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1. Introduction
1.1

Solar wind

The Sun is the main sequence G-type star at the centre of the Solar System. Aside
from its radiated heat making life possible on Earth, its activity also affects the
terrestrial environment in many ways. The Sun exhibits a cycle, averaging 22 years
in length, in its magnetic activity level. This cycle consists of two half-cycles, called
’sunspot cycles’. Each sunspot cycle consists of rising and falling activity between
which the magnetic field of the Sun flips in polarity. This cycle originates from the
differential rotation of the solar interior transferring energy between the Sun’s internal toroidal, quadrupolar magnetic field and its external poloidal dipolar field (Babcock, 1961). At solar maximum, when the internal field is near maximum strength,
sunspots and solar flares become more common as the internal field occasionally
emerges through the photosphere.
Though the exact method of heating is yet uncertain, the outer part of the
Sun’s atmosphere, called the ’corona’, is extremely hot, up to several million Kelvin.
Due to this, energetic particles constantly stream outwards from the corona into the
Solar System, forming the solar wind. The solar wind plasma consists mostly of
electrons, protons and alpha particles with trace amounts of heavier ions. Observations in near-Earth space have identified two types of solar wind, termed ’slow’
and ’fast’. Slow solar wind has a typical velocity of 300-500 km/s and a density of
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around 5 to 10 particles per cubic centimetre while fast solar wind has around double the velocity, but half the density (Bothmer et al., 2007). The Ulysses spacecraft
which studied the latitudinal variation of the solar wind by orbiting the Sun’s poles
confirmed that fast solar wind originates from coronal holes in the high latitudes
of the Sun while slow solar wind originates near the equator, but the prevalence of
each varies significantly with the solar cycle as the coronal holes begin appearing
towards the lower latitudes as the Sun nears the solar maximum (McComas et al.,
2003), with their flows becoming dominant during the declining phase of the cycle
(Richardson and Cane, 2012).
The charged particles in the solar wind carry an embedded magnetic field,
which is usually called either the heliospheric or interplanetary magnetic field (IMF).
The conductivity of solar wind plasma is so high that one can model the behaviour of
the plasma with ideal magnetohydrodynamic equations. Alfvén’s ’frozen-in’ theorem
(Alfvén, 1942) states that the heliospheric magnetic field is tied to the plasma and
moves along with it, stretching to cover the Solar System. The rotation of the
Sun causes the magnetic field to bend into a spiral shape called the Parker Spiral,
the angle of which at Earth orbit is about 45 degrees from the Sun-Earth line
(Richardson, 2011).

1.2

Shocks in the heliosphere

A shock is an interface between a supersonic and a subsonic flow, which forms due to
the limitations of information transfer in the flow medium. When a flow encounters
an obstacle which forces it to either accelerate or decelerate faster than the medium
could normally transmit waves, such as the sound speed in air, the properties of the
medium have to change to accommodate. The shock interface compresses the fluid
and heats and slows down the flow to allow it to flow around the obstacle. The
region of shocked fluid between the shock and the obstacle is called the ’sheath’.
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In the case of a plasma, which consists of charged particles and has an associated magnetic field, there are more wave modes than just sound waves. The
wave modes in ideal magnetohydrodynamic (MHD) plasma are the fast and slow
magnetosonic waves and shear-Alfvén waves. MHD shocks are classified as ’fast’ if
the plasma flow is faster than the fast magnetosonic speed and ’slow’ if it is only
faster than the slow magnetosonic speed. Alfvén waves do not cause shocks, as they
are not compressive. For a fast shock to form in the solar wind, the velocity of the
plasma flow has to exceed the fast magnetosonic velocity:
2
vFAST
=

q
1
(vs2 + vA2 ) + (vs2 + vA2 )2 − 4vs2 vA2 cos2 (θB ) ,
2




(1.1)

and for a slow shock it has to exceed the slow magnetosonic velocity:
2
vSLOW

where vs =

q
1
=
(vs2 + vA2 ) − (vs2 + vA2 )2 − 4vs2 vA2 cos2 (θB ) ,
2




q

γkB T /m is the speed of sound, vA =

q

(1.2)

B 2 /µ0 ρm is the velocity of

Alfvén waves and θB is the angle between the incoming magnetic field and the shock
normal vector. Here γ is the adiabatic constant, kB is the Boltzmann constant, T is
the temperature, m is the average mass of an ion in the plasma, B is the magnetic
field magnitude, µ0 is the vacuum permeability and ρm is the mass density (Koskinen,
2011).
A common parameter to characterise the strength of a shock is the magnetosonic Mach number, defined as
Mms = V /vFAST ,

(1.3)

where V is the plasma velocity parallel to the shock normal. The magnetosonic
Mach number determines the ratio of the velocity of the obstacle to the information
speed, which is the velocity of the internal waves in the medium. It is an indicator of
how much the flow has to decelerate across the shock, and so is an indicator of how
much energy has to be dissipated at the shock (Kivelson and Russell, 1995). The
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shock compression ratio, which is defined as the jump in density across the shock,
is also dependent on the magnetosonic Mach number. The magnetosonic Mach
number is then a good indicator of the overall shock strength. Another important
parameter is the plasma beta, which is defined as the ratio of plasma pressure to
magnetic pressure:
β=

p
pmag

=

nkB T
B 2 /2µ0

(1.4)

The plasma beta describes the relative importance of the magnetic field and the
plasma, with low beta meaning that the system is magnetically dominated.
The shock angle, generally denoted by θBn , is the angle between the shock
normal and the upstream magnetic field direction. A shock with an angle of θBn = 0◦
is called a parallel shock, and a shock with an angle of θBn = 90◦ is perpendicular.
By convention (Formisano et al., 1973) shocks with 0◦ < θBn < 45◦ are called
quasi-parallel and shocks with 45◦ < θBn < 90◦ are quasi-perpendicular. When the
magnetosonic Mach number of a shock is above a critical value, part of the energy
dissipation at the shock takes place through the reflection of a fraction of the incident
particles. If the shock is quasi-perpendicular, the geometry of the interaction results
in the reflected particles returning quickly to the shock front as they gyrate around
the field lines. In contrast, if the shock is quasi-parallel, reflected particles can travel
far into the upstream flow before returning to the shock front.
In the heliosphere there are two main types of shocks, associated with two
different types of obstacles: (i) bow shocks that are located ahead of planets and
other permanent obstacles and (ii) transient shocks, which are created by magnetic
structures moving through the solar wind plasma.

1.2.1

Planetary bow shocks

Every planet in the solar system forms a bow shock as the solar wind encounters
either its magnetic field or, in the case of nonmagnetised planets, their atmosphere
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Figure 1.1: A sketch of the Earth’s bow shock showing the quasi-parallel and quasi-perpendicular
regions (Raptis et al., 2020).

or physical surface. The bow shock is a standing shock wave that decelerates and
compresses the solar wind, allowing for it to flow around the planet in the sheath
region that forms between the shock and the magnetosphere or the physical surface
of the planet. As the planet and its magnetosphere are curved, the shock is also
curved which means it has regions of perpendicular, quasi-perpendicular and quasiparallel regions in relation to the IMF. The shock angle plays an important role in
how the shock interacts with the solar wind in these regions.
As shown in Figure 1.1, in the quasi-perpendicular region the transition across
the shock is abrupt while in the quasi-parallel region the transition is more extended.
Ions and electrons reflected backwards from the quasi-parallel bow shock also form a
foreshock region downstream from the magnetic field line tangent to the bow shock.
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Interplanetary shocks

In the solar wind, the obstacles that cause a shock can be not only physical objects
such as planets or comets but also magnetic obstacles. Since the magnetic field is
tied to the plasma, magnetic structures cannot mix with the solar wind and can thus
cause compression. Such structures include coronal mass ejections (CME), where a
large mass of plasma is launched outwards from the corona of the Sun, and stream
interaction regions (SIR), which happen when fast solar wind from the coronal holes
catches up with the slow solar wind ahead. An interplanetary shock is classified as
’forward’ if it propagates away from the Sun faster than the solar wind or ’reverse’ if
it is slower. An interplanetary shock at the distance of the Earth’s orbit is so large
that it can be considered planar from the perspective of the Earth’s magnetosphere,
which is why the shock angle can be defined with a single number (Blanco-Cano
et al., 2016). It is important to remember that the shock angle is distinct from the
impact angle of a shock, which refers to the angle between the shock normal and the
Sun-Earth line. The impact angle is important for the geoeffectiveness of the shock
as it determines which side of the magnetosphere is hit first by the shock (Oliveira
and Raeder, 2014).
In a CME, a large elongated magnetic structure called a flux rope becomes
unstable in the solar corona and part of it is ejected outwards. Such events can carry
a total mass in the range of 1012 to 1013 kg and have a total energy in the order
of 1031 to 1032 erg (1024 to 1025 J) as the expelled mass escapes the gravity of the
Sun (Howard et al., 1985). The CME happens when a magnetic reconnection event
separates the flux rope structure from the Sun, releasing enough magnetic energy to
push the ejecta out of the gravity well. As seen in Figure 1.2, the resulting cloud of
coronal plasma and magnetic flux propagates outwards into the Solar System and
expands, encompassing a significant fraction of an AU at Earth’s orbit (Kilpua et al.,
2017). As an independent magnetic structure separate from the Sun’s magnetic field,
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Figure 1.2: A schematic of the structure of a coronal mass ejection propagating towards the
Earth. Credit: (Kilpua et al., 2015)

the plasma of the CME cannot mix with the solar wind and therefore if it propagates
faster than the solar wind, a compression region forms near its leading edge as the
CME pushes into the solar wind ahead of it. With a sufficient velocity difference,
this compression region will steepen into a shock to allow for the solar wind plasma
to flow around the magnetic cloud (Gosling and McComas, 1987).
As the Sun rotates and drags the magnetic field lines into a spiral, fast solar
wind propagates outwards faster and so has a less curved shape. The high speed
stream of the fast solar wind can interact with the slower wind ahead of and behind
it to produce a SIR. In Figure 1.3 the various regions of a SIR are visible. There is a
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compression zone where the fast wind pushes against the slow wind ahead of it and
a rarefaction zone behind the fast wind where density drops (Gosling, 1996). Both
of these can form shocks, a fast forward shock for the edge of the compression zone
and a fast reverse shock for the edge of the rarefaction zone. It takes time for the
edges of the compression and rarefaction regions to steepen into shocks, and most
SIRs have not formed shocks by the time they reach Earth (Jian et al., 2006).

Figure 1.3: A representation of a stream interaction region showing how the fast solar wind
compresses the slower flow ahead of it into a forward shock and leaves a rarefaction zone behind
itself, causing a reverse shock. Credit: (Vogt et al., 2015)

1.3

Earth’s magnetosphere

Earth’s magnetic field is generated by the motion of its liquid iron-nickel core. The
inner part of the field can be approximated as a dipole field. Figure 1.4 shows
how in the outer part of the magnetosphere the field lines are compressed on the
dayside and stretched into a long tail on the nightside by the dynamic pressure –
defined as the kinetic energy per unit volume – of the solar wind. The surface where
the magnetic pressure of the Earth’s magnetosphere equals the dynamic pressure
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of the solar wind is called the magnetopause, which is the outermost boundary
of the magnetosphere. The solar wind in the dayside meets the obstacle of the
magnetopause and is compressed through a bow shock ahead of it. The turbulent
plasma shocked by the bow shock populates the magnetosheath region between
the bow shock and the magnetopause. The magnetosphere prevents the erosion of
Earth’s atmosphere by the solar wind particles by diverting the solar wind around
the planet.

Figure 1.4: An artist’s rendition of the Earth’s bow shock, magnetosheath and magnetosphere.
The image is public domain courtesy of NASA.

The location of the bow shock is a function of the position of the magnetopause,
which depends primarily on the dynamic pressure of the solar wind, and the magnetosonic Mach number of the solar wind which determines how far upstream the bow
shock forms and so controls the magnetosheath thickness. With decreasing magne-
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tosonic Mach number the bow shock moves further away from the Earth, and vice
versa. The subsolar magnetopause is generally located at a distance of roughly ten
Earth radii (Kivelson and Russell, 1995) and the bow shock is typically at around
13 to 15 Earth radii (Petrinec, 2002).
In the inner magnetosphere the plasmasphere is a region with colder and more
dense plasma. It consists mostly of protons and electrons diffused from the ionosphere but trapped by the closed geomagnetic field lines. Such trapped particles
are subject to the gradient-curvature drift, which drives negatively charged particles eastwards and positively charged ones westwards. This results in a westwards
current near the equatorial plane called the ’ring current’ (Frank, 1967). The inner
magnetosphere also contains the two Van Allen radiation belts, the inner belt typically extending from 0.2 to 2 Earth radii and the outer belt from 3 to 10 Earth radii.
These radiation belts are regions where very high-energy protons and electrons are
trapped by the Earth’s magnetic field (van Allen and Frank, 1959). The outer belt
mostly contains electrons with energies of around 0.1 to 10 MeV, injected from the
outer magnetosphere. The inner belt contains both protons with energies exceeding
100 MeV and electrons with energies of hundreds of keV formed by the decay of
neutrons created by cosmic rays (Bothmer et al., 2007).

1.4

Geomagnetic storms and substorms

The solar wind meets the geomagnetic field at the magnetopause and is deflected
around it. However, occasionally conditions arise where the solar wind and magnetosphere interface in a way that more energy than usual is transferred into the
magnetosphere. The usual drivers for such events are CMEs and SIRs altering the
conditions in the solar wind. This leads to an enhancement in the ring current in
the inner magnetosphere, which is observed at ground-based magnetometer stations
as a deflection in the horizontal component of the geomagnetic field. This often
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Figure 1.5: A schematic of the Dungey cycle. Reconnection on the dayside opens field lines which
are then dragged alongside the solar wind to the magnetotail. The build-up of field lines in the
tail region then force reconnection, which closes the field lines again and allows them to convect
back to the dayside (Seki et al., 2015).

leads to a prolonged period of disturbances in the geomagnetic field as it attempts
to return to equilibrium.
Conditions where the interplanetary magnetic field (IMF) is southward (opposite of the magnetosphere) drive a global circulation of magnetic field lines known
as the Dungey cycle (Dungey, 1961). As depicted in Figure 1.5, the southward field
causes a breakdown of ideal MHD conditions allowing magnetic reconnection happen at the magnetopause (steps 1-2) (McPherron, 2005), transferring energy from
the solar wind into the magnetosphere. These newly opened magnetic field lines are
dragged by the solar wind over the poles into the magnetotail (step 3). As these
open magnetic field lines accumulate in the magnetotail, they exert more pressure
on the tail and force it to thin. Finally the magnetic field lines begin to reconnect
in the tail, triggering a substorm (steps 4-6).
A substorm typically lasts around 1-3 hours (Akasofu, 1964). A bubble of
closed magnetic flux called a plasmoid formed out of reconnected closed field lines
of the magnetotail is ejected downstream, while plasma and magnetic flux are driven
earthward from the reconnection point. This flow impacts the inner magnetic field,
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causing disturbances that lead to the formation of aurorae in the upper atmosphere.
The newly closed field lines are convected towards the dayside (step 7).
A time period of several days with a large reduction in the horizonal component of the geomagnetic field is called a geomagnetic storm, defined using the
disturbance - storm time index (Dst) (Sugiura, 1964). The Dst index uses measurements from an array of ground-based magnetometers to estimate the intensification
of the ring current by the globally averaged deflection of the horizontal component
of the Earth’s magnetic field. A geomagnetic storm usually begins with an initial
phase called the Storm Sudden Commencement (SSC), often but not always triggered by an interplanetary shock. In this phase, the Dst index increases to values
around 50 nT in just minutes. This is a common signature of a geomagnetic storm
beginning, but not all storms have a SSC and not every sudden increase in the Dst
results in a storm. The main phase of a geomagnetic storm is defined by Dst decreasing to less than −50 nT from its quiet-time value of between −20 and 20 nT
(Loewe and Prölss, 1997).
Geomagnetic storms increase the transfer of energy from the solar wind into the
geomagnetic field and the ionosphere with usually several substorms contributing to
the disturbance of the magnetosphere. Isolated substorms can also happen entirely
outside geomagnetic storms. After the main phase, the storm begins its recovery
phase where the Dst index returns back to the quiet time values, which may last for
several days (McPherron, 2005).
The particles accelerated earthwards along the geomagnetic field lines by the
magnetotail reconnection events during substorms can enter the ionosphere, which
is known as particle precipitation. Electron and proton precipitation leads to excess
ionisation, which can disturb radio wave propagation in the ionosphere, causing
problems for geolocation systems and radio broadcasts. Particle precipitation also
leads to the formation of electric currents in the ionosphere which can in turn induce
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currents, known as geomagnetically induced currents, in ground-based infrastructure
such as power lines. CME and SIR -driven shocks can compress the magnetosphere,
thinning the radiation belts and causing depopulation of high-energy particles. In
the case of strong shocks, solar wind might even reach the geostationary orbit,
potentially damaging satellites. Such compression of the geomagnetic field lines also
results in wave activity in the magnetosphere. The ability to model and predict
conditions in the magnetosphere during geomagnetic storms is very important to
protect satellites and infrastructure from these space weather effects.

1.5

Geomagnetic pulsations

Figure 1.6: A schematic of toroidal and poloidal fundamental (odd) and second harmonic (even)
standing oscillations in geomagnetic field lines. (Hudson et al., 2004)
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Geomagnetic pulsations or micropulsations are ultra-low frequency (ULF) plasma
waves in the Earth’s magnetosphere. These waves appear as oscillations in the geomagnetic field as measured on the ground. The frequency range of these waves is
from a few mHz to 1-10 Hz. Such oscillations can also be identified from electric
field measurements in the ionosphere and by satellite measurements (Glassmeier,
2007).
These pulsations are generally classified according to Table 1.1 into two types,
continuous (Pc) and irregular (Pi), and then further into seven subtypes according to
their frequency range. The continuous pulsations have a quasi-sinusoidal form and
a clear peak in the power spectrum, while the irregular pulsations are more varied
and exist in a wider spectrum of frequencies. This thesis concentrates on Pc4 and
Pc5 pulsations because of their importance for dayside magnetosphere dynamics.

Continuous pulsation

Label

Period range (s)

Frequency range

Pc1

0.2 - 5

0.2 - 5 Hz

Pc2

5 - 10

0.1 - 0.2 Hz

Pc3

10 - 45

22 - 100 mHz

Pc4

45 - 150

7 - 22 mHz

Pc5

150 - 600

2 - 7 mHz

Pi1

1 - 40

0.025 - 1 Hz

Pi2

40 - 150

7 - 25 mHz

Impulsive pulsation

Table 1.1: International Association of Geomagnetism and Aeronomy (IAGA) classification for
geomagnetic pulsations (Jacobs et al., 1964)

Pc3-Pc5 waves (2-100 mHz) are usually generated by exogenic sources such
as disturbances in the solar wind and interplanetary magnetic field, while Pc1-Pc2
waves originate from processes within the magnetosphere such as ion cyclotron resonance with ring current protons (Menk and Waters, 2013). Aside from external
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sources, some 1-20 mHz waves are also internally generated by reconnection-driven
currents and ions trapped and bouncing between mirror points resonating with existing MHD waves to drive wave growth (Yeoman et al., 2016).
Most of the lower frequencies of geomagnetic pulsations, which is what this
thesis will be focusing on, relate to the displacement of field lines in the geomagnetic
field. The impact of a disturbance, such as an interplanetary shock or an instability inside the magnetosphere, generates a fast-mode magnetosonic wave inside the
magnetosphere that displaces field lines. If the fast-mode wave has a frequency
matching the eigenfrequency of a field line, they can begin to resonate, giving rise
to so-called field line resonances (Glassmeier et al., 1999). This generates a standing shear-Alfvén wave in the field line, which then drives more wave activity in
the magnetosphere. In a simplified description these field line resonances can be
either poloidal, with radial oscillations, or toroidal with azimuthal oscillations as
depicted in Figure 1.6. In reality, such resonances have both poloidal and toroidal
components, and the fast-mode wave is rarely perfectly resonant with the field line.

1.6

Aim of the study

In this thesis the effect of interplanetary shocks on geomagnetic pulsations is studied.
To this end, interplanetary shock lists are consulted to find shock events that had
arrived near the local noon of the chosen ground-based magnetometer arrays and
then data from the magnetometers from the time of the events are analysed to
find an increase in wavepower in the Pc4-5 range. The shocks are categorised by
different parameters to determine which of them cause the strongest wave response,
and the distributions of the wavepower in time and frequency space are analysed to
determine the detailed response the shocks were causing in the magnetosphere.
Understanding the generation and properties of ultra-low frequency waves in
the Earth’s magnetosphere is important to modelling the dynamics of the inner
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magnetosphere. They can create environmental conditions in the magnetosphere
that increase the generation of very low frequency waves that can scatter energetic
particles from the radiation belts and drive particle precipitation. ULF waves accelerating and diffusing particles in the radiation belts are thought to be a major
source of so-called ’killer’ electrons damaging satellite electronics (Potapov, 2013).

2. Data and methods
For the study of the effect of shocks on oscillations in the geomagnetic field, both
ground-based data on the magnetic field and space-based data on the shocks and
their solar wind environment are needed. On the ground the oscillations are visible
in the magnetic field components, while in space the shocks can be characterised
based on many different parameters, such as the solar wind plasma density and
velocity and the interplanetary magnetic field strength. In this study the solar wind
dynamic pressure difference before and after the shock and the magnetosonic Mach
number of the shock are used for the main characterisation.
The ground-based data consists of time series of the north, east and vertical
(X,Y,Z) components of the Earth’s magnetic field measured at different locations.
The space-based measurements consists of time series of the solar wind flow speed
and flow pressure. In addition, the Auroral Electrojet (AE) (Davis and Sugiura,
1966) and SYM-H (Iyemori, 1990) indices are also used to quantify activity in the
Earth’s magnetosphere. The AE index is calculated from twelve magnetometer stations at the auroral latitudes and measures disturbances in the horizontal component of the magnetic field, which is mainly connected to substorm activity, while the
SYM-H index uses six observation points in the mid-and-low latitudes to measure
the intensity of geomagnetic storms through longitudinally symmetric disturbances
for the magnetic field component parallel to the dipole axis.
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Figure 2.1: Map of the IMAGE magnetometer network with the used stations highlighted by
orange squares. The area circled in red highlights the small longitudinal spread of the stations.
Image taken from the IMAGE website at https://space.fmi.fi/image/www/index.php.
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Data sources

2.1.1

Ground-based magnetometers

The magnetometers used in ground stations to study the Earth’s magnetosphere
measure the magnitude and direction of the magnetic field. The result is usually
given in terms of Corrected Geomagnetic (CGM) coordinates, where X is the horizontal field towards the northern magnetic pole, Y is the horizontal component
eastward and Z is downward.
Ground-based magnetometer data for this study were extracted from the International Monitor for Auroral Geomagnetic Effects (IMAGE) network through the
IMAGE website at https://space.fmi.fi/image/www/index.php. (Tanskanen, 2009)
The IMAGE network is maintained by Tromsø Geophysical Observatory of UiT the
Arctic University of Norway (Norway), Finnish Meteorological Institute (Finland),
Institute of Geophysics Polish Academy of Sciences (Poland), GFZ German Research Centre for Geosciences (Germany), Geological Survey of Sweden (Sweden),
Swedish Institute of Space Physics (Sweden), Sodankylä Geophysical Observatory
of the University of Oulu (Finland), and Polar Geophysical Institute (Russia).
The stations used from IMAGE were Kevo, Sodankylä, Oulujärvi, Hankasalmi
and Nurmijärvi. The IMAGE stations were chosen based on fulfilling several criteria:
in order to maximise the number of shocks in the dataset the station had to have been
operational for as long as possible, it had to be located at a low-enough latitude not
to be in the open field line region because the signatures of the disturbances would
differ in this region and stations close to each other in longitude were preferred. The
chosen stations cover nearly ten degrees of latitude and at the north end Kevo is one
of the northernmost stations still in the closed field line region. For single-station
analyses the Kevo station was chosen as the northernmost station in the closed field
line region with a sufficiently long continuous dataset.
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In addition one station from the Canadian Array for Realtime Investigations
of Magnetic Activity (CARISMA) network (Mann et al., 2009), which is operated
by the University of Alberta and funded by the Canadian Space Agency, was used
through their website at http://carisma.ca/. The CARISMA network allowed for
a larger sample of shocks as events happening near local noon in Canada could be
used as well. The Rankin Inlet station was chosen for being near the mid-range
of the IMAGE stations in latitude and having been in operation for long enough
to cover the same timespan. Only single-station analyses were performed on the
CARISMA data.

2.1.2

Solar wind measurements

The solar wind encounters the Earth’s magnetic field at the bow shock and is deflected around the Earth, so to measure solar wind conditions satellites must be
placed in interplanetary space. These satellites generally contain many instruments
measuring parameters such as the electric and magnetic fields, proton density and
temperature and flow speed. A convenient location for these satellites is the Lagrange 1 point between the Sun and the Earth, where the satellites can remain in a
stable orbit and measure the solar wind roughly an hour before it hits the magnetosphere. In this study we used the dynamic pressure difference (DPD) of the solar
wind, defined as the difference between the solar wind dynamic pressure before and
immediately after the shock event, and the magnetosonic Mach number which can
be derived from the parameters mentioned above. In the following we will refer to
the magnetosonic Mach number as the Mach number, for simplicity.
The flow speed and dynamic pressure measurements were extracted from the
NASA Goddard Space Flight Center’s OMNI dataset (King and Papitashvili, 2005)
through CDAWeb at https://cdaweb.gsfc.nasa.gov/index.html/ with 1-minute resolution. The OMNI dataset uses the measurements by various spacecraft at the
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No.

Date

Time (UT) Mach no.

DPD (nT)

1

2000-06-08

9:06

3.4 (High)

10 (High)

2

2002-05-23

11:10

3.0 (High)

9 (High)

3

2002-05-10

11:35

2.8 (High)

4 (Low)

4

2002-03-23

11:41

2.0 (High)

4 (Low)

5

2002-07-19

10:17

2.0 (High)

2 (Low)

6

2002-04-19

08:47

1.3 (Low)

2.5 (Low)

7

2001-09-29

09:41

1.7 (Low)

4 (Low)

8

2004-07-22

10:40

1.6 (Low)

3 (Low)

9

2002-05-11

09:51

1.4 (Low)

3 (Low)

10

2010-04-05

08:22

1.8 (High)

8 (High)

11

1999-09-22

12:22

1.8 (High)

12 (High)

12

2000-06-23

12:46

1.5 (Low)

6 (High)

13

2004-08-29

10:05

1.5 (Low)

1.5 (Low)

14

2000-07-13

09:52

1.4 (Low)

12 (High)

15

1995-03-23

10:33

1.4 (Low)

2 (Low)

16

2011-06-10

08:51

1.3 (Low)

0.5 (Low)

17

1997-11-22

09:50

1.2 (Low)

7 (High)

18

2013-04-30

09:53

1.2 (Low)

1.5 (Low)

19

1999-02-17

07:16

1.2 (Low)

2 (Low)

20

1999-11-13

12:51

1.2 (Low)

1 (Low)

21

2006-08-19

11:45

1.2 (Low)

6 (High)

22

2015-03-31

08:42

1.1 (Low)

2.5 (High)

Table 2.1: A table of the IMAGE shock events used in the study. The local time in all of the
IMAGE stations used is two hours ahead of UT. The magnetosonic Mach number and dynamic
pressure difference of each shock are marked ’high’ or ’low’ depending on whether the value is in
the higher half of all events or the lower half.
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No.

Date

Time (UT) Mach no.

DPD (nT)

23

2012-07-14

18:11

4.5 (High)

9 (High)

24

2005-06-14

18:35

3.5 (High)

5 (High)

25

2000-04-06

16:45

5.5 (High)

13 (High)

26

2003-08-17

14:22

3.4 (High)

6 (High)

27

2001-10-21

16:46

3.3 (High)

18 (High)

28

2004-11-09

18:56

1.8 (High)

22 (High)

29

2004-11-07

18:28

1.8 (High)

16 (High)

30

2001-08-30

14:13

1.7 (Low)

1 (Low)

31

2001-05-27

14:55

1.6 (Low)

2 (Low)

32

2004-04-26

16:04

1.4 (Low)

1.5 (Low)

33

1995-01-01

19:39

1.4 (Low)

5 (High)

34

2001-04-21

16:18

1.4 (Low)

5 (High)

35

2011-08-05

19:06

2.6 (High)

15 (High)

36

2010-08-03

17:44

2.0 (High)

3 (Low)

37

2005-09-02

14:18

1.8 (High)

4 (Low)

38

2015-06-22

18:38

1.6 (Low)

44 (High)

39

2011-12-02

17:14

1.1 (Low)

1.5 (Low)

Table 2.2: A table of the CARISMA shock events used in the study. The local time in all of the
CARISMA stations used is six hours behind UT. The magnetosonic Mach number and dynamic
pressure difference of each shock are marked ’high’ or ’low’ depending on whether the value is in
the higher half of all events or the lower half.
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L1 Lagrange point between the Sun and the Earth. The data are then propagated
to the Earth’s bow shock. The dynamic pressure difference (DPD) of each event
was estimated from the change in solar wind dynamic pressure at the time of the
shock.
For this study 22 shock events, listed in Table 2.1, were chosen from the Heliospheric Shock Database which is generated and maintained by the University of
Helsinki at http://ipshocks.fi. This database contains a list of the shocks in the solar
wind that have struck the Earth’s magnetosphere from the year 1975 (Kilpua et al.,
2015). The events on the list that reached Earth’s magnetosphere in a four-hour
interval around the local noon of the IMAGE magnetometer stations were chosen,
including only events that had happened after the year 1994 to ensure magnetometer
coverage remained comparable. The events were compared to lists of CME-driven
and SIR-driven shocks and only the CME-driven shocks were kept. To increase sample size, an additional 17 CME-driven events that had arrived at Earth near local
noon for the CARISMA network, listed in Table 2.2, were added to bring the total
to 39 events. The latitude analysis was only done for the IMAGE events as only one
CARISMA station was used. For each event its Mach number, shock angle, plasma
beta value, proton temperature and density ratios, velocity jump at time of shock
and magnetic field magnitude ratio were extracted. Of these parameters the Mach
number and DPD were eventually chosen as the primary variables for study based
on them best representing the overall strength of the shock. This is why only these
two parameters are given for the shocks listed in Tables 2.1 and 2.2.
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Analysis methods

2.2.1

Wavelet analysis

Wavelet analysis is a powerful tool for the analysis of non-stationary signals with
short bursts or oscillations in fields such as image compression, neuroscience and
astrophysics due to its ability to resolve the movement of the frequency signal in
space or time domains.
A wavelet is an oscillation starting from zero, increasing in magnitude and
then decreasing back to zero. In wavelet analysis a real signal is decomposed into
wavelets by transforming it into a different basis. This can then be used to analyse
the signal in terms of frequency while retaining information on the location of the
frequencies in the temporal or spatial domain.
The wavelet base used in the study was the Morlet wavelet, which is a plane
wave modulated by a Gaussian:
Φ0 (η) = π −1/4 eiω0 η e−η

2 /2

(2.1)

,

where Φ0 is the wavelet function, η is a nondimensional domain parameter and ω0
is a nondimensional frequency.
Continuous wavelet transform of a time series xn is defined as:
Wn (s) =

N
−1
X
n0 =0

"

xn0 Φ∗0

(n0 − n)∆t
,
s
#

(2.2)

where the asterisk indicates a complex conjugate, s is the wavelet scale which is used
to scale the wavelet base (see below), N is the number of points in the time series,
∆t is the time step and n is a localised time index (Torrence and Compo, 1998).
Varying the scale and time index forms a picture showing both the amplitude of
the features within the signal compared to the scale and how this amplitude varies
with time. Due to the finite length of the time series, there are edge effects at the
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Figure 2.2: Image of a Morlet wavelet base. On the left are the real (solid line) and imaginary
(dashed line) parts of the wavelet in the time domain, while on the right is the wavelet in the
frequency domain. The Morlet wavelet represents a brief sinusoidal pulse. (Torrence and Compo,
1998)

beginning and the end of the power spectrum. The time series can be padded with
zeroes to minimise such effects, but in the case of this study the wavelet transform
was done on an 18-hour time series but further analysis focused on the four hours
around the time of the shock event, which meant the edge effects did not affect any
of the results.
In this study the data was first detrended by deducting the mean from the
time series to avoid computational strain. It is numerically more efficient to handle
fluctuations around a mean value of zero. In this case since our interest is in the
frequencies and amplitudes of oscillations in the field, the baseline can safely be
removed. The baseline for magnetic field magnitude was taken from the mean value
of the ten days around the shock time.
We define the wavelet power spectrum as the square of the amplitude of the
wavelet transform:
P = (|Wn |)2

(2.3)

The wavelet transform also requires a choice of scales s. These are usually chosen
for convenience as powers of two starting from the smallest resolvable scale s0 as:
sj = s0 2jδ(j) , j = 0, 1, ..., J

(2.4)
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Figure 2.3: An example of a wavelet analysis of a shock event. Panel a) has a detrended graph
of magnetic field magnitude in the four hours around the shock with the shock time marked with
a vertical dashed line, while panel b) shows the wavelet power spectrum with a broadband peak
around the shock time (looking wider near the bottom due to the assumed period of the wavelet
being longer) and dashed, coloured lines marking the Pc4 and Pc5 ranges.

J = δ(j)−1 log2 (t/s0 ),

(2.5)

where J determines the largest scale, δ(j) determines the number of sub-octaves
in each power of two octave and t is the length of the time series (Torrence and
Compo, 1998). For the analyses in this study, t was always 18 hours of which the
two hours before and two hours after the shock event were studied more closely. The
time resolution of the data was 10 seconds for IMAGE data and 5 or 1 seconds for
CARISMA, depending on the year the data were from. For the other parameters,
s0 = 32 seconds, J = 5 and δ(j) = 0.03125 were used after some testing to find
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values that gave a good resolution for the power spectrum while covering the Pc4
and Pc5 frequency ranges well.
In Figure 2.3 the bottom panel shows the wavelet power spectrum associated
with the time series in the top panel. The time axis contains the four hours around
the time of the shock impact on the magnetosphere. The period axis shows the
Pc4-5 ranges. The coloured regions show areas of high wavepower as a percentage
of the maximum in the period, which is generally during the short-lived broadband
peak caused by the shock impact. It is clear from the figure that wavepower in both
Pc4 and Pc5 ranges is significantly higher in the hours after the shock.

2.2.2

Power spectral density

Figure 2.4: An example of a PSD graph. The coloured lines show logarithmic integrated wavepower values in different period ranges for the pre-shock value and three 30 minute bins after the
shock. The vertical dashed lines show the boundaries of the period ranges for Pc4 and Pc5 waves.

The power spectral density (PSD) function of the wavelet analysis shows how
the power of the wavelets is distributed over frequency space. We define power
spectral density as:
P SD(f ) =

−1
2∆t NX
(|Wn |)2
N t=0

(2.6)

The resulting function of wavepower in frequency domain can be graphed as a periodogram to see what frequencies the geomagnetic field oscillates in. Doing this
analysis on different time periods both before and after the shock event shows which
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frequencies are excited by the shock and how the oscillations evolve in time (Takahashi et al., 2018).
The wavepower increase in the Pc4-5 range at the time of shock can be seen
in Figure 2.4 when comparing the PSD computed after the shock’s arrival (in green,
orange and red) to that computed before (in blue). The decay of wavepower in the
Pc5 range is also visible, with successive intervals having lower values.

2.2.3

Superposed epoch analysis

Figure 2.5: An example of superposed epoch analysis applied to solar wind dynamic pressure
around the time of arriving shocks. The red line is the median for all of the events, while the blue
lines are the upper and lower quartiles, indicating the spread of the events. The vertical dashed
line is the reference instant, in this case the arrival of the shock.

Superposed epoch analysis is a statistical method used to study the typical
behaviour of a system over many events. The method was first used by (Chree,
1913) in studying sunspots, and is sometimes referred to as the Chree analysis. The
method works by taking a time series of each of the studied events and identifying
a reference instant, such as the moment a shock arrives at the magnetosphere,
which is called the ’zero epoch’. This allows for all the events to be superposed on
each other over a chosen time window around the zero epoch. The zero epoch can
be a characteristic feature such as a shock discontinuity or substorm onset (Milan
et al., 2009; Kavanagh et al., 2012). If the sample size is large enough, the typical
response of the system emerges from the superposition of events when considering
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statistical parameters. Statistical properties of the behaviour of the system can then
be extracted as time series, such as mean or median values, standard deviation and
quartiles (Rousseeuw and Croux, 1993).
In this thesis median values are used to mitigate the effects of outlier events.
Superposed epoch analysis is used to identify the response in wavepower in Pc4 and
Pc5 ranges to the arrival of shocks. The variation in solar wind parameters is also
studied, with the full list of shock events split into categories according to their
Mach number and dynamic pressure differential and seeing how different kinds of
shocks affect the system.

3. Results
The aim of this thesis is to determine the extent of the geomagnetic wave response to
interplanetary shocks in the Pc4 and Pc5 regions, study the correlation of the wave
response with the parameters of the shock events and estimate the time it takes
for wave activity to decay after the shock. In addition, the effect of geomagnetic
latitude on the wavepower as measured on the ground is studied.
In this chapter we will first take a look at two individual shock events – an
isolated shock where both the solar wind and the magnetosphere have little activity
before the shock, and a more complex event where the shock arrives at a time when
the magnetosphere is already heavily disturbed. Wavelet analysis will be used on
both events to extract wavepower and power spectral density. After this, we will
move on to statistical analysis of all of the events in the dataset.
We look for linear correlations between various shock parameters and the geomagnetic wave response, but find no significant results. After this we turn to
superposed epoch analysis of the wavepower, solar wind parameters and geomagnetic indices. We split the events into strong and weak shocks based on the magnetosonic Mach number and the solar wind dynamic pressure difference across the
shock. Then we determine the difference in median wave response between these
categories. Finally we study the effect of latitudinal variation by doing a superposed epoch analysis on the 22 IMAGE shock events using multiple ground-based
magnetometer stations.
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Shock events

3.1.1

Typical shock event

In the top four panels of Figure 3.1 are solar wind parameters obtained from the
OMNI dataset including flow speed, dynamic pressure, proton density and plasma
beta for a shock event with a Mach number of 1.5. The shock appears as a sharp
increase in solar wind velocity, density and dynamic pressure (top three panels).
The shock is observed in the solar wind by a spacecraft located at the L1 Lagrange
point 1.5 million kilometres upstream of the Earth. Before the shock the AE and
SYM-H indices (the bottom two panels), which are calculated based on ground
magnetometer measurements, are close to zero. This indicates low geomagnetic
activity. The shock causes an increase in both indices, with the vertical dashed line
marking this increase at Earth.
The solar wind observations are propagated in time to the Earth’s bow shock
(King and Papitashvili, 2005). There is a roughly 10 to 15 minute time difference
between the solar wind observations and the dashed line marking the shock in ground
observations, which might be explained by uncertainties in the propagation. In this
example event there is no clear difference visible in the plasma beta (fourth panel)
across the shock.
Wavelet analysis was used on every event to extract the wavepower of the
magnetic field strength fluctuations from the ground-based magnetometer data at
different times and periods. Figure 3.2 shows an example of the analysis performed
on the same event detected in the OMNI data in the Figure 3.1. The wavelet analysis
was performed on the time series of the magnetic field strength, using twelve hours of
data from 6:00 to 18:00 local time, leaving out the night hours to avoid contamination
by substorm activity. In order to prevent edge effects associated with the wavelet
method and minimise the effect of other disturbances in the magnetosphere such as
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Figure 3.1: OMNI data from around the time of a shock event on 23-06-2000. The first four panels
are satellite observations of the solar wind, with flow speed, dynamic pressure, proton density and
plasma beta. The last two panels are the AE and SYM-H geomagnetic indices, calculated from
ground-based measurements. The dashed line shows the time of the shock based on the broadband
peak in geomagnetic wavepower as measured on the ground. The data used are the 5-minute
OMNI data, because the 1-minute data have worse datagaps in the solar wind measurements that
obscure the shock peak.
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Figure 3.2: Graphs of a wavelet analysis applied to the magnetometer data from the Nurmijärvi
station on 23 June 2000. Panel a shows a time series of the difference between total magnetic field
strength of the event and the median magnetic field strength measured by the magnetometer over
the ten day period surrounding the event. Panel b shows the wavepower from the wavelet analysis.
Panel c shows the global wavelet spectrum and panel d shows the power spectral density. The blue
dashed lines show the Pc5 range and the violet dashed lines show the Pc4 range, while the vertical
black dashed line in panels a and b is the time of the shock.
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follow-up shocks or substorms, only the four hours around the arrival time of the
shock were used for further analysis.
A characteristic feature of ground-based observations of a shock impacting the
Earth’s magnetosphere is the broadband peak in wavepower visible in panel b at the
shock time, where the arrival of the shock results in a large power increase across all
frequencies (Wilken et al., 1982). This broadband peak is a signature of the pressure
spike of the shock compressing the magnetosphere globally. This signature was used
to define the shock time as the time of the broadband peak caused by the shock,
using the highest wavepower peak within the half-hour around the time of arrival
given in the Heliospheric Shock Database. The peak spreading around the shock
time and being wider at longer periods is an artifact of the wavelet analysis method
trying to fit a sharp discontinuity to a mother wavelet basis. It is easy to see that
the amount of wavepower after the peak is higher in both Pc4 and Pc5 ranges.
Panel d shows the power spectral density at different times during the event,
and there is a clear decay in wavepower over time after the shock. The orange curve,
with the maximum wavepower, corresponds to the time period immediately after the
shock, with the wavepower decaying significantly during the following hour (red and
green curves) while still remaining higher than before the arrival of the shock (blue
curve). The peaks in the PSD at around 200 and 600 seconds are likely signatures of
magnetospheric ULF waves caused by the impact of the shock, which progressively
decay. Similar peaks in wavepower are also observed in the Pc4 range, but they
appear compressed in the figure due to the period range being shorter.

3.1.2

Complex shock event

In Figures 3.3 and 3.4 a more complicated event can be seen. The magnetosphere
is already disturbed before the shock as we can see from the AE index – the typical
quiet time value for the AE index is under 200 nT (Alberti et al., 2021). Once
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Figure 3.3: OMNI data from around the time of a shock event on 17-02-1999. The figure uses
the same format as Figure 3.1. In this case 1-minute OMNI data are used, as the data gaps are
minimal.
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Figure 3.4: This figure shows the wavelet analysis of the same event as in Figure 3.3, in the same
format as Figure 3.2.
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again, the first three panels – flow speed, dynamic pressure and proton density –
clearly show the arrival of the shock. In this case, the propagation of the data to
the magnetosphere is closer to the shock time as measured on the ground, being just
a few minutes ahead. As the data used have a time resolution of 1 minute, rather
than 5 minutes as in the case of the first event we showed in Figures 3.1 and 3.2, it
is easier to see the disturbed solar wind following the shock.
Figure 3.4 shows the wavelet analysis of the same event. The shock time
itself still shows as a broadband peak, but it is hard to distinguish any additional
pulsations caused by the shock from the already high level of wavepower present
beforehand, likely caused by the disturbed state of the magnetosphere prior to the
arrival of the shock. There is no decay in the PSD over time and even the magnetic
field strength in panel a is decreasing in magnitude independent of the shock. Panel
d does show some clear peaks, but it also confirms that the wavepower before the
shock is roughly equal to afterwards, with just the time of the shock itself being
elevated. Whatever pulsations the shock might have caused are hidden by the
variable shock response caused by differences in the state of the magnetosphere at
the time of the event.
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Statistical analysis of shock variables
Linear correlation

Figure 3.5: A scatter plot of all 39 of the CME-driven events comparing the shock Mach number
with the ratio of wavepower before and after the shock in the Pc4 and Pc5 ranges. The p-value
given in the titles is that associated with the Pearson correlation coefficients for each data set.

In Figure 3.5 we can see scatter plots of the ratio of the wavepower before and after
the shock in Pc4 and Pc5 ranges compared with the shock Mach number for all
of the 39 CME-driven shocks in the dataset. The Mach numbers in the dataset
vary from 1.1 to 5.5, with the vast majority (85%) falling between 1 and 2. This
is consistent with previous statistical studies of interplanetary shocks showing that
they are generally only marginally supersonic (Kilpua et al., 2015; Blanco-Cano
et al., 2016). The wavepower ratio for each event was calculated using the mean
wavepower from 90 minutes to 30 minutes before the shock and the mean wavepower
15 to 45 minutes after the shock to see how much the wavepower had increased
in response to the shock. The longer time period for the pre-shock wavepower
is because before the shock the geomagnetic field is assumed to be in a steady
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state, but after the shock the wavepower caused by the shock begins decaying which
necessitates a shorter time interval to still be representative of the impact of the
shock. These time intervals were chosen after a period of testing to minimise the risk
of any other events such as substorms or following shocks influencing the wavepower,
while excluding a long enough period around the shock time to avoid seeing the
effects of the broadband peak at the time of the shock.
A visual analysis of the results shows a large scatter with no clear linear correlation, although there may be a small trend of lower post-shock to pre-shock ratios
in the Pc5 range for shocks with Mach numbers over 2. A Pearson’s correlation
coefficient test confirms the visual analysis in showing no significant correlation,
with a correlation coefficient of 0.15 for the Pc5 wavepower ratio and 0.29 for the
Pc4 wavepower ratio. The p-values, which signify the probability of seeing results
that look similarly correlated under the assumption that the ratios were assigned
randomly and there was no real correlation, are 0.37 for the Pc5 range and 0.07 for
the Pc4 range, falling short of the usual 0.05 limit for a significant result. The
same analysis was performed using shock plasma beta, the jumps in magnetic field
magnitude and dynamic pressure at shock time, proton density and temperature
ratios and shock angle, with no significant correlations detected in any of them (not
shown). This result made it clear that the wavepower response of the geomagnetic
field is more complex than a simple linear increase in proportion to the energy of the
shock event. Events where the magnetosphere is already disturbed prior to the arrival of the shock add even more variance to analyses of the post-shock to pre-shock
wavepower ratio. This in turn necessitates the use of more powerful statistical tools
such as superposed epoch analysis.
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Superposed epoch analysis

Superposed epoch analysis was used to study the evolution of solar wind flow speed,
solar wind dynamic pressure, geomagnetic activity indices SYM-H and AE as well
as the summed wavepower in the Pc4 and Pc5 ranges. The zero epoch was chosen
as the time of the shock according to the ground-based broadband signature and we
perform the superposed epoch analysis on four hour intervals centred on the shock
time. These analyses were also separately done to subsets of the events categorised
according to their Mach number or dynamic pressure difference (DPD), defined as
the difference between pre-shock steady-state solar wind dynamic pressure and the
momentary dynamic pressure peak at the time of the shock. The shocks were divided
into high strength shocks and low strength shocks, with Mach numbers greater than
or equal to 1.8 and DPD values greater than or equal to 5 nPa being considered
high, and values lower than these being considered low. These dividing values were
chosen to split the events in two halves as evenly as possible, to make sure both
categories had a sufficiently large sample size. In the following, the values given
to characterise changes in the parameters caused by the arrival of the shock are
calculated as the mean over the time period before or after the shock, omitting
twenty minutes around the shock itself to avoid the broadband peak.
Figure 3.6 shows the results of the analysis for solar wind parameters and Pc4
and Pc5 wavepower for all of the events. The red curve is the median for each
moment in time and the blue curves show the upper and lower quartiles. There is a
relatively gradual increase in solar wind flow speed at the arrival of the shock, with
the median value increasing from 430 to 550 km/s. The lack of a sharp velocity
jump might be related to the uncertainty in the propagation time from L1 to the
bow shock, which might contribute to smoothing out the velocity profile. A more
dramatic shift is visible in the solar wind dynamic pressure, where the shock time
presents a sharp discontinuity between the quiet and tightly grouped pre-shock
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Figure 3.6: Superposed epoch analysis of solar wind flow speed, dynamic pressure and ground
Pc4 and Pc5 wavepower in the four hours around each CME shock event. A power law fit for the
wavepower decay after the shock is included (green lines). The red line is the median for all events
while the blue lines show the upper and lower quartiles. The gray lines in the background are the
curves for each individual event, showing the whole range of responses. The vertical dashed line
marks the zero epoch defined as the shock’s time of arrival on the ground.
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pressure values and the highly variable post-shock pressure values with the median
increasing from 1.7 to 6.3 nPa and especially the upper quartile median increasing
from 2.6 to 12.4 nPa.
There is much more wavepower in the Pc5 range than in the Pc4 range overall,
but the difference nearly doubles after the shock’s arrival: the wavepower ratio of
Pc5 to Pc4 waves before the shock is 44.3 and after the shock it is 84.0. This is also
why the Pc5 curve appears smoother. As one can tell from the ratios, the wavepower
increase at the shock time is roughly twice as large for Pc5 waves, with the ratio of
median post-shock to pre-shock wavepower being 9.6 for the Pc5 range and 5.0 for
the Pc4 range. All the calculated ratios and the power law fit ignore the 20 minutes
around the time of the shock to avoid the broadband peak affecting the results. The
power law fit for the decay of the wavepower over time shows that Pc4 waves decay
more than twice as fast as Pc5 waves.
The sharp peaks seen in some of the superposed epoch analysis figures such
as the solar wind flow speed analysis at the top of Figure 3.6 are an artifact arising
from the presence of data gaps in the sources for some events. A data gap is coded
as a NaN result in the matrix of values. If several events have a data gap in the same
time relative to the reference instant, then there are fewer real values for that specific
timestep. This, then, may allow for the top quartile value to shift significantly, as
the highest values tend to be outliers in the dataset and the sample size is not large
enough to insulate them entirely. This is especially true in the following analyses
where the events have been split into two categories, as that also halves the available
sample size.

Influence of the Mach number
The magnetosonic Mach number is the ratio of the speed of the shock to the fast
magnetosonic speed in the solar wind ahead of it. A higher Mach number means
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that the velocity difference upstream and downstream of the shock is larger and so
the plasma parameters have to undergo a larger change across the shock so that
the downstream flow can become submagnetosonic. The Mach number is a good
indicator of shock strength and therefore potentially of the amount of geomagnetic
pulsations it is expected to cause.
In Figure 3.7 we see the solar wind flow speed and pressure around shocks
categorised by Mach number. The first panel has the solar wind flow speed for shocks
categorised as having a high Mach number. The red curve is again the median and
the blue curves are the upper and lower quartiles. The median jumps from 430 to
580 km/s at the time of the shock. The variance in the upper quartile also grows
after the shock, showing large fluctuations in the solar wind parameters following
the shock. The second panel shows the solar wind flow speed for the shocks with
low Mach numbers. Here the median rises from 410 to 480 km/s, a much smaller
increase. This difference in behaviour between the stronger and weaker shocks might
be the reason for why the flow speed increase at the time of the shock was not sharp
in Figure 3.6, since the weaker shocks cause no clear flow speed jump. On the other
hand, it is also possible that the uncertainties in the propagation time are more
prominent in the case of weak shocks. The difference in median flow speed before
the shock between strong and weak shocks is small, which is expected as the shock
should not be able to affect the conditions in the solar wind ahead of it. The upper
quartile also shows large fluctuations in the aftermath of the shock.
The third and fourth panels show the solar wind dynamic pressure in the two
categories of shocks. In high Mach number shocks in the third panel the increase
in pressure is from 2.0 to 7.7 nPa. The upper quartile increases significantly more,
from 3.3 to 15.3 nPa, with several very high outliers reaching values over 30 nPa. In
the low Mach number shocks the pre-shock values are very tightly grouped around
1.4 nPa, with the median increasing to 4.7 nPa after the shock. The pressure behind
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Figure 3.7: Superposed epoch analysis of solar wind flow speed and pressure in both high and
low Mach number shocks.
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these weaker shocks remains essentially below 10 nPa, with the upper quartile only
somewhat above the median at 7.5 nPa.
Figure 3.8 shows the SYM-H and AE geomagnetic indices around shocks categorised by Mach number. For high Mach number shocks, the median value of the AE
index before the shock is 210 nT, increasing to 640 nT after the shock. The upper
quartile increases much more, from 370 to 930 nT, with a high variance and some
shocks reaching extreme values of almost 2000 nT. There is no clear sign of decay
in the median AE values in the two-hour time period after the shock, though the
AE index of the upper quartile shocks does seem to be decreasing by the two-hour
mark. This suggests that high Mach number shocks generally mark the beginning
of substorm activity.
The second panel shows the AE index for the low Mach number shocks. The
AE index values before the shock are more tightly grouped than in the high Mach
number shocks, with the median value averaging 130 nT and increasing to 350 nT
after the shock. The upper quartile values increase from 190 to 580 nT, but do not
reach anywhere near the values for the high Mach number shocks. Interestingly, the
median AE before the shock is higher in high Mach number shocks than in low Mach
number ones, which signifies a higher average geomagnetic activity even before the
shock can have had an effect. There is again no sign of decay for the median values,
but some trend for the upper quartile values decreasing by the end of the observed
time period.
In the third and fourth panels, showing the SYM-H index for high and low
Mach number shocks, we see that the median value is slightly negative before the
shocks. The higher Mach number shocks arrive at times of lower SYM-H on average.
In the weaker shocks, there is a small increase in median SYM-H after the shock
from -5.2 to 4.4 nT, but the stronger shocks cause a quick peak from -9.1 to 21.0 nT
before steadily decreasing back to levels similar to the pre-shock state and even
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Figure 3.8: AE and SYM-H geomagnetic indices superposed around the shock events, categorised
by Mach number.
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under it. This is the signature of a storm sudden commencement (SSC), where geomagnetic indices increase quickly for a short time before decreasing again, signifying
the beginning of a magnetic storm.
In Figure 3.9 we see a superposed epoch analysis of wavepower in the Pc4
and Pc5 ranges around the shock events, categorised by Mach number. The format
is the same as in the previous figures, with an additional power law fit in green
for the post-shock period to measure the decay of the wavepower over time. The
fit ignores the ten minutes immediately after the shock to avoid the broadband
peak. An interesting observation is that stronger shocks arrive at times where the
geomagnetic field is already more active in terms of geomagnetic waves in both the
Pc4 and the Pc5 ranges. In the Pc5 range, the median value for wavepower before
the shock is 2.7 times larger in high Mach number shocks than in low Mach number
ones. In the Pc4 range, it is 2.2 times larger.
The Pc5 frequency range has more wavepower overall, with the high Mach
number events having 85 times more wavepower before the shock in the Pc5 range
than in the Pc4 range, and for the low Mach number events the same ratio is 74.
The median Pc5 wavepower for the stronger shocks increases from an average of
1252 nT2 /Hz before the shock to 12051 nT2 /Hz after – a tenfold increase. For the
Pc4 range, the wavepower increases by a factor of twenty from 13 to 270 nT2 /Hz.
For the weaker shocks the increase for the Pc5 range is by a factor of nine from
302 to 2706 nT2 /Hz. In the Pc4 range, the wavepower increases by a factor of about
5 from 5.5 to 29 nT2 /Hz. This means that in the case of high Mach number shocks
there is a much larger proportional increase in Pc4 wavepower than in low Mach
number shocks. Even though the Pc4 wavepower is already larger in the magnetosphere before the arrival of stronger shocks, their impact results in an even larger
enhancement of the magnetospheric wavepower. The Pc4 wavepower driven by high
Mach number shocks decays almost three times faster than the Pc5 wavepower,
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Figure 3.9: Wavepower in the Pc4 and Pc5 ranges superposed around the shock events, categorised by Mach number. The green lines show power law fits to quantify the decaying of the
wavepower.
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while wavepower caused by low Mach number shocks decays at roughly the same
rate in both ranges.
Interestingly, previous studies have shown that higher Pc5 wavepower is often
associated with a higher solar wind velocity (e.g., Bentley et al., 2018), but in this
case while higher Mach number events do show higher Pc5 wavepower before the
shock, they do not show significantly higher solar wind velocities.

Influence of the dynamic pressure difference
Dynamic pressure difference (DPD) represents the increase in the dynamic pressure
of the solar wind at the time of the shock compared to the average dynamic pressure
of the solar wind in the two hours before the shock. Since the location of the
magnetopause is determined by the dynamic pressure of the solar wind and the
magnetic pressure of the geomagnetic field, the DPD is directly connected to how
much the magnetopause shifts due to the impact of the shock.
Figure 3.10 shows the solar wind flow speed and dynamic pressure around
shocks categorised by dynamic pressure difference. The high DPD events cause a
rise in median flow speed from 430 km/s before the shock to 600 km/s after it, while
in the low DPD events the increase is from 420 to 490 km/s. The difference in the
medians between the categories is even larger compared to the same analysis done
using the Mach number categorisation. This is likely due to the v 2 dependence of
the dynamic pressure.
The clear difference in the magnitude and variance of the solar wind dynamic
pressure between the categories (two lower panels of Figure 3.10) is expected as DPD
is defined as the difference in dynamic pressure from before the shock to immediately
after it. However, even though it might intuitively seem like it should be easier for
a shock to cause a large dynamic pressure jump if the dynamic pressure before the
shock arrives is particularly low, this is not the case here. The median solar wind
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Figure 3.10: Superposed epoch analysis of solar wind flow speed and pressure in shocks categorised by dynamic pressure difference across the shock.
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dynamic pressure before high DPD shocks is 2.4 nPa, rising to 11.2 nPa after the
shock, while the median dynamic pressure in low DPD shocks rises from 1.1 to
3.6 nPa. This means that before high DPD shocks the median solar wind dynamic
pressure is already over double that of the dynamic pressure before low DPD shocks.
In Figure 3.11 the AE and SYM-H indices are plotted around the arrival time
of the shocks, categorised into low and high DPD events. The average median value
for the AE index in high DPD shocks is 200 nT before the shock and it increases
to 730 nT after the shock, while for low DPD events the median is 100 nT and
increases to 270 nT. The upper quartile for high DPD shocks increases from 400 to
1120 nT, though there seems to be a trend for the value to decay faster towards the
median in the upper quartile shocks. The observation that the geomagnetic field is
already disturbed before the strongest shocks, which was also made in the case of
the Mach number categorisation, holds with DPD as well.
In the SYM-H index we again see the median value starting as negative before
the shock, with a median value of -6.2 nT in high DPD shocks and -6.4 nT in low
DPD shocks, and in the case of the low DPD ones rising to 3.5 nT afterwards. In
high DPD shocks, the median SYM-H value rises more rapidly to around 23 nT
but then decreases back to the original, negative value and, in the case of the lower
quartile of shocks, drops significantly further. A few of the lower outliers drop very
far into the negatives, to values under -75 nT, which signifies that a moderate to
intense magnetic storm has already started shortly after the shock arrival. Both the
median and the lower quartile seem to be trending towards more negative values at
the end of the observation period as well.
Figure 3.12 shows the superposed epoch analysis of wavepower in the Pc4 and
Pc5 ranges around the shock events, categorised by the dynamic pressure difference.
The decay in wavepower is faster in the high DPD shocks in the Pc4 range, but the
difference in decaying time between the Pc4 and Pc5 ranges is smaller than in the
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Figure 3.11: AE and SYM-H geomagnetic indices superposed around the shock events, categorised by dynamic pressure difference. The three most negative outlier events in the third panel
reach values that are not visible in the plot in order to keep the scale of the y-axis same with the
fourth panel.
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Figure 3.12: Wavepower in the Pc4 and Pc5 ranges superposed around the shock events, categorised by dynamic pressure difference. The green lines show power law fits of the median wavepower after the shock’s arrival.
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Mach number categorisation. The effect where there is higher geomagnetic activity
preceding more powerful shocks is still visible. In the Pc5 range, the wavepower in
high DPD shocks increases by a factor of 11 from 1140 to 12800 nT2 /Hz while in low
DPD shocks it increases from 290 to 1550 nT2 /Hz, a factor of 5.4. The post-shock
decay of the wavepower happens roughly 1.5 times faster in the lower DPD shocks.
In the Pc4 range, the high DPD wavepower goes from 11 to 250 nT2 /Hz and the
low DPD wavepower goes from 5 to 19 nT2 /Hz, giving a very large factor of 23 for
the high DPD shocks compared to only 3.5 for the low DPD ones. The decay is
similar in both categories, and somewhat faster in the Pc4 range than in the Pc5
range just as in the Mach number categorisation, although the difference in decay
speed between high and low DPD shocks in the Pc5 range is not as large as was the
case with the Mach number shocks.
The wavepower ratio of Pc5 to Pc4 waves is 111 before the shock and 58 after
in high DPD shocks and 52 before compared to 67 after in low DPD shocks. The
overall Pc4 wavepower generated by the shock is much higher in high DPD shocks,
suggesting that only stronger shocks can cause large amounts of pulsations in the
Pc4 range.

3.2.3

Latitudinal variation

The effect of geomagnetic latitude on the wavepower is also studied by taking measurements of the same events from multiple ground-based magnetometer stations.
Five stations from the IMAGE network were chosen for the analysis, including Kevo
(66.32 corrected geomagnetic (CGM) latitude), Sodankylä (63.92 CGM latitude),
Oulujärvi (60.99 CGM latitude), Hankasalmi (58.69 CGM latitude) and Nurmijärvi
(56.89 CGM latitude). Wavepower is expected to be higher at higher latitudes, because the field lines that intersect the ground at higher latitudes reach higher into
the magnetosphere on their way around the Earth to the other magnetic pole. For
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waves caused by the impact of a shock into the magnetosphere, it stands to reason
that the effect would be larger in the parts of the magnetosphere closer to the impact
point of the shock.

Figure 3.13: Power spectral density for the shock of 5 April 2010 measured by the Kevo, Oulujärvi
and Nurmijärvi ground stations.

Figure 3.13 shows the power spectral density of the magnetic field strength
fluctuations in the 30 minutes after a shock measured at three different stations in
Kevo, Oulujärvi and Nurmijärvi. The stations in Sodankylä and Hankasalmi were
not used as they suffered from data gaps during this event. The ground stations are
connected to field lines that reach into different altitudes in the magnetosphere, from
the outer radiation belt for Kevo to the plasmasphere for Nurmijärvi. As expected,
the overall amount of wavepower increases with latitude. In this case the shapes
of the curves are also quite similar, so we can attempt to track the peaks in the
power spectral density over the different latitudes. For this event, it seems that the
periods of the peaks decrease slightly from Kevo to Oulujärvi and then the shape
of the curve changes significantly for Nurmijärvi. The first two stations are in the
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outer radiation belt and with Oulujärvi measuring field lines that are shorter and
do not reach as high, the peaks move to higher frequencies. Nurmijärvi corresponds
to field lines that reach into the plasmasphere, where the magnetospheric plasma
properties differ significantly from those in the outer magnetosphere. This likely
changes the wave properties. The reason the peaks lose prominence and become
less visible at lower latitudes could be due to the compressional waves transferring
their energy to Alfvén mode waves as they propagate inwards in the magnetosphere.
Alfvén modes are transverse and therefore not visible in our wavelet analysis based
on the magnetic field magnitude.

Figure 3.14: The median wavepower in the four hours around the shock time in all of the IMAGE
events of the dataset has been plotted on a colour scale in five-minute bins, with five stations at
different latitudes stacked up on top of each other on the y-axis.

In Figure 3.14 we take a more statistical look at the latitudinal response.
To reduce the effect of outliers and transient effects, the median wavepower of all
22 IMAGE events has been used for the analysis. The median wavepower of the
entire dataset in the Pc4 and Pc5 ranges has been plotted on a logarithmic colour
scale in five-minute bins, with the five stations on the y-axis. The time range consists
of the four hours around the determined shock time.
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Disregarding the broadband peak at the time of the shock, which causes a large
short-term increase in wavepower for all latitudes, higher Pc5 wavepower correlates
with higher latitudes as expected. The Pc5 range also has higher wavepower overall
compared to the Pc4 range, which confirms what we have seen in the preceding
sections. However, there is a surprising observation of a peak in the Sodankylä and
Oulujärvi stations in the Pc4 range, with values higher than in Kevo. This increase
is especially prominent roughly an hour after the shock. The two lowest latitude
stations, Hankasalmi and Nurmijärvi, still had the lowest wavepower according to
the expected trend.

4. Conclusions
4.1

Summary of results

The results shown in this thesis are in agreement with previous research in showing
that interplanetary shocks cause an increase in geomagnetic pulsations in the Pc4-5
frequency range (e.g., Zhang et al., 2020; Eriksson et al., 2006; Baumjohann et al.,
1984; Sarris et al., 2010). Furthermore, we quantify for the first time this increase
in both of these ranges in terms of wavepower of the magnetic field magnitude,
showing that median Pc4 wavepower increases by a factor of five and median Pc5
wavepower increases by a factor of ten due to the arrival of a shock. We also find that
the wavepower is larger at higher geomagnetic latitudes, which is expected because
higher latitudes are magnetically connected to regions closer to the magnetopause,
where the compressional waves caused by the impact of the shock have not yet lost
as much energy as they convert into shear Alfvén waves (Fedorov et al., 1998; Lotko
and Proehl, 2001).
The decay time of the wave activity after the shock is quantified with a power
law fit, showing a characteristic time of around 20 hours for waves in the Pc5 range
to decay back to pre-shock levels, and 7 hours for waves in the Pc4 range. There are
several studies of the mechanisms by which ULF waves dissipate their energy, such
as Joule heating produced as the waves interact with particles in the ionosphere and
drift-bounce resonance transferring energy into radiation belt ions (Rae et al., 2007;
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Tan et al., 2011). However, the observations in this study show compressional wave
activity remaining elevated for several hours after the shock impact, in contrast to
shear-Alfvén waves being damped in just a few tens of minutes (Wang et al., 2015).
This sustained compressional wave activity could be partly due to the CME sheath
regions following the shocks. Sheath regions tend to contain higher Pc5 wavepower
than quiet-time solar wind (Kilpua et al., 2013), which may contribute to the overall
magnetospheric wavepower.
The events were categorised into strong and weak shocks using two parameters – dynamic pressure difference and Mach number. Mach numbers greater than
or equal to 1.8 and DPD values greater than or equal to 5 nPa were considered high,
and values lower than these being considered low. In 20 CME-driven shocks observed
by the STEREO mission during the years 2007-2010 the Mach number varied from
1.2 to 4 with most of the shocks having a Mach number under 2 (Blanco-Cano
et al., 2016). This matches our larger dataset that had Mach numbers from 1.1 to
5.5, with a median of 1.6 and Mach numbers over 3 being rare outliers – there were
only six of them in the total of 39 shocks observed. When compared to the median
values analysed in (Kilpua et al., 2015), the median values of the Mach number,
shock angle, upstream plasma beta, velocity increase at the time of the shock, ratio
of downstream to upstream proton density and magnetic field magnitude as well as
the shock angle in our dataset are very close and fit well within the interquartile
range.
We analysed the magnetosphere response to interplanetary shocks using superposed epoch analysis. We compared this response using our classification into
stronger and weaker shocks, and found that stronger shocks cause a much larger
increase in Pc4 wavepower than weaker ones. Statistically, stronger shocks arrive
at times when the magnetosphere is already more disturbed than before weaker
shocks. This indicates that the prior state of the magnetosphere and the strength of
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the shock are not entirely independent. We looked for possible sources for this bias
in the dataset. An attempt was made to see if the strength of the shocks correlates
with the solar cycle, but no such correlation was found, possibly due to the low
number of shocks in our dataset when split into bins of one year. One possibility is
that despite attempting during the shock selection process to filter out shocks that
arrive in close proximity to each other, due to the long decay time of the measured
wave activity previous shocks might have disturbed the magnetosphere in a way
that was still visible in the pre-shock measurements of a new event. This will need
further investigation, with a larger dataset.
An interesting finding is the peak in wavepower in the Sodankylä (63.92 CGM
latitude) and Oulujärvi (60.99 CGM latitude) stations in the Pc4 range, with higher
values than in the higher latitude Kevo (66.32 CGM latitude) station. The origin
of this peak is unclear, but as the Sodankylä and Oulujärvi stations map to regions
close to the plasmapause, it is possible that there is wave activity specific to the
plasmapause that could be the cause. One possibility for this would be plasmapause
surface waves, which have been shown to generate outward-propagating ULF waves
(He et al., 2020). The stations at lower latitudes than these have lower values for
wavepower, as expected.

4.2

Significance

The primary effect of increased Pc4 and Pc5 wavepower over a time period of several hours is an increased radial diffusion and energisation of radiation belt electrons
(Hao et al., 2019; Degeling et al., 2007; Foster et al., 2015). Fluctuations in the geomagnetic field such as ULF waves cause radial movement in radiation belt particles,
with some of them approaching the Earth. These particles will then experience
higher magnetic field magnitudes and gain energy through the conservation of the
first adiabatic invariant (Lejosne and Kollmann, 2020). Therefore, especially Pc5
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wavepower is an important parameter in models of radial diffusion for determining
the rate of energisation for radiation belt electrons (Olifer et al., 2019). Another
mechanism through which the waves accelerate radiation belt electrons is drift resonant acceleration (Elkington et al., 1999). The electrons drifting in the radiation
belt can interact with ULF waves in a way that they experience a net energy gain,
accelerating and drifting closer to the Earth and reaching higher energies (Hudson
et al., 1999).
The resulting high-energy electrons can damage satellites both by building up
harmful charge and, in the case of very high energies, actually breaking electronic
components (Koskinen et al., 2017). The effects of the ULF waves on populations of
high-energy electrons in the radiation belts can cause enhanced high-energy electron
fluxes in the outer radiation belt. This can increase the radiation load experienced
by satellites, for example in geostationary orbit.
ULF waves can also cause favourable circumstances for the formation of verylow frequency (VLF) waves in the magnetosphere (Coroniti and Kennel, 1970; Chen,
1974; Dimitrakoudis and Mann, 2019). Such VLF waves may lead to enhanced precipitation of high-energy particles into the ionosphere, where they lead to increased
ionisation and enhanced currents (Voss et al., 1984). This in turn can disrupt radio
communications and navigational systems such as the GPS.
Alfvén waves in particular also transfer energy directly into the ionosphere
through Joule heating. The precise mechanisms of Joule heating are an important
open question in the study of ionosphere-magnetosphere coupling (Palmroth et al.,
2021). The heating rate due to ULF waves in comparison with other large-scale
static current systems is usually small, but it has been shown that during extreme
events where the wavepower is high the Joule heating contributed by ULF waves
can temporarily become significantly larger (Hartinger et al., 2015).
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Future avenues of research

There are several directions for further research on this topic. First, a larger dataset
using more ground-based magnetometer stations around the world would allow for
a better look into the latitudinal response. Secondly, if the same events were studied from multiple longitudes, longitudinal effects on the wavepower could also be
researched.
This thesis also used the magnitude of the magnetic field for analysis, which
shows compressional waves but not field line resonances. Using only the horizontal
√
( X 2 + Y 2 ) component would show these instead, possibly allowing us to see more
features in the power spectral density and see the effects of latitude on them.
In addition, the shock events chosen for this thesis were driven by CMEs. The
dataset could be expanded by also studying SIR-driven shocks and even complex
events with several interacting shocks arriving in close succession. Such events were
not included in this study to keep the scope manageable, especially as complex
shock events usually involve shock-shock interactions in which one shock is likely
to have already influenced the magnetosphere before the other arrives. However, it
would be interesting to know whether the driver of the shock affects the wavepower
response and especially if SIR shocks, which tend to be weaker, can generate Pc4
wave activity in any significant amount.
Finally, the shocks could also be categorised with other parameters than Mach
number and dynamic pressure difference. This thesis found no simple linear relationship between wavepower and a variety of shock parameters that were tested, but
this does not preclude there being a more complicated relation.
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