxes in the magnetosphere.

The energetic electron precipitation (EEP) has been measured from 1979 to
present by the NOAA/POES satellites and thus the latitudinal distribution
of the measured data spans almost four decades. Using singular value de-
composition (SVD) the energetic electron precipitation distribution can be
separated into a few principal components (PC) and corresponding empiri-
cal orthogonal functions (EOF), which can then be compared to solar wind
properties and geomagnetic activity. The SVD method is presented in sec-
tion 8 and applied on the latitudinal distribution of the EEP data in section
10. The thesis presents an alternative way of analyzing the long term tempo-
ral and spatial evolution of the EEP using PCA. Since geomagnetic activity,
which acts as a fair proxy to particle precipitation, is shown to affect, e.g., the
northern annular mode (NAM) (Maliniemi et al. 2016), the understanding of
the long term evolution of the EEP can be important even in climate studies.

2 Solar magnetic cycle

In 1844 Samuel Schwabe discovered that sunspots appear on the Sun in a
quasi-periodic pattern of 11 years, on average, called the solar cycle (Figure
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Figure 1: Monthly sunspot R number illustrating the sunspot (and solar) cycle.

1). They also tend to appear in pairs so that the pair has a so called lead-
ing spot and a trailing spot with different magnetic orientations. The spots
rotate with the Sun so that the leading spot is ahead of the trailing spot in
the direction of the rotation. The magnetic polarity of the bipolar groups
remain the same in each hemisphere and are oppositely orientated in each of
the hemispheres.

Sunspots also go through latitudinal migration throughout a solar cycle. The
first spots of each new cycle appear at around latitudes of 30◦−40◦ in both
hemispheres. As the cycle advances the zones of sunspot occurence migrate
towards lower latitudes ending up at around latitudes of 10◦. The spatio-
temporal evolution of the position of sunspots on the surface of the Sun
produce the so called butterfly diagram which is shown in Figure 2.

The cyclic behavior of the solar magnetic field is often explained with the so
called alpha-omega (αΩ) dynamo. Since the Sun is not a solid object, it is
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affected by convection. Convection, or movement of mass, causes differential
rotation due to steep temperature gradients from the core to outwards which
essentially causes the angular velocity at the equator to be larger than at
the poles. This means that as time goes by, the originally poloidal field lines
become streched and eventually wrap around the Sun into toroidal field lines
(Ω-effect). Toroidal flux tubes can become unstable and develop bulges,
which rise to the surface with thermal convection. At the same time the
bulges rotate under the effect of coriolis force. As the flux tube rises to the
surface, the photosphere, the footpoints of the flux tube can form sunspots,
which are darker and cooler than the surrounding photosphere, because the
strong magnetic field inhibits the heat flow from the convection zone below.
Sunspots are also the origins of CMEs and since the amount of sunspots
increases towards the toroidal phase, the CME rate maximizes in sunspot
maximum. Figure 3 illustrates the evolution of the solar magnetic field from
poloidal phase to toroidal phase.

While there is a consensus on the explanation of the formation of the toroidal
field the formation of the poloidal field (α-effect) is a bit more complicated
and several different theories have been presented on it. The convection that
brings plasma blobs up to the surface of the Sun takes place in a rotating
frame of reference where the coriolis force is effective. In the northern hemi-
sphere the poleward side of a magnetized blob is turned westward and the
equatorward side eastward by the Coriolis force, leading in to a clockwise
rotation when viewed from above. This results in the following spot being
always at higher latitude than the leading spot. The meridional flow slowly
takes the following spots’ magnetic field to the poles where they weaken the
predominant field and eventually change its polarity and also change the
global field to a poloidal field. Since it takes two 11-year cycles for the mag-
netic orientations to return to the same orientation, the solar magnetic cycle
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Figure 2: Butterfly diagram of the sunspots showing the daily sunspot area av-
eraged over individual solar rotations. The color represents the percentage of a
sunspot area in equal area latitude strips. (NASA)

has a length of 22 years.

During the poloidal phase the magnetic field is fairly dipolar. Close to the
equator above the solar photosphere the magnetic field has closed structures
and can prevent the plasma from expanding outwards. Near the poles, how-
ever, where the magnetic field is weaker and radial the plasma can expand
radially and stretch open the magnetic field lines of the Sun into the inter-
planetary space.

These regions, so called coronal holes are vast dark regions on the Sun when
viewed in extreme ultraviolet (EUV) light. Interest in these regions rose when
Krieger (1973, 1974) discovered that some coronal holes were associated with
high-speed solar wind streams and correlated with geomagnetic variations.
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Figure 3: Solar cycle evolution of the solar magnetic field. Dashed circles indicate
the photosphere and the convection zone (tacholine). The color indicates the mag-
nitude of the differential rotation. (Higgins, Paul (2012): Schematic of the Solar
Dynamo (figshare).)

Within these holes particle density and temperature are considerably lower
than elsewhere on the Sun. Munro & Withbroe (1972) found using OSO-4
satellite that the electron pressure in the center of a hole was reduced by
a factor of 3 compared to quiet corona. Furthermore, based on their study
coronal temperature was reduced by 6 ·106 K below the mean and downward
conductive heat flux was decreased by an order of magnitude. The occurrence
rate and size of the coronal holes are closely related to solar cycle. They are
largest during the declining phase and minimum but they are also present
during solar maxima in smaller sizes (Tsurutani & Gonzalez 1997). During
solar maxima they also do not extend from the poles to the equator as often
happens during the declining phases of the solar cycle (Tsurutani & Gonzalez
1997). Coronal holes do not seem to be affected much by the differential
rotation of the Sun (Wagner 1975).
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3 Solar wind and interplanetary magnetic field

The flow of the plasma from the Sun into the interplanetary space is due to
the high pressure difference between the Sun and the interplanetary space.
This high-velocity particle flow is called the solar wind. The wind consists
mainly of charged protons and electrons and heavier elements to lesser extent
(von Steiger & Schwadron 2000). Parker (1958) proposed a solar wind the-
ory which explains how solar wind is accelerated to supersonic velocity. He
considered momentum and continuity equations in spherical geometry and
derived an equation of the form

(u2 − 2kT

m
)
1

u

du

dr
=

4kT

mr
− GM

r2
, (1)

where u is the solar wind speed, M is the solar mass, G is the gravitational
constant, k is Boltzmann constant, T is the temperature of the solar wind,
r is the radial distance from the Sun and m is the proton mass. The the-
ory explains how coronal pressure gradient and gravitation work together to
create an acceleration effect for the particle flow. While the theory gives
two physically possible solutions (classes 1 and 2 in Figure 4) for the solar
wind acceleration, the actual "solar wind" solution (class 2) describes a flow
that is accelerated from subsonic to supersonic speed at a critical distance
rc = GMm/(4kT ) (where the critical speed uc =

√
2kT/m) and remains

supersonic thereafter.

According to Alfvén’s frozen-in theorem magnetic field lines in the presence
of a fluid with infinite electrical conductivity become frozen in the fluid.
Plasma motion deforms the magnetic field in such a way, that two plasma
elements initially on the same field line maintain their magnetic connection.
Since the solar wind can be well approximated as infinitely conducting fluid,
the magnetic field lines are being dragged by the solar wind through the
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Figure 4: Four possible solutions for the equation 1. Y-axis shows the flow speed
as a fraction of the critical speed uc and the x-axis shows the radial distance as a
fraction of the critical radius. (Hundhausen 1972)

interplanetary space where the field is then called the interplanetary mag-
netic field (IMF). The solar wind flow itself is mainly radial and initially
near the solar surface the same applies to the magnetic field lines as well.
However, since the other end of every magnetic field line is connected to the
Sun’s rotating surface and the other end to the radially outward flowing solar
wind, the magnetic field becomes twisted into a spiral like structure which
eventually, far enough from the Sun, becomes nearly perpendicular to the
solar wind flow. This spiral is often called the Parker spiral (Figure 5). At
distances of 1 AU, i.e. at Earth’s orbit, the angle between the magnetic field
and radial direction is close to 45◦ on average.
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Figure 5: Figure illustrating the Parker spiral. Here ω represents the angular
velocity of the Sun.

3.1 Coronal mass ejections

Hundhausen et al. (1984) defined coronal mass ejections as observable changes
in coronal structure that occur on a time scale between a few minutes and
several hours and involve the appearance of a new discrete, bright, white-light
feature in the field of view (Figure 6). These observable changes are mainly
bursts of matter and magnetic field from solar corona into the interplanetary
space. While the occurence rate of CMEs maximizes during solar maxima
they also occur during other phases of the solar cycle to lesser extent (Webb
& Howard 1994). The triggering mechanism for CME eruptions is still some-
what open question even though some models have been proposed. Leading
theory at the moment seems to be the so called breakout model, in which
magnetic reconnection above a filament channel is responsible for perturbing
the coronal magnetic field (Antiochos et al. 1999). The energy of the erup-
tion seems to originate from solar magnetic field since it is the only source
that could provide such rapid energy injection.
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Figure 6: CME event as seen by the SOHO satellite. (NASA)

When the CME ejecta leaves the solar surface it also carries a part of the
solar magnetic field with it due to the field being frozen in the plasma. A
fast moving CME will also create a shock front by compressing the ambient
solar wind ahead of it into a dense region of plasma. When the shock front
reaches Earth’s magnetopause, it flattens the magnetosphere from the day-
side due to dynamic pressure ρv2sw (Section 4). A schematic view of a CME
in interplanetary space is shown in Figure 7.

3.2 High speed streams

Because the magnetic field that originates from coronal holes is open, par-
ticles can escape the solar gravitational field with ease along the magnetic
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Figure 7: Schematic of a CME with a shock front in interplanetary space. In region
(A) the shock front of CME is felt in addition to the ejecta’s intense magnetic field
perturbations. In region (B) only shock effect will be noticed (Richardson & Cane
2011).

field lines reaching speeds of over 700 km/s and in some cases even as high as
1000 km/s. Coronal holes also rotate with the Sun and thus especially holes
that reside near the solar equator create a spiral-like co-rotating high speed
stream region around the Sun which can persist for many 27 day solar rota-
tions. When the high speed stream’s leading edge collides with and pushes
the slow solar wind ahead of it, a dense border region of matter called the
co-rotating interaction region (CIR) is created. Moreover, since the stream
has higher speed than the ambient solar wind, a rarefaction region is follow-
ing the stream. These effects in the interplanetary medium are illustrated in
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Figure 8: High speed stream creating a co-rotating interaction region (Pizzo 1978).

Figure 8.

4 Earth’s magnetosphere

Earth’s magnetosphere is the region where Earth’s magnetic field dominates
the motion of charged particles. It originates within Earth’s core but its
morphology is also affected by the solar wind and large scale electric cur-
rents that are generated in solar-wind-magnetosphere interaction. For the
most parts this happens due to charged particles being injected within the
magnetosphere which then create large scale currents around the Earth. A
schematic view of the structure of the Earth’s magnetic field can be seen in
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Figure 9: A schematic view of the Earth’s magnetosphere. (NASA)

Figure 9. The boundary region is called the magnetopause which is a cur-
rent sheet that separates the magnetosphere and the solar wind and modifies
the magnetospheric field within the magnetopause. The dynamic pressure
ρSWv2SW of solar wind at the dayside edge of the magnetopause compresses
the magnetosphere strongly. One can write an approximate pressure balance
between the solar wind flow and magnetospheric field at the subsolar point
as

ρSWv2SW =
(2.44BE)

2

2µ0r6mp

, (2)

where ρSW is the solar wind mass density, vSW is the solar wind speed, µ0 is
the vacuum permeability, BE = 30µT is the equatorial magnetic field inten-
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sity at Earth’s surface and rmp is the distance of the subsolar magnetopause
from the center of the Earth in terms of Earth radius RE ≈ 6370 km. When
the solar wind pressure increases the distance of the magnetopause from the
Earth’s surface decreases. For a fairly normal solar wind pressure condi-
tion ρSWv

2
SW = 2 nPa, the magnetopause distance rmp ≈ 10RE. For the

magnetopause to come within the geostationary orbit, the pressure needs to
increase to values at around ρSWv2SW ≥ 70 nPa.

4.1 Magnetic reconnection

Magnetic reconnection is a process that changes the magnetic topology of two
adjacent plasma regions with differently oriented magnetic fields and as a re-
sult transforms magnetic energy into kinetic and thermal energy of charged
particles. Even though the effects of magnetic reconnection are easily ob-
served, the cause of the phenomenon itself has evoked a handful of different
theories. Reconnection results from oppositely directed magnetic field lines
being separated by a strong conducting current sheet in which magnetic dif-
fusion can happen. If plasma for some reason has finite conductivity in the
region, the current begins to heat the plasma and electrical energy trans-
forms into heat and kinetic energy. The process of magnetic reconnection is
thought to be in a key role in the acceleration of charged particles in solar
corona and in the interaction between solar wind and Earth’s magnetosphere.

4.2 Solar wind coupling with Earth’s magnetosphere

One of the earliest explanations for the solar wind coupling with Earth’s
magnetosphere was presented by J. W. Dungey. He proposed that solar
wind interacts with magnetized plasma as presented in Figure 10 (Dungey,
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Figure 10: Solar wind dragging magnetosphere’s magnetic field lines from day side
to night side (Dungey, 1961).

1961). When solar wind magnetic field points south, i.e., opposite to the
magnetospheric magnetic field, a reconnection of the Earth’s magnetic field
and the solar wind’s magnetic field is likely to happen. Once the fields have
reconnected, the solar wind drags the frozen-in field with it to the nightside
of the Earth. There have been several observations confirming this process
which essentially decreases the dayside magnetic flux and increases the flux
in the tail (Aubry et al. 1970). In the night side where the magnetospheric
tail relies, a new reconnection area for the oppositely directed magnetic field
lines is formed. In the tail reconnection area the dragged field lines reconnect
forming once again a closed field line that is connected to the Earth (Dungey
1961). Eventually the closed field lines that are lost from the dayside get re-
placed with new field lines from the nightside. This circulation of plasma and
magnetic flux is called magnetospheric convection. In practice convection is
rarely steady as implied by Dungey’s original idea. The transported mag-
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netic flux from the dayside builds up in the geomagnetic tail and reconnects
in bursts which are called substorms (see section 4.6).

4.3 Geomagnetic tail

The nightside magnetosphere is streched by the solar wind which drags the
magnetic field lines with it when it passes the Earth. This elongated region
is called the geomagnetic tail and it has an important role in the general
dynamics of the magnetosphere. It acts as a temporary magnetic energy
storage for the energy transferred from the solar wind to the magnetosphere.
After the energy builds up enough it is released in a so called substorm and
some of it ends up in the inner magnetosphere and ionosphere (see section
4.6) and some of it ends up back in the solar wind (Russell & McPherron
1973). The energy is stored mainly in the form of magnetic energy contained
in the magnetic flux transported from the solar wind.

In the centre of the geomagnetic tail lies a current sheet which separates the
magnetic field in northern tail lobe directed towards the Earth and in the
southern lobe directed away from the Earth. Majority of plasmasheet plasma
originates from the solar wind but it also consists of a significant amount of
heavier ions like O+ and He+ which are injected there from Earth’s ionosphere
due to supersonic polar wind of particles that escape the ionosphere via open
field lines. This flow is enhanced during geomagnetically active times. The
magnetic flux in the lobes connects to the polar ionosphere and forms the
so called polar cap where magnetic field lines are open with the other end
connecting to Earth and the other to solar wind. Assuming that the polar
cap is the area poleward of latitude λPC the net magnetic flux of Earth’s
dipole field through the polar cap is

ΦPC = πBER
2
E(cos(2λPC) + 1). (3)
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Since the magnetic fluxes within the polar cap and semicircular cross section
of the tail lobe (π

2
R2
TBT ) should be the same

RT

RE

=

(
4BE

BT

)1/2

cos(λPC), (4)

where RT and RE are the tail radius and Earth’s radius respectively, BE and
BT are the equatorial magnetic field strength on Earth’s surface and magnetic
field strength in the tail lobe respectively and λPC is the latitude of the polar
cap boundary. Using fairly typical values as the equation parameters one can
see the RT extending to several tens of RE. From the previous equation one
can also solve the latitude so that

λPC = arccos

(
BTR

2
T

4BER2
E

)
. (5)

This means that when the tail lobe flux increases, λPC decreases which means
the polar cap widens.

4.4 Inner magnetosphere

When particles end up in the inner magnetosphere they can become trapped
on the magnetic field lines which can be approximated as a dipole field within
distances less than about 6 - 8RE. The Earth’s magnetic field in spherical
coordinates can then be written as

B(r, λ) =
BER

3
E

r3
(−2 sin(λ)êr − cos(λ)êλ). (6)

A field line equation for the dipole field is r = req cos2(λ), where req is the
radial equatorial distance of a field line from the surface of the Earth. Def-
initions of L-shell and invariant latitude are commonly used where L-shell
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L = req/RE and invariant latitude Λ = cos−1(
√

1/L). L-shell is a property
or parametrization of a field line and invariant latitude is a parameter which
describes where a particular magnetic field line touches the surface of the
Earth.

Particles within the dipole field move in three distinct ways. They gyrate
around the field lines, bounce along field lines in North-South direction and
circulate the Earth in a so called drift motion. The gyration motion is fast
periodic motion around a field line and is due to the Lorentz force q(v×B),
where q is the particle charge, v is the particle velocity and B is the sur-
rounding magnetic flux density. The bounce motion happens due to the
conservation of magnetic moment µ = W⊥/B, where W⊥ is the perpendic-
ular kinetic energy. When a particle moves towards stronger field along a
field line, B increases which means W⊥ also has to increase. On the other
hand for the particle energy to be conserved W‖ (parallel kinetic energy) has
to decrease in the process. When all of the particle’s energy is in W⊥ the
particle cannot move any further and is mirrored. Drift motion happens due
to electric and magnetic fields and causes particles to move across the elec-
tric and magnetic field lines. Several different drifts can affect the particle
motion simultaneously (see Section 5).

The conservation of µ is possible when the rate of change of the surrounding
magnetic field is sufficiently small. If magnetic moment and total kinetic
energy are conserved we can write the equality of the magnetic moment at
the points along the same dipolar field line as

sin2(α)

B
=

sin2(αeq)

Beq

(7)

where α is the particle’s pitch angle, i.e. the angle between particle velocity
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and magnetic field, and is defined as tan(α) = v⊥/v‖. Thus while the adia-
batic invariant holds (eq. 7), a simple equation governs the particle’s motion
along a magnetic field line. The equatorial magnetic flux density is defined
as Beq = BE/L

3. At the point where the particle is mirrored α = αm = 90◦

and
sin2(αeq) =

Beq

Bm

=
cos6(λm)√

(1 + 3 sin2(λm))
. (8)

As long as the equatorial pitch angle αeq is large enough, the particle keeps
bouncing between the mirror points never reaching the Earth’s densely pop-
ulated atmosphere. The so called (equatorial) loss cone is often defined as

sin2(αlc) =
cos6(Λ)√

(1 + 3 sin2(Λ))
, (9)

where λE is the latitude of the point where the magnetic field line in question
intersects the Earth’s surface. In practice the altitude where the particle gets
lost from the system due to collisions with atmospheric particles is around
100 km. If the equatorial pitch angle is smaller than the loss cone angle
(αeq ≤ αlc), the particle precipitates and will be lost from the system.

A violation of the first adiabatic invariant may cause a particle to enter the
loss cone. This requires some kind of mechanism that operates in time scales
smaller than a gyroperiod. One of these mechanics is the so called pitch angle
diffusion which kicks particles from outside the loss cone into the loss cone
through random walk. Other such mechanisms are, e.g., cyclotron heating
where the B field oscillates at the cyclotron frequency and magnetic cusps
where the magnetic field essentially vanishes.
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4.5 Geomagnetic storms

Geomagnetic storms can occur when solar wind with sufficiently strong and
long-lasting southward interplanetary magnetic field hits and reconnects with
the Earth’s dayside magnetosphere. This results in a chain of events lead-
ing into a large increase of the ring current (Section 5.2), which induces on
ground a magnetic field opposite to the geomagnetic field causing a global
depression in the horizontal H component of the geomagnetic field.

Geomagnetic storms can be divided into three distinct phases. The initial
phase when magnetosphere is compressed by the dynamic pressure of the
shock front lasts from minutes to hours. During this phase the Dst index,
which is used to measure variations of horizontal magnetic field related to
ring current (see section 6.1.1), increases to positive values. After the initial
phase, the main phase starts and can last from half an hour to several hours.
During this time particles are injected into the ring current and the storm
time Dst index can reach negative values of -100 nT or less. During the
following recovery phase, which can last from one day to a week, Dst index
gradually returns to the normal level (Gosling et al. (1991), Gonzalez et al.
(1994)). The diminishing of the ring current is caused, e.g., by collisions with
neutral particles within the geocorona, precipitaion to the atmosphere and
flow-out losses through the magnetopause.

The intensity of geomagnetic storms have been shown to be proportional to
the interplanetary dawn-dusk electric field E = −vSW × BS (Burton et al.
1975) where vSW is the solar wind velocity and BS the southward inter-
planetary magnetic field component, which is a simple proxy measure for
the strength of magnetospheric convection described earlier. Burton et al.
(1975) also developed a simple model describing the evolution of ring current
energy as a sum of energy injection and loss, and showed that the dawn-dusk
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Figure 11: Substorm current wedge schematic (McPherron et al. 1973).

electric field can succesfully be used also as a proxy for energy injection into
the ring current.

4.6 Substorms

Substorms are caused by the energy build-up in the geomagnetic tail in the
form of magnetic flux which eventually leads to a reconnection and subse-
quent injection of energetic particles to the inner magnetosphere and iono-
sphere.

Substorms are usually divided into three phases called the growth phase,
expansion phase and recovery phase. During the growth phase, which lasts
for about an hour, the southward IMF maintains magnetospheric convection
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and causes magnetic flux to be convected and stored in the geomagnetic tail
lobes. At some point the tail current becomes unstable and reconnection
occurs. This leads to a substorm. During the expansion phase, which lasts
from about 10 minutes to an hour, plasma is injected earthward within the
near-Earth plasma sheet. In the same process, the part of the tail current
that collapsed in tail reconnection is diverted along the magnetic field lines
and closes through the nightside ionosphere. These field-aligned currents are
associated to bright auroral emissions as electrons precipitate into the atmo-
sphere. A schematic of these currents, the so called substorm current wedge
is shown in Figure 11. Within the polar regions of the Earth, two circular
current systems are also created which flow perpendicular to the magnetic
field and electric field from dayside to nightside and are called the convec-
tion electrojets (see Figure 17). After the expansion phase has consumed
the energy stored during the growth phase the recovery phase begins which
usually lasts for about an hour. During the recovery phase the tail plasma
sheet recovers.

Substorms are known to occur during and without geomagnetic storms.
While geomagnetic storm main phases are often accompanied by substorms,
Kamide (1992) showed that substorms are not a requirement for the main
phase of a geomagnetic storm. Major difference in the effects of a substorm
and a geomagnetic storm is that substorms generate effectively high-latitude
ionospheric currents and geomagnetic storms generate strong magnetospheric
ring current.
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5 Magnetospheric particle populations

Different drift motions exist within the magnetosphere but one especially
important is the gradient-curvature drift

vGC =
W (1 + cos2(α))

qB3
B×∇B, (10)

whereW is the particle’s energy, α is the pitch angle, q is the particle’s charge
and B is the magnetic flux density. This drift motion is associated with the
particle’s energy and thus for some magnetospheric particle populations, it
is also negligible.

Assuming a highly conducting plasma in the magnetosphere, the electric field
is connected to the magnetic field via the ideal MHD Ohm’s law E = −v×B.
Assuming also a static magnetic field, E = −∇φ. In the equatorial plane,
convection drives the plasma towards the dayside from the magnetospheric
tail. If all the convection is directed towards the Sun (along the X-axis),
Econv = E0ey, where Y-axis points towards dusk. This kind of simplified
convection field is obviously not totally realistic since the magnetic field is
rarely static and the convection field circulates the Earth rather than being
totally dawn-dusk directed. On top of the convection field, the plasma feels
Earth’s rotation. The co-rotation motion is associated with a co-rotation
electric field, which is a result of the ionosphere and the entire plasmasphere
co-rotating with Earth across its magnetic field. The co-rotation electric field
is Erot = −(Ω × r) × B, where Ω is the angular velocity vector of Earth’s
rotation and r distance from the center of the Earth.
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Figure 12: Illustration of the convection and co-rotation electric fields (Brice 1967).

5.1 Plasmasphere

Plasmasphere is an extension of Earth’s ionized upper atmosphere (iono-
sphere) into space. It is formed mainly by low-energy electrons and protons
drifting under the effects of convection electric field and co-rotation electric
field (Figure 12). Magnetic gradient curvature drifts are not significant for
these particles because their kinetic energy is so low. Thus for the plas-
maspheric particle populations, the drift motion is mainly governed by the
convection and co-rotation electric fields as

vD =
1

B2
(Econv + Erot)×B. (11)

It can be shown that this drift velocity leads to closed particle tracks in
the region we call plasmasphere, but also creates an asymmetrical bulge
in the duskside plasmasphere (figure 13). When convection suddenly in-
creases, previously closed particle orbits change into open tracks and the
bulge extends into a plasmasphere drainage plume where plasmaspheric par-
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ticles flow out through the dayside magnetopause. Using ground-based mea-
surements of electromagnetic whistler waves which propagate in dense cold
plasma Carpenter (1966) was one of the first ones to show that the plas-
masphere frequently terminated sharply at distances of 3 − 5RE which he
called the plasmapause. The location of the plasmapause is associated with
the strength of the convection which, on the other hand, also causes mag-
netic activity. The outer edge of the plasmapause moves to lower L val-
ues during strong magnetic activity and moves gradually back to higher
L values after the storm has passed (O’Brien & Moldwin 2003). Whistler
waves are circularly polarized very low frequency electromagnetic waves and
are dispersed while propagating through the ionosphere and magnetosphere.
Whistler mode waves propagate at frequencies below electron gyrofrequen-
cies (Stix 1992). Whistlers can also produce bursts of precipitating electrons
in mid-latitudes (Rosenberg et al. 1971). Thus geomagnetic activity and
plasmapause location play an important role in the phenomena related to
electron precipitation and magnetic activity.

5.2 Ring Current

Within distances of 3-6 RE, partly overlapping with the plasmasphere is the
ring current which is responsible for major fraction of magnetic perturbations
observed on ground at low to mid-latitudes. Ring current is mostly carried
by protons and heavier ions (e.g. He+ and O+). Energy of ring current ions is
about 10-300 keV. Ring current ions drift around the Earth westward. This
creates a current that induces a magnetic field on ground which weakens
the strength of the geomagnetic field slightly at low to mid-latitudes. The
movement of the particles in the ring current is governed by the equation

28



Figure 13: Earth’s plasmasphere as seen by the IMAGE satellite in extreme ultra-
violet (EUV) light (Sandel et al. 2003).

where gradient-curvature drift is significant

vD =
1

B2
(Econv + Erot +∇µB

q
)×B. (12)

Ring current induced magnetic variations are measured using ground-based
observatories and composed into a so called Dst index (see section 6.1.1).

5.3 Radiation belts

The highest energy particles in the inner magnetosphere form the so called
Van Allen radiation belts (Figure 14). In these belts the particles drift around
the Earth predominantly under the effect of magnetic gradient curvature drift
while convection and co-rotation are less important for them. The inner belt
resides at distances of around 1.1 to 2 RE and outer belt at distances of
around 3 to 6 RE. Usually only these two separate belts exist but there is
evidence of a third one appearing under some rare conditions (Baker et al.
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Figure 14: Inner and outer radiation belts around the Earth (Horne 2007).

2013). The fluxes of radiation belts are highest near the equator decreasing
along the field lines towards the poles where they are likely to precipitate
(Kivelson & Russell 1995).

Particles end up in these belts from solar wind, ionosphere and cosmic rays.
The energies of the particles in these belts differ from the original energies
of the particles in ionosphere and solar wind which usually possess energies
of around 1 eV to 1000 eV (Parks, 1991). The inner Van Allen belt con-
sists mainly of highly energetic protons (energy around MeV-GeV) whilst
the outer belt consists mainly of energetic electrons (energy ≥ 500 keV). The
inner belt is well guarded by the strong magnetospheric field and protons in
the belt mainly originate from the cosmic ray albedo neutron decay process.
The outer belt is thought to be formed by electrons accelerated in wave parti-
cle interactions (Thorne 2010). While the outer belt is prone to fluctuations,
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the inner belt is more stable since the fluctuations in cosmic rays are small
and the strong inner magnetosphere prevents less energetic particles from
entering the belt.

A long standing question exists regarding the quiet-time gap, so called slot
region, between the two radiation belts (Figure 14). The formation of the gap
would require a mechanism for particles to move to either of the radiation
belts or a mechanism for them to effectively enter the loss cone and precipi-
tate into the atmosphere. The mechanism is fairly well understood nowadays
and direct precipitation of the electrons from the gap due to whistler mode
waves seems to be the reason for the lack of electrons between the radiation
belts (Roberts 1969, Lyons et al. 1972). These waves require dense plasma
to propagate which is why they are mainly observed within the plasmas-
phere where they form a broadband emission known as plasmaspheric hiss.
Plasmaspheric hiss creates pitch angle scattering of radiation belt electrons
and increases their precipitation into atmosphere in those regions where the
radiation belts overlap with the plasmasphere (Lyons et al. 1972). This also
partially explains why during strong geomagnetic events when the plasmas-
phere moves inward and the wave-related loss is removed, the inner edge of
the outer radiation belt also moves inward (Goldstein et al. 2005).

Several candidates have been proposed for the acceleration mechanism be-
hind the radiation belt particles. One of the most promising suggestions is
local acceleration by whistler mode waves, where a seed population of low
energy electrons provided by substorm injections and inward radial diffusion
create anisotropies and excite whistler mode waves. These waves then ac-
celerate particles by transferring energy from low-energy electrons to high
energy electrons (Horne & Thorne 1998, Summers et al. 1998a). Substorm
injections into the inner magnetosphere heat particles more perpendicularly
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to the magnetic field rather than parallel (Parks et al. 1972). The asym-
metry creates electromagnetic whistler mode waves via electron cyclotron
instability (Parks et al. 1972). Over the course of a few days the waves can
interact with relatively low energy electrons and accelerate them to very high
energies. Slow radial diffusion towards Earth driven by ultra low frequency
(ULF) waves also contributes to the acceleration of radiation belt electrons.
When they travel into stronger magnetic field their kinetic energy increases
as the first adiabatic invariant is conserved.

The time scale of variations in electron fluxes in the inner radiation belt
typically exceed 100 days while the outer belt fluctuates much more rapidly
in less than a day (Millan & Thorne 2007). It has been known for several
decades that relativistic electrons in the outer radiation belt deplete during
geomagnetic storms (Forbush et al. 1961, 1962). This depletion coincides
with the injection of lower energy particles into the belt (Frank et al., 1964;
Craven, 1966). There are a few theories on the causes of this depletion: mag-
netopause shadowing, adiabatic (reversible) losses and non-adiabatic losses.
Non-adiabatic losses happen due to pitch-angle scattering via various cy-
clotron wave-particle interactions which lead to precipitation into the atmo-
sphere. This precipitation driven by wave-particle interactions is especially
effective inside the plasmasphere where so called plasmaspheric hiss effec-
tively precipitates radiation belt electrons. Magnetopause shadowing hap-
pens during strongly enhanced solar wind dynamic pressure that brings the
magnetopause closer to the Earth and leads to loss of particles through the
magnetopause into the interplanetary space. Anticorrelation of this type
(depletion and injection) is most evident near L = 4, where the relativistic
electron fluxes can decrease by a factor of 10-100 and lower energy electron
fluxes can increase by a similar factor (Thorne & Kennel 1971). Much of
the early research was dedicated to studying the acceleration mechanisms of
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electrons in the outer radiation belt (Li et al. 1997, Summers et al. 1998b,
Horne et al. 2005). A bit over a decade ago, however, Reeves et al. (2003)
examined 276 geomagnetic storms and found out that only 53% showed an
overall increase in the trapped electron flux, 19% showed a decrease and the
rest showed no real change. Based on this it seems that knowing how the
acceleration works only reveals part of the system and knowing the physics
behind the loss processes is just as important for understanding temporal
evolution of radiation belts. The competition between acceleration and loss
due to pitch angle scattering by plasma waves has been quantitatively shown
to lead to an electron flux increase or decrease following a storm (Summers
et al. 2004). However, it should be noted that their mathematical study was
based on one-dimensional model and even though the acceleration and loss
process are both present in three dimensional space, the results should be
taken with a slight caution.

6 Geomagnetic indices

Before the era of satellites it was impossible to gain exact information on the
properties, e.g., electric currents, of the magnetosphere at any given time.
However, the moving charged particles that carry the electric current also
induce magnetic fields, which disturb the Earth’s geomagnetic field. These
disturbances can be measured from ground level fairly accurately. One can
use these disturbances to derive geomagnetic indices, which can be used as
proxies for the intensity and variations of electric currents in the magne-
tosphere and ionosphere. Nowadays satellite data can give us most of the
information from magnetosphere directly but the indices form a much longer
dataset, and geomagnetic observatories are obviously much cheaper to op-
erate. For these reasons many indices are still in use and in the following
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sections a few most commonly used are presented.

6.1 Dst index

Dst index was developed to measure the intensity of the ring current. Due
to this the stations that contribute to the index are located at low latitudes
where magnetospheric systems other than ring current typically have rela-
tively small effect. The Dst index uses deviations measured in Honolulu, San
Juan, Kakioka and Hermanus (Figure 15). The index is based on hourly
horizontal component deviations, which are obtained by removing the slow
secular variation of Earth’s internal field and the quiet-time variation, or
Sq-variation, from the hourly magnetic measurements. Sq-current (Figure
16) is formed as sunlight heats the dayside atmosphere and gives rise to two
large vortices of air circulation in the ionosphere. This circulation drags
ionospheric plasma across the magnetic field and sets up electric fields and
currents, whose effects are seen on ground each time an observatory rotates
under these current systems (once per day). The slow secular variation and
Sq-variations are both defined monthly from the H component measurements
using 5 geomagnetically quietest days of the month. Sometimes even the
magnetopause can be strong enough to affect the Dst index significantly.
The original derivation of the Dst index can be found from the paper by
Sugiura (1964). Later on different modifications of the Dst index have been
formed such as the solar wind pressure corrected Dst index (Dst*) (Burton
et al. 1975). The original index is computed so that

Dst =
1

4 cos(λavg)

4∑
i=1

∆Hi, (13)

where λavg is the average geomagnetic latitude of the stations and ∆Hi are
the horizontal components of the ring current field. The original idea for the
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Figure 15: Schematic showing the 4 Dst index observatories. Figure adapted from
Istituto Nazionale di Geofisica e Vulcanologia (INGV).

1/ cosλavg term was to calculate the total magnetic field generated by the
ring current, which is along the Earth’s dipole axis. It has later been pointed
out by Mursula et al. (2008) that a more correct form of the index is

Dxt =
1

4

4∑
i=1

∆Hi

cos(λi)
(14)

to account for the stations’ locations on different latitudes λi.
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Figure 16: Schematic view of the Sq-currents. (Asikainen 2017)
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Figure 17: Schematic view of the Pedersen and Hall currents (Le et al. 2010). (Note
the erroneus name Pederson in the figure.)

6.2 AE index

Another important source of geomagnetic activity are auroral and convec-
tion electrojets in the auroral ionosphere (Figure 17). For this purpose the
AE index was introduced by Davis (1966). The index is obtained from the
measurements of 12 stations that are roughly uniformly spaced in longitude
around the auroral region (figure 18). The index is constructed by only
using the H component variation. A monthly baseline is subtracted from
each of the 2.5 minute measured values of H to obtain the variation ∆H.
All the scaled values from different stations are then superimposed. Finally,
the largest negative perturbation is taken as AL (auroral lower) index and
the largest positive perturbation as the AU (auroral upper) index. Essen-
tially AL and AU measure the westward and eastward Hall currents (Figure
17). Because of this AL mainly responds to the westward auroral electrojet
connected to the substorm current wedge and AU to eastward convection
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Figure 18: Map of the 12 AE stations in the Northern hemisphere. Figure taken
from International Service of Geomagnetic Indices (ISGI) website.

electrojet. Obtaining the AE index from these values as simple as calcu-
lating AE = AU − AL which is the combined amplitude of both of the
perturbations.

6.3 Kp index

Kp index is an index that measures overall geomagnetic variability produced
by different current systems in the ionosphere and magnetosphere. It is a
3-hour index first introduced by Bartels (1949) and calculated by using a set
of thirteen mid-latitude stations (Figure 19). The process in which the index
is formed can be broken down into three steps. First one must determine
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Figure 19: Map of the 13 stations used to construct the Kp index. Figure adapted
from magnetospheric physics course material (Asikainen 2017).

the K index for each station. The K index is determined for each three-hour
UT (universal time) interval (0-3,3-6,...,21-24) by first determining the dif-
ference between the absolute maximum and absolute minimum perturbation
in each orthogonal direction (X,Y,Z). The original derivation proceeded with
recording the maximum deviation δmax of the three components. Generally,
however, this is not good practice and a better estimate of geomagnetic ac-
tivity can be achieved by recording the maximum horizontal perturbation
instead. Each station has its own table on how to convert this number to
the quasi-logarithmic index K which varies from 0 (low activity) to 9 (high
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activity). This involves removing the contribution of regular quiet-day vari-
ation due to ionospheric Sq-currents. Secondly, since the index is measured
from many different local time sectors, all the measured variations must be
standardized since the scale of the variations depend on where you measure
them. Bartels developed a standardization method using the station located
in Niemegk, Germany, which acts as the standard reference station. The
standardized index is then called the Ks index. Finally, Kp index is the av-
erage of the Ks indices of the thirteen stations. A more thorough derivation
of the index is discussed, e.g., by Rostoker (1972).

Kp index acts as a measure of the global geomagnetic activity. Largest
contribution of the variations in the index comes from the auroral electrojets,
the field aligned currents connected to them and the ring current.

6.4 aa index

The aa index is based on two K indices from antipodal observatories. It
was first proposed by Mayaud (1972). The purpose of the index was to cre-
ate long-term record of geomagnetic activity that would be robust for daily
and seasonal variations, which are prominent in data of any single station.
The daily variations result from asymmetric distribution of electric currents
around the Earth and daily changing solar illumination (Sq-currents), which
largely controls the local ionospheric conductivity. The seasonal variations
are also significantly influenced by seasonally changing solar illumination.
By taking the average of two antipodal stations, these variations should ap-
proximately cancel each other out. The two original antipodal stations were
Greenwich in England (1868-1925) and Melbourne in Australia (1868-1919).
The Greenwich station has since been superseded by Abinger (1926-1956)
and Hartland (1957 to present) stations and the Melbourne station has been
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superseded by Toolangi (1920-1979) and Canberra (1980 to present) stations.
There is evidence that these station shifts affect the homogeneity of the long-
term aa index record (e.g., Lukianova et al. (2009)). The aa index still forms
the longest systematic record of geomagnetic activity.

7 Energetic electron precipitation (EEP) and

their measurement

7.1 NOAA/POES satellites

In this thesis I will use the data from the Polar-orbiting Operational Envi-
ronmental Satellites (POES) of the National Oceanic and Atmospheric Ad-
ministration (NOAA). The satellites operate at the height of about 800 - 850
km above the Earth’s surface on a Sun-synchronous orbit where the satellite
orbital plane stays relatively constant with respect to the Sun-Earth line.
Each satellite orbit takes approximately 102 minutes, allowing the satellites
to circle the Earth slightly over 14 times each day. The full dataset consist of
measurements from 13 different satellites spanning from 1979 to present. The
satellites carry the SEM (Space Environment Monitor) instrument package
that contains the MEPED (Medium Energy Proton and Electron Detector)
instrument measuring energetic protons and electrons above 30 keV. Satel-
lites up to NOAA-12 carried the SEM-1 version of the instrument while
satellites starting with NOAA-15 carried an improved version called SEM-2.
The electron measurements used in this thesis are from NOAA-6, 8, 10, 12
and 15 satellites which all have a similar orbit. Figure 20 shows the time span
and orbits of all of the NOAA/POES satellites up to NOAA-19 (METOP-01
launched in 2013 is not shown).

MEPED measures electrons and protons with two nearly orthogonal tele-
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Figure 20: Left panel shows the original orbits of the different satellites. Right
panel shows the time span of the different NOAA/POES satellites since the first
satellite of 1979. (Asikainen et al. 2012)

scopes, the 0◦ (local vertical) and 90◦ (local horizontal) telescopes. Telescope
orientations are expressed in the spacecraft coordinate system, which is also
slightly different in SEM-1 and SEM-2. The X-axis in both systems points
radially inward from the satellite towards Earth. However, in SEM-1 the
Y-axis points along the spacecraft velocity vector while in SEM-2 the Y-axis
points antiparallel to the velocity vector and Z-axis completes both of the
right-handed sets. In SEM-1 the 0◦ telescope is pointed precisely along the
-X-axis and the 90◦ telescope points towards the -Z-axis from where it has
been rotated by 9◦ toward -X-axis. In SEM-2 the 0◦ telescope points roughly
towards the -X-axis with a 9◦ tilt towards the -Z-axis and the 90◦ telescope
points towards the +Y-axis with a similar 9◦ tilt toward -Z-axis.

Figure 21 shows the schematic of the electron solid-state detector telescope.
The telescope measures the energetic electron flux every 2 seconds for the du-
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Figure 21: Schematic of the electron solid-state detector telescope of the SEM-2
satellites (Evans & Greer 2000).

ration of 1 second. To get a more suitable dataset for statistical purposes, the
daily latitudinal flux distribution has been calculated. For more information
on the instrument see, e.g., Sauer (1984), Evans & Greer (2000). The raw
data that the satellites provide are problematic in a few ways. First of all,
the detectors are vulnerable to radiation damage caused by the incoming en-
ergetic particles and ionizing electromagnetic radiation (Grupen & Shwartz
2008). A thin metal foil protects the electron detectors from most of the elec-
tromagnetic radiation and low energy particles. In proton detectors there is
no such shielding, and the incoming protons create defects in the detector’s
silicon lattice which then reduce the mobility of the free charge carriers. This
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leads into lower amount net charge accumulating within the instrument’s in-
tegration time and the energy of an incoming particle is underestimated.
Thus as the degradation continues the incoming particles require more en-
ergy to be detected by any given energy channel. This detector degradation
is a problem only for the proton detector and its effects have been corrected
by Asikainen & Mursula (2011), Asikainen et al. (2012). Secondly, the elec-
tron data appears to be contaminated with energetic protons, which distort
the electron fluxes. This contamination can be estimated and corrected once
the proton measurements have been corrected. On top of this, compared
to SEM-1 the SEM-2 satellites have about 49% thicker Ni-foil shielding on
the instrument to protect against incoming energetic protons which affects
the instrument efficiency for detecting incoming electrons. The proton con-
tamination and measurement efficiency issues have both been assessed and
corrected by Asikainen & Mursula (2013).

The orbital planes of the satellites drift slowly relative to Sun-Earth line
across magnetic local time (MLT) sectors which causes a long-term change
in the electron fluxes. This is because the fluxes are very asymmetrically
distributed around the Earth. The effect of the MLT drift has been removed
by estimating the average MLT distribution of fluxes using all satellites and
then using this distribution to estimate how much the flux changes due to
changing MLT in each satellite. The effect of the correction seems to be
fairly small in most latitudes. Cosmic rays (CR) also affect the data espe-
cially at high latitudes by creating a slowly varying noise background. In
the dataset used here the background has been removed. The difference in
the alignment of the corresponding telescopes between SEM-1 and SEM-2
creates an inhomogeneity between the SEM-1 and the SEM-2, and causes
SEM-1 and SEM-2 to systematically sample a different range of pitch angles.
Because the particle flux depends strongly on pitch angle this leads to an in-
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homogeneity. In the dataset used here the inhomogeneity has been corrected
by comparing overlapping NOAA-12 and NOAA-15 data in 1998-2000 and
using the obtained relation to scale SEM-1 data to SEM-2 level.

As an estimate of the total electron precipitation, the EEP flux, the average
flux of the 0◦ and 90◦ detectors is being used here, as Hargreaves et al. (2010)
showed this to be a better estimate than the flux of either of the two tele-
scopes alone. The data are distributed into 24 corrected geomagnetic latitude
(CGML) bins, where each CGML bin has a width of ∆λ = 2◦. Geomagnetic
latitudes are different compared to geographical latitudes because of the tilt
between the geomagnetic poles and geographical poles. Corrected geomag-
netic latitude is computed by tracing the DGRF/IGRF magnetic field line
through some specified point to the dipole geomagnetic equator, then return-
ing to the same altitude along the dipole field line and assigning the obtained
dipole latitude as the CGML to the starting point. The total latitudinal cov-
erage of the data is from 40◦ to 88◦. The corrected geomagnetic latitude
approximately corresponds to the invariant latitude. There are 3 different
integral energy channels measuring the electron precipitation E1 (E > 30

keV), E2 (E > 100 keV), E3 (E > 300 keV) which are all analyzed separately.

7.1.1 Solar wind and geomagnetic data

OMNIweb is NASA’s online interface providing plasma, magnetic field and
energetic particle data sets relevant to heliospheric studies. It is a composite
of many datasets of different satellites measuring solar wind. It works under
NASA’s Space Physics Data Facility (SPDF). The OMNI data were obtained
from the GSFC/SPDF OMNIWeb interface at https://omniweb.gsfc.nasa.gov.
The OMNIweb data used in the thesis are all the solar wind parameters (at
1 AU), Dst-index, AE-index, IMF, solar wind speed, solar wind flow pressure
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and sunspot R number. The aa index is provided by the British Geological
Survey.

7.1.2 Catalog of solar wind flow types

Cane & Richardson (2003) compiled a catalog of the occurrence of different
types of solar wind flows (more recently in Richardson & Cane (2012)). They
used primarily the hourly solar wind observations from the OMNI database
and assigned each observation to one of the four classes: coronal mass ejection
(CME), high speed stream (HSS), slow solar wind or unclear. Slow solar wind
and unclear observations are not used in this thesis. The classification into
the flow types was mainly done by using satellite observations but in cases
of missing solar wind data, the class was defined using geomagnetic data,
magnetospheric energetic particle data and cosmic ray observations. The
data spanning from 1963 to 2014 used here was provided directly by Ian
Richardson.

7.2 Solar wind drivers of geomagnetic storms

Solar wind flows which cause disturbances in near-Earth space are often cat-
egorized into two different types: sporadic coronal mass ejections (CME) and
recurrent high-speed streams (HSS). When neither of these are present, the
local interplanetary space is filled by the steady stream of slow solar wind.
The occurrence rate and magnitude of both of the mentioned solar wind
drivers are closely related to the solar cycle.

7.2.1 Effects of CMEs in the magnetosphere

The properties of the CME ejecta differ greatly from the properties of the
slow solar wind. In Figure 22 is shown a typical CME related solar wind
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parameters at 1 AU. To understand how the effects of the CME are seen on
the Earth also the effects on a few geomagnetic indices are shown.

The CME causes the interplanetary magnetic field (IMF) strength to grow
by a factor of 10 very rapidly but only for a period of a day or so. The
Z-component of the IMF is of a great interest since that is mainly the com-
ponent that drives the effectiveness of reconnection between the IMF and
geomagnetic field. During the initial shock the Z-component falls rapidly
causing reconnection with the geomagnetic field but becomes positive and
finally falls back to original values very quickly. This illustrates well the
strong but rather short effect of CMEs. The solar wind speed has an inter-
esting small strenghtening about a day before the actual shock front. Since
the Bz field is close to zero during that time and since the strengthening hap-
pens well before the storm of 16th of July, the variation is probably caused by
the trailing CME’s sheath field. Proton density n also has two distinct peaks
which are a cause of the CMEs. A noteworthy reduction to very low values
in the particle density also happens right after the storm. This happens be-
cause the CME moves faster than the ambient solar wind and thus leaves a
low particle density region behind it. Looking at the Dst index one can see
slight positive deviation just before ring current increase happens which is
due to the dynamic pressure that enhances the dayside magnetopause cur-
rents. The Dst falls very rapidly to values at around −300 nT and after
a few hours starts decaying back towards the quiet-time value. Thus, even
though the storm main phase lasts only a few hours, it takes a few days for
the ring current to decay back to the normal quiet time values. The Kp and
AE indices show a strengthening during the storm from of 16th of July but
also a smaller one during the possible CME sheath passage. Even though the
variation during 14th of July hadn’t caused strong ring current, it seems to
have created significant auroral currents which is typical for a sheath field.
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Figure 22: Hourly values of solar wind IMF and geomagnetic parameters during
a CME passage in 14.-22.7.2000. The top panel shows the magnitude of the IMF
B field at 1 AU. The second panel shows the IMF Bx (Sun-Earth component), By
and Bz (north-south component) fields at 1 AU. The third panel shows the solar
wind speed at 1 AU. The fourth panel shows the interplanetary particle density
at 1 AU. The final 3 bottom panels show the Dst index, Kp index and AE index
respectively.
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7.2.2 Effects of HSSs in the magnetosphere

Since coronal holes emit continuous stream of high speed particle flow, the
geomagnetic storms the streams cause also last considerably long. The CIR
storm can last up to a week or longer causing strong substorm activity dur-
ing the whole time (Tanskanen et al. 2005). In Figure 23 solar wind and
geomagnetic parameters are shown during a typical HSS/CIR passage at 1
AU.

More often than not, CIRs are not fully formed at distances of 1 AU and
thus a fully formed shock ahead of HSS is not usually observed near Earth
(Gosling & Pizzo 1999). In the case of the storm that happened 9th of March
2004 a shock front was fairly well developed which can be seen by looking at
the sharp momentary increase and decrease in the proton density n. After
the shock front the density dropped below the values before the shock front
because of the low particle density of the HSS and the trailing rarefaction
region. The solar wind speed rises gradually almost up to 800 km/s reaching
its maximum slightly after the shock front has passed the Earth. The velocity
of the high speed stream stays around this maximum value for a day or so and
decreases very slowly thereafter. Dst index behaves very differently during
HSSs than during CMEs, with the main differences being that HSSs don’t
cause as large-amplitude Dst perturbations but they, however, create storms
that can last typically much longer than those created by CMEs. This is
evident by noting that the storm main phase starts 9th of March and it
takes well over one week for the Dst index to fully recover. Finally, the B
field only rises up to around 15 nT and only lasts for one to two days. The
interesting part of the B field variation can be seen by looking at the Bz

component. The Bz component oscillates very rapidly on both sides of 0

nT and the effect can even be seen to start a day or two before the shock
front and lasts until the end of the depicted time interval. This oscillation
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is due to Alfvén waves that are present within the open magnetic field lines
of the HSS. As an effect of this oscillation the reconnection process between
the IMF and magnetosphere is not continuous like in CME driven events.
Even though the rate of energy input during HSS is typically smaller than
during CMEs the energy input lasts longer during HSS and the net energy
input may actually exceed the typical net energy input during CMEs. The
prolonged intermittent reconnection is seen as significant substorm activity
(AE index) in Figure 23, which lasts until the end of the depicted interval,
and is much more intense than in the recovery phase of the CME storm in
Figure 22.

8 Dimension reduction using principal compo-

nent analysis

The large dataset, which is studied in this thesis, has 24 daily data series cor-
responding to 24 CGML bins from 1979 to present. It can easily prove out
to be a fairly difficult task to analyze this kind of multidimensional big data.
In this case the data at different latitude bins correlate with each other and
thus have underlying patterns which connect them together. To understand
the underlying mutual patterns, principal component analysis (PCA) is ap-
plied to the data, which uses the singular value decomposition (SVD). This
section depicts the main principles behind the method. Figure 24 illustrates
the idea of the principal components. The purpose of the principal compo-
nent analysis is to find to find empirical orthogonal functions (EOF) which
are mutually orthogonal main axes. The data is projected on these axes and
these projections are the values of the PCs. The variance of the PCs hold all
the information that is present in the original data set. The variance is split
across the PCs in such a way that the first few PCs should hold most of the
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Figure 23: Hourly values of solar wind IMF and geomagnetic parameters during
a HSS passage in 7.-24.3.2004. HSS storm 2004/3/9 parameters. The top panel
shows the magnitude of the IMF B field at 1 AU. The second panel shows the IMF
Bx (Sun-Earth component), By and Bz (north-south component) fields at 1 AU.
The third panel shows the solar wind speed at 1 AU. The fourth panel shows the
interplanetary particle density at 1 AU. The final 3 bottom panels show the Dst
index, Kp index and AE index respectively.
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Figure 24: Left side plot shows a standardized 2 dimensional data set X,Y . The
EOFs in the figure illustrate the principal axis 1 and 2 which are eigenvectors of
the data covariance matrix. Expressing the data in a coordinate system defined by
the EOFs (right side plot) the data is uncorrelated. Most of the data variance is
split across the PC1 and the remaining data variance is split across the PC2.

original data variance and the subsequent PCs cover smaller fractions. The
analysis can then be reduced to contain the first few PCs, which facilitates
the understanding of the whole data set easier.

The principal components of a data matrix can be calculated in the following
manner. Suppose X is an n×m real valued or complex valued matrix, where
n is the number of data points and m is the number of data series. The
matrix X should also be standardized. Then for the matrix X there exists a
factorization called singular value decomposition (SVD), of the form

Xn×m = Un×mSm×mV
T
m×m. (15)

Here U is an n ×m unitary matrix consisting of the eigenvectors of XXT ,
S is a diagonal m × m matrix with positive real numbers, V is an m × m
unitary matrix consisting the eigenvectors of XTX and V T is the transpose

52



of V . The columns of the matrix V are called the empirical orthogonal func-
tions (EOF). The diagonal values σi of S are square roots of the eigenvalues
of the eigenvectors of XXT or XTX and are known as the singular values.
Conventionally they are arranged in descending order. The singular values
hold the standard deviations of the principal components. The least signifi-
cant of these values can be discarded thus lowering the amount of dimensions
that has to be analyzed. A normalized cumulative sum of the squared sin-
gular values is an easy way to see how many principal components should
be analyzed in order to still explain a significant amount of the original data
variance. The calculation can be done so that

σ̂i
2 =

σ2
i∑k

i=1 σ
2
i

. (16)

After computing the SVD of a data matrix one can obtain the principal
components of the original data from

P = US =⇒ X = PV T . (17)

Alternatively one can view the data by calculating the factor loadings L from

L = V S =⇒ X = ULT (18)

Sometimes the first factor solutions don’t reveal the underlying patterns and
it is thus customary to apply a rotation on the principal components. One of
the most widely used orthogonal rotations is the VARIMAX rotation which
maximizes the variance of the squared loadings for each factor and can be
defined as

Tvmax = argmax

 1

m

n∑
j=1

m∑
i=1

(LT )4ij −
n∑
j=1

(
1

m

m∑
i=1

(LT )2ij

)2
 , (19)
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where L = V S is the m×m factor loadings matrix and T is the m× n rota-
tion matrix. The rotation produces factors that are as unevenly distributed
as possible. The analysis becomes simpler when a couple of the variables
have a large loading compared to others. Rotating the factor loadings can
also separate the more widely distributed factor loadings to a few narrower
ones. This helps to understand the behavior behind the more widely dis-
tributed factor loadings. Usually only some of the components of the factor
loadings matrix L are rotated not to mix the important variances with the
ones that are seemingly just random noise. The rotated factor loadings and
standardized PCs are then

Lrot = LT (20)

Urot = UT =⇒ X = UrotL
T
rot (21)

9 Effects of different solar wind drivers in ra-

diation belts

The temporal evolution of energetic electron precipitation follows the solar
cycle in a such pattern that the belt of precipitation is furthest away from
the Earth during the solar minima and closest to the Earth during solar max-
ima. Figures 25, 26 and 27 show the temporal evolution of the latitudinal
distribution of electron precipitation and the movement of the radiation belt
during the measurements done by the NOAA/POES satellites. The y-axis in
the figures shows the corrected geomagnetic latitude which is directly related
to L-shell of dipolar field line.

South Atlantic Anomaly (SAA) is a particular area where the inner radiation
belt comes very close to the Earth’s surface down to altitudes of around 200
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Southern hemisphere E1 electron precipitation
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Figure 25: Temporal evolution of the energetic electron precipitation (energies
> 30 keV). Y-axis shows the corrected geomagnetic latitude and color shows the
precipitation flux in log10 scale. The upper panel shows the northern hemisphere
E1 EEP integral flux and the bottom panel shows the corresponding southern
hemisphere E1 EEP flux.

km. This region is so vast that it has a large impact on the electron precipi-
tation within the southern hemisphere (Figure 25, 26 and 27 lower panel).

During the solar maxima and declining phases (e.g., years 1981-1982, 1989-
1991 and 2003) one can see obvious electron precipitation injection to lower
latitudes. It is also clear that looking at the solar minima (1986, 1996, 2009),
these kind of injections are close to non-existent. During the declining phases
of the solar cycles, the outer edge of the precipitation region moves to higher
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Southern hemisphere E2 electron precipitation
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Figure 26: Temporal evolution of the energetic electron precipitation (energies >
100 keV). Y-axis shows the corrected geomagnetic latitude and color shows the
precipitation flux in log10 scale. The upper panel shows the northern hemisphere
E2 EEP integral flux and the bottom panel shows the corresponding southern
hemisphere E2 EEP flux.

latitudes, i.e., further away from the Earth to higher L-shells. Note also that
the precipitation almost vanishes in 2009 during the deep sunspot minimum
(the period of lowest solar activity in the depicted time interval). The higher
energy channels show similar behavior with the exception that the fluxes are
smaller by factor of around 10-100. The latitudinal movement of the high-
energy electron precipitation from the outer radiation belt is also smaller.

The rate of strong geomagnetic storms peaks during solar maximum. This
is because strong storms are dominantly drived by CMEs whose occurence
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Southern hemisphere E3 electron precipitation
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Figure 27: Temporal evolution of the energetic electron precipitation (energies >
300 keV). Y-axis shows the corrected geomagnetic latitude and color shows the
precipitation flux in log10 scale. The upper panel shows the northern hemisphere
E3 EEP integral flux and the bottom panel shows the corresponding southern
hemisphere E3 EEP flux.

follows the sunspot cycle. Electron precipitation is very latitudinally depen-
dent but even observing the average particle precipitation over all latitudes
reveals that there is one peak during solar maxima, and another peak during
declining phases of the solar cycle. This rises from the fact that during dif-
ferent phases of solar cycle, the main drivers of the solar wind are different
and have different properties and effects on the magnetosphere.

As was shown in Figures 22 and 23, the effects of different solar wind drivers
to geomagnetic indices are very distinct. This is due to the fact that CMEs
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and HSSs enhance mainly different current systems in the magnetosphere. It
has also been shown that CME-driven substorms occur, on average, at lower
latitudes than HSS-driven substorms (Holappa et al. 2014). The principal
component analysis of the latitudinal EEP of chapter 10 proves these results
further.

Figure 28 shows the average standardized fluxes during different solar wind
flow types for each energy channel and for both hemispheres. The different
distributions follow similar patterns in each of the hemispheres and energy
channels. Most notably the minimum (maximum) of the CME (HSS) distri-
butions is found on lower latitudes as the energies of the electrons get higher.
These latitudes correspond to the outer edge of the outer radiation belt for
each energy channel. The distributions can be used to help the analysis of
the factor loadings (FL) of the principal component analysis carried out in
the next chapter.

10 Principal component analysis of electron pre-

cipitation

10.1 Northern hemisphere

The EEP distribution can analyzed conveniently by using PCA. The daily
EEP distribution of 24 latitudinal bins used in the analysis is in log10 scale
since the logarithmic fluxes are more normally distributed, and the PCA is
then more robust. Before the SVD the data is also standardized. It is im-
portant to note that because of the standardization the obtained principal
components and factor loadings describe variations relative to the overall
average flux at each latitude bin and energy channel. The normalized cumu-
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Figure 28: Average standardized fluxes during different solar wind flow types for
each energy channel and for both hemispheres.

lative sums of the squared singular values for the three energy channels of
northern hemisphere data are shown in Figure 29.

The first 4-5 PCs contain most of the data variance (> 80%) within them.
Thus including more than 5 factor loadings in the rotation might include un-
necessary noise. Figure 30 shows the first 5 unrotated factor loadings of the
E1 channel. The first 3 factors already include a significant amount (about
80%) of the original data variance. The fourth and fifth factors don’t seem as
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Figure 29: Cumulative sum of the squared singular values of the northern hemi-
sphere PCs for each energy channel.

important when looking at the factor loadings. However, the PCs associated
with the FLs reveal systematic temporal evolution within the 4th and 5th
PC. The first 5 unrotated PCs of the E1 channel are shown in Figure 31.

The emphasis of the first PC is within the inner magnetosphere below lat-
itudes of around 65◦. The second EOF has largest deviation around 75◦

which corresponds to the outer edge of the outer radiation belt. The EEP
of the outer edge of the outer radiation belt is synchronized with the solar
cycle in a such a way that it peaks during the declining phases (or minima)
of the solar cycle when CIRs are the dominant cause for EEP within the
magnetosphere. The third PC shows sporadic variations that are related to
solar energetic particle (SEP) events that fill the polar region (see FL3 in

60



40 45 50 55 60 65 70 75 80 85

Latitude

-100

-80

-60

-40

-20

0

20

40

60

80

100

Factor loadings for northern hemisphere E1 channel

1st FL
2nd FL
3rd FL
4th FL
5th FL

Figure 30: The figure shows the first 5 unrotated factor loadings of northern hemi-
sphere E1 channel.

Figure 30) with precipitation and, which on the other hand are linked to
CMEs (Kahler 2001). The fourth and fifth PCs seem to show annual and
semi-annual variations. The fourth PC also seems to follow some kind of
longer variation cycle which anticorrelates with the solar cycle. This hap-
pens because the corresponding EOF for the 4th PC has a negative response
around the inner edge of the outer radiation belt and positive response at the
outer edge of the outer radiation belt. Accordingly during, e.g., solar min-
ima when the outer edge fluxes increase (total positive response increases)
and inner edge fluxes decrease (total negative response decreases), the fourth
PC’s values maximize and anticorrelate with the solar cycle.

The first PC acts as a fair proxy for geomagnetic activity and correlates well
with, e.g., aa index and AE index (Figure 32). The (Pearson’s) correlation
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Figure 31: The first 5 unrotated PCs of the E1 energy channel. The first 3 PCs are
plotted in daily scale and the fourth and fifth in monthly scale to better illustrate
the annual variations.

coefficient between monthly PC1 and log10 aa index is 0.92 and the correlation
coefficient between monthly PC1 and log10 AE index is 0.90. It seems to
follow the movement or size of the outer radiation belt but it can also be
understood as a proxy for the movement of the plasmapause. The movement
of the plasmapause can be modeled well with, e.g., Dst index, Kp index and
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Figure 32: The correlation between PC1 and logarithmic aa (blue) and AE (red)
indices.

AE index (O’Brien & Moldwin 2003). Kamp et al. (2016) presented a daily
Ap index model for the plasmapause location of the form

Lpp(t) = −0.7430ln(maxt−1,t(Ap)) + 6.5257, (22)

where Lpp refers to the L-shell of the plasmapause and maxt−1,t(Ap) indicate
the maximum value of Ap of the day of interest and the previous day. The
correlation coefficient between the monthly PC1 and model Lpp is −0.95.
This is obviously natural since the PC1 also correlates with the geomagnetic
indices alone and the correlation between the unrotated PC1 and log10 Ap
index is 0.94.

The unrotated PC2 shows variations in the EEP fluxes around latitude of
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75◦, where the 2nd PC’s EOF has largest response, and thus are mostly gov-
erned by the movement of the outer radiation belt. The belt is closer to the
Earth around maxima when the solar activity is high (leading to small PC2
values) and further away from the Earth during minima (leading to high PC2
values). This effect is mainly what is seen within PC2. It shows a clear solar
cycle variation and has high correlation with sunspot number. The correla-
tion coefficients between the monthly and 365-day PC2 and sunspot number
R are -0.72 and -0.87 respectively. The monthly and 365-day correlation co-
efficients between the unrotated PC2 and the solar wind dawn-dusk electric
field (Edd) are -0.57 and -0.90 respectively. The dawn-dusk electric field has
been estimated by calculating the product of Z-component of IMF (in GSM
coorinates) and solar wind speed (−BzV ) (when Bz > 0 the product is set
to 0). Figure 33 shows a scatter plot of the anticorrelation between the 2nd
PC and sunspot numbers/log10(Edd). The 365-day correlation between the
unrotated PC2 and the other parameters does not exceed 0.85.

The third PC mainly shows fast variations at the high-latitude region. These
SEP induced variations are linked to CME events. This can be shown by
computing the monthly CME fraction by using the catalog of solar wind
flow types. Figure 34 illustrates the connection between the CME events
and PC3. The monthly CME fraction in the upper panel of Figure 34 has
been calculated by dividing the monthly number of CME observations with
the monthly number of all of the solar wind observations. The lower panel
highlights the days with more than 33% of CME observations out of the 24
possible hourly observations each day since there are no data gaps in the
solar wind flow catalog.

The response of the 4th EOF is largest at the outer edge of the radiation
belt, at around the inner edge and at the very deep magnetosphere at around
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Figure 33: Monthly (blue) and 365-day (red) averages of the unrotated northern
hemisphere E1 PC2 plotted against the monthly and 365-day averages of sunspot
number R (left panel) and logarithmic Edd (right panel).

40◦. Thus the 4th PC seems to show somewhat similiar solar cycle related
long variation pattern that can be seen in the 2nd PC. However, the monthly
overall averages of the 4th PC reveal that it also seems to show annual vari-
ations of the EEP (Figure 35). Similar to the 4th FL, the response of the
unrotated 5th FL also has more than one maxima and minima. The unro-
tated PC5 seems to show slight semi-annual variation.

Rotating the 5 first factor loadings using VARIMAX rotation separates the
first factor into 3 smaller factors (Figure 36). The second and third VARI-
MAX rotated FLs are not affected by the rotation significantly and thus the
second and third PCs remain mostly unaffected under rotation. Figure 37
shows the VARIMAX rotated PCs.

The response of the VARIMAX rotated EOF1 is mainly located very deep in
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Figure 34: The upper panel shows the unrotated standardized monthly PC3 (blue)
and standardized CME fractions (red). The lower panel shows the standardized un-
rotated PC3 (blue) and highlights the days with more than 33% CME observations
(red).

the magnetosphere around 45◦. Even though annual variation is seemingly
clear in the fourth PC even after the rotation, the first PC also shows clear
annual variation especially after 2008 when the annual variations vanish from
the fourth PC. The first PC’s monthly time evolution is shown in Figure 38
and plotted against the temporal evolution of monthly log10 aa index. The
correlation between the rotated monthly PC1 and monthly log10 aa is 0.68.
The correlation of aa index is notably lower with the rotated PC1 than with
the unrotated PC1. Since the variance of the data has not disappeared but
just moved to another factors, the factors that were separated from the orig-
inal PC1 also correlate with the aa index to some extent. The correlation
between the monthly log10 aa with PC4 is−0.53 and with PC5 the correlation
is 0.69. The VARIMAX rotated PC1, however, has a notable correlation with
the solar wind flow pressure. The correlations between the monthly/365-day
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rotated (red) PCs of the northern hemisphere E1 channel. The errorbars represent
standard errors of the mean (SEM) for each seasonal average.
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Figure 36: The figure shows the first 5 VARIMAX rotated factor loadings of north-
ern hemisphere E1 channel
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Figure 37: The first 5 VARIMAX rotated PCs of the E1 energy channel. The PCs
from 1-3 and 5 are plotted in daily scale and the fourth in monthly scale to better
illustrate the annual variations.

averages of VARIMAX rotated northern hemisphere E1 PC1 and solar wind
flow pressure are 0.67/0.92 (see Figure 39). The correlations do not change
significantly if logarithmic solar wind flow pressure is used. The 365-day cor-
relation between the rotated PC1 and the other parameters does not exceed
0.85.
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Figure 38: VARIMAX rotated and monthly standardized PC1 (blue) plotted
against monthly standardized log10(aa) index (red).

Figure 39: Monthly (blue) and 365-day (red) averages of VARIMAX rotated PC1
of the northern hemisphere E1 channel plotted against solar wind flow pressure.

The 365-day averaged 2nd rotated PC does not correlate with the dawn-dusk
electric field (-0.50) as well as the unrotated one but the correlation with the
sunspot number stays almost the same (-0.85). The monthly rotated PC2
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also seems to correlate slightly better with HSS fraction (0.55). Mostly the
rotated PC2 and FL2 seem to remain unaffected by the rotation but the
most notable difference between the unrotated and rotated FL2 is that the
low-latitude response changes from notable negative values (around -40) to
slightly over 0. The third rotated FL is almost identical to the corresponding
unrotated FL and since it is the only FL that has response at the polar cap
the corresponding PC remains mostly unaffected by the rotation. The fourth
PC seems to show the annual variations even after the rotation. The response
of the rotated 4th FL, however, is very different compared to the unrotated.
The 4th FL’s largest response is found at around latitudes of 65◦ which is
located in the middle of the outer radiation belt. The annual variations of
the rotated northern hemisphere E1 PC4 remain mostly unaffected (Figure
35) by the rotation.

The 5th rotated FL is located at around latitudes of 55◦. The behavior of the
rotated 5th PC is similar to rotated PC1. The biggest difference seemingly
being that 5th PC emphasises the large variations within the outer radiation
belt which cause EEP to the lower latitudes. PC1 shows variations from the
very deep magnetosphere and thus shows only few notable variations that
differ from the long term average. Also, the dawn-dusk electric field has a
fair correlation with PC5 (0.57).

The E2 and E3 channel factor loadings show somewhat similar behavior as
the E1 channel. The unrotated as well as the VARIMAX rotated factor
loadings for E2 and E3 channel are shown in Figure 40. The factors 2 and
3 for E2 and E3 switch positions compared to E1 factors most likely due
to SEP/CME induced effects becoming more and more significant at higher
energy channels. Figure 41 shows the temporal evolution of the first five
unrotated PCs of the E2 and E3 energy channels. There are no major differ-
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Figure 40: Unrotated and VARIMAX rotated factor loadings for E2 and E3 chan-
nel.

ences between the corresponding PCs of E2 and E3 channels and the general
patterns are similar.

The correlation between the unrotated E2 channel PC1 and log10 aa and AE
indices is 0.88 and 0.88 respectively. The correlation between the unrotated
E3 channel PC1 and log10 aa and AE indices is 0.81 and 0.78 respectively.
The second PC of both of the higher energy channels shows the SEP/CME
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Figure 41: Time evolution of the unrotated PCs of E2 (blue) and E3 (red) channels.
PCs from 1 to 3 are in plotted in daily scale and PCs 4 and 5 in monthly to illustrate
the underlying variations better.

induced high latitude variations. The PCs related to the sporadic high-
latitude variations are very similar in each of the three energy channels with
the exception that the 2nd PCs of the E2 and E3 channels show notable
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baseline variation. The third PC for the two higher energy channels shows
similar variations as the 2nd PC of the E1 channel which correspond to the
variations near the outer edge of the outer radiation belt. During the min-
ima of 2009-2010, the E3 PC3 shows extremely low values contrary to the
corresponding PCs of the lower energy channels probably due to the high
energy electrons mostly disappearing from the belt around that time.

The fourth PCs of the E2 and E3 channels show annual variations which
are especially visible at around 1993 to 2003. The response of the 4th and
5th EOF of the E2 channel are most prominent in the deep magnetosphere.
The PC5 of the E2 channel seems to show a systematic increasing trend,
which may be a remnant of the data inhomogeneity caused by the SEM-
1 and SEM-2 detector difference or related to long-term decrease of solar
activity over the last solar cycles. The variance of the PC5 after July of 1998
is over 1.5 times higher than before July 1998 and the average value of the
PC increases from -0.0023 to 0.0023 after July 1998 (Figure 42). The first
and last points of the moving average in Figure 42 are leading and trailing
averages respectively. The 5th FL of the E3 channel is comparable to the E1
channel’s 5th FL and similarly the 5th PC of the E3 channel seems to show
slight semi-annual variation.

Figure 43 shows the VARIMAX rotated PCs of E2 and E3 channels. Within
the E2 channel the unrotated PC1 correlating with geomagnetic activity
seems to be split into several components (PC1, PC4 and PC5) after the
rotation which all correlate with the indices to a fair extent. The E3 channel
seems to show similar behaviour. However, the correlations between the un-
rotated PC1 of the E3 channel and geomagnetic indices only decrease by a
small amount after the rotation (see Table 3). After the rotation the correla-
tion between the monthly CME fraction and PC2 of the E2 channel increases
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Figure 42: Monthly unrotated PC5 (blue) of the E2 channel showing a clear vari-
ance and mean value increase after July 1998 (black vertical line). The red lines
indicate 365-day moving averages before July of 1998 and after July of 1998 sepa-
rately.

from 0.37 to 0.55 and the anticorrelation between the monthly CME fraction
and PC3 of the E2 channel decreases from -0.61 to -0.46. Also, after the
rotation the correlation between HSS fraction and PC3 of the E2 channel
increases from 0.34 to 0.55. The anticorrelation between HSS fraction and
the rotated PC2 of the E2 channel decreases from -0.42 to -0.33. The annual
variations become more evident in PC4 and PC5 after the rotation for E2
channel but for E3 channel the rotation does not contribute as much new
information. The possible inhomogeneity caused variance and mean value
change moves to PC4 of the E2 channel after the rotation. The rotated PC4
of the E2 channel also shows annual variations. The rotated fifth PC of the
E3 channel shows variations from the center of the region that is populated
with high-energy electrons (see Figure 40) and seems to show semi-annual
variations. Tables 1, 2 and 3 show the correlations between northern hemi-
sphere PCs and geomagnetic indices, HSS fraction, CME fraction, dawn-dusk
electric field and solar wind flow pressure. Table 4 also shows the correlations
between the daily northern hemisphere E1 channel PCs and geomagnetic in-
dices, dawn-dusk electric field and solar wind flow pressure. The fractions
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Figure 43: The first 5 VARIMAX rotated PCs of the E2 (blue) and E3 (red) energy
channel. The PCs from 1-3 are plotted in daily scale and PCs 4-5 in monthly scale.

are omitted from the daily correlation table since they would mostly have
values of 0 or 1 on daily scale.
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Table 1: Correlations between the monthly northern hemisphere E1 channel PCs
and different parameters that were presented earlier. Green color indicates the PC
which has the highest correlation/anticorrelation with the corresponding parame-
ter.

Unrotated
PC1 PC2 PC3 PC4 PC5

Log10(aa) 0.92p=0.00 −0.50p=0.00 0.01p=0.68 −0.02p=0.87 0.22p=0.00

Log10(AE) 0.90p=0.00 −0.49p=0.00 0.07p=0.15 0.12p=0.01 0.29p=0.00

HSS fraction 0.22p=0.00 0.30p=0.00 −0.44p=0.00 0.21p=0.00 −0.06p=0.20

CME fraction 0.40p=0.00 −0.61p=0.00 0.54p=0.00 −0.23p=0.00 0.22p=0.00

Log10(Edd) 0.62p=0.00 −0.57p=0.00 0.12p=0.01 −0.19p=0.00 0.17p=0.00

SW flow pressure 0.70p=0.00 −0.42p=0.00 0.04p=0.40 0.23p=0.00 0.08p=0.11

VARIMAX rotated
PC1 PC2 PC3 PC4 PC5

Log10(aa) 0.68p=0.00 0.02p=0.63 0.25p=0.00 −0.53p=0.00 0.69p=0.00

Log10(AE) 0.71p=0.00 0.10p=0.03 0.27p=0.00 −0.36p=0.00 0.69p=0.00

HSS fraction 0.20p=0.00 0.51p=0.00 −0.33p=0.00 −0.23p=0.00 −0.05p=0.31

CME fraction 0.23p=0.00 −0.49p=0.00 0.60p=0.00 −0.12p=0.01 0.51p=0.00

Log10(Edd) 0.42p=0.00 −0.30p=0.00 0.29p=0.00 −0.44p=0.00 0.57p=0.00

SW flow pressure 0.67p=0.00 0.07p=0.13 0.19p=0.00 −0.21p=0.00 0.45p=0.00
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Table 2: Correlations between the monthly northern hemisphere E2 channel PCs
and different parameters that were presented earlier. Green color indicates the PC
which has the highest correlation/anticorrelation with the corresponding parame-
ter.

Unrotated
PC1 PC2 PC3 PC4 PC5

Log10(aa) 0.88p=0.00 −0.17p=0.00 −0.45p=0.00 −0.04p=0.40 −0.09p=0.06

Log10(AE) 0.88p=0.00 −0.19p=0.00 −0.47p=0.00 0.12p=0.01 −0.04p=0.38

HSS fraction 0.19p=0.00 −0.42p=0.00 0.33p=0.00 0.10p=0.03 −0.20p=0.00

CME fraction 0.40p=0.00 0.37p=0.00 −0.61p=0.00 −0.15p=0.00 0.15p=0.00

Log10(Edd) 0.62p=0.00 −0.03p=0.43 −0.53p=0.00 −0.14p=0.00 −0.09p=0.06

SW flow pressure 0.68p=0.00 0.02p=0.74 −0.40p=0.00 0.10p=0.03 −0.23p=0.00

VARIMAX rotated
PC1 PC2 PC3 PC4 PC5

Log10(aa) 0.66p=0.00 0.26p=0.00 0.08p=0.09 0.37p=0.00 0.73p=0.00

Log10(AE) 0.55p=0.00 0.22p=0.00 0.10p=0.03 0.40p=0.00 0.81p=0.00

HSS fraction 0.15p=0.00 −0.33p=0.00 0.51p=0.00 0.23p=0.00 0.04p=0.39

CME fraction 0.29p=0.00 0.55p=0.00 −0.46p=0.00 −0.01p=0.79 0.43p=0.00

Log10(Edd) 0.55p=0.00 0.28p=0.00 −0.20p=0.00 0.26p=0.00 0.52p=0.00

SW flow pressure 0.40p=0.00 0.33p=0.00 0.02p=0.67 0.46p=0.00 0.55p=0.00
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Table 3: Correlations between the monthly northern hemisphere E3 channel PCs
and different parameters that were presented earlier. Green color indicates the PC
which has the highest correlation/anticorrelation with the corresponding parame-
ter.

Unrotated
PC1 PC2 PC3 PC4 PC5

Log10(aa) 0.81p=0.00 −0.55p=0.00 0.04p=0.39 −0.13p=0.01 −0.15p=0.00

Log10(AE) 0.78p=0.00 −0.53p=0.00 0.10p=0.04 −0.03p=0.59 −0.18p=0.00

HSS fraction 0.00p=0.93 −0.22p=0.00 0.53p=0.00 0.15p=0.00 −0.21p=0.00

CME fraction 0.53p=0.00 −0.08p=0.10 −0.49p=0.00 −0.24p=0.00 0.12p=0.02

Log10(Edd) 0.62p=0.00 −0.41p=0.00 −0.15p=0.00 −0.23p=0.00 −0.13p=0.01

SW flow pressure 0.65p=0.00 −0.36p=0.00 −0.07p=0.12 −0.08p=0.11 −0.11p=0.02

VARIMAX rotated
PC1 PC2 PC3 PC4 PC5

Log10(aa) 0.77p=0.00 0.11p=0.02 −0.07p=0.17 0.43p=0.00 −0.43p=0.00

Log10(AE) 0.71p=0.00 0.09p=0.07 0.01p=0.88 0.51p=0.00 −0.44p=0.00

HSS fraction −0.02p=0.62 −0.30p=0.00 0.42p=0.00 0.13p=0.01 −0.33p=0.00

CME fraction 0.51p=0.00 0.42p=0.00 −0.43p=0.00 0.12p=0.01 0.05p=0.29

Log10(Edd) 0.62p=0.00 0.14p=0.00 −0.26p=0.00 0.25p=0.00 −0.30p=0.00

SW flow pressure 0.59p=0.00 0.18p=0.00 −0.12p=0.01 0.38p=0.00 −0.29p=0.00

Table 4: Correlations between the daily northern hemisphere E1 channel PCs and
different parameters that were presented earlier. Green color indicates the PC
which has the highest correlation/anticorrelation with the corresponding parame-
ter.

Unrotated
PC1 PC2 PC3 PC4 PC5

Log10(aa) 0.77p=0.00 0.04p=0.00 −0.12p=0.00 −0.17p=0.00 −0.17p=0.00

Log10(AE) 0.78p=0.00 0.05p=0.00 −0.13p=0.04 −0.17p=0.59 −0.16p=0.00

Log10(Edd) 0.37p=0.00 −0.21p=0.00 −0.02p=0.01 −0.17p=0.00 −0.08p=0.00

SW flow pressure 0.40p=0.00 −0.12p=0.00 0.07p=0.00 0.08p=0.11 −0.09p=0.00

VARIMAX rotated
PC1 PC2 PC3 PC4 PC5

Log10(aa) 0.43p=0.00 0.20p=0.00 0.15p=0.00 −0.62p=0.00 0.20p=0.00

Log10(AE) 0.42p=0.00 0.22p=0.00 0.14p=0.00 −0.62p=0.00 0.21p=0.00

Log10(Edd) 0.24p=0.00 −0.13p=0.00 0.10p=0.00 −0.31p=0.00 0.19p=0.00

SW flow pressure 0.36p=0.00 0.04p=0.00 0.17p=0.00 −0.15p=0.00 0.12p=0.00
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Figure 44: Cumulative sum of the squared singular values of the southern hemi-
sphere EOFs for each energy channel.

10.2 Southern hemisphere

The normalized cumulative sums of the squared singular values for the three
southern hemisphere energy channels are shown in Figure 44. They look
similar to the ones corresponding to northern hemisphere and for the same
reasons the first 5 factors and PCs are chosen for the analysis.

The first five unrotated and VARIMAX rotated factor loadings of the south-
ern hemisphere E1 data are shown in Figure 45. The unrotated factor load-
ings for the E1 channel in southern hemisphere are similar to the northern
hemisphere unrotated FLs. Figure 46 shows the temporal evolution of the
PCs corresponding to these factors.
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Figure 45: Unrotated and VARIMAX rotated FLs for E1 channel.

The first PC has a high correlation with log10 aa index and log10 AE index
with the correlation coefficients being 0.91 and 0.87 respectively. The sec-
ond PC shows a similar oscillation of the outer radiation belt outer edge as
observed in the northern hemisphere. The third PC shows fast CME/SEP re-
lated variations correlates with CME fraction. The fourth PC of the southern
hemisphere does not seem to show annual but instead semi-annual variations
(Figure 47). The unrotated 5th PC is difficult to interpret but it seems to
hold information about annual or semi-annual variation.

Figure 49 shows the first five VARIMAX rotated PCs for southern hemi-
sphere E1 channel. The correlation between the monthly rotated PC1 and
geomagnetic indices is considerably weaker than for the unrotated PC1 (see
Table 5). The rotated PC2 and PC3 again correlate with the outer radiation
belt outer edge movement (and anticorrelate with solar cycle) and sporadic
variations related to SEP/CME events respectively (see Table 5). The fourth
rotated PC correlates with log10 aa index and log10 AE index fairly well (0.77
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and 0.77) and seems to follow the solar cycle to some extent. However, it also
shows a clear annual variation (Figure 47). Also, the semi-annual variation
seems to be mostly included in the 5th rotated PC. It seems that the VARI-
MAX rotation finds two PCs (PC4 and PC5) which correspond to annual
and semi-annual variations (respectively) within the southern hemisphere
E1 channel .

Figure 50 shows the unrotated and VARIMAX rotated factor loadings for
the southern hemisphere E2 and E3 channels. The PCs corresponding to
these factors are shown in Figure 51. The three first PCs are similar as
before corresponding to geomagnetic activity, sporadic variations related to
SEP/CME events and outer radiation belt outer edge movement (or solar
cycle) respectively. The annual and semi-annual variations are included in
the 1st, 4th and 5th PCs in the southern hemisphere E2 and E3 channels.
The correlations between any of the PC-parameter combinations are consid-
erably low for the southern hemisphere E2 and E3 channels (see Tables 6
and 7). Figure 48 shows the monthly seasonal averages of the unrotated and
VARIMAX rotated southern hemisphere E2 PC1 and PC4. Corresponding
PCs for the southern hemisphere E3 channel behave similarly. The SEM-1
and SEM-2 era difference in mean value and variance is not visible within
the southern hemisphere E2 PCs.

The VARIMAX rotated PCs for the southern hemisphere E2 and E3 chan-
nels are shown in Figure 52. The first three VARIMAX rotated PCs of
the higher energy channels show again correlation with geomagnetic activity,
SEP/CME related variations and solar cycle related variations respectively.
However, similarly as with the unrotated PCs of southern hemisphere E2 and
E3 channels, the correlations between any of the PC-parameter combinations
are considerably low for the VARIMAX rotated PCs of the southern hemi-
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sphere E2 and E3 channels as well. Tables 5, 6 and 7 show the correlations
between southern hemisphere PCs and geomagnetic indices, HSS fraction,
CME fraction, dawn-dusk electric field and solar wind flow pressure.
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Figure 46: The first 5 unrotated PCs of the southern hemisphere E1 energy channel.
The first 3 PCs are plotted in daily scale and the fourth and fifth in monthly scale
to better illustrate the annual variations.
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Figure 47: Monthly overall averages of unrotated (blue) and VARIMAX rotated
(red) PC4 (left panel) and PC5 (right panel). The errorbars represent standard
errors of the mean for each seasonal average.
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Figure 48: Monthly overall averages of the unrotated and VARIMAX rotated south-
ern hemisphere E2 PC1 and PC4. The errorbars represent standard errors of the
mean for each seasonal average.
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Figure 49: The first 5 VARIMAX rotated PCs of the southern hemisphere E1
channel. The PCs from 1-3 are plotted in daily scale and PCs 4-5 in monthly scale.
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Figure 50: Unrotated and VARIMAX rotated factor loadings for the southern
hemisphere E2 and E3 channel.
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Figure 51: The first 5 unrotated PCs of the E2 (blue) and E3 (red) channels. The
first 3 PCs are plotted in daily scale and the fourth and fifth in monthly scale.
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Figure 52: The first 5 VARIMAX rotated PCs of the southern hemisphere E2
(blue) and E3 (red) channels. The PCs from 1-3 are plotted in daily scale and PCs
4-5 in monthly scale.

88



Table 5: Correlations between the monthly southern hemisphere E1 channel PCs
and different parameters that were presented earlier. Green color indicates the PC
which has the highest correlation/anticorrelation with the corresponding parame-
ter.

Unrotated
PC1 PC2 PC3 PC4 PC5

Log10(aa) 0.91p=0.00 −0.53p=0.00 −0.17p=0.00 0.12p=0.01 −0.08p=0.11

Log10(AE) 0.87p=0.00 −0.54p=0.00 −0.20p=0.00 0.14p=0.00 −0.15p=0.00

HSS fraction 0.16p=0.00 0.29p=0.00 −0.45p=0.00 0.28p=0.00 −0.10p=0.04

CME fraction 0.45p=0.00 −0.61p=0.00 0.41p=0.00 −0.21p=0.00 0.07p=0.13

Log10(Edd) 0.64p=0.00 −0.54p=0.00 −0.03p=0.58 −0.15p=0.00 −0.02p=0.67

SW flow pressure 0.70p=0.00 −0.42p=0.00 −0.08p=0.09 0.25p=0.00 −0.10p=0.04

VARIMAX rotated
PC1 PC2 PC3 PC4 PC5

Log10(aa) 0.49p=0.00 0.23p=0.00 0.27p=0.00 0.77p=0.00 −0.62p=0.00

Log10(AE) 0.43p=0.00 0.18p=0.00 0.22p=0.00 0.77p=0.00 −0.62p=0.00

HSS fraction −0.14p=0.01 0.59p=0.00 −0.35p=0.00 0.11p=0.02 −0.31p=0.00

CME fraction 0.47p=0.00 −0.41p=0.00 0.60p=0.00 0.38p=0.00 −0.09p=0.06

Log10(Edd) 0.51p=0.00 −0.14p=0.00 0.30p=0.00 0.53p=0.00 −0.49p=0.00

SW flow pressure 0.28p=0.00 0.23p=0.00 0.23p=0.00 0.64p=0.00 −0.34p=0.00
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Table 6: Correlations between the monthly southern hemisphere E2 channel PCs
and different parameters that were presented earlier. Green color indicates the PC
which has the highest correlation/anticorrelation with the corresponding parame-
ter.

Unrotated
PC1 PC2 PC3 PC4 PC5

Log10(aa) 0.86p=0.00 −0.46p=0.00 −0.20p=0.00 −0.08p=0.08 0.03p=0.51

Log10(AE) 0.83p=0.00 −0.50p=0.00 −0.18p=0.00 −0.11p=0.02 0.14p=0.00

HSS fraction 0.10p=0.05 −0.16p=0.00 0.53p=0.00 −0.10p=0.05 0.10p=0.05

CME fraction 0.48p=0.00 −0.10p=0.05 −0.66p=0.00 0.05p=0.35 −0.03p=0.53

Log10(Edd) 0.64p=0.00 −0.36p=0.00 −0.33p=0.00 0.07p=0.15 −0.05p=0.31

SW flow pressure 0.66p=0.00 −0.24p=0.00 −0.26p=0.00 −0.08p=0.10 0.02p=0.63

VARIMAX rotated
PC1 PC2 PC3 PC4 PC5

Log10(aa) 0.67p=0.00 0.23p=0.00 0.16p=0.00 0.71p=0.00 −0.17p=0.00

Log10(AE) 0.62p=0.00 0.19p=0.00 0.20p=0.00 0.73p=0.00 −0.07p=0.15

HSS fraction 0.08p=0.12 −0.30p=0.00 0.53p=0.00 0.05p=0.35 −0.20p=0.00

CME fraction 0.36p=0.00 0.50p=0.00 −0.40p=0.00 0.41p=0.00 0.10p=0.03

Log10(Edd) 0.58p=0.00 0.24p=0.00 −0.08p=0.08 0.51p=0.00 −0.02p=0.70

SW flow pressure 0.46p=0.00 0.32p=0.00 0.05p=0.30 0.53p=0.00 −0.15p=0.00
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Table 7: Correlations between the monthly southern hemisphere E3 channel PCs
and different parameters that were presented earlier. Green color indicates the PC
which has the highest correlation/anticorrelation with the corresponding parame-
ter.

Unrotated
PC1 PC2 PC3 PC4 PC5

Log10(aa) 0.77p=0.00 −0.63p=0.00 −0.13p=0.01 −0.09p=0.05 0.10p=0.04

Log10(AE) 0.73p=0.00 −0.62p=0.00 −0.07p=0.14 −0.18p=0.00 0.13p=0.00

HSS fraction 0.00p=0.98 −0.26p=0.00 0.48p=0.00 −0.01p=0.78 0.05p=0.33

CME fraction 0.50p=0.00 −0.09p=0.08 −0.53p=0.00 −0.07p=0.14 0.06p=0.22

Log10(Edd) 0.58p=0.00 −0.43p=0.00 −0.25p=0.00 0.00p=0.92 0.14p=0.00

SW pressure 0.63p=0.00 −0.44p=0.00 −0.19p=0.00 0.01p=0.80 −0.03p=0.55

VARIMAX rotated
PC1 PC2 PC3 PC4 PC5

Log10(aa) 0.62p=0.00 0.13p=0.00 −0.12p=0.01 0.64p=0.00 0.35p=0.00

Log10(AE) 0.52p=0.00 0.10p=0.03 −0.06p=0.18 0.66p=0.00 0.38p=0.00

HSS fraction 0.08p=0.12 −0.31p=0.00 0.43p=0.00 0.04p=0.39 0.25p=0.00

CME fraction 0.28p=0.00 0.45p=0.00 −0.47p=0.00 0.36p=0.00 0.01p=0.89

Log10(Edd) 0.48p=0.00 0.17p=0.00 −0.28p=0.00 0.44p=0.00 0.27p=0.00

SW flow pressure 0.56p=0.00 0.18p=0.00 −0.15p=0.00 0.46p=0.00 0.17p=0.00
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11 Discussion and conclusions

Coronal mass ejections and high-speed solar wind streams are the main two
flow types behind the most significant disturbances in the magnetosphere.
During the storms particles are injected into the magnetosphere and espe-
cially electrons are accelerated to high velocities due to wave-particle interac-
tions. The injected and accelerated particles create different current systems
around the Earth by drifting perpendicular to the magnetic field lines and
bouncing along the field lines. Eventually due to violations of the adiabatic
invariants the particles can precipitate into the Earth’s atmosphere and be
lost from trapped orbits.

Energetic electron precipitation is longitudinally very asymmetric due to the
asymmetric dipole structure of the magnetosphere. Its temporal changes fol-
low some basic patterns studied in this thesis. These patterns can be revealed
by using the method of principal component analysis. Principal components
are essentially projected variations of data along the principal axes of the
dataset. Using these PCs one can reduce the dimension of the latitudinal
distribution of the data and find underlying modes that reveal general pat-
terns which create the original distribution.

PCA reveals at least 5 underlying modes (factor loadings) in the EEP data
which together explain major fraction of the variation within the EEP data
of 24 different latitude bins. These modes seem to represent the geomag-
netic variations, SEP/CME-related variations, modes that follow the CME
and HSS fractions in the solar wind, annual variations and semi-annual varia-
tions. Also, a small variation mode that might correspond to the remnants of
the SEM-1 and SEM-2 detector difference induced data inhomogeneity was
found. Some of the obtained modes affect a wide range of latitudes making
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the interpretation of the mode difficult. Thus it is justified to find a rotation
that finds a combination of the modes so that the result is latitudinally more
confined. However, in many cases the highest correlations between the PCs
and the different parameters tend to decrease after the rotation (see Tables
1, 2, 3, 5, 6 and 7).

The unrotated PC1 seems to be the mode correlating with geomagnetic vari-
ations within all of the energy-hemisphere combinations. The unrotated PC1
also shows notable correlation with log10(Edd) and solar wind flow pressure.
The unrotated PC2 (PC3 for E2 and E3) seems to anticorrelate with the
solar cycle. This is due to the response of the corresponding PC maximizing
around the outer edge of the outer radiation belt which tends to follow so-
lar cycle (EEP fluxes maximizing during solar minima/declining phase). It
mainly anticorrelates with CME fraction and dawn-dusk electric field. The
anticorrelation with CME fraction is most likely due to the CME fraction
having a strong solar cycle dependence. Also, the latitudinal distributions
of the EEP fluxes (Figure 28) during CMEs minimize in the very same re-
gion where the 2nd (3rd for E2 and E3) PCs EOF maximizes. The strong
anticorrelation between PC2 (PC3 for E2 and E3) and log10(Edd) (-0.90 in
365-day scale) is most likely due to the strong solar cycle dependence of the
dawn-dusk electric field. The unrotated PC3 (PC2 for E2 and E3) shows
sporadic variations related to SEP/CME events. It does not seem to have a
notable correlation with any of the parameters used in the thesis. Since the
unrotated PC3 (PC2 for E2 and E3) shows sporadic variations which can last
from a day to couple of weeks, using monthly average to compare the PC to
other paramates might not be convenient way to analyze it. The PC3 could,
however, be used to pinpoint strong CME events from the temporal evolution
of the EEP. The unrotated PC4 and PC5 do not correlate with any of the
6 parameters to a significant extent. Instead they seem to show most of the
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annual and semi-annual variations of the data (unrotated and VARIMAX
rotated southern hemisphere E2 PC5 being an exception and not showing
either of the seasonal variations). The southern hemisphere E2 and E3 PC1,
however, also seem to show part of the semi-annual variations. The PC5 of
the E2 channel also seems to be mixing the semi-annual variations with the
SEM-1 and SEM-2 detector difference caused inhomogeneity variance.

The most notable change that the VARIMAX rotation seemingly creates is
the separation of the 1st EOF into three more compact FLs (1, 4 and 5).
It does, however, also alter the 2nd and 3rd FLs which becomes evident by
looking at the correlation tables but to a lesser extent. The effect of the ro-
tation in the PCs is such that the annual and semi-annual variations become
more evident but the correlations with the solar wind flow types, solar wind
parameters and geomagnetic variations are mostly reduced. The rotation re-
duces the correlations between the northern/southern hemisphere E1 channel
unrotated PC2 and log10(Edd). After the rotation they become seemingly al-
most uncorrelated even though FL2 is not seemingly affected much by the
rotation. The peak values of the FLs are increased after the rotation but the
major difference in the unrotated and rotated 2nd FLs seem to be that the
low-latitude response of the FLs change from a fairly low value of −40/−50 to
around 10. The negative low-latitude response of the FLs decreases the corre-
sponding PC’s value during strong geomagnetic activity (e.g., solar maxima)
when strong EEP is observed on low latitudes and has insignificant effect
during weak geomagnetic activity (e.g., solar minima). Another notable ef-
fect of the rotation is seen in the correlation of the northern hemisphere E1
channel VARIMAX rotated PC1 and solar wind flow pressure. Even though
the monthly correlation between these variables is slightly reduced after the
rotation (from 0.70 to 0.67) the correlation of the 365-day averages of the
variables is considerably increased (from 0.83 to 0.92). There could be vari-
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ous reasons for the monthly correlation decreasing after the rotation but the
accentuation of the annual variations at the end of the rotated PC1 is most
likely one of them. The rotated FL1 mainly covers the very deep (40◦ to 50◦)
magnetosphere. The solar wind flow pressure possibly modulates the long
term EEP within all of the magnetosphere to a minor extent. The variation
caused by this effect could, however, be small enough to disappear behind
the larger variations. Within regions where the EEP is generally already
small, the variation becomes visible.

Even though PCA separates a few underlying modes from the latitudinal
distribution of the EEP, some of which can be well explained by a single
parameter, most of the PCs contain several distinct variation modes. For
modeling purposes a better estimate of the PCs could be achieved through,
e.g., canonical correlation analysis (CCA) which linearly combines the model
parameters with different weights to create a model of all of the PCs with
different weights. Thus a further study of applying CCA to the PCA could
be useful.
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