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Chapter 1

Introduction

1.1 Cosmic rays

In the early 1900’s, when radioactivity was first discovered by Henri Becquerel,
Pierre Curie and Marie Curie [3], it was believed that the ionizing radiation measured
in the atmosphere was produced by γ-rays emitted by nuclear processes on the
ground. Thus, the ionization level should decrease with increasing altitudes. In 1912,
Victor Hess took a balloon flight up to 5 km to measure the amount of ionization as a
function of height [4]. He found that at heights above 1.1 km, the ionization level
increases with altitude, which meant the radiation had to be coming from outer space.
His experiment marked the discovery of cosmic rays and he received a Nobel prize
in 1936.

Cosmic rays have an enormous energy range, starting at about 107 eV and
reaching about 1020 eV and they come from different sources. The cosmic rays
with energies less than 1010 eV are predominantly solar cosmic rays produced in
solar flares. The cosmic-ray energy spectrum for higher energies, from 1010 eV
to about 1020 eV is shown in Fig. 1.1. The spectrum follows a power law, scaling
approximately as E−3, which shows that the flux of cosmic rays drops dramatically
when going to higher energies.

The cosmic-ray spectrum has some interesting features. The first feature in the
spectrum is the knee observed at an energy of 5 · 106 GeV where the index of the
power law changes from 2.7 to 3.1. The origin of the knee is still being discussed in
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Introduction

the literature [5]. A possible explanation is the leakage of particles from the galaxy.
Particles at these energies are not bound by the magnetic fields of the galaxy and
thus start to leave the galaxy. There is a second knee-like structure at an energy
of 4 ·108 GeV which can be explained by heavy elements leaving the acceleration
region or the galaxy. The ankle-like structure at 4 · 109 GeV is thought to be the
signature for the transition between galactic and extragalactic cosmic rays [6, 7].

Fig. 1.1 The differential flux of cosmic rays as a function of the primary energy of
the cosmic ray. Adapted from Ref. [8].

1.2 Extensive air showers

When a cosmic ray enters the atmosphere, it will interact with an air molecule and
generate a particle cascade which is called an extensive air shower [9]. There are two
types of air showers: hadron showers and electromagnetic cascades.
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1.2 Extensive air showers

As shown in Fig. 1.2, an air shower has three components: an electromagnetic, a
hadronic and a muonic component. If the cosmic ray is a proton or a (heavy) nucleus,
a hadronic shower is generated. The secondary particles produced are mostly pions.
The number of generated kaons is about 10% of the number of pions. Neutral pions
decay very quickly into two photons

π
0 → γ + γ . (1.1)

The photons create pairs of electrons and positrons

γ → e++ e− . (1.2)

Subsequently, these leptons undergo bremsstrahlung, producing more photons. These
photons then create more leptons through pair production and ionization. They are
the electromagnetic component of the shower. Charged pions and kaons can initiate

Fig. 1.2 Three components of an extensive air shower: a hadronic, a muonic and an
electromagnetic component. Taken from Ref. [10].
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further interactions or decays depending on their energies. The decay timescale
for these particles is larger than the typical time between encounters and thus the
particles may interact and contribute to the hadronic component of the shower before
they can decay. When the energy decreases, leptonic decays of pions and kaons can
take over, producing muons and neutrinos which form the muonic component of the
shower

π
+ → µ

++νµ

π
− → µ

−+ ν̄µ

K+ → µ
++νµ

K− → µ
−+ ν̄µ

(1.3)

Since the interaction length of the muons and neutrinos are much longer than the typ-
ical distance to the observer, they have a large chance to reach the ground. Otherwise,
they decay through

µ
+ → e++νe + ν̄µ ,

µ
− → e−+ ν̄e +νµ .

(1.4)

If the cosmic ray is a lepton or a photon, only the electromagnetic component
develops.

The number of secondary particles in air showers grows roughly exponentially
as a function of penetration depth, reaching a maximum at the depth called Xmax

and diminishing after that. The total number of charged particles at Xmax is roughly
equal to E/(1 GeV) where E is the energy of the shower in eV. Fig. 1.3 shows the
shower profiles of an iron shower and a proton shower simulated by CORSIKA [11],
a Monte Carlo code to simulate extensive air showers. As shown in this figure, iron
showers have generally smaller Xmax, i.e. higher up in the atmosphere, than proton
showers. This is due to the fact that the cross section of iron nuclei is large and thus
the iron nuclei interact with molecules earlier and higher in the atmosphere. Primary
particles with the same energy, mass and direction can generate different air showers.
This feature which is called shower-to-shower fluctuations is caused by random
fluctuations in the depth, multiplicity and inelasticity of the first interaction and of the
secondary interactions [12]. Since most of the shower particles travel with very high
velocities, almost the velocity of light, they are concentrated in the relatively thin
shower front, which is called the ‘pancake’. The pancake contains extremely large
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1.3 Radio emission from air showers in fair weather
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Fig. 1.3 Number of electrons and positrons as a function of atmospheric depth for
1017 eV vertical showers simulated by CORSIKA. The atmospheric depth is the
integral of density of the overlying air. For a vertical shower, the sea level is at
1028 g/cm2. Xmax = 545 g/cm2 for this iron shower and 670 g/cm2 for this proton
shower.

numbers of electrons and positrons. The thickness of the pancake is few millimeters
near the shower axis and up to a few hundred meters at the edges [13].

1.3 Radio emission from air showers in fair weather

For the first time, radio pulses from extensive air showers were measured by Jelley
et al. [14]. Thereafter, many measurements over a wide frequency range were
performed [15, 16]. However, due to technical difficulties, the detection of radio
emission from air showers was not continued. Later, in the early 21st century, it
was developed again. Measurements at LOPES [17, 18] and CODALEMA [19, 20]
gave many interesting results. The current generation of detection systems such as
Tunka-Rex [21], AERA [22], and LOFAR [23] have also given large contributions to
the knowledge of air-shower radio emission.

At the same time, there were many attempts to model radio emission from air
showers. The first model was developed by Askaryan in 1962 [24]. He predicted
that there is a net negative charge excess in the shower front since electrons are
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knocked out of atmospheric molecules. These electrons have enough energy to travel
along the shower front. This negative charge excess gives rise to coherent radio
emission. In 1966, Kahn and Lerche built a macroscopic model based on the induced
transverse current in the shower front [25]. Due to the geomagnetic field, electrons
and positrons are accelerated along the direction of the Lorentz force. They form
a transverse current pointing in the direction of the Lorentz force which also emits
radiation. For this reason, the amplitude of the radio signal depends on the angle α

between the shower axis and the geomagnetic field B.
The main difference between the two contributions is the polarization direction

of the signals. For the geomagnetic component, since the induced current points in
the direction of the Lorentz force, the radiation is linearly polarized along the same
direction. Charge-excess radiation is also linearly polarized but is polarized in the
radial direction with respect to the shower axis.

On the surface of the Earth, the superposition of both components is observed.
Since their polarization directions are different, the intensity pattern observed is com-
plicated. Furthermore, this is influenced by Cherenkov effects. Since the emission is
propagating in air where the index of refraction is not unity but has a value of about
1.0003 at sea level and decreases with altitude, the emission emitted at different times
and locations can reach a given observer at the same time. This creates relative time
compression effects that result in Cherenkov rings seen in the intensity pattern on the
ground in the GHz frequency range [26–28].

In the last ten years, several new models, which can be separated into two
categories, microscopic and macroscopic, have been developed. The microscopic
models such as CoREAS [29], ZHAireS [30] follow individual shower particles
and calculate their radio emission. The macroscopic models such as MGMR [31],
EVA [32], MGMR3D [33] calculate the radio emission from the currents and charge
densitites in the shower plasma cloud. The microscopic and macroscopic models
agree in the description of radio emission features [34].
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1.4 LOFAR, LORA and data analysis

1.4 LOFAR, LORA and data analysis

1.4.1 LOFAR - The Low Frequency Array

LOFAR is a distributed radio telescope used to observe the radio frequencies from
10 MHz to 240 MHz. The antennas of LOFAR are distributed over several European
countries with a core in the Netherlands. They are group into stations. There are 24
stations distributed within the ∼ 2 km wide core and 16 additional Dutch remote
stations placed with increasing distance from the core. International stations are
located in Germany, France, the United Kingdom and Sweden. Core and remote
stations consist of 96 low-band antennas (LBAs, 10−90 MHz) and 48 high-band
antennas (HBAs, 110−240 MHz) while international stations have 96 LBAs and 96
HBAs. In the center of LOFAR core, there are six stations located in a roughly 320 m
diameter area, which is called the ‘Superterp’ (see Fig. 1.4). The cosmic-ray data are
taken with the central 24 stations where data from particle detectors (see Sec. 1.6) are
also available. The LBAs are the main tool to detect cosmic rays. An LBA consists
of two orthogonal inverted V-shaped dipoles. Each dipole has a length of 1.38 m.
The dipoles X and Y are oriented southwest to northeast (SW-NE) and southeast
to northwest (SE-NW). A HBA element consists of dual-polarization fat dipole

Fig. 1.4 The ‘Superterp’ of LOFAR. The picture is taken from Ref. [2]

antennas in which holes were cut to save material. In order to minimize maintaining
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Fig. 1.5 LOFAR antennas at the center core. A LBA is shown in the foreground.
Behind the LBA is a cluster of 24 black tiles of HBAs. The inset displays the
construction of a HBA in which the bow-tie shaped antennas are mounted before
they are covered by weather-proof foil. The picture is taken from Ref. [35].

cost, 16 HBA elements are arranged in a plastic structure called tile. Each tile is
packed in black foil to protect the antenna electronics from rain.

1.4.2 LORA - The LOFAR Radbound Air Shower Array

LORA is an array of 20 particle detectors which are distributed on the ‘Superterp’.
Each detector which is 125 cm×98 cm in size consists of two scintillators and is
installed inside a weatherproof box. LORA provides a reconstruction of basic air
shower parameters such as the arrival time of the shower, the direction and position
of the shower axis, the lateral density distribution of the charged particle. In addition,
it can help to estimate the primary energy of the shower.

The arrival time is used to trigger the read-out of the radio antennas. A trigger
in a LORA detector is generated when a particle signal of more than 4σ above the
noise is registered. In order to only measure air showers, several detectors need to
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trigger at the same time. As shown in the right panel of Fig. 1.6, requiring triggers in
12 particles detectors yields a energy threshold of about 2 ·1016 eV and an average
trigger-rate of 1.25 events/hour. This trigger rate has been used for the observations.

Fig. 1.6 Left: a particle detector. Right: Energy threshold and the event rate per day
as a function of the number of particle detectors which have registerd at least one
particle. Taken from Ref. [36].

1.4.3 Data analysis

The data used in this thesis is from LBAs. Electromagnetic pulses are sampled every
5 ns and stored for 5 s on ring buffers for each LBA. The data were processed in
an off-line analysis. An initial estimate for the arrival direction of the air shower
is given by the LORA data. The measured radio signal is Fourier transformed to
the frequency domain. Since below 30 MHz and above 80 MHz, radio frequency
interference is strong, the data is filtered in the 30−80 MHz range. For each antenna
polarization, the signals are first beamformed in this arrival direction. Therefore,
the signal-to-noise ratio for a cosmic-ray signal from this direction increases by a
factor of about seven [37]. If no significant signal is detected in the beamformed
trace, the analysis of the data at that station is aborted. The next step is to reconstruct
the arrival direction of the air shower from a plane wave fit to the arrival times of the
pulse maxima. Air showers which have four or more stations having a successful
reconstruction are included. From the measured voltages, the radiation fields S
are calculated by inverting the antenna calibration. The complex radiation fields
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εk = Sk + iŜk are derived where Ŝk is sample k of the Hilbert transform of S. For each
antenna, the real-valued Stokes parameters which expressed as

I =
1
n

n−1

∑
i=0

(
|εi,v×B|2 +

∣∣εi,v×(v×B)
∣∣2) ,

Q =
1
n

n−1

∑
i=0

(
|εi,v×B|2 −

∣∣εi,v×(v×B)
∣∣2) ,

U + iV =
2
n

n−1

∑
i=0

(
εi,v×Bε

∗
i,v×(v×B)

)
,

(1.5)

are calculated. The summation is perform over n = 11 samples around the peak of
the pulse. Stokes I is the intensity of the radio emission. Stokes Q and U are used to
derive the linear polarization angle

ψ =
1
2

tan−1
(

U
Q

)
, (1.6)

and V/I represents the amount of circular polarization. An event becomes a possible
thunderstorm event if its linear polarization is very different from a normal event.

1.5 Thunderstorm charge structure and cloud electrifica-
tion

1.5.1 Thunderstorm charge structure

The basic charge structure of thunderclouds contains three charge layers: a main
positive on top, a main negative and a lower positive charge layer [38] as shown in
Fig. 1.7. In addition, there is often an upper screening negative layer generated by
the higher conductivity of the air outside the cloud. The main negative charge layer
contains both ice and super-cooled water in a temperature range between −10 and
−25◦C [38, 39]. It is found at different altitudes in different places and seasons. In
summer thunderstorms in Florida and New Mexico, the main negative charge layers
are found between 6 km and 8 km above sea level, while in winter thunderstorms in
Japan, it is at 2 km [40]. The main positive charge layer often spreads more in altitude
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1.5 Thunderstorm charge structure and cloud electrification

than the negative one [41]. It can range between about 8 km to 15 km in the summer
and a few kilometers in altitude in the winter. The lower positive layer is located at
the bottom of the clouds and lies above 2 km for summer thunderstorms in Florida.
This layer may not always be present [38, 42]. In contrast, some inverted charge
structures, i.e. lower main positive layer and upper negative layer, are sometimes
found in thunderstorms [43].

Fig. 1.7 The simple charge structure of thunderclouds and some locations where the
lightning can occur. Adapted from Ref. [44]

The charge structures keep changing over the lifetime of the storm, so the charge
structures and electric fields inside thunderclouds are complicated, depending on
time and place. As a result, it is difficult to have a complete mapping of electric fields
which is necessary in understanding lightning initiation and propagation.

1.5.2 Cloud electrification

Although charge transfer in thunderclouds happens very often, the mechanism of
charge transfer is not well understood. There are many mechanisms of thundercloud
electrification. Two of them, the convection mechanism and the non-inductive
mechanism will be discussed in more detail in this section.

The convection mechanism [45, 46] was introduced in the 1950s. As illustrated
in Fig. 1.8, there is an updraft of the positive charge found in the air above the ground
during fair weather going to the top of thunderclouds and form the positive charge
region. Negative charges, produced by cosmic rays above the cloud, are attracted to
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the boundary of the cloud by the positive charges and form a negative screening layer.
Downdrafts, caused by convections, are assumed to carry the negative charges down
to the middle center of the cloud to form the main negative charge region. This region
generates additional positive charges under the cloud and thus provides a positive
feedback to the whole process. Although cloud edge motions can clearly have an
effect on the distribution of charge inside a thunderstorm, the convective mechanism
cannot fully explain cloud electrification because negative charge regions formed by
this theory would unlikely lie in a similar temperature range for different types of
thunderstorms. Therefore, this initial theory is not accepted anymore.

Fig. 1.8 Illustration of the convection mechanism of cloud electrification. Adapted
from Ref. [47]

In the non-inductive mechanism, the electric charges are produced by collisions
between graupel and small ice crystals in the presence of water droplets which is
necessary for significant charge transfer [48–50]. A simplified illustration of this
mechanism is shown in Fig. 1.9. The heavy grauple particles fall through a suspended
region of ice crystals and supercooled water droplets. It has been shown in laboratory
experiments that when the temperature is below a so-called reversal temperature, TR,
the graupel particles get a negative charge in collisions with the ice crystals. Due to
the different sizes and fall velocities of the graupel particles and the ice crystals, they
tend to separate after the collisions. The negatively charged graupel particles tend to
accumulate in the middle of the cloud and the ice crystals are carried up to higher
parts of the cloud. In contrast, at low altitudes where the temperature is higher than
TR, the graupel particles get a positive charge and thus the polarities reverse. The
reversal temperature, TR, is thought to be between −10◦C and −20◦C which is the
temperature range of the main negative charge region. The positively charged graupel
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1.6 This thesis

Fig. 1.9 Illustration of the non-inductive mechanism of cloud electrification. Adapted
from Ref. [38]. The reversal temperature TR is assumed to be −15◦C and to occur at
an altitude of 6 km.

particles below the height of TR are considered to be the source of the lower positive
charge region [51]. The relative humidity also affects the charging process. The
charging rate and sign depend very strongly on the relative humidity. The greater the
relative humidity is, the larger is the magnitude of negative charge transfer [52]. The
larger relative humidity also shifts the reversal temperature TR to higher temperatures.
This mechanism is capable to explain the triple cloud charge structure discussed in
Section 1.4.1.

1.6 This thesis

Thunderstorm electric fields play an important role in understanding how lightning
initiates and propagates but they are difficult to measure. A conventional method to
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measure them is launching a balloon-borne electric field meter or a rocket [53, 54]
into thunderclouds. However, this method is affected by violent winds and it also
disturbs the electric fields in the clouds. In this thesis, we introduce and develop a
new technique to probe thunderstorm electric fields non-intrusively. This method is
based on the fact that during thunderstorms, strong electric fields cause significant
changes in the distribution of charged particles in the shower front and the radio
emission patterns of the shower. At the Low Frequency Array (LOFAR), we observe
large differences between radio patterns of showers measured under fair weather (fair-
weather events) and showers measured under thunderstorm conditions (thunderstorm
events). These differences in turn can be used to probe the thunderstorm electric
fields. Unlike balloon measurements, this method is independent of winds and the
measurement process does not disrupt the field to be measured.

1.6.1 Radio emission from air showers in thunderstorm conditions

During thunderstorm conditions, beside the Lorentz force caused by the geomagnetic
field, the atmospheric electric field exerts an electric force which is much stronger
than the Lorentz force. The electric field can be decomposed into two components,
the component parallel to the shower axis, E∥, and the component perpendicular to the
shower axis, E⊥. These two components affect the charged-particle distribution in the
shower front in different ways. E⊥ accelerates charged particles into the transverse
direction and thus increases the transverse current although the total number of
charged particles hardly increases. It also changes the direction of the transverse
current at the shower front since this electric field, in general, points in a direction
different to the Lorentz force. E∥ can accelerate electrons or positrons in the shower
depending on the polarity of the field, depositing the energy and thus their number
increases. In this work we consider field strengths up to about 100 kV/m which is
below the runaway breakdown limit of 284 kV/m at sea level [55, 56]. Above the
runaway breakdown threshold, fast electrons are accelerated by the electric field
and they could become runaway electrons. Due to interaction with air, they will
produce energetic electrons that can also runaway. The result is an avalanche of
relativistic electrons increasing exponentially with distance and time. The radio
emission produced by the relativistic runaway electron avalanches can also be used to
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1.6 This thesis

determine remotely electrostatic fields [57]. However, this radiation can be observed
at the frequency range lower than the frequency of LOFAR low band antennas.

Since E⊥ and E∥ change the charged-particle distribution in the shower front
differently, the changes seen in the radio pattern of the shower caused by these two
electric field components are rather different. With the LOFAR low band antennas,
having the frequency range from 30 MHz to 80 MHz, we can observe the influence
caused by the perpendicular component. E⊥ not only increases the intensity but also
modifies the intensity and polarization patterns. For small values of E⊥, the intensity
is proportional to the square of the magnitude of the current. However, when E⊥

is larger than about 50 kV/m, the intensity of the radio emission starts to saturate.
Since particles move relativistically and their total velocity cannot exceed the light
velocity, an increased transverse velocity will result in a decrease of the longitudinal
velocity. Therefore, for strong perpendicular electric fields, the particles will trail
further behind the shower front and their radiation does not contribute coherently in
the LOFAR frequency band any more and thus the radio intensity is almost constant.
Surprisingly, within the LOFAR frequency range, we are not sensitive to the parallel
electric field component. The reason for this is that the additional charged particles
generated by strong parallel electric fields trail much further behind the shower front.
Therefore, their radio emission does not contribute coherently in the frequency range
of the LOFAR low band antennas (30−80 MHz). In order to increase the sensitivity
of the parallel electric field component, one needs to go to the lower frequency range
of 2−9 MHz. These effects are discussed in more detail in Chapter 2. A simplified
model based on electron dynamics in air showers is also presented in this chapter for
explanation.

Not only the intensity and the linear polarization, but also the circular polarization
shows large differences between fair-weather events and thunderstorm events. In the
fair-weather events, the circular polarization is caused by a small time shift, about 1 ns,
between the radiation from charge-excess and transverse current components [58].
Therefore, it depends on the azimuthal positions of the antennas and it is small near
the shower axis. In contrast, the circular polarization in thunderstorm events can be
large near the shower axis and it may not depend on the azimuthal position of the
observer. Since the electric fields during thunderstorm conditions change in strength
and direction with altitude, the transverse current also changes its magnitude and
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direction. As a result, the radio signals at different altitudes are linearly polarized but
not in the same orientation. They arrive at antennas on the ground with a small time
shift, so the linear polarization of the total signal at the antennas changes in time,
which gives rise to circular polarization. In Chapter 4, the differences in circular
polarization between fair-weather events and thunderstorm events will be discussed
in more detail. A simple model to explain the cause of circular polarization in
thunderstorm events is also presented in this chapter.

1.6.2 Measurements at LOFAR and the method to probe electric fields
during thunderstorm conditions

At LOFAR, we have measured the effects of thunderstorm electric fields on radio
patterns from air showers. We see many significant differences between thunderstorm
events and fair-weather events as mentioned above. A first and clearly distinguished
feature of a thunderstorm event is the polarization pattern. In fair-weather events,
radio signals over all antennas are polarized mainly along the Lorentz force, while in
thunderstorm events, as discussed above, the signals are often not polarized along this
direction anymore. We observe that, in some thunderstorm events, the polarization
direction is oriented in a direction completely different from the Lorentz force since
the perpendicular electric field component changes the direction of the transverse
current. We also observe ‘wavy’ polarization patterns where the linear polarizations
at small and large distances from the shower axis are different. This is caused by the
rotation of the electric fields and thus the current as a function of altitude.

Moreover, we observe large differences in the intensity pattern between fair-
weather events and thunderstorm events. In fair-weather events, the intensity pattern
shows a bean-shape structure due to the interference of transverse-current and charge-
excess components at different locations around the shower axis. In thunderstorm
events, however, a typical intensity pattern often observed is a ring-like structure. We
also measure thunderstorm events showing an intensity pattern which is similar to
that of fair-weather events. These events are distinguished from fair-weather events
by the polarization patterns.

As discussed above, both fair-weather and thunderstorm events have some amount
of circular polarization. Although the amount of circular polarization in fair-weather
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events is rather small, we are able to measure it at LOFAR. In addition, we have shown
that the measured circular polarization in the fair-weather events is in good agreement
with both microscopic and macroscopic models [58]. In many thunderstorm events,
we observe a large amount of circular polarization near the shower axis which is not
seen in fair-weather events. We also see that the circular polarization in thunderstorm
events does not depend on the azimuthal position of the observers as it does in
fair-weather events. The fact that we have a good understanding of the circular
polarization in fair-weather events and the fact that the circular polarization measured
in thunderstorm events is very different from fair-weather events shows that the
circular polarization can be used to get additional information on the electric fields.

As a first step, we start to build the technique to determine atmospheric electric
fields during thunderstorm conditions by only fitting the intensity pattern. We find
that the electric fields need to have at least two layers in order to reconstruct the
ring-like structure in the intensity pattern. In this model, the perpendicular electric
fields in these two layers are such that the net forces in these layers are opposite to
each other and the force in one layer points in the direction of the linear polarization.
Since LOFAR is not sensitive to the parallel electric field as mentioned before, this
field is set to zero in our analysis. This structure of the electric field introduces a
destructive interference between the radio emission from two layers which gives rise
to the ring-like structure in the intensity pattern. We also found that the diameter of
the ring is strongly correlated to the height where the electric field changes but it
does not depend much on Xmax. The ring is relatively large when the electric field
changes at high altitude. For this reason, this altitude is very well defined by our
analysis. However, we are, unfortunately, not sensitive to the height above 8 km. The
first stage of the method will be discussed in detail in Chapter 3. Later, we realized
that the polarization signature gives additional information about the electric fields.
Therefore, as a second step, we developed a technique to fit both the intensity and
polarization patterns. We find that the large amount of circular polarization measured
near the shower axis in thunderstorm events cannot be reproduced by a two-layered
electric field since there is no rotation of the transverse current. In order to obtain
a good fit for both the intensity and the polarization patterns, we need to expand
the two-layered model of the electric field to a three-layered model. A detailed
discussion about the second stage of the method can be seen in Chapter 4.
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1.6.3 Full analysis

During the period between December 2011 and September 2014, we recorded 31
thunderstorm events. We selected 11 thunderstorm events which pass the criterion of
the quality of radio and particle data. We use the technique developed to analyze these
events in order to extract the perpendicular electric fields along the shower axis. Since
the thunderstorm events came from different directions and at different times, we can
determine the electric fields at different places and time. In 11 thunderstorm events
analyzed, there are two groups where each group has three events recorded within an
hour. The showers in each group probably passed through the same thundercloud.
These events can be used for a type of tomography for the thundercloud electric field.

We find some interesting features of charge structure in thunderclouds overhead
of LOFAR which can be seen from the electric fields probed by these thunderstorm
events. In the selected 11 thunderstorm events, there are events that seem to have
typically three charged regions: upper positive, main negative, and lower positive
while some events only have a two-layered structure. Moreover, the events show
a strong seasonal dependence of the lowest charged region which is likely due to
the temperature difference between winter and summer. We also see that in most
of these events, the lower positive charged regions occur near the 0◦ C isotherm
which is similar to what is observed for summer thunderstorms in Florida. However,
three winter events show that the lower positive charge region is 1 km in altitude
lower than the 0◦ C isotherm. There are three possibilities to explain this. It could
be that there are charged regions at the freezing height but we are not sensitive to
those. Or it could be that the charge mechanism in these winter thunderstorms is
very different from that in the summer thunderstorms. Another possibility is that
these events have an inverted-polarity structure: upper negative, main positive and
lower negative charge regions. In addition, large horizontal electric fields have been
measured. In general, the horizontal field is small at the bottom layer and large in the
middle and the top layers. The full analysis of thunderstorm events and the features
of charge structure found by our analysis will be discussed more in Chapter 5. The
final chapter, Chapter 6, will give the outlook.
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