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Abstract

Geomagnetic pulsations are magnetohydrodynamic (MHD) waves in Earth‘s
magnetosphere that can be seen as variations in the magnetic and electric fields,
but also in particle data. Artificial Neural Network’s (ANN’s) ability to recog-
nize patterns have been used to find Pc5 pulsations in geosynchronous electron
flux data from LANL satellites. Building on previous results [12] presenting the
Fourier transform to the ANN, additional inputs were used to separate false
events from real pulsations. The ANN was taught to generate +1 for a pul-
sation and 0 for a non-pulsation. The procedure of letting the network search
for pulsations that later would be used in training caused it to only detect
pulsations within the frequency range of the first training set. To get around
this, fake training data were produced to make the network detect pulsations
with other frequencies. The ANN’s ability to separate false events form real
pulsations was evaluated using one full year of data that it had not been intro-
duced to before.

The three lowest energy channels 50-75 keV, 75-105 keV and 105-150 keV were
scanned to make sure a pulsation pattern was detected simultaneously in all
channels. A cut-off level was imposed to separate false events from real pulsa-
tions. There were several events that the ANN did not detect which is believed
to be result of either insufficient training at these frequencies, or it might be
caused by the extra inputs giving it the impression of a false event. The ANN
were later used to scan all available data from all LANL-satellites from 1989
to 2007. The results indicates that Pc5 pulsations in the electron flux data
mainly occurs in the afternoon sector around 14:00-15:00 hours local time. It
also shows a dominant frequency around 3 mHz among these events as a pos-
sible fundamental mode oscillation. An increase of events around 4-4.5 mHz
and 6-6.5 mHz as well.
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Chapter 1

Introduction

1.1 Project Outline

Detection
The purpose of this project was to investigate the possibility to detect pulsations
within geosynchronous particle data using pattern recognition techniques such as
Artificial Neural Network’s. This includes

• investigate different inputs to the network,

• experimenting with different network configurations,

• experimenting with different data lengths.

Analysis
If the detection technique proved to be successful, a minor study of these event
were to be conducted. This included finding the event distribution in local time
and frequency distribution for the different sectors 0-6 hours, 6-12 hours, 12-18
hours and 18-24 hour local time.
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1.2 Earth’s Magnetosphere

Figure 1.1: Earth’s magnetospheric structure (physics.usyd.edu.au).

Earth’s magnetic field can be seen as a dipole field, with its magnetic south pole
located in the northern hemisphere, and its magnetic north pole in the southern
hemisphere. To avoid confusion, south and north will be referred to as they are
geographically. The magnetic poles do not coincide with the geographical poles, the
magnetic dipole is tilted about 11◦ to Earth’s rotational axis, hence a orbit around
the geographic equator will go through +11◦ to −11◦ in geomagnetic latitude. The
set of magnetic field lines that can be found on a fix length normalized to Earth’s
radii from the magnetic equator is referred to as an L-shell. For example L = 5
are the set of field lines that can be found 5 Re out from the magnetic equator.
Sunwards, a Bow Shock is formed due to Earth’s magnetic field presents an obstacle
to the supersonic flow of the solar wind, that is slowed and heated as it is diverted
around Earth. The area behind it is called the magnetosheath where the plasma
density is much higher due to the reduced speed. The solar wind will come in to
contact with Earth’s magnetic field at the magnetopause which can be thought of as
a boundary that separates the magnetic field cavity from the solar wind plasma. The
standoff-distance of the magnetopause is determined by the pressure equilibrium of
the dynamic pressure from the solar wind and the magnetic pressure from Earth’s
magnetic field:

ρu2 = B2

2µ0
(1.1)

where ρ, u are the mass density, speed of the solar wind and B is the magnetic
field strength at the magnetopause. Behind Earth, the magnetic field is stretched
out into a long tail. This is called the geomagnetic tail and consists of a north
and a south lobe. The north lobe has its magnetic field pointed towards Earth and
the south lobe has its magnetic field pointing away from Earth. In the boundary
between these lobes, as in many other boundaries in space, there exists a current-
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sheet, or plasma-sheet. This westward current-sheet connects and closes on itself
through the magnetopause, which also contains a current-sheet. These boundary
currents are called Chapman-Ferro currents after it’s prediction by Chapman and
Ferraro in the 1930’s [7]. The inner magnetosphere also contains a westward ring
current that closes on it self, and Birkland-currents which are partial ring-currents
that closes in the ionosphere.

The inner magnetosphere is called the plasmasphere and consist of dense cold
plasma. The outer boundary of the plasmasphere usually lies at 3-5 RE and is
called the plasmapause.

Geosynchronous orbit is located at approximately 6.6 RE in the geographical
equatorial plane. In this region spacecraft orbit once around Earth per day. This is
also called the geostationary orbit. In quiet times when there is little geomagnetic
activity, geostationary orbit is generally earthwards of the plasma-sheet. When
geomagnetic activity increases, during magnetic sub-storms, the plasma sheet will
come closer to earth and spacecraft in this orbit will be able to observe hot plasma
injections. During major storms the orbit will be well inside the plasma sheet.
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1.3 Shear and fast mode Alfvén waves

A plasma is a ionized gas that consist predominantly of electrically charged particles
which is treated as a conducting fluid in magnetohydrodynamics (MHD). Approx-
imations such as quasi neutrality, i.e. ni = ne, and averaging several quantities
between different species in the plasma like mass density and pressure. The basic
MHD equations:

∇×B = µ0J (1.2a)
∇· B = 0 (1.2b)

∇×E = −∂B
∂t

(1.2c)

∂ρ

∂t
+∇· (ρu) = 0 (1.2d)

ρ(∂u
∂t

+ u ·∇u) = J×B−∇P (1.2e)

E + u×B = 0 (1.2f)

( ∂
∂t

+ u ·∇)(Pρ−γ) = 0 (1.2g)

where B is the magnetic flux density, E is the electric field, J is the current density,
ρ is the average mass density, P is the pressure tensor, u is the flow velocity and γ
is the polytropic index.
The perturbations cased by waves can be written as B→ B + δb, ρ→ ρ+ δρ and
P→ P + δp where δ-quantities are perturbations that are considered small enough
so that only linear terms of them will remain. Rewriting the righthand side of
equation (1.2d) using (1.2f) and (1.2a). Equation (1.2d), (1.2e) and (1.2c) becomes

∂δρ

∂t
+ ρ∇· u = 0 (1.3a)

ρ
∂u
∂t

= −∇δp + (∇× δb)× B
µ0

(1.3b)

∂δb
∂t

= ∇× (u×B) (1.3c)

Assuming that the waves are moving in the x-direction and the background fields
and plasma density are constant, i.e ∂

∂t = 0. Furthermore we assume that the
plasma is cold, in other words we neglect the plasma pressure. We also assume an
exponential dependence ei(kx−ωt) for a plane wave. Then 1.3 becomes:

ωδρ− kρuk = 0 (1.4a)
ωρu− k(x̂(b · B))−Bxb/µ0 = 0 (1.4b)

ωb + k(Bxu− uxB) = 0 (1.4c)
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Furthermore, if B = (B cos θ, 0, B sin θ) which lies in the x-z plane where θ is
the angle between B and kx̂. The dispersion relation becomes:

[(ω/k)2 − v2
Asin

2(θ)]ux + v2
Asin(θ)cos(θ)uz = 0 (1.5a)

[(ω/k)2 − v2
Acos

2(θ)]uy = 0 (1.5b)
[(ω/k)2 − v2

Acos
2(θ)]uz + v2

Asin(θ)cos(θ)ux = 0 (1.5c)

where vA = (B2/µ0ρ)1/2 is the Alfvén velocity.
The root to the dispersion relation

(ω/k)2 = v2
Acos

2(θ) (1.6)

is called the sheer Alfvén wave and is only satisfied if ux = 0 and uz = 0, giving the
direction of propagation vg = vAB̂. This mode is capable of setting the background
field lines in motion without changing the amplitude. The second root

(ω/k)2 = v2
A + v2

s (1.7)

is called the fast wave mode and is compressional in nature since the perturba-
tions can be in the same direction as the background field, changing the magnetic
pressure. Assuming that va >> vs due to the plasma being cold, then

(ω/k)2 = v2
A. (1.8)

The direction of propagation becomes vg = vAkx.
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1.4 Geomagnetic Pulsation
Geomagnetic pulsations in Earth’s magnetosphere are MHD waves. These waves
have periods above 1 second and can be seen in Earth’s magnetic and electric field
as well as in particle data. These pulsations may be divided into several categories
depending on their period as shown in Table 1.1.

Type Period[s]
Pc1 0.2 - 5
Pc2 5 - 10
Pc3 10 - 45
Pc4 45 - 150
Pc5 150 - 600
Pi1 1 - 40
Pi2 40 - 150

Table 1.1: Continuous and irregular pulsation categories.

where the notation c, stands for continuous, while i indicates irregular . As one
can see, the Pc5 category has a period around 150s-600 seconds, which translates to
1.7-6.7 mHz. There are several sources of energy that can generate Pc5 pulsations,
and they are divided into two categories depending on their origin.

The first type have large azimuthal wavelength and are caused by upstream
processes related to the solar wind such as variations in the bow shock caused by
solar wind pressure variations to propagate directly into the inner magnetosphere
[13]. These are compressional Alfvén waves, or fast mode waves that resonate with
L-shells that have appropriate size that couple with shear Alfvén mode. Pulsations
can also be caused by the Kevin-Helmholtz (KH) instability in the magnetopause
coupling with resonant field lines [11]. The KH instability can appear as rolled-up
vortices along the flanks of the magnetosphere, allowing solar wind plasma to be
injected [2] which can produce surface waves.

The second type, which has small azimuthal wavelength, arises due to internal
processes in the magnetosphere. Following a particle injection, often related to
magnetic storm activity, unstable particle population may form between open and
closed orbits, so called ”bump-on-tail” - distributions. These types of distributions
can transfer energy to resonant waves and cause them to grow in strength. The
resonance at which this occurs

ω −mφ = Nωb (1.9)

is referred as drift-bounce resonance, where ωb is drift bounce frequency, φ is the
average drift frequency, m is the azimuthal wave number, N is the mode number.
These waves are more common in the afternoon sector where high-m Alfvén waves
can be driven [6], than in the morning side.
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When a resonant field line starts to pulsate, for the fundamental mode it will
contract and expand. In doing so, the particles that fulfill the frozen in condition
will be dragged along with it, increasing and decreasing the density, leaving distinct
wave patterns with matching frequency in particle data [6]. Pulsation in particle
data might also arise due to other instabilities, however in this thesis they are
assumed to be produced by magnetic pulsations.

Earth

Figure 1.2: Pulsating field line (fundamental mode)
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1.5 Artificial Neural Networks
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Figure 1.3: Left: Artificial Neural Network structure, Right: Mathematical model of a non-linear
neuron

Our brains do not work as conventional computers work, the structure is very
complex and non-linear at the same time, and it consist of billions of neurons. A
biological neuron is several orders of magnitude slower than a silicon logic gate, but
the brain makes up for it by having a massive amount of them. The connectors
to each neuron is called a synapse, allowing the neuron to pass electrical signals
in between each other. This results in huge networks with trillions of connections.
This gives our brains an extraordinary ability to do complex tasks very quickly like
pattern recognition. Since we want to mimic this feature, and since a neuron is an
information processing unit, we can describe it as a mathematical model seen in
Figure 1.3.

The input signals x1 to xN are attached with a synaptic weight, and then
summed up in the summing junction which results in the signal uk, the activa-
tion function is simply there to limit the output amplitude, it is also called the
squashing function, typically the normalized amplitude lies between [1,0] or [1,-1].
There are different types of activation functions, such as Threshold Functions:

φ(v) =
{

1 if v ≥ 0
0 if v < 0

(1.10)

but the most commonly used are sigmoid functions, like the logistic function:

φ(v) = 1
1 + exp(−v) (1.11)

or the hyperbolic tangent function, which can be seen in Figure 1.4

φ(v) = 1− exp(−v)
1 + exp(−v) . (1.12)
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A threshold function can be applied so that it lowers the net effect of the acti-
vation function, this defines an activation potential vk

vk = uk − θk. (1.13)

The equation for the neuron can then be written as:

yk = φ(
N∑
j=1

(wjxj)− θk) = φ(uk − θk) = φ(vk) (1.14)

where xj are the input signals,wj are the synaptic weights, uk =
∑N
j=1(wjxj) is the

linear combiner output, θk are the threshold functions, φ is the activation function
and yk is the neuron number k’s output signal.

The complete Artificial Neural Network (ANN) has the structure seen in figure
1.3 The input layer holds no computing power, its role is to divide the signal to the
hidden layer. The hidden neurons are organized in one or more layers. The function
of the hidden layers is to be able to extract higher-order statistics from the network,
this is extra vital when the network has a large input layer. The output signal from
the last layer, the output layer, consists of a overall response from the network to
the input signal, also called activation pattern. The network in figure 1.3 is said to
be fully connected because all neurons in the preceding layer are connected to all
neurons in the next layer. It is also called a feed forward network, it simply means
that information is only propagating from the input layer, through the network, to
the output layer and not vice versa. Of course there are networks that use feedback
from the output layer, these are called back-propagation networks.
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Learning
As our brains need training to execute some tasks, neural networks also needs
training. The following derivation can be found in [3]. The learning process is a
optimization procedure of the synaptic weights, and can be written as:

wkj(n+ 1) = wkj(n) + ∆wkj(n) (1.15)

where wkj(n) is the weight of synapse k of neuron j at time n, ∆wkj(n) is the
adjustment to the weight and wkj(n+1) is the synaptic weight at time n+1. Where
time is referred to as an iteration rather than actual time. The rules that govern the
learning process and how ∆wkj(n) are obtained, is called the learning algorithm, like
error-correction learning, Hebbian Learning, Competitive Learning and Boltzmann
Learning. Error-correction learning has its roots in optimum filtering, and is based
on reducing its cost-function J. The mean-square-error criterion is a commonly used
cost function which is given by:

J = E{1
2

∑
k

e2
k(n)} (1.16)

where E is the statistical expectation operator, ek is the error-signal or difference
between a desired output or targets dk(n) from neuron number k at time n in
response to an input vector x(n) and the actual output yk(n) from the network in
response to the same vector, i.e. ek(n) = dk(n)− yk(n).

However this requires prior knowledge about the underlying statistical processes.
To get around this, an approximation is used to the optimization problem [3].

ε(n) = 1
2

∑
k

e2
k(n). (1.17)

Minimizing ε(n), the instantaneous value of the sum of squared errors-signals in-
stead.

The synaptic weights are then adjusted according to the error-correction rule:

∆wkj(n) = ηek(n)xj(n) (1.18)

where η is a positive constant which determines the rate of learning. Great care has
to be taken when choosing η, if it is too large the learning system may diverge and
the system may become unstable. If it’s too small the learning process may take
a long time before it reaches a stable solution. Error-correction learning behaves
like a closed feedback system, where the next synaptic value depends on the value
it had before. The goal of the learning algorithm is to find the global minimum
on the multi-dimensional error surface defined by the error at each possible weight
configuration. To find the set of weights that will minimise the error, the Wiener-
Hopf equations are solved which consist of (1.15) and:

u =
p∑

k=1
(wkxk)

e = d− u
(1.19)
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where uk is the output from the linear combiner and e is the error-signal. Since we
want to minimize J , the condition for reaching optimum is

∂J

∂wk
= 0 (1.20)

The learning process will stop when the error-signal has fallen below a pre-set
level or when the gradient has become small enough. Finding the solution to this
set of equations we need to move the synaptic weights over an error-surface to a
minimum for each synapse. Such a surface can be seen in Figure 1.5.
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1.6 Spectral techniques
Consider f(t) to be a continuous function of time, then:

F (ω) =
∫ ∞
−∞

f(t)e−jωtdt (1.21)

is the Fourier Transform of f(t) and is a function of frequency ω instead of time.
The inverse Fourier Transform is defined as:

f(t) = 1
2π

∫ ∞
−∞

F (f)ejωtdω (1.22)

where ω = 2πf and is integrated along the real axis in the complex ω-plane. The
Discrete Fourier Transform (DFT) pair is given by:

F̄m =
N−1∑
n=0

fne
− j2πmn

N ,m = 0, 1, ..., N − 1

fn = 1
N

N−1∑
m=0

F̄me
j2πmn
N , n = 0, 1, ..., N − 1

ωm = 2πm
NT

(1.23)

The signal used in theory is usually assumed to be infinite, it starts in −∞ and
ranges to +∞ and is considered continues. This causes a truncation error when
using the DFT on real world data that is neither continuous nor infinite. This is
represented by applying a rectangular window d(n) to the signal.

y(n) = f(n)d(n) (1.24)

Applying the convolution theorem yields

Y (f) = F (f) ∗D(f) (1.25)

Where D(f) is called spectral window. The difference, or error between Y (f) and
F (f) is called leakage error and is an effect of the convolution operation that causes
energy to be transferred to nearby frequencies. A way to reduce this effect is chang-
ing the window-form. The Hanning window seen in figure 1.6 is a widely used
window for this purpose.

d(n) = 1
2(1− cos( 2πn

N − 1)), n = 0, 1, ..., N − 1 (1.26)

Its side-lobe level is -31dB which is a factor of 10 less that the rectangular window [9].
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Chapter 2

Data

Los Alamos National Laboratory (LANL) has over 10 geostationary satellites in
an ongoing program that was sponsored by the Department of Energy and has
been collecting data since 1976. The Synchronous Orbit Particle Analyzer (SOPA)
instrument has been on LANL satellites since 1989. It was designed to provide high
resolution energetic particle measurements in geosynchronous orbit, on spinning
satellites with a spin period of about 10.24 seconds. The data acquisition was in
real-time 24 hours/day and usually from 3-4 satellites simultaneously. There is 1
data file per day per satellite. Some years are incomplete as shown in Tables 2.1.
Some of the data files had problems with missing hours in the beginning, or in the
end of the file, and in some files the time-line was distorted. If the datafile was to
be considered for simulation, it had to contain a full 24 hours of data and have a
linear time line, it also had to have an average sampling frequency around 0.1Hz. If
the datafile did not fulfill the above requirements it was removed. Table 2.1 shows
the amount of data files that were scanned for each year and satellite.

15
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Year 1989-046 1990-095 1991-080 1994-084 LANL-97A LANL-01A LANL-02A Total
1989 79 - - - - - - 79
1990 301 2 - - - - - 303
1991 294 106 0 - - - - 400
1992 324 265 35 - - - - 624
1993 313 123 44 - - - - 480
1994 280 6 11 0 - - - 297
1995 99 16 41 144 - - - 300
1996 1 69 283 285 - - - 353
1997 0 38 168 328 153 - - 687
1998 0 11 39 333 323 - - 706
1999 139 1 66 289 206 - - 701
2000 152 0 88 282 37 24 - 583
2001 29 90 193 302 77 188 - 879
2002 2 243 285 203 254 279 270 1 536
2003 0 302 307 297 310 312 312 1 840
2004 0 313 280 243 276 338 344 1 794
2005 0 264 0 303 313 301 314 1 495
2006 156 0 0 315 327 309 325 1 432
2007 287 0 0 288 286 270 297 1 428

Table 2.1: Available data files for each year and satellite
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Figure 2.1: 24 hours of spin average electron energy flux data from LANL-01A on the 26 February
2003. Three lowest energy channels are shown.

In Figure 2.1 the spin average electron flux for the three lowest energy channels,
50-75 keV, 75-105 keV and 105-150 keV are shown from the satellite LANL-01A on
26 February 2003. The LANL-01A satellite is located almost around longitude 0◦
so universal time (UT) and local time (LT) is almost the same.

The longitudinal position of the satellites as of 21 September 2002 can be seen
in figure 2.2 and table 2.2. The drift of the satellites is a few degrees per year, for
example in the beginning of January 2002 the satellite LANL-97A is at a longitude
of 99.6◦E. In the end of 2002 it is located at 103.3◦E.
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Satellite Longitude
1989-046 −145.1◦
1990-095 −38.3◦
1991-080 −164.7◦
1994-084 144.8◦

LANL-97A 103.2◦
LANL-01A 8.5◦
LANL-02A 69.4◦

Table 2.2: Satellites longitude position at 21 September 2002.

Figure 2.2: Satellites longitude position at 21 September 2002
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A pattern recognition neural network was used from MATLAB’s 2010a Neu-
ral Network Toolbox which is a feed-forward fully connected multilayer precipi-
tation network but with different training algorithm and gradient functions com-
pared to a normal feed-forward network. However both training functions use back-
propagation and stop if the error-signal or gradient falls below an acceptable level.
Since we are looking for monochromatic pulsations in the data, Fourier transform-
ing and letting the network identify if there is a significant power-peak within the
Pc5-range is the general idea. Using the full 1.7-6.7mHz spectrum as inputs to the
ANN.

Electron flux data from the three lowest energy-channels were used in this study
mainly because of the higher resolution makes it easier to detect pulsations.

The data is divided up into 1 hour segments which was found to be the most
suitable length. The data was de-trended and windowed with a Hanning-window

19
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Figure 3.2: Left: Frequency spectrum with 0.95 significance level, Right: Spin average electron
flux

to reduce spectral leakage before it was Fourier Transformed using the fast Fourier
transform algorithm. The effect of detrending the data can be seen in Figure 3.3,
the low frequency part becomes much larger and the pulsation can barely be seen.
This gave the network 26 inputs from the Pc5 frequency range that were presented
to the network normalized from -1 to 1. This was done to make the network model
the form of the spectrum which is better for generalization. If no pulsation was
detected, the program moved forward half an hour. If it detected a pulsation, it
moved forward a full hour. To eliminate the possibility for the network to detect
noise as a possible pulsation, 2 extra inputs were used. The first was aimed to give
the network an estimate of how powerful the amplitude is compared to the rest of
the spectrum, a number of different method were explored but the most successful
and statistically rigorous was feeding the amplitude from the power-peak of the
Fourier transform normalized to the significance level of the complete spectrum.
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Figure 3.3: Left: Fourier transform of detrended data, Right: Fourier transformed data that had
not been detrended.
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The significance level were calculated according to the corrected Lomb-Scargle
method [4]. The distribution function is considered to be χ2-distributed with 2
degrees of freedom. The probability distribution becomes

f(z) = 2−1exp(−z/2). (3.1)

Where z = I/σ2. Assuming that Z = Ip/σ
2 represent one of the N/2 independently

distributed frequencies, then the probability

p(Z > z) = 1− [1− exp(−z/2)]N/2 (3.2)

were the variance is replaced with an unbiased estimate using the Parseval-Raylight’s
theorem of equal power in the time domain as in the frequency domain [4].

σ2 =
∑N/2
p=0 F (fp)
N/2 (3.3)

The 95% significance level becomes

I95% = 2
∑N/2
p=0 F (fp)
N

ln(1− 0.95(2/N)) (3.4)

The second additional input was aimed to be used as a phase check between different
energy channels, one of the criterion for a Pc5 is that the different energy channels
would pulsate in phase with each other. This was done by normalizing the flux from
-1 to 1 for each channel and add them together. If they are in phase the amplitudes
should be enhanced and if they were out of phase, the amplitudes should decrease
or eliminate each other completely.

This extra input is the power peak amplitude from the Pc5 range from the
Fourier transform of the added normalized flux of all three channels, where a power-
ful amplitude would suggest that the channels pulsate in phase and a low amplitude
would suggest that they are out of phase.

A satisfactory configuration for the hidden part of the network consist of one
layer with 14 neurons. The output-layer consisted of one neuron with a output-range
from 0-1, 0 representing no pulsation and a 1 would indicate a clear pulsation. The
three lowest energy-channels were scanned individually and the results from each
channel was added together for each hour giving the program an output range from
0 to 3.

The ANN was evaluated using one year of data that it had not been introduced
to before. The results were inspected visually to determine the success. A threshold
of 2.95 was chosen for the events to be considered as a Pc5 pulsation.

The training-set were set up so that the ANN would be able to tell a pulsation
apart from any random noise, mixing pulsation events with non-pulsation events.
All events and non-events was inspected visually. Starting out with a training set
that only contained a few events, the network was able to find additional events that
were later used in the training set. The training set grew as the ANN found more
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and more events, however going from a set that contained 35 events and 35 non-
events to 55 events and 49 non-events did not make any difference in performance,
so the training stopped here.

The big problem with this method was that the ANN only detects pulsations
within the frequency-range that it has been trained for. To make the ANN detect
pulsations with frequencies that have not been found, fake training data were pro-
duced to make the network detect those pulsations which can be seen in Figure 3.4.
The fake training data were then later removed and replaced with real pulsation
data if the network found any in that frequency-range.

Input No. Source
1 FFT
- FFT
26 FFT
27 Power-peak amplitude normalized to 0.95 significance-level
28 Power-peak amplitude from the normalized and summed flux

from three lowest energy-channels

Table 3.1: Inputs to the network

1 2 3 4 5 6 7
−0.5

0

0.5

1

mHz

Fake training−data

Figure 3.4: Fake training data



Chapter 4

Results

4.1 The Network
To validate the network performance, the year 2003 from the satellite LANL-97A
was used as a validation set. A sensitivity study was conducted to see how the
performance was altered depending on the amount of inputs to the ANN. The
altered inputs were the first 26 from the Fourier transform. In the first case the
inputs were halved, taking the mean value of every 2 points in the spectrum. This
gave the network 13 inputs from the Fourier transform plus the 2 extra for a total
of 15 inputs. In the second case the inputs from the Fourier transform was shrunk
to 8 inputs, taking the mean value of every 3 set of points and using it as one input.
Because 26/3 is not an integer, the 24 first points of the Pc5 spectrum was used
leaving 2 points out. This network had a total of 10 inputs. Table 4.1 shows some
statistics from scanning the validation set for the three different ANN’s. The biggest
difference in scanning time was about 2 minuets between the 10p ANN and the 28p
ANN. The 10p ANN found the largest set of events followed by the 15p ANN.
However since they also detected false events which is not classified as pulsations
but noise, it was decided that the 28p input ANN gave the best results. Table 4.2
and Table 4.3 shows the dates and time for each event that was detected by all
three ANN’s from the validation set. As one can see the events that are detected is
not the same for all three ANN’s. It also shows what events that was classified as
false. The 28p ANN missed 9 events that were classified as pulsations but it also
avoided 5 false events.

Based on it’s performance, the 28 input ANN were later used to scan the entire
set of data from all satellites which can be seen in the discussion Chapter.
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Fourier transform inputs Scanning time[s] Pc5 found Possible false events Hidden neurons
10 2062 (34.4 min) 20 3 4
15 2125 (35.4 min) 23 3 7
28 2204 (36.7 min) 19 0 14

Table 4.1: Results from the input study

Date Time[UT hours] 10p-input ANN 15-input ANN 28p-input ANN Pc5 event Non Pc5 event
01-23 6.8 x - - - x
01-24 10.5 - x - x -
01-25 11.8 - x - x -
01-30 4.6 x - - x -
02-16 9.8 x x x x -
02-24 6 - x - - x
02-26 7.6 - x x x -
02-27 7.6 - x - x -
03-29 9 x x x x -
04-14 8.8 - - x x -
04-14 11.2 x x x x -
04-15 8 x - x x -

Table 4.2: Detected events for all networks, x=detection, -=no detection
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Date Time[UT hours] 10p-input ANN 15p-input ANN 28p-input ANN Pc5 event Non Pc5 event
04-16 1.8 - - x x -
04-18 8.8 x x x x -
05-06 4 - x - - x
05-31 8 - x - x -
06-04 4.4 - x - x -
06-08 6.8 x - x x -
06-14 10.6 - - x x -
10-19 15.2 x x - - x
10-29 20.4 x - - - x
10-31 5.2 - x x x -
10-31 7.4 x - x x -
10-31 8.2 x x x x -
10-31 11.8 x - - x -
11-04 13.6 x - - x -
11-23 10 - x - x -
12-02 14.4 x x x x -
12-02 15.4 x x x x -
12-02 16.4 x x x x -
12-02 17.4 x x x x -
12-02 18.4 x x x x -
12-02 20.4 x x x x -

Table 4.3: Detected events for all networks, x=detection, -=no detection
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4.2 Validation Results from 2003, satellite LANL-97A
The pulsation in Figure 4.1 is on the borderline of being classified as a false event
due to the significance level being larger than the dominant power peak in all three
energy channels due to the pulsation amplitude being too weak. After visual in-
spection, it was determined that it probably were a pulsation due to it appearance
seems continuous in the time domain and it is very close to the significance level
in the 75-105 keV channel. However if it is not significant, the chance that the
pulsation is created by a random process and not due to an actual pulsation is
greatly increased. The pulsation in 75-105 keV channel consist of two frequency
peaks which may explain why the power does not reach the significance level. A
few other pulsations in the validation set were also not significant in all channels but
very close to, however a majority of events were significant in one or more energy
channels. A similar event is discussed in the Chapter 5.
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Figure 4.1: Date: 14 April 2003, Left: Frequency-spectrum with 95% significance level(dashed
line), Right: spin average electron flux

In Figure 4.2 a pulsation due to what seems to be a particle injection occurs.
A clear pulsation can be seen in the time domain. In the frequency domain, the
105-150 keV channel seems to have a power peak that is above the significance level.
The power peaks in the other 2 channels are very close of being significant. The
large low frequency might be due to some linear trends that still exist within the
data even though it were detrended before it was Fourier transformed.

Figure 4.3 shows one of the most common pulsation frequency. These are usually
significant in two or more energy channels.

Figure 4.4 shows one of the most monochromatic and powerful pulsations found
in terms of significances level. This is a very persistent event, starting around 15:00
UT and continues until somewhere around 20:00 UT.
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Figure 4.2: Date: 15 April 2003, Left: Frequency-spectrum with 95% significance level(dashed
line), Right: spin average electron flux
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Figure 4.3: Date: 18 April 2003, Left: Frequency-spectrum with 95% significance level(dashed
line), Right: spin average electron flux
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Figure 4.4: Date: 2 December 2003, Left: Frequency-spectrum with 95% significance level(dashed
line), Right: spin average electron flux





Chapter 5

Discussion

5.1 The Network

Since detection is a classification problem, a pattern recognition network was chosen
for this task. The pattern recognition network is a feed forward network with some
differences like its training algorithm and gradient function. A regular feed forward
network was examined, but the pattern-recognition network gave superior results
due to its optimization for classification problems.

Previous successful work done by others in detecting pulsations with artificial
neural networks [12] has also utilised the Fourier transform, so this was used as
foundation for present technique.

The procedure of normalizing the Pc5 frequency-range in the Fourier transform
from -1 to 1 was done due to the huge difference in amplitude from case to case.
Some power peaks could be 100 times bigger than in other cases, however in both
of these cases the peaks could be significant. The normalization procedure became
necessary to keep things in perspective, and provided better generalization for the
ANN.

Only feeding the ANN with the Fourier transform did produce a lot of false
events generated from noise where a clear pulsation could not be seen. Due to this,
the ANN needed to know whether the power peak was due to an actual pulsation.
The significance level did provide the needed information.

Different types of inputs in addition to the Fourier transform were investigated.
One extra input type was the amplitude from the power-peak divided by the mean
power of the surrounding spectrum which gave comparable results. Though using
the significance level seemed like a more robust method. The chance that the power
peak would be generated by noise becomes very low if it were above the 95% level.

The second additional input was meant as a phase check, taking the amplitude
level from the Fourier transform of the normalized flux from all three channels that
have been added together. The idea was that if the channels were out of phase,
the amplitude from the Fourier transform would be lower than if they were to be

29
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in phase. Other methods as the lag from the cross-correlation between the different
energy channels was explored, however it was proved too sensitive. Events that had
been confirmed to be in phase, were removed due to the cross-correlation indicating
them as out of phase. Filtering was also explored before the use of cross-correlation
but without any great success.

Scanning 1 hour of data at a time was also chosen for a good reason. Having
tested 15 and 30 min data length as well as 2 hour, 1 hour data length greatly
reduce the impact of powerful ”bumps” that appear in the Pc5 range. And in
conjunction with the general length of a Pc5 event, 1 hour data was proven the best
choice. To make sure that no pulsation would be excluded due to being caught in
the borderland between two separate hours and not be detected, the step in data
length was set to 30 minutes. If the program was able to find a pulsation, it would
jump forward one hour. This was done so the program did not detect the same
pulsation twice.

Starting out with only a few events and non-events, letting the ANN find more
and more pulsations that later were used in training have its pros and cons. It
found pulsations within the trained frequency-range which was as intended, however
finding events of certain frequencies that it had not initially been trained for proved
to be a challenge.

A solution to this problem was to produce fake events, or fake frequency-spectra
that were used in training, the other two inputs were given typical values. This
proved to be very successful method and as soon as the network found a event in
that frequency-range, the fake one was taken out of the training set. Given this
information one might think, then why not fake all frequencies? This is something
that might be worth exploring in the future, the non-Pc5 events would be harder
to fake than the actual Pc5-events due to the randomness of the noise.

The performance of the network did not change notably when the size of the
training set increased from 70 to 104. This might depend on the limited amount of
frequencies that can be represented in the Pc5 spectrum with only 26 points.

In theory, the more neurons the bigger the training-set has to be. The theoretical
size would be [3]

S ∼ N

ε
(5.1)

where S is the training-set size, N is the number of synaptic weights and ε is the
error. So if the error would be 0.1, then the recommended size would be S = 4060.
But this only apply for the worst case scenario where the initial weights are chosen
very poorly. In MATLAB this is governed by a random number generator. To
keep the training somewhat predictable, handling the seed to the generator became
necessary.

Several configurations of the hidden part of the ANN were also examined, such
as twice the amount of neurons as inputs and equal amount of neurons as inputs.
These configurations did not yield better results than the current set-up of halved
the amount of neurons as inputs, so consequently they were dismissed. Also, having
more neurons in the network would make the scanning slower due to the amount of
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operations. The training set would also have to be larger to get equally sufficient
generalization. More than one layer was also looked in to, but it was the same case
here as the previous endeavour.

From the input study in Table 4.1, the difference in computation time was sur-
prisingly small, only a difference of about 2 minutes for a full year of data even
with more than halved the number of neurons in the hidden layer. This is likely to
differ quite a lot depending on what computer is used and the size of the ANN. The
computer used for scanning in this study had 4 Gigabytes in RAM and a dual-core
Intel processor 2.1 GHz (T6570).

5.2 Validation

The decision to classify an event as false positive was not easily done, it came down
to the visual inspection of the event, other people might have judged differently.
From the input study in Chapter 4, one might get the impression that the resulting
ANN is only detecting pulsations, sadly this is not true. From the year 2004 there is
an example of a very clear detection of a Pc5 event with an output of 2.994 occurs,
in Figure 5.1 a clear periodicity can be seen but it is classified as a false event due
to the appearance in both the time domain and frequency domain.

These quasi-periodic ”bumps” in Figure 5.1 proved to be very hard to eliminate
since they have a half-period that matches frequencies within the Pc5-range, and
they are in phase in all three energy channels. The power peaks in the different
channels are just to low compared to the significance level to be confidently consid-
ered as a pulsation in this case. The high output from the ANN is a bit disturbing
since it was the objective of the additional inputs to eliminate those events. One
possible explanation could be that all the channels are very much in phase and
the appearance of the frequency spectrum might be a good match when it became
normalized. This could have trigged the high output from the ANN in this case.

Also, the ANN did not detect some pulsations that it should which can be seen
in Table 4.2 and 4.3. In Figure 5.2 it is obvious that there exists a clear pulsation
that is significant in all three energy-channels, however the ANN only generate an
output of 2.921. This particular event was not detected by any of the three ANN’s.
This might depend on the fairly low amplitude-level from the phase check which only
came out to be 0.81 where others that lie over 2.95 have a amplitude-level above 1.2
in most cases. A possible explanation of poor training at that particular frequency
could also have an impact on the low output. Tables 4.2 and 4.3 shows that there
exist several events which were never detected by the ANN with 28 inputs. The 10
and 15 input ANN’s might have gotten better training at these frequencies when
data points within the Pc5 range were averaged together. They also fail to detect
several other pulsations that the 26 input ANN detected.

The optimization of the ”cut-off level” became a question where the line should
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Figure 5.1: 6 February 2004: Detection of a possible false event.
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Figure 5.2: 18 September 2003: Not detecting a pulsation when it should.

be drawn between pulsation and periodic noise. The aim was to include as many
pulsations as possible with no or at least very few false events. In this study the
validation set was chosen randomly to be 2003 from the LANL-97A satellite, the
only criterion was that it should be a solar maximum year because of the increased
geomagnetic activity and consequently noise in that part of the spectrum. If the
ANN could make out the difference between pulsation and noise within a full year
of increased geomagnetic activity, it would be considered successful.
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5.3 Scanning Results
The results from scanning all the satellite data each year show that during solar
maximum Pc5 activity is increased compared to years with solar minimum. The
reduced number of Pc5 activity seen from 1989-2000 in Figure 5.3 is obviously due
to the reduced amount of scanned data files, however the shape seems to coincide
with sunspot data. From 2000 and forward the shape of the Pc5 activity also
seems to correlate with the sunspot data, but the amount of events increased due
to the amount of available data. The appearance that Pc5 activity seems to follow
geomagnetic activity and hence the solar cycle might not be that surprising.
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Figure 5.3: Left: Sunspot data, Right: Pc5 activity per year
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Figure 5.4: Left: Frequency distribution, Right: Distribution in LT

Figure 5.4 shows an interesting pattern. Pc5-activity seems to be more common
in the afternoon sector around 14:30 local time, this can predominantly be related
to variations in the solar wind as a source of energy for these waves, but also
from unstable particle created between open and closed orbits [6]. Other sources
of these pulsations is hot particle injections related to sub-storms which increases
in occurrence with increased geomagnetic activity, these pulsations typically occur
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in the afternoon sector [8]. The reduced amount of pulsations in the midnight
and early morning sector might be enhanced by the dampening effect of the night
side [5]. The expression for resonance frequency for a field-line is [5]

f = nvA
2l = nB

2l√µ0ρ
(5.2)

where f is the frequency, vA is the average Alfvén velocity, l is the length of the
field line and ρ is the mass density. Since the satellites are moving through different
L shells, the mass density and length of the field lines are constantly changing, a
spread around a center frequency is what one would expect. To the right in Figure
5.4 the frequency distribution of all events are shown. The dominant peak seems to
be centred around 3-3.3 mHz. It then decays to a minima around 5 mHz to later be
picked up at 5.5-6 mHz, this region might be second mode pulsations, there is also
an increase of pulsation around 4-4.5 mHz. The suddenly appearing large peak at
the end of the distribution is a mix of events with frequencies just outside the Pc5
range that have leaked in and events with 6.6-6.7 mHz.
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Figure 5.5: Top left: Frequency distribution 0 - 6 LT, Top right: Frequency distribution 6 - 12
LT, Bottom left: Frequency distribution 12 - 18 LT, Bottom right: Frequency distribution 18 - 24
LT

In the top left and top right in Figure 5.5 the frequency distribution from 0-
6 hours and 6-12 hours are shown. In the bottom left and the bottom right the
frequency distributions for 12-18 hours and 18-24 hours are shown. In the morning
sector 0-6 hours LT most events seems to be located around 3 mHz with a few
events in the higher frequency range. [13] found that the majority of Pc5 events in
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the morning sector have a frequency around and below 3 mHz. [10] suggest that
its highly likely that these events are standing Alfvén waves with fundamental odd
mode of oscillation. In the post noon and afternoon sector there is a increase of
events in the higher frequency range. The peak at the end of the distribution
mentioned earlier seem to be very large in these 2 sectors. In the evening sector
from 18 - 24 hours LT the dominant frequency top around 3.3 mHz in the other
sectors have moved towards 3 mHz. All the different sectors have a population of
events around 4 - 4.5 mHz. [13] also recognised modulation in electron data from
LANL satellites around 3 and 6 mHz as twice and four times the electrons drift
frequency in 0.5 - 6 MeV channels. They also acknowledged several events in the 4
mHz area.





Chapter 6

Summary and Conclusions

The possibility of detecting geomagnetic pulsations in spin-average-flux data using
artificial neural networks have been investigated in this study. The method of using
the Fourier transform as input to the network has successfully been implemented
before [12] and was therefor used as a foundation in this study. However, given the
noisy nature of the particle data the challenge became to separate powerful and in
phase noise from the real pulsations. Using the normalization technique, the ANN
needed needed additional inputs to the Fourier transform alone. Different types of
additional inputs were tested but in the end, amplitude levels from the peaks were
normalized to the 95% significance level. The phase check between the channels
might not be the best way of determining whether or not the channels are in phase
but it was the solution that worked. The performance of the resulting ANN was
fairly successful, it was able to pick out events where a vast majority of them can be
considered real pulsations without a doubt. The extra superimposed ”cut-off”-level
was put in place to separate the remaining noise from the real pulsations but at a
cost, some events that were clear pulsations ended up in the garbage bin. And the
other way around, despite the extra tuning of a cut-off level, it still let through some
events that might not be pulsations but instead being quasi-periodic ”bumps” in the
data that happen to coincide with the Pc5 frequency range. It might be very hard
to take all the cases into account, but from a rather small training-set compared to
the amount of hours that were scanned, it can be thought of as successful, being
able to separate a huge amount of data from the few pulsations it actually found.

The results from scanning all available data indicate that a majority of the Pc5-
events occur in the afternoon sector. This may be caused by upstream processes
like variations in the solar wind. Furthermore, the frequency distribution indicates
that a possible fundamental mode resonances occurs somewhere around 3-3.3 mHz
and the second mode around 6-6.6 mHz as Figure 5.4 indicates. The Pc5 activity
also seems to follow the solar cycle which might not be surprising since geomagnetic
activity follows this cycle as well.
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Chapter 7

Outlook

Further work in refining the detection software and detection technique might in-
clude the following topics.

Improving the training set
The training set is vital for the network to work properly. Improving it may increase
the detection efficiency at frequencies that may have poor training.

Improving the phase check between channels
The phase check is not prefect, far from it. Finding a better way of checking the
phase between channels may result in better and more accurate detections.

Adding additional inputs
If the network is feed additional information it might become more accurate in its
decisions, additional input might include
• solar wind parameters,
• geomagnetic activity indices.

Further studies
In this thesis the frequency distribution for all four sectors were investigated, and
the pulsation distribution in local time. Additional studies may include
• coherence of local time and frequency distributions from SOPA data with distri-
butions from ground based magnetometers, radars or other satellites,
• looking for "bump-on-tail" distribution of the plasma in MPA data,
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Chapter 8

Appendix A

Filter used before plotting
A finite impulse response (FIR) low-pass filter with a pass-frequency of 7 mHz, a
stop-frequency of 8.5 mHz, and side lobe levels are set to -60 dB. This filter was
only used before plotting data using MATLAB’s filter design tool.

Figure 8.1: FIR-filter
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