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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

0 200 400 600 800 1000
Atmospheric depth [g/cm2 ]

0

1

2

3

4

5

6

7

Nu
m

be
r o

f e
le

ct
ro

ns
 a

nd
 p

os
itr

on
s

1e7

Iron shower
Proton shower

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].

6



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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Chapter 2

Influence of atmospheric electric
fields on the radio emission from
extensive air showers

T.N.G. Trinh, O. Scholten, et al.
Physical Review D 93, 023003 (2016)

Abstract

The atmospheric electric fields in thunderclouds have been shown to
significantly modify the intensity and polarization patterns of the radio
footprint of cosmic-ray-induced extensive air showers. Simulations
indicated a very nonlinear dependence of the signal strength in the
frequency window of 30−80 MHz on the magnitude of the atmospheric
electric field. In this work we present an explanation of this dependence
based on Monte Carlo simulations, supported by arguments based on
electron dynamics in air showers and expressed in terms of a simplified
model. We show that by extending the frequency window to lower
frequencies additional sensitivity to the atmospheric electric field is
obtained.
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2.1 Introduction

When a high-energy cosmic ray particle enters the upper layer of the atmosphere,
it generates many secondary high-energy particles and forms a cosmic-ray-induced
air shower. Since these particles move with velocities near the speed of light, they
are concentrated in the thin shower front extending over a lateral distance of the
order of 100 m, called the pancake. In this pancake the electrons and positrons
form a plasma in which electric currents are induced. These induced currents emit
electromagnetic radiation that is strong and coherent at radio-wave frequencies due
to the length scales that are relevant for this process [59]. Recent observations of
radio-wave emission from cosmic-ray-induced extensive air showers [17, 20, 60,
61, 37, 35, 62] have shown that under fair-weather conditions there is a very good
understanding of the emission mechanisms [63]. It is understood that there are two
mechanisms for radio emission that determine most of the observed features. The
most important contribution is due to an electric current, that is induced by the action
of the Lorentz force when electrons and positrons move through the magnetic field
of the Earth [25, 31]. The Lorentz force induces a transverse drift of the electrons
and positrons in opposite directions such that they contribute coherently to a net
transverse electric current in the direction of the Lorentz force v×B where v is the
propagation velocity vector of the shower and B is the Earth’s magnetic field. The
radiation generated by the transverse current is polarized linearly in the direction of
the induced current. A secondary contribution results from the build up of a negative
charge excess in the shower front. This charge excess is due to the knock-out of
electrons from air molecules by the shower particles, and gives rise to radio emission
that is polarized in the radial direction to the shower axis [24, 64]. The total emission
observed at ground level is the coherent sum of both components. Because the
two components are polarized in different directions, they are added constructively
or destructively depending on the positions of the observer relative to the shower
axis. Since the particles move with relativistic velocities the emitted radio signal in
air, a dielectric medium having a nonunity refractive index, is subject to relativistic
time-compression effects. The radio pulse is therefore enhanced at the Cherenkov
angle [27, 35]. Another consequence of the relativistic velocities is that the emission
is strongly beamed and the radio emission is only visible in the footprint underneath
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the shower, limited to an area with a diameter of about 600 meters. As is well
understood [31], under fair-weather circumstances we see that the signal amplitude
is proportional to the energy of the cosmic ray and thus to the number of electrons
and positrons in the extensive air shower [61]. We note that this proportionality of
the radio emission to the number of electrons and positrons no longer holds in the
presence of strong atmospheric electric fields which is the main subject of this work.
The frequency content of the pulse is solely dependent on the geometry of the electric
currents in the shower [65]. As is shown in the present work, the presence of strong
atmospheric electric fields affects not only the magnitudes of the induced currents
but, equally important, their spatial extent and thus the frequencies at which coherent
radio waves are emitted.

There are several models proposed to describe radio emission from air show-
ers: the macroscopic models MGMR [31], EVA [66] calculating the emission of
the bulk of electrons and positrons described as currents; the microscopic mod-
els ZHAires [30], CoREAS [29] based on full Monte Carlo simulation codes; and
SELFAS2 [67], a mix of macroscopic and microscopic approaches. All approaches
agree in describing the radio emission [34].

First measurements of the radio footprint of extensive air showers, made during
periods when there were thunderstorms in the area, so-called thunderstorm condi-
tions, have been reported by the LOPES [68, 69] Collaboration. It was seen that
the amplitude of the radiation was strongly affected by the atmospheric electric
fields [70]. More recently detailed measurements of the radio footprint, including its
polarization were reported by the LOFAR [71] Collaboration. The latter observations
make use of the dense array of radio antennas near the core of the LOFAR radio tele-
scope [23], a modern radio observatory designed for both astronomical and cosmic
ray observations (see Fig. 2.1). At LOFAR two types of radio antennas are deployed
where most cosmic ray observations have been made using the low-band antennas
(LBA) operating in the 30 MHz to 80 MHz frequency window which is why we
concentrate on this frequency interval in this work. In the observations with LOFAR,
made during thunderstorm conditions, strong distortions of the polarization direction
as well as the intensity and the structure of the radio footprint were observed [71].
These events are called ’thunderstorm events’ in this work. The differences from
fair-weather radio footprints of these thunderstorm events can be explained as the
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Fig. 2.1 A schematic structure of a thundercloud is given where charge is accumulated
at the bottom and the top layers. An air shower (in red) is passing through the
thundercloud. The LOFAR core is seen as a circular structure on the ground where
a few LOFAR antenna stations can be distinguished. The structure of the induced
electric field is given schematically on the right-hand side.

result of atmospheric electric fields and, in turn, can be used to probe the atmospheric
electric fields [71].

The effect of the atmospheric electric field on each of the two driving mechanisms
of radio emission, transverse current and charge excess, depends on its orientation
with respect to the shower axis. As we will show, the component parallel to the
shower axis, E∥, increases the number of either electrons or positrons, depending on
its polarity, and decreases the other. However, there is no evidence that this expected
change in the charge excess is reflected in a change in the radio emission as can
be measured with the LOFAR LBAs. The component perpendicular to the shower
axis, E⊥, does not affect the number of particles but changes the net transverse force
acting on the particles. As a result, the magnitude and the direction of the transverse
current change, and thus the intensity and the polarization of the emitted radiation do
as well. However, simulations show that when increasing the atmospheric electric
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field strength up to E⊥ = 50 kV/m, the intensity increases, as expected naively, after
which the intensity starts to saturate.

In this work, we show that the influence of atmospheric electric fields can be
understood from the dynamics of the electrons and positrons in the shower front
as determined from Monte Carlo simulations using CORSIKA [11]. The electron
dynamics is interpreted in a simplified model to sharpen the physical understanding
of these findings.

2.2 Radio emission simulations

The central aim of this work is to develop a qualitative understanding of the depen-
dence of the emitted radio intensity on the strength of the atmospheric electric field.
For the simulation we use the code CoREAS [29] which performs a microscopic
calculation of the radio signal based on a Monte Carlo simulation of the air shower
generated by CORSIKA [11]. The input parameters can be found in the Appendix.
The particles in the shower are stored at an atmospheric depth of 500 g/cm2, corre-
sponding to a height of 5.7 km, near Xmax, the atmospheric depth where the number
of shower particles is largest, for later investigation of the shower properties. The
radio signal is calculated at sea level as is appropriate for LOFAR. The pulses are
filtered by a 30 MHz to 80 MHz block bandpass filter corresponding to the LOFAR
LBA frequency range. The total power is the sum of the amplitude squared over all
time bins. The radiation footprints, representing the total power, (see Fig. 2.2 and
Fig. 2.3) are plotted in the shower plane, with axes in the directions of v×B and
v× [v×B].

We have checked that proton induced showers show very similar features to those
presented here. We study iron showers to diminish effects from shower-to-shower
fluctuations. Since these fluctuations are due to the stochastic nature of the first high-
energy interactions, they are larger in proton showers than in iron showers where
there are many more nucleons involved in the initial collision. These fluctuations
tend to complicate the interpretation of the numerical calculations since the changes
observed in the radio emission pattern can be due to these fluctuations or, more
interestingly, to the effects of atmospheric electric fields.
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Fig. 2.2 Intensity footprints of 1015 eV vertical showers for the 30−80 MHz band
for the case of no electric field (top), E∥ = 50 kV/m (middle), and E∥ = 100 kV/m
(bottom).
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Fig. 2.3 Intensity footprints of 1015 eV vertical showers for the 30−80 MHz band
for the case of F⊥ = 50 keV/m (top) and F⊥ = 100 keV/m (bottom).
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As the aim of this paper is to obtain a deeper insight in the dependence of the
radio footprint of an extensive air shower on the strength of the electric fields, we
have concentrated on one particular atmospheric field configuration that appears
typical for at least half the events that are recorded under thunderstorm conditions.
We assume a two-layer electric field configuration much like the one introduced in
Ref. [71]. This structure of the fields is schematically shown in Fig. 2.1. Physically,
this field configuration can be thought to originate from a charge accumulation at the
bottom and the top of a thunderstorm cloud. The boundaries between the layers are
set at hL = 3 km and hU = 8 km. The height of 3 km is typical for the lower charge
layer in the Netherlands (see Fig. 1 in Ref. [72] showing an ice containing cloud as
an example). In thunderclouds, the upper charge layer would typically be above 8 km
altitude. In this work, the height of 8 km is chosen since we are not sensitive to even
higher altitudes, where there are few air-shower particles [71]. The strength of the
field in the lower layer is fixed at a certain fraction of the value of the field in the upper
layer, ranging from hL till hU , oriented in the opposite direction. The orientation of
the electric field is not necessarily vertical, as it depends on the orientation of the
charge layers. Finding the orientation of the field is thus an important challenge for
the actual measurement. As we will show in the following sections, the sensitivity
of the radio footprint is rather different for fields parallel and perpendicular to the
direction of cosmic ray. To show this, we study these two cases separately in order to
have a discussion of these sensitivities as cleanly as possible. This may give rise to
an unphysical field structure in some cases (see Sec. 2.2.2). To obtain a physical field
configuration with vanishing curl, one could have added a parallel component where
the magnitude depends on the assumed orientation of the charge layer. We have opted
not to introduce this arbitrariness, since the sensitivity to the parallel electric field is
small. In this work we consider field strengths in the upper layer of up to 100 kV/m
which is below the runaway breakdown limit of 284 kV/m at sea level [55, 56] and
of 110 kV/m at 8 km. Balloon observations show that the electric fields vary with
altitude [73]. The electric fields used in the simulations are homogeneous within
each layer and should be considered some average field. In Sec. 2.3.6, we argue that
due to intrinsic inertia in the shower development, the field effects are necessarily
averaged over distances of the order of 0.5 km. The change of orientation of the
electric field at the height hL introduces a destructive interference between the radio
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emission of air showers in the two layers, generating a ring-like structure in the radio
footprint. Electric fields in thunderstorm conditions can be more complicated than
the simple structure assumed here, which will be reflected in more intricate radio
footprints (see Ref. [71] for an example). These more complicated configurations
will be the subject of a forthcoming article. It should be noted that the insight in the
particle motion at the air-shower front under the influence of electric fields presented
in this work is independent of the detailed structure of the field configuration.

2.2.1 Parallel electric field

To study the effects of a parallel electric field, the strength of the field in the upper
layer is taken in the direction of the shower and is varied from 0 to 100 kV/m in
steps of 10 kV/m. The upper-layer field points upward along the shower axis and
accelerates electrons downward. The field in the lower layer is set at k = 0.3 times
the value in the upper layer, pointing in opposite direction. For simplicity we consider
vertical showers. As can be seen from Fig. 2.4 the total number of electrons and
positrons at the shower maximum increases with increasing electric field while the
square root of the power

√
I in the radio pulse remains almost constant. The number

of electrons increases with increasing electric field while the number of positrons,
not shown here, lightly decreases. Since there are fewer positrons than electrons, the
total number of electrons and positrons still increases. Thus, for coherent emission,
where the amplitude of the signal is proportional to the total number of electrons
and positrons, one expects the signal strength to increase proportionally to the total
number of particles with the electric field. The simulation results in Fig. 2.4 show
clearly that, contrary to this expectation, the square root of the power

√
I is almost

constant. These features will be explained in Sec. 2.3.3. The fluctuations in the
√

I
are due to shower-to-shower fluctuations. The difference in the

√
I (after scaling)

between the 1015 eV shower and the 1016 eV shower appears due to slight difference
in Xmax.

As explained in Sec. 2.3.3, the observed limited dependence is due to the fact
that the additional low-energy electrons in the shower trail behind the shower front
at a relatively large distance and thus do not contribute to coherent emission at
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Fig. 2.4 The number of electrons and positrons at the shower maximum (blue left
axis), the number of electrons at the shower maximum (yellow left axis), and the
maximum

√
I (black right axis) for vertical 1015 eV showers (dashed lines) and for

vertical 1016 eV showers (right solid lines) as a function of the parallel electric fields.
For the 1016 eV showers, the number of particles and the pulse amplitude are scaled
down by a factor of 10.

the observed frequencies. The trailing behind the shower front of the low-energy
electrons was also shown in Ref. [74], but for the breakdown region.

Not only the strength of the signal, but also the structure of the radio footprints
for the LOFAR LBA frequency range, as shown in Fig. 2.2, does not really depend
on the strength of the parallel electric field. Furthermore, the bean shape (see the top
panel of Fig. 2.2), typically observed in air showers in fair-weather condition, is also
present in these footprints because the parallel electric fields have small effects on
both the transverse-current and the charge-excess components.
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2.2.2 Transverse electric field

To investigate the effect of a transverse electric field, we will take a simple geometry
with a vertical shower and horizontally oriented electric fields. As mentioned in Sec.
2.2, this does give rise to the situation where at height hL the horizontal component
changes sign, giving rise to a finite value for curl(E) which is not physical. This
should, however, be regarded as the limiting result of the case where the cosmic
ray is incident at a finite zenith angle crossing an almost horizontal charge layer.
At the charge layer the direction of the electric field changes, i.e. the components
transverse as well as those longitudinal to the shower direction are changed. Here,
we concentrate on the transverse component.
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Fig. 2.5 The number of electrons (solid blue line, left axis) and their drift velocity at
Xmax (dashed black line, right axis) of vertical 1015 eV showers as a function of the
net-transverse forces.

The transverse electric field does not change the number of electrons, but instead
increases the magnitude and changes the direction of the drift velocity of the electrons.

29



Influence of atmospheric electric fields on the radio emission from extensive
air showers

This is shown in Fig. 2.5 where the results of simulations are shown for vertical
1015 eV showers for the case in which the net force on the electrons (the sum of the
Lorentz and the atmospheric electric field) is oriented transversely to the shower at
an angle of 45◦ to the v×B direction. The strength of the net transverse force in the
upper layer is varied from 5 keV/m to 100 keV/m in steps of 5 keV/m. For the lower
level, the electric field is chosen such that the net force acting on the electrons is a
fraction 0.3 of that in the upper layer. One observes that the number of electrons at
the shower maximum stays rather constant while the transverse-drift velocity of these
electrons increases almost linearly with the strength of the net force. The induced
transverse current thus increases linearly with the net force.

Due to a strong increase in the transverse current contribution while the charge
excess contribution remains constant, the asymmetry in the pattern diminishes and
the radio footprint attains a better circular symmetry around the shower core. The in-
terference between radio emission in two layers introduces a destructive interference
near the core which results in a ring-like structure in the intensity footprint, which
can clearly be distinguished in Fig. 2.3. At the ring the signal reaches the maximum
value. For the case of F⊥ = 50 keV/m (top panel of Fig. 2.3), there is an asymmetry
along the 45◦ axis which is the direction of the net force F⊥ and results from the
interference with the charge-excess component. For F⊥ = 100 keV/m this asymmetry
is even smaller.

Interestingly, Fig. 2.6 shows that the square root of the power
√

I is proportional
to the net force until about 50 keV/m where it starts to saturate. This appears to be
a general feature, independent of shower geometry. As we will argue in Sec. 2.3.4,
the saturation of the

√
I is due to loss of coherence, since with increasing transverse

electric field the electrons trail at larger distances behind the shower front.

2.3 Interpretation

The radio emission simulation results clearly show that the strength of the radio
signal saturates as a function of the applied transverse electric field and seems to
be insensitive to the parallel component of the electric field. In this section we
explain these observations on the basis of the electron dynamics as can be distilled
from Monte Carlo simulations using CORSIKA. To interpret these, we will use a
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1015 eV showers (dashed line) as well as for vertical and inclined 1016 eV showers
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√
I

is scaled down by a factor of 10.

simplified picture for the motion of the electrons behind the shower front. Since
effects of electric fields on electrons and positrons are almost the same but opposite in
direction, we will, to simplify the discussion, concentrate on the motion of electrons.

The central point in the arguments presented here is the fact that the emitted radio-
frequency radiation is coherent. The intensity of coherent radiation is proportional
to the square of the number of particles, while for incoherent radiation it is only
linearly proportional. Since the number of particles is large, many tens of thousands,
this is an important factor. To reach coherence, the retarded distance between the
particles should be small compared to the wavelength of the radiation. For the present
cases, most of the emission is in near forward angles from the particle cascade which
implies that the important length scale is the distance the electrons trail behind the
shower front [59]. When this distance is typically less than half a wavelength, the
electrons contribute coherently to the emitted radiation. For the LOFAR frequency
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window of 30− 80 MHz, we assume that this coherence length to be 3 m. The
challenge is thus to understand the distance the electrons trail behind the shower
front.

In the discussion in this paper, we distinguish a transverse force acting on the
electrons and a parallel electric field. The transverse force is the (vectorial) sum of
the Lorentz force derived from the magnetic field of the Earth and the force due to
a transverse electric field. We limit our analysis to the electrons having an energy
larger than 3 MeV, since lower-energetic ones contribute very little to radio emission.

2.3.1 Energy-loss time of electrons

In the simplified picture we use for the interpretation of the Monte Carlo results
we will assume that the energetic electrons are created at the shower front with
a relatively small and randomly oriented transverse momentum component. Like
the nomenclature used for the electric field, transverse implies transverse to the
shower axis, which is in fact parallel to the shower front. After being created, the
energetic electron is subject to soft and hard collisions with air molecules, through
which it will loose energy. For high-energy electrons the Bremsstrahlung process
is important, through which they may loose about half their energy. The radiation
length for high-energy electrons in air, mostly due to Bremsstrahlung, is X0 ∼ 36.7
g/cm2 [75], and their fractional energy loss per unit of atmospheric depth is a =

1/X0 = 0.0273 cm2/g [76]. In the low-energy regime, for energies larger than 3 MeV,
soft collisions with air molecules take over which hardly depend on the initial energy
of the electrons, and the energy loss per unit of atmospheric depth is almost constant,
b = 1.67 MeV cm2/g [76]. The energy loss for low-energy as well as high-energy
electrons can thus be parameterized as

− dU
dX

= aU +b , (2.1)

where U is the energy of electrons and X is the atmospheric depth.
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The distance L (in [g/cm2]) over which the electron energy is reduced to a fraction
1/ξ of the original energy, i.e. they lose an energy of ∆U = (1−1/ξ )U , is thus

Lξ =
1
a

ln
[

aU0 +b
aU0/ξ +b

]
. (2.2)

Since these particles move with a velocity near the speed of light, where we use
natural units c = 1, this corresponds to an energy-loss time τξ , given by

τξ (U) =
L
ρ
=

1
aρ

ln
[

aU0 +b
aU0/ξ +b

]
. (2.3)

The air density ρ is approximately [53]

ρ(z) = 1.208×10−3 exp(z/8.4) g/cm3 , (2.4)

where z is the altitude in km.
In our picture, developed to visualize the results from the full-scale Monte Carlo

simulations, the energy-loss time plays a central role since it is the amount of time
over which we will follow the particles after they are created at the shower front. In
our picture this thus plays the role of a lifetime of the electrons after which they are
assumed to have disappeared and may have reappeared as a lower-energy electron or
have been absorbed by an air molecule. In this energy-loss time, τ(U), thus several
more complicating effects have been combined, such as the following:

1. In reality, electrons of energy U are created by more energetic particles. They
are already trailing some distance behind the front. This additional distance is
absorbed in the definition of τ(U).

2. Once an electron is created at a certain energy, we do not take its energy
loss into account in calculating the properties of the shower front. Such a
formulation can only be applied within a limited range of lost energy.

We will take both effects into account by making an appropriate choice for the
parameter ξ . One consequence of the parametrization, which can be tested directly
with simulations, is that the median distance from the shower front of electrons
(see Eq. (2.13)) does not depend on the primary energy of showers. As shown in
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Fig. 2.7, this is obeyed rather accurately, and furthermore, the energy-dependence of
the median distance behind the shower front, calculated using the approach discussed
in the following section, can be fitted reasonably well by taking ξ = e. We thus
define

τ(U) =
L
ρ
=

1
aρ

ln
[

aU0 +b
aU0/e+b

]
. (2.5)
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Fig. 2.7 The median distance from the shower front of electrons for vertical 1015 eV,
1016 eV and 1017 eV showers in the absence of electric fields. The simple prediction
based on Eq. (2.5) and Eq. (2.13) is also shown.

2.3.2 Trailing distance

As written before, we assume that the electrons are generated at the shower front
and from there drift to larger distances. Assuming the electrons disappear from the
process after a time τ , the electrons are generated at the shower front at a rate

dP(U)

dt
= P0(U)

1
τ

, (2.6)
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where P0(U) is the energy distribution at the shower maximum, as for example given
by [77]

P0(U) =
dN

d(ln U
1MeV)

=
U0U

(U +U1)(U +U2)
, (2.7)

where U0,U1,U2 are parameters that are determined from a Monte Carlo simulation.
The creation rate, Eq. (2.6), has been chosen such that the energy distribution in the
shower pancake agrees with the observations

P(U) =
∫

τ

0

dP(U)

dt
dt = P0(U) . (2.8)

The parameters in Eq. (2.7) are chosen to reproduce the electron spectrum from the
simulation at 1015 eV giving U0 = 106 MeV, U1 = 4.11 MeV, and U2 = 105 MeV.

To obtain an estimate of the distance the electrons trail behind the shower front,
we calculate the difference in forward velocity of the front and the electrons. The
air-shower front moves with the speed of light, while the electrons (mass m0, energy
U, random transverse momentum P⊥ and longitudinal momentum P∥) travel with a
longitudinal velocity v∥ which is less than c, given by

v∥ =
P∥
U

=

√
U2 −m2

0 −P2
⊥

U
≈ 1−

m2
0 +P2

⊥
2U2 , (2.9)

where
(
m2

0 +(P⊥)2
)
/U2 is assumed to be much smaller than 1. After a time t, due

to the velocity difference between the shower front and the electrons, the electrons
are trailing behind the shower front by a distance

l =
∫ t

0
(c− v∥)dt . (2.10)

Using the assumption that the energy of the electrons does not change significantly
during the energy-loss time, and taking in addition P⊥ to be time independent, one
obtains

l =
1
2

(
m2

0 +P2
⊥
)

U2 t , (2.11)

Based on the results of CORSIKA simulations we can introduce an effective mass of
the electrons that includes the stochastic component of the transverse momentum,
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which is parameterized as

m2
⊥ = ⟨m2

0 +P2
⊥⟩= m2

0

[
1+10 (U/m0)

2/3
]
. (2.12)

The median distance by which an electron can trail behind the shower front within
its energy-loss time τ , D, can now be written as

D = l(τ/2) =
m2
⊥τ

4U2 (2.13)

and is shown in Fig. 2.7.
In the Monte Carlo simulation results shown in Fig. 2.7 as well as those discussed

in the following sections the trailing distances are calculated with respect to a flat
shower front thus ignoring the fact that in reality the shower front is curved. It
has been checked that the corrections due to this curvature effect for distances up
to 100 m from the shower core do not exceed 30 cm and thus can be ignored. In
addition, electrons at very low energies do not contribute significantly to radio
emission. Therefore, we have limited the analysis to the electrons having energies
larger than 3 MeV and a distance to the shower core of less than 100 m.

2.3.3 Influence of E∥

When a parallel electric field E∥ is applied to accelerate electrons downward, the
CORSIKA results show a strong increase in the number of electrons (see Fig. 2.8) as
well as in the trailing distance behind the shower front (see Fig. 2.9). To understand
these trends in our simple picture, we first investigate the effect of the applied electric
field on the energy-loss time.

When a parallel electric field E∥ is applied to accelerate electrons downward, the
electrons gain energy from the electric field. Therefore, the energy-loss equation for
the electrons is modified to

− dU
dX

= aU +b−FE/ρ , (2.14)

where FE = eE. Since the field strengths we will consider are below the break-even
value Ebe(z) = 1.67×106 ρ(z) V/cm [53] the electrons always lose energy, and the
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Fig. 2.8 The number of electrons is shown as a function of their energy for electric
fields E = 0, E∥ = 50 kV/m, and E∥ = 100 kV/m as obtained from the analytical
calculations (solid and dashed curves) and from full CORSIKA simulations (markers)
at X = 500 g/cm2.

r.h.s. of Eq. (2.14) is always positive. Stated more explicitly, we are not modelling
the runaway breakdown process, and we have therefore limited the electric field to
strengths below the breakdown value of 100 kV/m at an altitude of 5.7 km.

The energy-loss time of the electrons inside the electric field is now modified to

τE =
LE

ρ
=

1
aρ

ln
[

aU0 +b−FE/ρ

aU0/e+b−FE/ρ

]
. (2.15)

Fig. 2.10 shows that the energy-loss time of low-energy electrons is larger in the
presence of the electric field than in the absence of it. Inside the electric field, the
low-energy electrons gain energy from the field; it thus takes longer for their energy
to drop below the fraction 1/ξ of their original energy, and thus, according to our
definition, they live longer. In the high-energy regime, the electrons also gain energy
from the electric field, but this gained energy is small compared to their own energy.
As a result, the energy-loss time of high-energy electrons is almost unchanged.
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Fig. 2.9 The distance by which the electrons travel in the absence and in the presence
of the parallel electric fields from analytical calculations (solid and dashed curves)
and from CORSIKA simulations (markers).

The generation rate of electrons at the shower front will remain unchanged and
is given by Eq. (2.6). The number of electrons in the shower pancake changes from
Eq. (2.8) to

PE(U) =
∫

τE

0

dP(U)

dt
dt = P0(U)

τE

τ
. (2.16)

Since in the low-energy regime τE > τ , there is an increase in the number of low-
energy electrons. In the high-energy regime, on the other hand, where τE ≈ τ , the
number of electrons is almost unchanged. Fig. 2.8 shows that this simple calculation
can reproduce the main features shown in the CORSIKA simulations rather well,
except for a small disagreement at the low-energy region in the presence of the
electric field of 100 kV/m. The presently considered field accelerates the electrons
and thus decelerates the positrons. As a consequence, the positron energy-loss time
decreases, resulting in a rather large decrease of the number of low-energy positrons,
while the number of high-energy positrons stays almost constant.

When the electron is subject to an electric field, the energy-loss time is given
by Eq. (2.15) instead of by Eq. (2.5), and as a result, the expression for the median
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Fig. 2.10 The energy-loss time of electrons at X = 500 g/cm2 (at Xmax) in the absence
and in the presence of parallel electric fields.

trailing distance, Eq. (2.13), changes to

D(E∥) =
m2
⊥τE

4U2 , (2.17)

where the mean transverse momentum is given by Eq. (2.12). The effect of the
electric field on the median trailing distance is shown in Fig. 2.9. Due to the influence
of the electric field, the low-energy electrons trail much further behind the shower
front. The median trailing distance as calculated from CORSIKA simulations is also
displayed in Fig. 2.9. It shows that our simplified picture correctly explains the trends
seen in the full Monte Carlo simulations using the CORSIKA simulations. In the
absence of an electric field the trailing distance sharply decreases with increasing
energy. When applying an electric field that accelerates the electrons the Monte Carlo
simulations show a considerable increase in the trailing distance behind the shower
front. From the present simple picture this can be understood to be generated by the
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increased energy-loss time that generates a considerable trailing of electrons with
energies below 50 MeV.

The interesting aspect for radio emission is the number of particles within a
distance of typically half a wavelength of the shower front. For the LOFAR LBA
frequency range, this corresponds to a distance of about 3 m. Using Eq. (2.11) as
well as Eq. (2.6) the distribution of the electrons over distance l behind the shower
front is given by

dP(U)

dl
=

dP(U)

dt
dt
dl

=
P0(U)

τ

2U2(
m2

0 +P2
⊥
) . (2.18)

Therefore, the number of electrons within the distance ∆ is

P∆(U) =

{
P0(U) τE

τ
U >U∆

P0(U)U2 τE
U2

∆
τ

U 6U∆

, (2.19)

where the energy-loss time in the presence of an electric field is given by Eq. (2.15)
and

U∆ =

√
(m2

0 +P2
⊥)τE

2∆
. (2.20)

In the absence of an electric field we have, of course, τE = τ given by Eq. (2.5).
It should be noted that the factor in Eq. (2.19),

U2 τE

U2
∆

τ
=

2U2∆

(m2
0 +P2

⊥)τ
, (2.21)

is independent of τE . At energies below U∆ (which itself depends on the magnitude
of the electric field), the number of electrons within a certain trailing distance is
independent of the electric field. This feature is seen in the estimates of Fig. 2.11a as
well as in the full Monte Carlo simulations of Fig. 2.11b. At energies exceeding U∆,
the number of electrons is proportional to τE and thus increases with the strength of
the electric field. This increase is, however, very moderate compared to the increase
of the number of electrons at larger distance; see Fig. 2.11.

In the distance interval from 3 m to 10 m behind the shower front, the number of
electrons with an energy less than 20 MeV are significantly enhanced. As a result,
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Fig. 2.11 The energy spectrum of electrons within a distance of 3 m (thin curves) and
from 3 m to 10 m (thick curves) behind the shower front for E = 0, E∥ = 50 kV/m
and E∥ = 100 kV/m at the shower maximum from analytical calculations (top panel)
and from full CORSIKA simulations (bottom panel).

there is a strong increase in coherent radiation at larger wavelengths, well below the
frequency range of LOFAR LBA, as is shown in Fig. 2.12.
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Fig. 2.12 The signal strength, as obtained from CoREAS simulations, as a function
of frequency for a vertical shower of 1015 eV at 50 m from the core in the absence
and in the presence of parallel electric fields. The black vertical lines represent the
LOFAR LBA frequency window.

We can thus conclude that an accelerating electric field parallel to the shower
axis increases the total number of electrons. The enhancement in the number of
electrons occurs mainly at low energy and thus their relative velocity with respect
to the shower front is larger than for the high-energy electrons. As a consequence,
they are trailing much more than 3 m behind the shower front. Their radiation is thus
not added coherently in the LOFAR frequency range but instead in the frequency
below 10 MHz. Therefore, the effects of parallel electric fields cannot be observed
by LOFAR operating in the frequency of 30− 80 MHz. These effects should be
measurable at a lower frequency range.
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2.3.4 Influence of E⊥

One important result from the CORSIKA simulations, shown in Fig. 2.13, is that the
median trailing distance behind the shower front increases rapidly with increasing
transverse force working on the electrons. In order to get some more insight into the
dynamics, we try to reproduce this in our simplified picture.
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Fig. 2.13 The median distance by which the electrons trail behind the shower front
as a function of their energy in the absence and in the presence of a perpendicular
electric field as obtained from CORSIKA simulations (markers) in comparison to the
model expectation (solid and dashed curves).

When an electric field perpendicular to the shower axis is applied, there is a
transverse electric force acting on the electrons and positrons. The transverse net
force, which is the vector sum of the transverse electric force and the Lorentz force,

F⊥ = q(E⊥+v×B) , (2.22)

causes the electrons and positrons to move in opposite directions. Since the field is
perpendicular to the main component of the velocity, no appreciable amount of work
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is done, and the electron energy is not really affected. Thus, the energy-loss time
of the electrons remains almost unchanged. As a result, the perpendicular electric
field does not change the total number of electrons given by Eq. (2.8), in complete
accordance with the results of Monte Carlo simulations.

The electrons are subjected to the transverse force F⊥, giving rise to a change in
transverse momentum

F⊥ =
dP⊥
dt

. (2.23)

The average initial transverse momentum in the direction of the force vanishes. The
mean transverse momentum is thus

P̄⊥(t) = F⊥ t , (2.24)

where t is the time lapse after creation. Due to the action of the force, the electrons
drift with a velocity

v̄⊥(t) =
P̄⊥
U

=
F⊥ t
U

, (2.25)

where U is the energy of the electrons. The random component of the transverse
momentum is taken into account in the effective transverse mass as introduced in
Eq. (2.12). The parallel velocity is thus

v∥(t) =
P∥
U

=

√
1−

m2
⊥+ P̄2

⊥(t)
U2 ≈ 1− 1

2
m2
⊥+ P̄2

⊥(t)
U2 . (2.26)

The transverse velocity increases when the net force increases, the longitudinal
velocity reduces because the total velocity cannot exceed the light velocity. Since
the transverse velocity is small, even in strong fields, the electrons trailing within
3 m behind the shower front do not drift more than 100 m sideways. The distance of
100 m we had imposed in order to avoid corrections due to the curved shower front.
After a time t, the electrons are trailing behind the shower front by a distance

l(t) =
∫ t

0

(
c− v∥

)
dt =

∫ t

0

m2
⊥+ P̄2

⊥(t)
2U2 dt (2.27)

=
m2
⊥ t

2U2 +
F2
⊥ t3

6U2 .
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The median distance by which an electron can trail behind the shower front within
its energy-loss time τ (see Eq. (2.5)) is given by

D(E⊥) = l(τ/2) =
τ

4U2

(
m2
⊥+

1
12

F2
⊥ τ

2
)

. (2.28)

This equation shows that D quickly decreases with increasing energy, as is seen
in Fig. 2.13 as obtained from a CORSIKA simulation. With increasing F⊥, the
second term in Eq. (2.28) increases quadratically giving rise to a rapidly increasing
trailing distance as is also seen in the simulation. The median distance of low-energy
electrons in the presence of the net force of 100 keV/m given by the simulations is
larger than the simple prediction because the electron density is small at this energy
range and as a sequence there is a fluctuation in the median distance.
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Fig. 2.14 The number of electrons as a function of their energy that are within 3 m
behind the shower front with and without perpendicular electric fields at X = 500
g/cm2 as calculated from Eq. (2.29) (solid and dashed curves) and from the full
CORSIKA simulations (markers).
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Essential for radio emission in the LOFAR LBA frequency band is the total
number of the electrons within 3 m behind the shower front. The results of the
CORSIKA simulation are displayed in Fig. 2.14. This shows that this number
reduces as the transverse net force increases and that this decrease is strongest at
those energies where the number of particles is maximal. In our simple picture, the
number of electrons within the distance ∆ can be calculated by

P∆(U) =
∫ t∆6τ

0

P0(U)

τ
dt =

{
P0(U) t∆ > τ

P0(U) t∆
τ

t∆ 6 τ
, (2.29)

where t∆ is the root of Eq. (2.28) for d = ∆ = 3 m. Note that the equation gives
one real root and two complex roots where the real root is taken since t∆ is a
physical quantity. Eq. (2.29) can be simplified by introducing τm

∆
= min(t∆,τ) to

P∆(U) = P0(U)τm
∆
/τ . In Fig. 2.14, the results from Eq. (2.29) as well as the results

from the the simulations are shown for different strengths of electric fields. The
number of low-energy electrons reduces in strong fields because of the increase in
trailing behind, while the number of higher-energy electrons is stable because they
are still close to the front.

An important factor for the current is the drift velocity of the electrons. The
results from the CORSIKA simulations are shown in Fig. 2.15. The drift velocity
increases with the strength of the net-transverse force and the distance behind the
shower front. Within our simple picture, the mean drift velocity of electrons lagging
within a distance ∆ behind the shower front of the electrons is

v∆

⊥(U) =
1
tm
∆

∫ tm
∆

0
v⊥ dt =

F⊥ τm
∆

2U
, (2.30)

where v⊥ is given by Eq. (2.25). From Eq. (2.30) it follows that the drift velocity
increases with distance to the shower front as also seen in the Monte Carlo simulations.
The main energy region that matters here is that between 50 MeV and 1000 MeV
since the particle density in this energy range is largest. Outside of this energy range,
the scatter of the simulation results is large, since the electron density is small and
one suffers from poor statistics.
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Fig. 2.15 The drift velocity in units of the speed of light at Xmax of the electrons
lagging within a distance ∆ = 1 m (a, b), ∆ = 3 m (c, d) and ∆ = 10 m (e, f) behind
the shower front for small (F⊥ = 5 keV/m, (a, c, e)) and large (F⊥ = 100 keV/m, (b, d,
f)) transverse net forces from analytical estimates (blue curves) and from CORSIKA
simulation results (markers). The colors of the dots represent the number of electrons.
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Combining Eq. (2.30) with the expression for the particle density, one obtains the
induced current carried by the particles within a distance ∆ behind the shower front

j∆

⊥(U) = e
P0(U)

τ

∫ tm
∆

0
v⊥ dt =

eP0(U)F⊥ (τm
∆
)2

2τ U
. (2.31)
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Fig. 2.16 The number of electrons within 3 m behind the shower front (left panel)
and their mean drift velocity (right panel) as a function of transverse net forces from
analytical calculations and from CORSIKA simulations.

Fig. 2.16 displays the total number of electrons within 3 m behind the shower
front and their mean drift velocity as a function of the net-transverse forces. From
the simple picture it is understood that in the presence of a perpendicular electric
field, the drift velocity of the electrons increases. However, they are lagging further
behind the shower front. Therefore, the number of electrons within 3 m behind the
shower front reduces, as shown in the left panel of Fig. 2.16. The number in the
simple picture is overestimated, and the number does not drop as fast with increasing
electric field as follows from the Monte Carlo calculation, but the trends match.

The simulation shows that the mean drift velocity increases with the net-transverse
force (right panel of Fig. 2.16); however, there is a change of slope at about 50 keV/m.
In the simple picture, this change of slope is due to the fact that the distance behind
the front increases quadratically while the drift increases only linearly with increasing
transverse force. As a consequence, the induced electric current, which is the product
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of the number of electrons and their drift velocity, saturates at 50 keV/m and thus so
does the pulse amplitude, since it is proportional to the current.
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Fig. 2.17 The same as displayed in Fig. 2.12 for different strengths of the net-
transverse force.

Since, as just argued, for a large transverse force there is an increased drift
velocity at larger distances behind the front one should thus expect an increased
emission at longer wavelengths, well below the wavelength measured at LOFAR
LBA. The effects of electric fields larger than 50 kV/m can be observed at lower
frequency ranges, as shown in Fig. 2.17.

2.3.5 Effects of electric fields in the low-frequency domain

As has been concluded in the previous two sections, the power as can be measured
in the LOFAR frequency window of 30− 80 MHz is strongly determined by the
strength of the transverse electric field up to values of about 50 kV/m. In addition,
parallel electric fields have small effects on the power in the frequency window
30−80 MHz. It was shown that at lower frequencies, the power keeps growing with
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increasing field strength up to at least 100 kV/m. In this section we investigate the
usefulness of the 2−9 MHz window in more detail. This frequency window is of
particular interest for several reasons: i) it lies just below a commercial frequency
band, ii) the ionosphere shields the Galactic background, and iii) the frequency is
high enough to observe a considerable pulse power.

Fig. 2.18 shows that while parallel electric fields have only a minor effect on
the emitted power in the frequency range from 30 MHz to 80 MHz, they have much
larger effects on the power in the low-frequency windows of 2−9 MHz. Here an
increase of the peak power with the strength of E∥ is observed. Inside a strong
parallel electric field, since the number of low-energy electrons increases and the
number of low-energy positrons reduces, the charge-excess component becomes
comparable to the transverse-current component. As a result of the interference, the
intensity at the highest electric field has not only a strong maximum, but also a clear
(local) minimum at 250 m from the shower core in the opposite direction, as seen in
the bottom panel of Fig. 2.18. Since these low-energy particles trail far behind the
shower front, the change in the intensity pattern is not observed in the LOFAR-LBA
frequency range.

Fig. 2.19 displays that in the low-frequency window 2−9 MHz the maximum
intensity increases with the net force to a very similar extent as in the frequency
window 30− 80 MHz. The intensity footprint for the net force of 100 keV/m is
more symmetric than the one for 50 keV/m because the electrons trail further behind
the shower front in a strong transverse electric field and thus the charge-excess
contribution becomes smaller. The effects in the two frequency windows, 2−9 MHz
and 30−80 MHz, are very similar, although somewhat more pronounced at the lower
frequencies. To have more leverage on the strength of the perpendicular component
of the electric field, one would need to go to even lower frequencies, as is apparent
from Fig. 2.17, which may be unrealistic for actual measurements.

The effects of parallel electric fields and large transverse electric fields are
measurable at low frequencies from 2 MHz to 9 MHz. Since the intensity footprints
become wider in the low-frequency domain (see Fig. 2.18 and Fig. 2.19), measuring
signals in this range requires a less dense antenna array than in the LBA frequency
domain.
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600

400

200

0

200

400

600

Di
st

an
ce

 a
lo

ng
 ê v
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Fig. 2.18 Intensity footprints of 1015 eV vertical showers for the 2−9 MHz band
for the cases of no electric field (top), E∥ = 50 kV/m (middle), and E∥ = 100 kV/m
(bottom).
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Fig. 2.19 Intensity footprints of 1015 eV vertical showers for the 2 - 9 MHz band for
the cases of F⊥ = 50 keV/m (top) and F⊥ = 100 keV/m (bottom).

2.3.6 Adapting distance of the effects of E-fields

One interesting aspect to study is the intrinsic distance along the track of the shower
over which the electric fields are averaged using radio emission from air showers as
a probe. It was also shown in Ref. [74] that the number of positrons adapts quickly
to the expected number when the electric field is switched on. To study this in more
detail, we have changed the magnitude of the electric field at a certain height and
determined the number of particles as a function of height in a CORSIKA calculation.
The result is shown in Fig. 2.20, where the particle number is plotted as a function of
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Fig. 2.20 The number of electrons with kinetic energy larger than 401 keV as a
function of atmospheric depth for 1015 eV vertical showers, for electric fields as
indicated at several altitudes. The depth of 0 means very high up in the atmosphere
and the ground level is at the depth of 1036 g/cm2.

slant depth in step sizes of 20 g/cm2 for vertical showers. One remarkable feature
one observes is that the particle number in the shower approaches a new equilibrium
value which is apparently independent of the shower history. The distance over which
this readjusting happens, the adapting distance, varies with height. It equals about
20 g/cm2 at the height of 2 km and increases with the altitude to 80 g/cm2 at 9 km.
Within our simple picture, we expect this to vary as

Xa = ρcτ , (2.32)

where an appropriate averaging over particle energies should be performed. At large
heights, where the shower is still young and dominated by high-energy particles we
expect on the basis of the energy-loss times (see Fig. 2.7) a longer distance of the
order of X0 shortening near the shower maximum where lower energetic electrons
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dominate. Near the ground at LOFAR, the atmospheric electric fields are small [78]
and thus do not affect the number of particles in the air showers at ground level.
Therefore, the scintillators on the ground are not influenced by the atmospheric
electric fields in clouds. This is supported by Ref. [79] (Figure 7) where it is shown
(in mountain-top observations) that an enhanced rate of particles is only correlated to
strong fields (fields in excess of 30 kV/m) at the height of the particle detectors.

2.4 Conclusion

We have studied in detail the effects of atmospheric electric fields on the structure
of extensive air showers. In particular, we have focussed on the distribution of
the particles in the shower disk. The effects depend on the orientation of the field
with respect to the plane of the disk. This is because in earlier work we observed
that atmospheric electric fields strongly influence the radio emission from extensive
air showers. The simulations showed that the intensity of the radiation is almost
independent of the strength of the electric field parallel to the shower direction. We
also observed a peculiar dependence of the intensity on the strength of the field
perpendicular to the shower. This picture is supported by air-shower Monte Carlo
simulations using the CORSIKA code.

In order to understand these dependencies we have performed Monte Carlo
simulations of the dynamics of the electrons using the CORSIKA code. To understand
the power as has been observed at LOFAR the number of particles and their drift
velocities in a layer of about 3 meters (half the wavelength) behind the shower front
is critical. The Monte Carlo simulations indicate a non-trivial dependence on the
strength of the applied electric field.

To gain some more insight, we have developed a simple picture where electrons
are created at the shower front, move under the dynamics of the applied electric field,
and disappear from the calculation after their energy loss exceeds a certain value.
Under the influence of an accelerating electric field, the energy-loss time of electrons
increases which increases their numbers. However, at longer times after they have
been created, they will be at increasingly large distances behind the shower front and
have moved outside the coherence region. The effect of an electric field perpendicular
to the shower direction is more difficult to visualize, since there are two counteracting
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effects to consider. A perpendicular field will accelerate electrons in the transverse
direction and thus have the effect of increasing the current, though the total number
of electrons hardly increases. Since particles move relativistically an increased
transverse velocity will result in a decrease of the longitudinal velocity, since the total
velocity cannot exceed the light velocity. As a result, for sufficiently large strengths
of the transverse electric field, they will trail further than the coherence length behind
the shower front and thus not contribute to radio emission at the observed frequencies.
The balance between these two effects results in an initial increase of the emitted
intensity proportional to the applied field followed by a regime where the intensity is
roughly constant when the field exceeds a critical value of around 50 kV/m at the
altitude of 5.7 km.

In order to increase the sensitivity of the measurements to atmospheric electric
fields, it is shown that the deployment of antennas operating in the frequency window
2−9 MHz would be beneficial. This frequency interval is not subject to the Galactic
background because the ionosphere is not transparent at this frequency range. The
precision of the electric field determination could also be increased by reducing the
energy threshold of the measurement by decreasing the trigger threshold since this
allows us to observe more air showers and thus improve the sampling. Such a study
would not only deepen our understanding of the influence of atmospheric electric
fields on air showers and their radio emission; it would also provide a powerful tool
to study the electric fields in thunderclouds. The latter would be important to resolve
the issue of lightning initiation [80, 41, 81].

Appendix 2.A CORSIKA

In the CORSIKA simulations, we use the high-energy hadronic interaction model
QGSJET-II [82] and for the low-energy interactions we use FLUKA [83]. Atmo-
spheric electric fields are implemented by turning on the EFIELD [74] option in
CORSIKA. The geomagnetic field put into the simulations is the geomagnetic field
at LOFAR. The “thinning" option with optimized weight limitation [84] is also used
with a factor of 10−6 to keep the computing times at a reasonable level. We have
simulated four kinds of iron showers: vertical showers of 1015 eV, 1016 eV, and
1017 eV and inclined showers of 1016 eV with a zenith angle of 30 degrees. Of partic-
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ular relevance for radio emission is Xmax which is also subject to shower-to-shower
fluctuations. To limit this effect, simulations are selected where Xmax differs by not
more than 30 g/cm2.
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Chapter 3

Probing atmospheric electric
fields in thunderstorms through
radio emission from cosmic-ray
induced air showers

P. Schellart, T. N. G. Trinh, et al.
Physical Review Letters 114, 165001 (2015)

Abstract

We present measurements of radio emission from cosmic-ray air showers
that took place during thunderstorms. The intensity and polarization
patterns of these air showers are radically different from those measured
during fair-weather conditions. Using a simple two-layer model for
the atmospheric electric field, these patterns can be well reproduced by
state-of-the-art simulation codes. This in turn provides a novel way to
study atmospheric electric fields.

One of the important open questions in atmospheric physics concerns the physical
mechanism that initiates lightning in thunderclouds [41]. Crucial to the answer
is the knowledge of atmospheric electric fields. Existing in situ measurements,
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from balloons or airplanes, are limited due to the violent nature of thunderstorms.
Furthermore, they inherently measure only the field in a small fraction of the cloud.
Here, we present a new method to probe atmospheric electric fields through their
influence on the pattern of polarized radio emission emitted by cosmic-ray induced
extensive air showers.

The main mechanism for driving radio-wave emission from air showers is that
the relativistic electrons and positrons in the electromagnetic part of the shower
are accelerated in opposite directions by the Lorentz force exerted by the Earth’s
magnetic field. This produces a short, nanosecond timescale, coherent pulse of
radio emission mostly at megahertz frequencies. The emission generated by this
geomagnetic mechanism is unidirectionally polarized in the ê⃗v×B⃗ direction. Here, v⃗ is
the propagation velocity vector of the shower and B⃗ represents the Earth’s magnetic
field [25, 85, 17, 20].

A secondary emission mechanism, contributing between ∼ 3−20% to the signal
amplitude depending on distance to the shower axis and the arrival direction of the
shower [60, 37], results from a negative charge excess in the shower front. This
consists of electrons knocked out of air molecules by the air shower. This also
produces a short radio pulse but now polarized radially with respect to the shower
symmetry axis [24].

The emission from both processes is strongly beamed in the forward direction,
due to the relativistic velocities of the particles. Additionally, the non unity refractive
index of the air causes relativistic time-compression effects leading to enhanced
emission from parts of the shower seen at the Cherenkov angle [27, 86]. Interference
between the differently polarized emission from both components leads to a complex
and highly asymmetric intensity pattern [87]. In contrast, time compression effects
do not alter the direction of the polarization vector of the emission. The polarization
pattern of the radio emission thus points predominantly in the ê⃗v×B⃗ direction with a
minor radial deviation. Strong atmospheric electric fields will influence the motions
of the electrons and positrons in air showers. This is expected to be visible in
the polarization patterns of the recorded emission [74]. Therefore, we analyze air
showers recorded during thunderstorms.

Data for this analysis were recorded with the low-band, 10−90 MHz, dual-
polarized crossed dipole antennas located in the inner, ∼2 km radius, core of the
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LOFAR radio telescope [23]. These antennas are grouped into circular stations which
act as dishes for standard interferometric astronomical observations. For the purpose
of air-shower measurements, all antennas are equipped with ring buffers that can
store up to 5 s of raw voltage data sampled every 5 ns. A dedicated scintillator
array, LORA, is located at the center of LOFAR to provide an independent trigger
whenever an air shower with an estimated primary energy of ≥ 2 ·1016 eV is detected
[88]. When a trigger is received, 2 ms of raw voltage data around the trigger time are
stored for every active antenna.

These data are processed in an offline analysis [36] from which a number of
physical parameters are extracted and stored. These include the estimated energy of
the air shower (as reconstructed from the particle detector data), the arrival direction
of the air shower (as reconstructed from the arrival times of the radio pulses in all
antennas), and for each antenna polarization information in the form of the Stokes
parameters: I (intensity), Q, U and V. The orientation of the polarization vector is
reconstructed from Stokes Q and U [37].

Over the period between June 2011 and September 2014, LOFAR has recorded a
total of 762 air showers. The complex intensity pattern on the ground of almost all
measured showers can be well reproduced by state-of-the-art air-shower simulation
codes [61]. These codes augment well tested Monte Carlo air-shower simulations
with radio emission calculated from first principles at the microscopic level [34, 26].
In this analysis we use the CoREAS plugin of CORSIKA [11] with QGSJETII
[82] and FLUKA [83] as the hadronic interaction models. It was found previously
that the exact shape of the pattern depends on the atmospheric depth of shower
maximum, Xmax, and that the absolute field strength scales with the energy of the
primary particle.

The radio footprints of 58 of the 762 air showers are very different from those
predicted by simulations. Of these, 27 air showers have a measured signal-to-noise
ratio below ten in amplitude — too low to get a reliable reconstruction. The polar-
ization patterns of the other 31 showers differ significantly from those of ‘normal’
fair-weather air showers. This can be seen in the middle and bottom panels of Fig. 3.1
where the polarization direction is clearly coherent (i.e. non random) over all anten-
nas but no longer in the expected ê⃗v×B⃗ direction. In addition, the intensity pattern of
some of these showers shows a ring structure centered at the shower axis. This ring
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Fig. 3.1 Reconstructed polarization in the shower plane for three measured air
showers.
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pattern cannot be fitted by ’normal’ fair-weather simulations that all show a bean
shaped pattern at low 10−90 MHz frequencies [61, 35]. Twenty of these showers
occur within two hours of lightning strikes recorded within ∼150 km distance from
LOFAR by the Royal Dutch Meteorological Institute (KNMI). Given the similarity
of the polarization patterns of the remaining showers where no lightning strikes
were measured, it is plausible that at these times the atmospheric electric field was
also strong albeit not strong enough to initiate lightning. An electric field meter has
since been installed at LOFAR that will provide independent verification for future
measurements.

For the shower in the middle panel of Fig. 3.1, recorded during thunderstorm
conditions, the pattern is uni-directional for the entire footprint. A second more
complicated type is depicted in the bottom panel. Here the pattern is more ‘wavy’.
The analysis presented here focusses on an air shower of the first type where also a
strong signal is measured by the LORA particle detectors.

We propose that the influence of atmospheric electric fields on air-shower radio
emission can be understood in the following way.

The electric field, in the region of the cloud traversed by the air shower, can
be decomposed into components perpendicular, E⃗⊥, and parallel, E⃗∥, to the shower
symmetry axis. The perpendicular component of the field will not affect the number
of particles but instead changes the net transverse force acting on the particles

F⃗ = q(E⃗⊥+ v⃗× B⃗). (3.1)

This changes both the magnitude and the polarization of the radiation which follows
F⃗ . Depending on the polarity of the parallel component of the electric field either
the electrons or the positrons get accelerated and as a consequence their number
increases. These extra particles are lower in energy than the shower particles and lag
behind the shower front. Thus, the emission produced by them is no longer coherent
for frequencies above 10 MHz and does not significantly increase the observed
emission intensity. For this reason the perpendicular component of the electric field
determines the measured intensity and polarization direction.

In order to test this hypothesis, atmospheric electric fields were inserted into
CoREAS air-shower simulations. By comparing fields acting purely parallel and
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purely perpendicular to the shower axis it was found that the effect of E⃗⊥ on the radio
emission is much stronger and will dominate in most shower configurations where
both components are present.

Having understood the basic effects of atmospheric electric fields on air-shower
radio emission we proceed with a full reconstruction of LOFAR measurements. We
follow the method developed in Ref. [61] to fit CoREAS simulations to LOFAR
measurements. An atmospheric electric field is inserted into the simulations with the
perpendicular component chosen such that the net force is in the measured average
polarization direction (as indicated in the middle panel of Fig. 3.1). The parallel
component is set to zero since its influence on the received radiation intensity and
polarization pattern is negligible.

The simplest electric field configuration that can reproduce the main features
both in the measured intensity and polarization patterns is composed of two electric
field layers. The first layer starts at a height h1 above the ground and extends down
to a height h2 at which the direction of the net force changes by 180◦ and the field
strength decreases. Two layers are needed because with one layer the ring structure
seen in the measurements is not reproducible.

In Fig. 3.2 the reconstruction is shown for the air shower for which the polariza-
tion pattern is depicted in the middle panel of Fig. 3.1. The reconstruction is optimal
for h1 = 8 km, h2 = 2.9 km and |E⃗2|/|E⃗1| = 0.53. For these values χ2/ndf = 3.2
for a joint fit to both the radio and particle data. A perfect fit of χ2/ndf ≈ 1, as is
often found for fair-weather showers, is likely not attainable with a simplified electric
field model. However, all the main features of the intensity and polarization pattern
(namely the overall polarization direction and ring structure) are already correctly
reproduced.

The fit quality is sensitive to changes in the relative field strength and h2 as well
as Xmax. This can be seen in Fig. 3.3, where each parameter is varied while keeping
the others at their optimum values. This fixing is not possible for Xmax in CORSIKA,
therefore simulations were selected where Xmax varied by no more than 20 g/cm2.
The fit quality reaches its optimum value for h1 = 8 km and is not sensitive to a
further increase. This is expected because above this altitude the air shower is not yet
fully developed and there are relatively few particles contributing to the emission.
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Fig. 3.2 Intensity pattern for an air shower measured during a thunderstorm in
the shower plane (circles, top panel) and as a function of distance to the shower
axis (circles, bottom panel). The best fitting CoREAS simulation is shown in the
background and as squares, respectively. Where the colors of the small circles match
the background, a good fit is achieved.
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Fig. 3.3 Sensitivity of the fit quality to variations in the atmospheric depth of shower
maximum Xmax (left panel), the relative field strength (middle panel) and the field
reversal altitude h2 (right panel). The optimal proton simulation is the same for all
plots.

The energy of the air shower is derived from the particle density on the ground,
as measured by LORA, combined with the information on Xmax, as determined
from the radio fit. For fair-weather air showers the measured radio intensity is
related to the simulated values through a constant scaling factor [61] given the energy
of the primary. For the air shower measured during thunderstorm conditions the
predicted radio intensity lies below the measured value. However, the absolute
electric field strength also influences the radio intensity. The intensity increases
until the atmospheric electric field strength reaches |E⃗2| ≥ 50 kV/m. When the field
strength is increased further the radio intensity stays constant. This saturation of the
radio intensity appears to be related to the coherent nature of the emission but is still
under investigation.

Measuring radio emission from cosmic-ray extensive air showers during thunder-
storm conditions thus provides a unique new tool to probe the atmospheric electric
fields present in thunderclouds. Unlimited by violent wind conditions and sensitive
to a large fraction of the cloud this technique may help answer the long standing ques-
tion “how is lighting initiated in thunderclouds?” It has been suggested in Ref. [89]
that cosmic-ray induced air showers in combination with runaway breakdown may
initiate lightning. If this is indeed true then LOFAR with its combination of particle
detectors and radio antennas is well positioned to measure it.
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Chapter 4

Thunderstorm electric fields
probed by extensive air showers
through their polarized radio
emission

T. N. G. Trinh, O. Scholten, et al.
Physical Review D 95, 083004 (2017)

Abstract

We observe a large fraction of circular polarization in radio emission
from extensive air showers recorded during thunderstorms, much higher
than in the emission from air showers measured during fair-weather
circumstances. We show that the circular polarization of the air showers
measured during thunderstorms can be explained by the change in the
direction of the transverse current as a function of altitude induced
by atmospheric electric fields. Thus by using the full set of Stokes
parameters for these events, we obtain a good characterization of the
electric fields in thunderclouds. We also measure a large horizontal
component of the electric fields in the two events that we have analysed.
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4.1 Introduction

Lightning initiation [80] and propagation [41] are driven by the electric fields in a
thunderstorm. However, performing measurements of these fields is very challenging
due to the violent conditions in thunderclouds. A nonintrusive method to probe thun-
derstorm electric fields is through a measurement of radio emission from extensive
air showers during thunderstorms [71].

When a high-energy cosmic ray strikes the Earth’s atmosphere, it generates many
secondary particles, a so-called extensive air shower. The dominant contribution
to the radio emission from air showers during fair weather (fair-weather events) is
driven by the geomagnetic field [25, 31]. Electrons and positrons are deflected in
opposite directions due to the Lorentz force, which results in a current perpendicular
to the shower axis. As the shower develops, this current varies with altitude, thereby
producing radio emission. This radiation is linearly polarized in the êv×B direction,
where v is the velocity of the shower front, B is the geomagnetic field, and ê denotes
an unit vector. In addition, as the shower propagates, a negative charge excess builds
up in the shower front due to the knock-out of electrons from air molecules by
the shower particles. The variation of this charge excess gives rise to a secondary
contribution to the emission [24, 64]. The charge-excess emission is also linearly
polarized, but radially with respect to the shower axis. For fair-weather events, we
observe a small fraction of circular polarization due to the fact that the time structures
of the radio pulses emitted from the charge-excess component and those from the
transverse-current component are different [58]. Since the charge-excess pulses
are delayed with respect to the transverse-current pulses and they are polarized in
different directions, the polarization of the total pulse rotates from one direction to
the other. In our analysis, this is seen as circular polarization where the magnitude
and handedness depend on the distance and the azimuth position of the observer with
respect to the shower axis.

As shown in [71], due to the influences of atmospheric electric fields, intensity
and linear-polarization footprints of the showers observed during thunderstorms
(thunderstorm events) are different from those of fair-weather events. In this paper
we show that thunderstorm events have a larger circular polarization component near
the shower axis than fair-weather events. We demonstrate quantitatively that this
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can be explained as being due to the variation of the atmospheric electric field with
altitude. The electric field changes the direction of the transverse current and thus
changes the polarization direction of radio emission. The signals from the different
layers are emitted in sequence when the air-shower front, progressing with essentially
the light velocity, c, passes through. The emitted radio signals travel with a lower
velocity than the shower front, c/n, where n is the index of refraction. Thus, near the
shower axis, the pulses from the upper layers arrive with a delay with respect to the
pulses from the lower layers resulting in a change of the polarization angle over the
duration of the pulse, which is seen as circular polarization in the data. Therefore, the
usage of the circular polarization measurements puts strong additional constraints on
the structure of the atmospheric electric fields on top of the information obtained by
using only the radio intensity. Since the circular polarization is due to a reorientation
of the transverse current in the shower front the circular polarization does not depend
on the azimuthal orientation of the antenna with respect to the shower axis, unlike is
the case for the circular polarization of fair-weather events.

In this work, we present data on circular polarization seen in the radio emission
of a large number of thunderstorm events close to the shower axis as measured
with the Low-Frequency Array (LOFAR) radio telescope array, see Sec. 4.2. In
Sec. 4.3, we present a toy model to explain the cause of circular polarization of air
showers measured during thunderstorms. Two reconstructed thunderstorm events are
presented in Sec. 4.4 to show that circular polarization is essential to obtain additional
information about the atmospheric electric fields. Conclusions are given in Sec. 4.5.

4.2 LOFAR and data analysis

Data for the present analysis were recorded with the Low-Band Antennas (LBAs)
in the core of the LOFAR radio telecope [23]. Each LBA consists of two dipoles
and records in the frequency range of 10− 90 MHz. These antennas are grouped
into circular stations. The stations are positioned with increasing density towards
the center of LOFAR. The highest density is at the core where six such stations are
located in a ∼320 m diameter region, the so-called ‘Superterp’. For the purpose of air
shower measurements, these antennas are equipped with ring buffers that can store
the raw voltage traces sampled every 5 ns, up to 5 s. A trigger is obtained from a
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particle detector array, Lofar Radboud Air Shower Array (LORA), from air showers
with a primary energy in excess of 2×1016 eV [88].

The data are processed in an off-line analysis [36]. The arrival direction of the air
shower is reconstructed based on the arrival times of the radio signals in all antennas.
The primary energy of the air shower is estimated by using the particle detector data.
The radio signal containing the pulse is received by an antenna where the signal
amplitude Si is determined at 5 ns time intervals, i.e., sampled at 200 MS/s, where
the sample number is denoted by i. For each antenna, the Stokes parameters, I, Q, U
and V , are expressed as

I =
1
n
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i=0

(
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)
,

(4.1)

as derived in Ref. [37]. εi = Si + iŜi are the complex signal voltages, where Ŝi is
sample i of the Hilbert transform of S. The summation is performed over n = 5
samples, centered 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

)
, (4.2)

and V/I represents the amount of circular polarization.
During the period between June 2011 and January 2015, there were 118 fair-

weather events [90] and 20 thunderstorm events [71] with radio signals detected
in at least four LBA stations. For comparison, the circular polarization for 20
thunderstorm events and for six fair-weather events is shown in Fig. 4.1 and Fig. 4.2,
respectively. The circular polarization for fair-weather events is very small near
the shower axis and increases with distance [58]. Therefore, in order to show the
dependence on azimuth angle, ϕ , we selected those fair-weather events that have
data of at least 4 LBA stations beyond 150 m from the shower axis and where
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Fig. 4.1 The circular polarization for thunderstorm events as a function of distance
from the shower axis. Green circles represent the circular polarization at the antennas
having an azimuthal position ϕ = 0◦− 180◦ and magenta squares show those for
ϕ = 180◦−360◦, where ϕ = 0 lies on the positive êv×B axis. The ID numbers are
used to label the air showers.
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the uncertainties in the amount of circular polarization is less than 0.2. As can be
seen from Fig. 4.1 and Fig. 4.2, there are significant differences between the circular
polarization for the thunderstorm events and that for the fair-weather events. First, the
circular polarization for the thunderstorm events does not depend on the azimuthal
position, ϕ , of the antenna while for the fair-weather events it is proportional to
sinϕ . Secondly, the circular polarization for some thunderstorm events changes sign
at some distances while the dependence of the circular polarization on distance is
almost the same for all fair-weather events as mentioned above. In Fig. 4.1, it can be
seen that there are some thunderstorm events having a very small amount of circular
polarization. These events are distinguished from fair-weather events by the linear
polarization that has been discussed in Ref. [71]. Thirdly, the circular polarization
for all fair-weather events is small near the shower axis while it varies from event to
event for thunderstorm events.
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Fig. 4.2 The circular polarization for fair-weather events as a function of distance
from the shower axis. Green circles represent the circular polarization at the antennas
having an azimuthal position ϕ = 0◦− 180◦ and magenta squares show those for
ϕ = 180◦−360◦, where ϕ = 0 lies on the positive êv×B axis. The ID numbers are
used to label the air showers.
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This difference is also shown in Fig. 4.3, where the amount of circular polarization
(|V |/I) within a 30 m radius of the shower axis is given for 884 antennas recording
fair-weather data and 183 antennas taking thunderstorm data. We choose the radius
of 30 meters to concentrate on the near-axis region while also keeping an area large
enough to contain a sufficient number of antennas. The uncertainties indicated
in Fig. 4.3 are determined from a Monte Carlo procedure. For 500 trials per antenna
the Stokes parameters Qt , Ut and Vt are chosen randomly from a Gaussian distribution
where the mean and the standard deviation of the distribution correspond to the actual
measurement. The Stokes It of each trial is calculated by using I2

t = (Q2
t +U2

t +

V 2
t )+W 2 where W is calculated from the actual Stokes parameters measured by

the antenna, W 2 = I2 −
(
Q2 +U2 +V 2

)
. The spread (standard deviation) of the

determined distribution of |Vt |/It gives the uncertainty. Fig. 4.3 shows that the
amount of circular polarization near the shower axis is consistently small for fair-
weather events, while a large spread is seen for thunderstorm events. In Ref. [58] it
was shown that for the fair-weather events the measured circular polarization is well
understood. The physics of the measured circular polarization of the thunderstorm
events is explained in detail in the following section.

4.3 Modeling

During thunderstorms the emission of radio waves from air showers is affected
by atmospheric electric fields [68, 69, 71]. The atmospheric electric field can be
decomposed into two components E⊥ and E∥, which are perpendicular and parallel
to the shower axis, respectively. E∥ increases the number of either electrons or
positrons, depending on its orientation, and decreases the other [71, 91]. Since
the field compensates the energy loss of low-energy electrons, they ‘live’ longer
and can thus trail further behind the shower front. As a result, the radiation from
these particles does not add coherently in the frequency range 30−80 MHz of the
LOFAR LBAs.. The transverse component of the field E⊥ does not change the
number of electrons and positrons, but changes the net transverse force acting on the
particles [71, 91]

F⃗⊥ = q(E⃗⊥+ v⃗× B⃗). (4.3)
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Fig. 4.3 Distribution of the amount of circular polarization in the area within the radius
30 m from the core for showers measured during fair weather and thunderstorms.

Hence, the magnitude and the direction of the induced transverse current change
according to the net force F⊥. Since for the presented data the influence of the
transverse component E⊥ on the radio emission dominates, the parallel component
E∥ is set to zero in this work.

The transverse electric field changes the direction of the transverse current, so it
also modifies the polarization of the transverse-current radiation. In thunderclouds,
not only the magnitude but also the orientation of electric fields changes with alti-
tude [53]. This causes a change of the transverse current in the thunderclouds and
thus the linear polarization changes with time. As explained in the introduction, this
results in a changing linear polarization angle over the duration of the pulse giving
rise to a large value for V (see Eq. (5.1)), the component of circular polarization of
the pulse.

We use a toy model to show the physics of large circular polarization of the pulses
in some of the thunderstorm events. We consider the geometry given in Fig. 4.4 as
an example. A vertical air shower passes through two layers where the electric field
in each is constant. The fields are such that the net forces are perpendicular to each
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other and make an angle ϕ with êv×B as shown in Fig. 4.4. The induced current in
the shower front is proportional to the number of particles in the shower multiplied
by the net force acting on them. The induced currents thus have orthogonal directions
in the two layers where the peak of the current occurs at height hm, corresponding
to Xmax of the shower, defined as the atmospheric (slant) depth where the number
of air-shower particles reaches a maximum. For this case we consider the pulses
emitted with a central frequency ω when the shower passes through each layer

εa = Aaei(ωt+ηa) ,

εb = Abei(ωt+ηb) ,
(4.4)

where η = ηa −ηb = ω∆ t is the phase difference corresponding to an arrival-time
difference ∆t between the two pulses for an observer. In thunderstorms, the transverse
current is generally enhanced by the atmospheric electric field, so its radiation is
much larger than the charge-excess emission and thus we ignore the charge-excess
contribution. Therefore, neither εa, εb nor η depends on the azimuth angle of the
antenna position with respect to the shower axis. Since the transverse currents in the
two layers are perpendicular to each their pulses are polarized in two perpendicular
orientations on the ground. These pulses can be expressed as

εv×B = Aaei(ωt+ηa) cosϕ −Abei(ωt+ηb) sinϕ ,

εv×(v×B) = Aaei(ωt+ηa) sinϕ +Abei(ωt+ηb) cosϕ .
(4.5)

Substituting these into Eq. (5.1) we obtain the Stokes parameters

I = A2
a +A2

b ,

Q =
(
A2

a −A2
b
)

cos 2ϕ −2AaAb sin2ϕ cosη ,

U =
(
A2

a −A2
b
)

sin 2ϕ +2AaAb cos2ϕ cosη ,

V = 2AaAb sinη .

(4.6)

For the special case when ϕ = 0, i.e. the net force in the upper layer is along
êv×B and the one in the lower layer is along êv×(v×B) (see Fig. 4.4), the phase shift
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can be derived from the Stokes V and U parameters

ηϕ=0 = arctan
(

V
U

)
. (4.7)

We will show for this special case how η depends on the distance d from the shower

Fig. 4.4 The geometry used in the calculation and a typical current profile of a shower
passing through a two-layered electric field where the fields in the two layers are
oriented perpendicular to each other. The two solid red arrows indicate the net forces
acting on air-shower particles.

axis for a fixed frequency ω . To simplify the calculation, we assume that at the
height of ha the current points in êv×B and emits radiation. After that the shower
propagates down with the velocity c, and the current rotates to êv×(v×B) at the height
of hb = ha −∆h and radiates another signal. The pulses emitted at different heights
move with the reduced velocity v = c/n and thus arrive with a time delay due to the
fact that index of refraction n is larger than unity. The signals with a frequency ω

which an observer at a distance d from the origin receives (since ϕ = 0) are

εv×B = Aaeiω(t−Ra/v) ,

εv×(v×B) = Abeiω(t−∆h/c−Rb/v) ,
(4.8)
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where Ra =
√

h2
a +d2 and Rb =

√
h2

b +d2 are the distances from the observer to
the emission points and v is the velocity of the signals. ∆h/c accounts for the later
arrival of the current at hb. The phase shift of these two signals can be derived from
Eq. (4.7)

η̃ =
ω

c

[
n
(√

h2
b +d2 −

√
h2

a +d2

)
+∆h

]
. (4.9)

The phase shift η̃ is positive, which means that the signal radiated at ha arrives earlier
than the one at hb. For η̃ = 0, the two signals arrive at the observer at the same time.
Note that Eq. (4.9) can only be used in the case where the two emission components
are perpendicular to each other and one of the components is along êv×B.

For comparison with the analytic calculation, we simulated three vertical showers
with CoREAS [34] that included two-layered electric fields with the boundaries
between electric fields at different altitudes hL. The electric field EFIELD option [74]
was implemented in CORSIKA [11]. The electric fields in the two layers are such that
the net force in the upper layer points in êv×B and the one in the lower layer points in
êv×(v×B), which introduces two perpendicular transverse currents. The upper layer,
with strength |EU| = 50 kV/m, starts at a height hU = 8 km above the ground and
extends down to heights of hL = 4 km, 3 km and 2 km for each simulation. At hL the
lower layer starts and the field strength decreases to |EL| = 25 kV/m. The shower
maximum Xmax = 580 g/cm2 is the same in all three simulations, corresponding to
hm ≈ 4.6 km, which is in the upper layer.

In order to be compared with the analytic calculation where pulses are assumed
to emit a central frequency ω , the phase shift ηC from the CoREAS simulations in the
narrow frequency band, 60−65 MHz, is derived and displayed in Fig. 4.5. The phase
shift η̃ derived from Eq. (4.9) is also shown in Fig. 4.5 for ω = 65 MHz. To simplify
the calculation, the refractive index is kept constant at n = 1.00015. Note that the
heights ha and hb in Eq. (4.9) are the average heights from which the dominant
intensity is emitted for the two polarization directions and are thus not equal to hU

and hL. In the upper layer, the maximum emission occurs at ha = hm. In the lower
layer, the height hb depends on the distance from the observer to the shower axis. At
large distances, beyond ∼ 50 m, the maximum emission arrives from h′b = hL−Xa/ρ ,
where the air density ρ is approximately [53] ρ(h)= 1.208 ·10−3 exp(−h/8.4) g/cm3

and Xa is the adapting distance varying with heights (see Fig. 20 in Ref. [91]). The
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average values of hb for the three simulations are 3.2 km, 2.53 km and 1.78 km,
respectively. At the distance d < h′b tanθ = h′b

√
n2 −1, where θ is the opening

angle corresponding to the distance d, the observer receives the dominant signal
from h′b = d/

√
n2 −1. As seen in Fig. 4.5, it is the distance at which all three lines

coincide. At large distances, η̃ is positive which means the observer receives the
signal radiated at ha first and the one at hb later. At about 50 m, the two signals arrive
at the observer at the same time. It can be seen from Fig. 4.5 that the calculation
agrees quite well with the simulations, which demonstrates that the source of the
circular polarization is well understood. However, for more general geometries of
atmospheric electric fields, the layer heights, field strengths and field orientations can
only be found through a numerical optimization procedure.
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Fig. 4.5 The phase shift η as a function of distance from the shower axis. Dotted
curve: phase shift ηC from CoREAS results. Solid curves: phase shift η̃ from an
analytic calculation.

4.4 Probing the structures of atmospheric electric fields

As discussed in the previous section, the circular polarization in thunderstorm events
is caused by the variation in the orientation of the atmospheric electric fields. There-
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fore, using the full set of Stokes parameters, i.e. the combination of intensity, linear
polarization, and circular polarization, allows a more accurate determination of the
electric fields in the cloud layers where the air shower passes through than when
using only intensity information as in Ref. [71]. To provide more insight into this
assertion, we discuss in detail the reconstruction of two thunderstorm events which
are called in this work event No.1 and event No.2.

Fitting thunderstorm events is challenging since the electric fields contain many
parameters. Another problem is that since CoREAS is a Monte Carlo simulation,
two calculations with similar electric fields can give considerably different results
due to shower-to-shower fluctuations even when using the same random seed. There-
fore, to determine the electric fields, we first perform a fit using a semianalytic
calculation [33] of the radio footprint of air showers based on the current profile.
This procedure requires much less CPU time and there are no shower-to-shower
fluctuations. This allows for a standard steepest descent fitting procedure. Since
this method only approximates the structure of the shower front, we use this to get
close to the optimal choice after which we use CoREAS for the final calculations.
In order to obtain a prediction of the two-dimensional footprints of the four Stokes
parameters, we run CoREAS simulations for 160 antennas which form a star-shaped
pattern with eight arms as in Ref. [61], and make an interpolation to reconstruct the
full profile. The results are filtered in the frequency range of the LOFAR LBAs.

The electric field fields are labeled with indices 1, 2 and 3 where 1 is the top layer.
Each layer is defined by the height h above the ground where the electric field starts
and the field E⃗⊥. Note that our analysis cannot determine the parallel components
of the electric fields E∥; therefore we always work in the two-dimensional plane
perpendicular to êv. In this plane, the perpendicular components, E⊥, are expressed
in two bases. 1) It can be expressed as the field strength |E⊥| and the angle α between
the net force and êv×B, where the net force is the vectorial sum of the Lorentz force
and the electric force given by the electric field. 2) It can also be decomposed into
Ev×z and Ev×(v×z), the components of E⊥ along êv×z and êv×(v×z), respectively. Here
êz is vertically pointing up.

The intensity footprint, the linear polarization footprint and the circular polariza-
tion footprint of thunderstorm event No.1, measured at 12:38:37 UTC, December
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30th, 2012, are displayed in Fig. 4.6. The fractions of Stokes parameters are shown
in Fig. 4.7.

The intensity footprint (top panel of Fig. 4.6) of this event shows a bean shape
which is also observed in fair-weather events. The differences are that the maximum
intensity is not in the v×B-direction as it is in fair-weather events and the linear
polarization (middle panel Fig. 4.6) is not oriented mainly along êv×B as it is in
the fair-weather events. The polarization footprint shows a ‘wavy’ pattern near the
shower axis where the polarization is different from the one at the outer antennas. We
observe a large fraction of circular polarization in this event, varying as a function
of the distance from the antenna to the shower axis. This can be seen in the bottom
panel of Fig. 4.6 and the right panel of Fig. 4.7. Therefore, for this event, using only
the intensity footprint gives incomplete information about the atmospheric electric
field. The simplest structure of the electric field which can capture the main features
of this event is a three-layer field. The reconstruction is optimal for the values of the
parameters given in Table 4.1. The simulation has values of Xmax = 665 g/cm2. The
primary energy of the shower is E = 4.7×1016 eV and the zenith angle is θ = 15.5◦.
Since we do not observe a ring-like intensity pattern, the emission from different
layers should not interfere destructively, and thus the fields should not have opposite
orientation as taken in Ref. [71]. The change in the orientation of the electric field
between the second layer and the third layer, close to the ground, results in a change
in the direction of the transverse current and thus gives rise to the rotation of the
linear polarization as well as a large amount of circular polarization in the region
close to the shower axis. Near the shower axis the radio signal is most sensitive to the
later stages of the shower development, while at large distances the currents higher
in the atmosphere have more weight. Thus, a much smaller circular polarization
component is observed at larger distances. There are some differences between the
measured and simulated Stokes parameters seen in Fig. 4.7 since the three-layered
electric field is still an oversimplification of the realistic field. The reduced χ2 for a
joint fit of both the Stokes parameters and the particle data χ2/ndf = 4.5, which is
large compared to χ2/ndf ≈ 1 found in fair-weather showers. However, all main the
features are captured.
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Fig. 4.6 Radio polarization footprints of the thunderstorm event No.1. Top: The
intensity (Stokes I) footprint. Middle: Linear polarization as measured with individ-
ual LOFAR LBA (lines) in the shower plane. Bottom: The footprint of Stokes V ,
representing the circular polarization. In the top and bottom panels, the background
color shows the simulated results while the coloring in the small circles represents
the data. 79
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Layer 1 2 3
Height (km) 8−5 5−2 2−0
|E⃗⊥| (kV/m) 50 15 9
α (◦) 98 98 8
Ev×z (kV/m) 46 13 4
Ev×(v×z) (kV/m) −22 −9 8

Table 4.1 The structure of the three-layered electric field of the thunderstorm event
No.1.
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Fig. 4.7 The set of normalized Stokes parameters of the thunderstorm event No.1 as
recorded with the LOFAR LBAs (open red circles) is compared to the results of the
CoREAS simulation (filled blue dots). σ denotes one standard deviation error.

Fig. 4.8 shows the intensity footprint and the polarization footprint of thunder-
storm event No.2, which was also presented in Ref. [71]. The fractions of Stokes
parameters are shown in Fig. 4.9. This event was measured at 14:28:19 UTC, August
26th, 2012. The ring-like structure in the intensity footprint (top panel of Fig. 4.8)
and the overall polarization direction (middle panel of Fig. 4.8) indicate that at least
a two-layered electric field is needed [71], where the electric fields are pointing in
opposite directions to introduce a destructive interference between the radiation from
the two layers. However, the large amount of circular polarization near the shower
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axis (see the bottom panel of Fig. 4.8 and the right panel of Fig. 4.9) cannot be
reproduced by such a field configuration since there is no rotation of the current. The
simplest structure of an electric field which can capture the main features of this
event is a three-layered field. Table. 4.2 presents the values of the electric field giving
the best reconstruction of this shower. The electric fields obtained here follow the
same general structure as presented in our earlier work [71]. Like in Ref. [71] the
strength of the fields in the lower layer are about half the strength as in the upper layer
with almost opposite orientation. However, in the present, more detailed, analysis an
additional layer needed to be introduced which shows that the method used in this
work gives more accurate information about the electric fields in thunderstorms. The
shower maximum is Xmax = 628 g/cm2. The primary energy of this shower is E =
3.1×1016 eV and the zenith angle is θ = 24.8◦.

There is also an almost complete reversal of the electric field from the second
layer to the third layer which gives rise to the ring-like structure in the intensity
footprint and keeps the linear polarization unique. The reduced χ2 for a joint fit of
both the Stokes parameters and the particle data is χ2/ndf = 3.5, which is large but
reproduces all the main features.

Layer 1 2 3

Height (km) 8−6.9 6.9−2.7 2.7−0

|E⃗⊥| (kV/m) 50 20 18

α (◦) −78 −104 67

Ev×z (kV/m) −46 −12 14

Ev×(v×z) (kV/m) −16 −16 11

Table 4.2 The structure of the three-layered electric field of the thunderstorm event
No.2.
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 ê v

×(
v
×B

) [
m

]

300 200 100 0 100 200 300
Distance along ê~v×~B [m]
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Fig. 4.8 Radio polarization footprints of the thunderstorm event No.2. Top: The
intensity (Stokes I) footprint. Middle: Linear polarization as measured with individ-
ual LOFAR LBA (lines) in the shower plane. Bottom: The footprint of Stokes V ,
representing the circular polarization. In the top and bottom panels, the background
color shows the simulated results while the coloring in the small circles represents
the data. 82
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Fig. 4.9 The set of normalized Stokes parameters of the thunderstorm event No.2 as
recorded with the LOFAR LBAs (open red circles) is compared to the results of the
CoREAS simulation (filled blue dots). σ denotes one standard deviation error.

We have checked that the fit quality is sensitive to the heights of the layers on
the order of hundred meters and the orientations of the electric fields at the level of
degrees. However, it is not sensitive to heights above 8 km because at that height
there are few particles in the shower and thus their contribution to the total radio
emission is small. The electric fields shown in Table 4.1 and Table 4.2 only include
the components of the true fields perpendicular to the shower axis. The parallel
component of the electric fields hardly affects the LBA observations and thus it
cannot be determined. In addition, in the frequency domain of the LBAs there is
no sensitivity to the component of electric fields in excess of about 50 kV/m, so
the strength of the perpendicular component can only be probed up to about this
strength (see Ref. [91] for the discussion). To increase the sensitivity, we would need
lower-frequency antennas.

However, as explained in the following we have measured large horizontal
components of the electric fields along the shower axis in thunderclouds. A strict
vertical electric field can be decomposed into two components, one along êv and
the other one along êv×(v×z). Measuring a component in êv×(v×z) (see Table 4.1 and
Table 4.2) could thus be a reflection of a vertical field since the present observations
have little sensitivity to an êv component of the electric field. However, a nonzero
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component in the êv×z direction (see Table 4.1 and Table 4.2) can never be a projection
of a purely vertical electric field, and is thus a genuine signature of a horizontal
component. We have confirmed that setting any of the Ev×z components to zero
results in poorly reconstructed Stokes parameters. Therefore, it can be concluded
that the atmospheric electric field is not fully vertical, but has a significant horizontal
component. A three-layered structure and a horizontal component of the electric fields
in thunderclouds have also been observed in balloon experiments [92, 53, 93, 41].
The large component of a horizontal electric field at high altitudes can be given by two
oppositely charged regions inside a thundercloud. The small horizontal component
at low altitudes can be given by the main negative-charge layer of a thundercloud in
the center and a local positive-charge region at the bottom of the cloud.

4.5 Conclusion

Air showers measured with the LOFAR LBAs during thunderstorms have generally a
much stronger circular polarization component near the shower axis than showers
recorded during fair weather. We demonstrate on the basis of a simple model that this
is a reflection of the fact that the orientation of atmospheric electric fields changes
with height. This gives rise to a rotation in the direction of the transverse current as
the air shower proceeds towards the surface of the Earth. This is also confirmed by
CoREAS simulations.

Using the full set of the Stokes parameters thus strongly improves the determi-
nation of the atmospheric electric fields in thunderclouds. As specific examples,
we have analyzed two thunderstorm events where we show that the intensity and
polarization signature can only be described by a three-layered electric field. Also in
baloon measurements, generally three different layers are observed below a height
of 8 km. In our analysis, we also determine that the atmospheric electric field has a
sizable horizontal component.
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Chapter 5

Electric fields in thunderstorms
measured by LOFAR

T. N. G. Trinh, O. Scholten, et al.
(In preparation to submit to JGR)

Abstract

We present measurements of radio emission from extensive air showers
during thunderstorm conditions. Both intensity and polarization sig-
natures of these events are very different from those measured during
fair weather. We have developed a fitting procedure and analyzed 11
air showers. We show that, in order to reconstruct these showers, at-
mospheric electric fields in thunderclouds generally are composed of at
least three layers. We find that the electric fields extracted from these
events have some similar characteristics. Large horizontal components
of the electric fields are observed in the middle and the top layers. The
height of the bottom layer depends on the season. Based on our mea-
surements, we describe a possible method to perform tomography for
electric fields in thunderclouds.
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5.1 Introduction

Lightning is a very interesting phenomenon but a detailed understanding of the
process is still missing [41]. Knowledge of atmospheric electric fields plays an
important role in understanding lightning initiation and propagation. However,
measuring the fields is a very difficult task. Aircrafts [94], balloons and rockets [53]
can measure the electric fields in the thunderclouds but they disturb the electric fields.
In addition, they are influenced by violent winds and thus their directions change.
Recently, a non-intrusive method, using radio emission from extensive air showers
to determine thunderstorm electric fields was introduced [71]. Such measurements
can be done with the Low Frequency Array (LOFAR) [23], explained further in
Section 5.2.

An extensive air shower is produced when a primary cosmic ray enters into the
atmosphere, generating many secondary particles when colliding with air molecules.
These secondary particles will subsequently collide with air molecules and thus
create an avalanche of particles in the atmosphere called an extensive air shower. In
the plasma at the shower front, there are many electrons and positrons. In showers
measured under fair-weather conditions, these electrons and positrons are deflected
in opposite directions by the Lorentz force induced by the geomagnetic field. They
generate a transverse current pointing to the direction of the Lorentz force and the
changing current emits radio frequency radiation [25, 31]. This signal is linearly
polarized along the direction of the Lorentz force, the v×B-direction, where v is the
direction of the shower and B is the Earth’s magnetic field. Negative charge excess in
the shower front also contributes to the radio emission [24, 64]. This excess is built
up from the electrons that are knocked out of atmospheric molecules by interactions
with shower particles. It also emits radio signals and its radiation is linearly polarized,
but radially to the shower axis.

The electric fields during a thunderstorm affect the induced electric currents in air
showers and thus the radiation from them [91]. The electric field component parallel
to the shower axis, E∥, increases the number of electrons or positrons, depending
on its sign. However, the particles generated by E∥ have low energies and thus
they trail far away from the shower front. For this reason, the radio-emission of the
additional charged particles contributes coherently in the low frequency regime of
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less than 10 MHz, well below the frequency range of the LOFAR low band antennas,
which ranges from 30 MHz to 80 MHz. As a result, LOFAR is not sensitive to
E∥. The electric field perpendicular to the shower axis, E⊥, does not change the
number of particles, but changes the direction and the strength of the force acting
on the particles. As a result, the polarization and the magnitude of the current in
the shower front change and thus radio signals do as well. Therefore, there are
large differences in the intensity footprint between an air shower measured during
a thunderstorm, a so-called thunderstorm event, and an air shower recorded during
fair weather, a so-called fair-weather event. Because of these differences seen in the
intensity pattern, using the method first introduced in Ref. [71], we can determine
E⊥ during thunderstorms. We are not sensitive to heights larger than above about
8 km and lower than about 1 km since at these high and low altitudes the number of
shower particles is small and thus the radio signals emitted from them is negligible.
Unlike other electric field measurements, this technique is non-intrusive, i.e. it does
not disturb the electric fields in the thunderclouds during the measurement.

We also observe significant differences in circular polarization between thun-
derstorm events and fair-weather events [95]. Unlike fair-weather events, we often
see that the circular polarization for thunderstorm events does not depend on the
azimuth positions of the antennas and the distance to the shower axis. In addition, the
circular polarization for the fair-weather events is small near the shower axis where
the charge-excess contribution vanishes [58] while it is large in many thunderstorm
events. The reason for this is that in the fair-weather events, the circular polarization
is caused by the time delay of the transverse-current pulse and the charge-excess
pulse [58] while in the thunderstorm events, it is caused by the rotation of the direc-
tion of the current around the shower axis. Therefore, circular polarization data give
useful information for the determination of atmospheric electric fields.

The microscopic models that produce the complete radiation field emitted from
charged particles in the shower are ZHAires [30] and CoREAS [63]. CoREAS is
a plugin for the shower simulation code CORSIKA [11]. For thunderstorm cases,
atmospheric electric fields are implemented by turning on the EFIELD option [74] in
CORSIKA. Since CoREAS is based on a Monte-Carlo simulation, changing a simple
shower parameter will affect the development of the shower as a whole. This effect is
similar to the well-known shower-to-shower fluctuations. Moreover, since CoREAS
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traces individual charged particles, it requires large computer resources. Recently,
an analytic code called MGMR3D has been developed [33]. MGMR3D calculates
the radio footprint of an extensive air shower using a semi-analytical macroscopic
approach based on the longitudinal structure of the current distribution. In contrast
to CoREAS, this approach has no shower-to-shower fluctuations and requires little
computing time. It has been shown that MGMR3D gives a good agreement with
CoREAS for both fair-weather and thunderstorm cases [33].

In this work, we determine electric fields during thunderstorm conditions by
fitting the radio intensity and polarization patterns of thunderstorm events. Since
CoREAS simulations are time consuming and suffer shower-to-shower fluctuations,
it is hard to use CoREAS in doing the fitting, especially in multi-dimensional fitting.
Therefore, in this chapter, we develop a new fitting technique which consists of two
steps. As a first step, by using MGMR3D to fit the radio intensity and polarization
patterns, we determine the current profile from which the electric fields are extracted.
Then we plug the parameters which give the best fits into CoREAS for the final
calculations. We will show the results of 11 good thunderstorm events measured
during a one-and-a-half-year period and discuss the implications for the thunderstorm
structure.

5.2 LOFAR and data analysis

Data were recorded with LOFAR, a radio telescope built in the North of the Nether-
lands with many remote stations across Europe. The antennas of LOFAR are grouped
into stations. Each station contains 96 low-band antennas (LBA; 10− 90 MHz)
and 48 high-band antennas (HBA; 110−240 MHz). The densest concentration of
antennas, called the ‘Superterp’, is located near Exloo, in Drenthe in the Netherlands.
The Superterp has a diameter of ∼320 m and consists of 6 stations. Electromagnetic
pulses are measured by the dipoles, sampled every 5 ns and stored for 5 s on ring
buffers for each active antenna. The data is Fourier transformed and filtered to the
interval from 30 MHz to 80 MHz since below 30 MHz and above 80 MHz, radio
frequency interference is strong. A trigger is obtained from a particle detector array,
LOfar Radboud air shower Array (LORA), for air showers with a primary energy in
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excess of 2×1016 eV [88]. Data for the present analysis are taken from LBAs mainly
at the Superterp.

We use the following criterion to select good thunderstorm events. First, as
shown in Ref. [71], the linear polarization in thunderstorm events are very different
from that in fair-weather events, so it is used as the first signature in collecting
thunderstorm events. Second, the events should have radio signals recorded in at
least 4 LBA stations and there should be at least one station within 100 m from
the shower axis receiving signals. Third, the mean fractional uncertainty of the
intensity should be less than 30%; otherwise, the uncertainties of the data are too
large to draw any conclusions. Fourth, since the core position is very essential in
fitting, the events should have at least one scintillator having the energy deposit larger
than 100 MeV. This will be discussed in more detail in Section 5.3. In this work,
we have analyzed data from December 2011 to August 2014. During this period,
there were 31 thunderstorms events from which 11 thunderstorm events that obey
all aforementioned conditions were selected. We also cross-check with lightning
data from the Royal Netherlands Meteorological Institute. For these 11 thunderstorm
events, there were lightning strikes occurring within about 150 km from the LOFAR
‘Superterp’ and within two hours from the data-tracking period. The correlation
between thunderstorm events and lightning activity will be discussed in more detail
in Section 5.5.

The data were processed in an off-line analysis [36] where the arrival direction
and the energy of air showers were estimated. In addition, for each antenna, the
Stokes parameters 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)

)
,

(5.1)

are calculated [37]. Note that all Stokes parameters are real. εi = Si + iŜi are the
complex signal radiation fields, where Ŝi is sample i of the Hilbert transform of S.
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The radiation fields S are recovered from the measured voltages by inverting the
antenna calibration. The summation is performed over n = 11 samples, centered
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

)
, (5.2)

and Stokes V represents the circular polarization.

5.3 Reconstruction technique

In fair-weather events, the intensity pattern depends strongly on Xmax, the atmospheric
depth where the number of secondary particles reaches a maximum. Therefore, for
the fair-weather events, Xmax can be found by fitting the measured intensity pattern
on the ground with CoREAS as presented in Ref. [61]. Here, we will follow the same
basic principle. However, during thunderstorm conditions, the transverse current in
air showers varies with height not only because of the variation of the number of
charged particles with height like in the fair-weather events, but also because of the
changes in the electric fields. In thunderstorm events, the effects from the electric
fields generally dominate the height variation of the number of charged particles.
Since the electric fields and thus the transverse currents change both their magnitude
and direction, it is necessary to consider both intensity and polarization data or,
equivalently, a full set of Stokes parameters.

For this work, we will use the idealized three-layer charge structure. There is an
upper positive charge on top, a negative charge in the middle and a small positive
charge region at the bottom. This charge structure implies that the electric field
should have three layers. Each layer i is defined by hi, the altitude of the top of the
layer, and the strength and direction of E⊥. The layers will be identified by indices
1, 2 and 3. The top layer, 1, thus has the field E⊥1 stretching between the heights
h1 and h2. The bottom layer, often layer 3, with the field E⊥3 is between h3 and the
ground. The three-layered structure of the electric fields is consistent with balloon
measurements measuring the vertical components of the electric fields [93, 53]. Note
that there are also horizontal components of the electric fields since charge layers
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are not flat and do not have the same sizes. In this work, we only consider the
field E⊥ which is perpendicular to the shower axis. For a vertical shower, the field
E⊥ is horizontal. In reality, we usually measure inclined showers, so E⊥ contains
both horizontal and vertical components of the electric fields. As discussed in the
introduction, E∥ has very little effect on the radio emission in the frequency range
from 30− 80 MHz [71, 91], and so it is set to 0 in this work. As discussed in
Ref. [91], when the perpendicular electric field E⊥ is small, the drift velocity and
thus the amplitude of the radio signal is proportional to the strength of the electric
field. When the electric field becomes larger than about 50 kV/m, the increased
drift velocity results in a decreased longitudinal velocity since the total velocity
cannot exceed the speed of light. For this reason, some charged particles start to trail
further behind the shower front and their radiation is not added coherently in the
LOFAR frequency range. This results in a saturation in the radio intensity starting
when the electric field is larger than about 50 kV/m. In each layer, the electric field
E⊥ is homogeneous and thus it should be considered as an effective electric field.
Any change in the field over distances smaller than about 500 m gives very small
effects [91].

The core position is essential in doing the fitting. In principle, the core position
can be determined by LORA data, however, analysis of fair-weather data suggests that
the actual core position, as determined from the radio data, can easily be displaced
by 50 m from the core position determined from the LORA data. Therefore, in
fair-weather events, the core position is found by doing the fitting for both radio
and particle data [61]. In thunderstorm events, finding the core position is more
difficult and using the fitting to find it is not the best way because the intensity and
polarization patterns of the thunderstorm events, in general, are complicated and we
cannot measure the whole pattern but only parts. In addition, they are not the same in
all thunderstorm events, but vary from event to event. Also, as discussed later, in the
first step when using MGMR3D, we do the fitting for the Stokes parameters, but we
cannot do the fitting for the particle density. For this reason, if we use the fitting to
find the core position, we may get a wrong core position which can generate a weird
particle-density profile. For these reasons, we correct the core position manually. We
use the core position defined by LORA as the first guess and move the core around
such that both radio and particle data change smoothly as a function of distance from
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the shower axis. The core position which we find is kept fixed in both MGMR3D
calculations and CoREAS simulations.

Fig. 5.1 The fitting procedure

Unlike in fair-weather events where there is only one free parameter, Xmax,
thunderstorm events have many free parameters depending on the model for the
electric field. For a three-layer model of electric fields, the number of the parameters
is 10. Hence, a grid search is not practical for the fitting. In order to fit these
parameters to the data, we use the method of steepest descent. In order to use this
method, one needs to make sure that a small change in the radio footprints is due to a
small change in the parameters of the electric field and not due to shower-to-shower
fluctuations. Therefore, as mentioned in the introduction and as shown schematically
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in the diagram in Fig. 5.1, the fitting procedure for thunderstorm events contains two
steps. In the first step, we use MGMR3D since it does not have shower-to-shower
fluctuations and it requires little computing time. Since the current profile is the
product of the drift velocity, mainly determined by the strength of the electric fields,
and particle profile, mainly determined by Xmax, the strength of the electric fields
can compensate Xmax to a certain extent. Thus, Xmax and the electric fields are not
linearly independent. For this reason, we fit the parameters in the electric field profile
while keeping Xmax fixed. In addition, as mentioned in the introduction, since we
are not very sensitive to h1, we also keep it fixed in order to reduce the number of
fit parameters. The initial values of Xmax and h1 are chosen randomly in the ranges
of 500− 800 g/cm2 and 6− 15 km, respectively. The initial values of the other
parameters are also randomly selected. By using the steepest descent method, we
change 8 parameters of the three-layered electric fields to minimize

χ
2
3D = ∑

antenna

Q,U,V

∑
S=I

(
Sant − f 3D

r Scal (xant − x0,yant − y0)

σS
ant

)2

. (5.3)

Here Sant denotes the measured Stokes parameter calculated from a 55-ns window
for an antenna located at (xant,yant) with an uncertainty σS

ant and Scal is the calculated
Stokes parameter. The shower core is located at (x0,y0). f 3D

r is a scaling factor of
the radio intensity which is introduced to facilitate the fitting. The magnitude of the
intensity, related to the energy of the shower, will be determined in the following
step in conjunction with the particle spectrum.

CoREAS and MGMR3D agree quite well for thunderstorm cases when the
perpendicular electric fields do not exceed about 100 kV/m. Hence, in MGMR3D,
we put the limit on the strength of the electric fields at 100 kV/m. It has been checked
that, if the fields are larger than this limit, the discrepancy between CoREAS and
MGMR3D starts to increase. For each event, the fit in MGMR3D is repeated 50
times with different initial values of the parameters to make sure that we obtain a
global minimum. Doing many calculations also helps us to check the uniqueness of
our solutions. The results show that the current profiles are rather unique. This will
be discussed in details in Sec. 5.4.
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In the second step, we use CoREAS which has shower-to-shower fluctuations
and which also simulates particle density. The parameters of the atmospheric electric
fields and Xmax from the three best fits given by MGMR3D are plugged into CoREAS
for final calculations. The three best fits obtained in MGMR3D are called Calculation
(Cal.) I, Cal. II and Cal. III. The CoREAS simulations corresponding to these
calculations are Simulation (Sim.) I, Sim. II and Sim. III. For CoREAS simulations,
χ2

C values are calculated for both the Stokes parameters and the particle lateral
distribution

χ
2
C = ∑

antenna

Q,U,V

∑
S=I

(
Sant − frSsim (xant − x0,yant − y0)

σS
ant

)2

+ ∑
particle detector

(
Ddet − fpDsim (xdet − x0,ydet − y0)

σdet

)2

,

(5.4)

where Ssim is the simulated Stokes parameter. Ddet is the deposited energy measured
by a LORA detector at the position (xdet,ydet) with an uncertainty σdet. Dsim is the
simulated deposited energy which is converted from the CORSIKA particle output
by using a GEANT4 [96] simulation of LORA detectors. In Eq. 5.4, two scaling
factors were introduced, the scaling factor for particle energy, fp, and the scaling
factor for the power, fr. Since the number of particles on the ground is, to a good
approximation, proportional to the energy of the shower, the energy in the simulation,
Esim, is adjusted until the scaling factor for particles, fp = ECR/Esim is unity, where
ECR is the energy of the air shower that is consistent with the results of the LORA
detectors. The scaling factor for the radio power, fr, obtained in CoREAS simulations
remains. The units are chosen such that for fair-weather events fr = 1. In principle,
it is proportional to E⊥ if the field is smaller than 50 kV/m and can thus be used to
determine the strength of the fields. In practice, one of the fields in the fit can be
stronger than 50 kV/m and this proportionality cannot be used any more. Thus, fr is
important for determining the quality of the fit since it depends on Xmax as will be
argued in Sec. 5.4 for different events. In the CORSIKA software, Xmax is a result of
the simulation. Therefore, for each configuration of the electric field, we perform 20
CoREAS simulations and choose the simulation which has the best reduced χ2

C value.
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The difference in Xmax between the best simulations and MGMR3D calculations is
less than 15 g/cm2 .

5.4 Electric field determination

In this section, we will discuss the fitting for 11 thunderstorm events which were
recorded during the period from December 2011 to August 2014 and obey all
selection criteria mentioned in Section 5.2. As discussed in Section 5.3, for each
event, we choose the three best fits from MGMR3D, each with a different value
of Xmax for which the optimal electric field configuration is searched. This is done
because the parameters are not linearly independent, i.e. a change in Xmax can be
compensated by a change in the electric fields, keeping almost the same current
structure. The parameters from these best fits are plugged into CoREAS for final
calculations. The fit parameters and the reduced χ2 obtained from both MGMR3D
and CoREAS are given in the tables for each event (see Appendix). The best fit,
given in bold in the tables, is chosen based on the reduced χ2 obtained by CoREAS
simulations. For the cases where the values of the reduced χ2 are comparable, in
order to determine the optimal electric field structure, we take the calculation where
fr ≈ 1 as the best one. This will be discussed in more detail later in this section. The
current profiles, the best fit of the Stokes parameters and particle density for each
event are also displayed in the figures in the Appendix.

The tables of the fit parameters and the plots of the current profiles of all events
(see the Appendix) show that for each event the heights of the middle and the bottom
layers within the three best fits obtained by MGMR3D are almost the same. In
addition, the height dependences of the currents in the three best fits are rather similar
at low altitudes but they have some differences at altitudes higher than 5 km or 7 km
depending on the events. However, the values of the reduced χ2 values obtained
by these fits do not differ much. The reason for this is that at large distances from
the shower axis where mainly the radio emission from high altitudes is measured,
there are no antennas or the data have rather large uncertainties. Therefore, at high
altitudes, the current profiles are not unique and thus we are not sensitive to the
electric fields at these heights. However, the current profiles and thus the electric
field structures at low altitudes are well defined.
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When the current changes sign in all layers, we obtain a comparable fit for the
Stokes parameters. Thus, there are two solutions that are equivalent. At the level
of the Stokes parameters, it is hard to distinguish between these two solutions. In
order to do so, one needs to check the polarity of the radio pulses. In this work, we
have compared the polarity of the calculated radio pulses generated by MGMR3D
and that of the measured pulses by LOFAR in order to choose correct structures of
the current and thus the electric fields. First, we have checked the polarity of the
pulses of fair-weather events between data and MGMR3D to make sure that they are
consistent. Then we have checked the polarity for all thunderstorm events. As an
example, Fig. 5.2 shows the comparison between calculated and measured pulses
at a distance of 125 m from the shower axis of event 8. As shown in the figure, the
v× (v×B)-component of the pulse between MGMR3D and data are similar. The
v×B-component has some differences but it is dominated by noise. If the current
profile is inverted, the sign of the amplitude will change.
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Fig. 5.2 Polarity of radio pulses at an antenna from event 8.

In general, the reduced χ2 values obtained from MGMR3D and CoREAS are
slightly different due to two reasons. Firstly, the radio patterns given by two codes
are comparable but not exactly the same. Secondly, the fit in MGMR3D is done for
only Stokes parameters while in CoREAS it is a joined fit to Stokes parameters as
well as to the particle data.

All events except events 1, 5, and 6 show that over a wide range of Xmax values,
a reasonable agreement between the MGMR3D calculations and the data can be
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5.4 Electric field determination

obtained (see the tables in the Appendix). This is due to the fact that the height
dependence of the currents in these fits are rather similar as shown in the figures
of the current profiles (see Appendix). As discussed above, since the current is the
product of the drift velocity as determined by the electric field and the particle profile
as determined mainly by Xmax, one can be compensated by the other. For example,
as can be seen in Table 5.4 of event 2, for larger values of Xmax, the relative strength
of the fields E2 versus E1 becomes smaller. However, the number of particles on the
ground depends strongly on Xmax due to the attenuation of electrons in the atmosphere.
For a large value of Xmax, i.e. the number of particles reaches the maximum closer to
the ground, the number of particles on the ground is large. Therefore, for two showers
having the same number of particles on the ground, the shower that has a larger value
of Xmax has a smaller energy Esim. Since Esim is small, the amplitude of the radio
signals generated by this shower also gets smaller. Thus, the radio scaling factor fr

is large for a large value of Xmax. As discussed in Section 5.3, an important factor
for the amplitude of the radio signal is the strength of the electric field. For small
electric fields, it is proportional to the field strength while it saturates for strong fields.
Therefore, the radio scaling factor fr depends also on the electric field. It reduces
when the electric field increases and starts to saturate when the electric field becomes
very large. As a result, this scaling factor fr depends on both the field strength and
the energy of the shower. For these reasons, although there are multiple solutions
with a wide range of Xmax values, the scaling factor fr puts a constraint on choosing
the best solution. For example, as shown in Table 5.4 of event 2, all three CoREAS
simulations give almost the same reduced χ2 value. However, since the values of
Xmax in Sim. I is smallest, the energy of the air shower is largest. In addition, the
maximum strengths of electric fields are about the same, the radio scaling factor fr

thus mostly depends on the energy of the shower. As can be seen from the table, Sim.
I of event 2 is the best fit since it has the smallest reduced χ2 and the strength of the
electric field is also well defined as the radio scaling factor fr is unity. In contrast, the
scaling factor fr obtained within the three best fits in event 1, 5 and 6 does not show
the dependence on Xmax or on the energy of the shower. Note that event 1 is the worst
case of all good thunderstorm events which we have analyzed. The fit of the intensity
pattern is not really good (see the middle panel of Fig. 5.10), the scaling factor of
the radio power fr is not well determined. In event 5, since the current profiles from
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the best fits obtained by MGMR3D are not the same, the scaling factor fr depends
not only on the energy of the shower but also on the electric fields. Unlike other
thunderstorm events, event 6 is a special case because the intensity pattern strongly
depends on Xmax. Table 5.3 shows that Sim. III fits the data best and the other two
simulations which have smaller Xmax do not reproduce the intensity pattern well. For
this reason, the value of fr in Sim. I and Sim. II are not well determined and thus are
not comparable to the value obtained in Sim. III.

In event 1, 2, 4, 7, 8, and 10, the intensity pattern has a ring-like structure as
can be seen from Fig. 5.3 which displays the intensity footprint of event 8. In the
1D plots of the Stokes parameters (see the middle panels of Fig. 5.10, Fig. 5.11,
Fig. 5.14, Fig. 5.21, Fig. 5.27), the ring-like structure is seen as a peak in the Stokes I
at a distance between 100 m to 250 m from the shower axis. The electric fields in the
upper and lower layers of these events are almost in opposite directions introducing
a destructive interference between the radio emission of these layers which gives
rise to a ring-like structure in the intensity pattern. In addition, the radius of the ring
in the intensity is strongly correlated to the height where the field is inversed. For
smaller radii, the heights are smaller. For example, in event 2, the radius of the ring
is 100 m and thus the field is inversed at 2.1 km (see Table. 5.4) while in event 10,
the radius of the ring is about 250 m and thus the field is inversed at 4.9 km (see
Table. 5.12). In event 2, the amount of circular polarization (Stokes V ) measured is
very small (see the middle panel of Fig. 5.11). Thus, this event can be fitted by a
two-layered electric field where the fields in the two layers are almost opposite to
each other (see Table. 5.4). In contrast to this event, events 1, 7, 8, and 10 which
also show the ring-like structure in the intensity have a large amount of circular
polarization. Therefore, these events cannot be reconstructed well by a two-layered
electric field structure. In order to do that, the electric field needs to have at least three
layers (see Table. 5.3, Table. 5.6, Table. 5.10, Table. 5.12). A third layer is needed
to introduce the change in the orientation of the electric fields and thus the rotation
of the transverse current which results in a large amount of circular polarization. In
addition, a third layer also give rises to the change in the linear polarization which
causes a ‘wavy’ pattern. Fig. 5.4, as an example, shows the ‘wavy’ pattern of event 7
where the linear polarization rotates about 90◦ from small distances near the shower
axis to large distances beyond 100 m from the shower axis. Event 4 is an odd one
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since there is large amount of circular polarization near the shower axis but the linear
polarization is unique over all antennas (see the middle panel of Fig. 5.14). Therefore,
as shown in Table. 5.6, the electric fields in the bottom and the middle layers are not
fully opposite but they have an angle of about 150◦.
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Fig. 5.3 The intensity (Stokes I) footprint of event 8. The background color shows
the simulated results while the coloring in the small circles represents the data.

300 200 100 0 100 200 300
Distance along êv×B [m]
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Fig. 5.4 Linear polarization footprint of event 7 as measured with individual LOFAR
LBAs (lines) in the shower plane.

In contrast to the events just discussed above, in events 3, 6, 9, and 11, the
intensity patterns are similar to those in fair-weather events (see the middle panels of
Fig. 5.12, Fig. 5.19, Fig. 5.24, Fig. 5.G). However, in these events with the exception
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of event 11, unlike the fair-weather events, the signals are not polarized along the
v×B-direction because Q/I is not equal to 1 (see the middle panels of Fig. 5.12,
Fig. 5.19, Fig. 5.24). In both events 3 and 6, since U/I is about -1, the linear
polarization makes an angle of about -45◦ with the v×B-direction. For this reason,
the electric fields in the layers where the current is large, i.e. the middle layer of
event 3 and the top layer of event 6 (see Table. 5.5 and Table. 5.8), make an angle
of about -55◦ with respect to the v×B-direction. There is some amount of circular
polarization in these two events but it is small. In event 9 which has been discussed
in detail in Ref. [95], the polarization footprint shows a ‘wavy’ pattern and there
is a large amount of circular polarization, varying as a function of distance from
the shower axis. Therefore, the electric field in the middle and the bottom layer
rotates 90◦ to introduce the rotation of the linear polarization as well as the amount
of circular polarization (see Table. 5.11). Event 11 is an odd case because not only
the intensity but also the linear polarization looks like those of fair-weather events,
except for the signals measured at large distances from the shower axis where Q/I is
much smaller than 1 (see the middle panel of Fig. 5.G). The main difference from a
fair-weather event is, however, that the circular polarization is large and changes its
handedness with distances which is caused by the rotation of the electric fields and
thus the currents in three layers. Near the shower axis, the signal at the bottom layer
arrives earlier than the signal from the other layers because the showers propagates
with the speed of light while the signal moves at a reduced speed due to the finite
refractivity of air. This gives rise to a large amount of circular polarization at small
distances, V/I = 0.4. At 150 m from the shower axis, the signal from the middle
layer arrives sooner than the signal from the bottom layer, so V/I = -0.4. Similarly,
beyond 150 m, the signal from the top layer arrives sooner than that in the other
layers, so the circular polarization continues to decrease at large distances.

The features of circular polarization in event 11 are also shown in event 5 (see
the middle panel of Fig. 5.16). However, unlike event 11 and the other thunderstorm
events showing a fair-weather intensity pattern, event 5 shows a different intensity
pattern. At large distances beyond 100 m from the shower axis, the intensity drops as
a function of distance as it does in fair-weather events, however, at small distances, it
is almost constant. As a result, as shown in Table. 5.7 and the top panel of Fig. 5.16,
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the electric field and thus the current in the bottom layer is very small yielding a
small radio signal near the shower axis.

As discussed in Section 5.3, the core position is found manually and is kept the
same in both MGMR3D and CoREAS. For each event, we also show the fit of the
particle density as a function of distance from the shower axis on the ground (see
plots of particle density in the Appendix). We show the particle profiles where the
core position is defined by LORA or after readjusting it. The absolute value of the
core offset is small for most of the events, except event 11 (see the discussion in the
Appendix).

5.5 Discussion

We have analyzed 11 thunderstorm events measured in the period from December
2011 to August 2014 from which the electric fields are extracted. Table. 5.1 shows
for all 11 thunderstorm events the UTC time, the zenith angle, θ and the azimuth
angle, φ , which can be used to reconstruct the shower directions (see Fig. 5.5). There
were 4 thunderstorm events (1, 2, 3, and 9) measured during the winter, 6 events
(5, 6, 7, 8, 10, and 11) during the summer and event 4 in April. In particular, there
were 3 events recorded within 12 minutes in a winter night and 3 events measured
within 36 minutes in a summer day. This allows a comparative analysis which will be
discussed in Sec. 5.5.3. The table also shows the electric field configuration extracted
from the thunderstorm events. All of these events can be reconstructed rather well by
a three-layer model of atmospheric electric fields. The atmospheric electric fields
extracted from these 11 thunderstorm events have some interesting features.

5.5.1 Charge structure

Since the heights h1, h2 and h3 are the altitudes where the electric field changes, they
correspond to the altitudes of the charge regions in the thundercloud. The sign of the
charge in different layers needs to be interpreted on a case-by-case basis which will
be discussed later in this section. All events show that the lowest layer which we can
detect for the summer events (5, 6, 7, 8, 10 and 11) lies at a much higher altitude

101



Electric fields in thunderstorms measured by LOFAR

E
vent-ID

U
T

C
Tim

e
θ

φ
h

1
E

1v×
z

h
2

E
2v×

z
h

3
E

3v×
z

h
0

h
−

10

( ◦)
( ◦)

(km
)

(kV
/m

)
(km

)
(kV

/m
)

(km
)

(kV
/m

)
(km

)
(km

)

1
14/12/2011,21:02:27

39.4
144.8

7.6
2

3.3
85

1.6
2

0.7
2.3

2
14/12/2011,21:10:01

14.1
134.0

9.2
35

-
-

1.9
69

0.7
2.3

3
14/12/2011,21:14:34

24.4
333.0

7.9
22

5.0
38

2.3
4

0.7
2.3

4
26/04/2012,15:22:33

22.2
129.0

10.1
8

7.4
7

3.0
5

1.5
3.4

5
28/07/2012,02:20:21

22.3
2.2

7.2
3

5.6
77

3.2
10

3.6
5.6

6
26/08/2012,13:52:23

22.8
143.8

7.8
76

-
-

3.7
5

2.5
4.2

7
26/08/2012,14:02:56

17.6
309.5

7.3
7

3.6
2

1.7
11

2.5
4.2

8
26/08/2012,14:28:19

24.8
308.7

8.0
40

6.9
20

2.7
17

2.5
4.2

9
30/12/2012,12:38:37

15.6
304.0

8.0
50

5.0
15

2.0
1

0.8
2.2

10
26/07/2013,12:17:26

15.5
40.2

7.6
14

4.9
70

3.6
44

3.8
5.7

11
27/06/2014,14:44:03

14.6
238.6

6.3
46

4.5
3

3.3
3

2.5
4.2

Table
5.1

The
leftpartofthe

table
show

s
the

eventID
,the

tim
e

ofm
easurem

ents
and

the
directions

of11
show

ers.The
next

three
parts

show
the

heightofthe
top

region
w

here
the

layerstarts
and

the
horizontalelectric

field
E

v×
z

determ
ined

from
the

bestfit(see
A

ppendix).N
ote

thatevent2
and

event6
have

only
tw

o
layers

w
hich

are
labelled

as
the

top
and

the
bottom

ones.T
he

lasttw
o

colum
ns

presentisotherm
altitudes

found
from

G
D

A
S

data
(see

[97]).

102



5.5 Discussion

Fig. 5.5 The shower direction and the electric field components.

than for the winter events (1, 2, 3 and 9). This seasonal difference is most likely due
to the temperature difference between summer and winter.

Summer events

Of the summer events, three events (5, 10, and 11) seem to have three distinct charge
regions that likely correspond to upper positive, main negative, and lower positive
charge regions. The other three summer events 6, 7, and 8, are special because
these events passed through the same thunderstorm within 36 minutes. As shown
in Table 5.1, h3 in event 7 is much lower than that in events 6 and 8. This can be
interpreted due to a local small positive charge region that is only seen in event
7. Since the showers of events 6 and 7 came from two different directions, the
regions of the thunderclouds where they passed through may not be the same. In
addition, although the showers of events 7 and 8 passed through a similar part of the
atmosphere, the time between these two events is 26 minutes which could be long
enough for the charge in the region where these events passed through to change
because of the motion of the thunderclouds. These could be the reasons why the
small lower positive layer in event 7 is not seen in events 6 and 8. The main negative
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charge region seems to lie around 2.7 to 3.7 km, shown by h3 in event 6 and 8 and
h2 in event 7. h1 in events 6 and 7 could refer to the upper positive charge region
around 7.3 km to 7.8 km. In event 8, the upper positive layer could lie at h2 = 6.9 km
and there could be another small screening layer at h1 = 8 km which is not present
in events 6 and 7. Ref. [42] has shown that, for Florida summer thunderstorms, the
lower positive charge region tends to lie on the 0◦ C isotherm and the negative charge
region tends to lie between the 0◦ C and -10◦ C isotherms. The last two columns of
Table 5.1 show the altitudes of the 0◦ C and -10◦ C isotherms for comparison with
our measured charge layer altitudes. Most of the summer events we measured are
consistent with the lower positive charge regions occurring near the 0◦ isotherm.

Winter events

In contrast, the four winter events (1, 2, 3 and 9) have the lowest detected charge
region which is at least a kilometer higher than the 0◦ C isotherm. For events 1, 3 and
9, there are three possibilities. First, these events could have a traditional tri-polar
structure: upper positive, main negative, and lower positive charge regions. This
means the lowest charge region detected is the lower positive layer lying at an altitude
much higher than the 0◦ C isotherm. This is not consistent with Ref. [42] or our
summer events. It could be that for these three events occurring in December, when
the 0◦ C isotherm is at a very low altitude, the thunderstorm charging mechanism
differs from that of summer thunderstorms, where the 0◦ C isotherm is at a much
higher altitude. Second, since we are not sensitive to the parallel component of the
electric fields, it is hard to determine the vertical component and thus the charge
polarity of the different layers. Therefore, it could be that these events have an
inverted-polarity charge structure: upper negative, main positive and lower negative
charge regions, which is also shown in Ref. [98]. A third possibility is that there
could be a charge layer at the 0◦ C isotherm but our method might not be sensitive
to it since the radio emission close to the ground gives minor contribution to the
intensity pattern. Event 2 is odd since it has only two charge regions and the field in
the lower one is large. This could point to the fact that there is another charge layer
near the ground which we are not sensitive to.
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5.5.2 Electric fields

We are able to determine the electric field component E⊥, which is perpendicular to
the shower axis. Since LOFAR is not sensitive to E∥, which is parallel to the shower
axis, it is hard to determine the total electric fields for each individual event. The
perpendicular component E⊥ can be decomposed into Ev×z and Ev×[v×z] components
(see Fig. 5.5). The component Ev×z is purely horizontal and does not contribute to the
vertical electric field [95]. For each event, the component Ev×z is derived for each of
the different layers and is presented in Table 5.1. As shown in Table 5.1, we observe
large horizontal electric fields in all 11 thunderstorm events. The large horizontal
electric field can be present in any layer but mostly at high altitudes as can be seen
from Fig. 5.6 which presents the distributions of the horizontal component Ev×z in
three layers. The left panel of the figure shows that the horizontal electric fields
between the bottom layer and the ground are small except for the horizontal field in
event 2. The fields become large inside the thunderclouds as seen in the middle and
right panels of the figure. This is as one would expect since the horizontal component
of the field is due to the fact that the charge layers are not purely horizontal, or one
is at the edge of the charged layer. Since the charges on the ground are influenced
by the charges in the bottom layer of thunderclouds and Dutch ground is flat, the
electric field between the ground and the bottom charge layer is most likely vertical.
In event 2 where the field below the lower layer is large, as discussed above, it could
be that there was a lower charged layer at altitudes lower than 1 km which we are
not sensitive to. Thus, the field of 69 kV/m may not be the field between the cloud
and ground but is between the middle and lower charged layers. Inside the cloud, the
charge-layer structure is more complicated.

5.5.3 Tomography of electric fields

As discussed above, we can only determine the perpendicular component E⊥ since
LOFAR is not sensitive to the parallel component E∥ of the electric field. However,
there are two groups of events which were measured in a short time span (see
Table 5.1). So, if one assumes that the field in the thundercloud where the showers of
these events pass through does not change very fast, one can determine the component
E∥ and thus the total electric field E. We consider two showers i and j coming close
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Fig. 5.6 Ev×z distribution

in time and from vi and vj directions, respectively. The perpendicular components of
the electric fields determined from these two events are Ei⊥ and Ej⊥. Assuming that
the total fields E in the thundercloud where the showers of these two events passing
through are the same, we obtain

E = Ei⊥+Ei∥vi

E = E j⊥+E j∥v j ,
(5.5)

where Ei∥ and E j∥ are the magnitude of the parallel components of the electric fields
in two events. This system of vector equations can be written in scalar equations
by taking the dot product of Eq. (5.5) with vi ×v j, vi and v j, respectively. One thus
obtains

E⊥i · (vi ×v j) = E⊥ j · (vi ×v j) , (5.6)

and

E∥i =
E⊥ j ·vi +(vi ·v j)(E⊥i ·v j)

1− (vi ·v j)2

E∥ j =
E⊥i ·v j +(vi ·v j)(E⊥ j ·vi)

1− (vi ·v j)2 .

(5.7)

The total electric field E is consistent for two events if Eq. (5.6) is obeyed, then E∥i

and E∥ j can be calculated from Eq. (5.7) and the total field E can thus be derived. We
apply this analysis in two groups, (events 1, 2 and 3) and (events 6 and 7), where the
events in the groups were recorded in short time slots. The core positions of these

106



5.5 Discussion

showers at different altitudes are shown in Fig. 5.7 and Fig. 5.8. For each event,

Fig. 5.7 The core positions of events 1, 2, and 3 at different altitudes.

Fig. 5.8 The core positions of events 6, 7, and 8 at different altitudes.

we have checked the consistency of the electric fields (see Eq. (5.6)) for the three
best fits and the results are given in Table. 5.2. To be able to judge if two showers
move through a similar electric field configuration, as expressed by the criterium of
Eq. (5.6), we need to have an estimate of the uncertainties in the extracted values of
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E⊥. Here we may distinguish two different contributions. One is due to the fact that
for different values of Xmax one obtains a fit with a very similar chi-square value. The
fits are distinguished on the basis of the value of the value of the normalization factor
fr that should be close to unity. Solutions with a similar chi-square value and a value
for fr that differs less than a factor 2 from the optimal solution can thus be considered
equivalent. Another contribution to the uncertainty is the intrinsic uncertainty for
the fit at a fixed value of Xmax. This is estimated by performing a re-fit of the field
configuration keeping one field fixed at a value somewhat different from the optimum
and checking the change in chi-square. This yields an estimate of the uncertainty of
about 10 kV/m. For fields that exceed a value of 70 kV/m an equivalent fit can be
obtained by decreasing this to 70 kV/m. Our conclusion is that the results given in
Table 5.2 are accurate to within 5 kV/m for the smaller components while only up to
20 kV/m for components exceeding 50 kV/m.

5.5.4 Tomography of events 1, 2, and 3

For the first group of events 1, 2 and 3, we see that the fields in the bottom layers
of these events are not consistent because the projections of E⊥i and E⊥j on vi ×vj-
direction are different in sign or magnitude (see Table. 5.2). The shortest time gap
is between event 2 and event 3, which is 4 minutes, and the distance between two
points where the showers of these two events pass through in the bottom layer is
about 1.5 km. Therefore, it could be that in this thundercloud, the horizontal electric
field, and thus the charge density change over a distance less than about 1.5 km and
in a period less than 4 minutes. Another possibility could be due to the fact that in
event 2 there is a lower charge layer near the ground which will change E3v×z and
this would imply that the electric fields in these events are consistent but our analysis
is not sensitive to this lower layer. For events 1 and 2, we have also checked the
consistency of the electric fields in the top layer since these events come close in
space (see Fig. 5.7); however, the electric fields in the top layer is not consistent since
E⊥i · (vi ×v j) and E⊥ j · (vi ×v j) are different in sign and magnitude (see Table. 5.2).
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5.5.5 Tomography of events 6, 7, and 8

For the second group of events 6, 7, and 8, we can see from the cloud reflectivity
images shown in Fig. 5.18 that event 8 was recorded at a time when a very different
cloud was over head as when events 6 and 7 were recorded. Tomography might thus
be applied to events 6 and 7. Since for event 6, unlike for 7, no evidence for a separate
layer below 1.7 km is found we have compared the bottom layer for 6 with the bottom
as well as the middle layer for7. As one can see from the Table 5.2, the total electric
fields E for the bottom layer of event 6 and the middle layer of 7 are not consistent,
however the values for the bottom layers are much closer and this case is used to
reconstruct the full electric field using Eq. (5.7). The determined components of the
electric field are (East,North,Up)bottom = (2.7±2.6,−14.4±3.0,−35.8±0.2) where
the error bar denotes the spread in values obtained by using either event 6 or event 7.
The sign of the vertical component of the field indicates a layer of positive charge at
an height of 1.7 km in event 7. A similar analysis for the top layers of events 6 and 7,
even though Table 5.2 shows that the components in the direction of evi×v j are not
really consistent, gives (East,North,Up)top = (16±23,44±25,−93±2). The large
errors in the horizontal components is a reflection of the mentioned inconsistency and
surprisingly the up component is determined rather well indicating positive charge
on top. Thus the picture emerges where the middle layer has negative charge while
the top and bottom layers are positively charged.

5.5.6 Comparison with lightning location data

We have used the lightning discharges from KNMI [99] to check whether there
were lightning flashes occuring nearby the LOFAR ‘Superterp’ and close to the time
when 11 thunderstorm events were measured. For five events 6, 7, 8, 10 and 11,
there were thunderclouds overhead at the time when these events were measured
(see Fig. 5.17, Fig. 5.25, and Fig. 5.28). For events 1-3, 4, and 5, there were no
lightning activities overhead, but we found lightning discharges at some distances
from the LOFAR ‘Superterp’ within one hour from the measured time of these events
but this does not mean that there was no charge separation for these events. The
figures of radar reflectivity such as Fig. 5.9 show that radar reflectivity values exceed
35 dBZ for all events except 1-3 and 9. Note that for these events the 0◦-isotherm
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is well below the 1500-m level (at which radar data are displayed; see Table 5.1),
resulting in a high fraction of ice in the radar measurement volume, leading to lower
reflectivity values.

5.6 Conclusion

In this work, we have used our technique to analyze 11 thunderstorm events measured
from December 2011 to August 2014. The intensity patterns and the polarization
signatures of these events are reproduced rather well by our simple three-layer model
of the electric fields. We have observed rather large horizontal component of the
electric fields. Most of the summer events we measured have a clear triple layered
structure and the lower positive charge region occurs near the 0 isotherm. For the
winter events, as discussed above, there are some possibilities which can happen.
Therefore, further work is needed to clarify the results.
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Appendix 5.A

The appendix contains detailed results of the analysis for 11 thunderstorm events.
We organize the events by day and there are plots of cloud reflectivity in a wider area
around the LOFAR ‘Superterp’. If there was lighting activity near by or overhead
the ‘Superterp’, we also show a plot of lightning discharges. For each event, we
include a table showing the fitting results, a plot of the current profiles of three best
fits obtained from MGMR3D, a plot showing the best fit of the Stokes parameters
and the particle density on the ground.

5.A.1 December 14th, 2011

For the three events detected on December 14th, 2011, there was no lightning activity
detected in the vicinity of the Superterp. The nearest lightning activity was detected
at a distance of 200 km and we have thus not included a lightning map. Cloud
reflectivity measurements, Fig. 5.9, show that at the time of the shower detections an
active cell of a cloud was passing over the Superterp. During the time span of the
observations this cell passed over.

⊕ ⊕ ⊕
21:00 UTC 21:10 UTC 21:15 UTC

Fig. 5.9 Radar reflectivity in dBz as determined for different UTC times on
14/12/2011. The red

⊕
marks the location of the LOFAR ‘Superterp’. There

were 3 events measured on this day. Event 1 was measured at 21:02:27 UTC, event 2
at 21:10:01 UTC, and event 3 at 21:14:34 UTC.
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5.A

Event 1 - 61592547

At small distances near the shower axis, the intensity determines the electric field
in the bottom layer because the radio signals received here comes from the bottom
layer. We choose Sim. III as the best fit since it has smallest reduced χ2 and the ratio
f is comparable to that in Sim. I. Since the intensity at small distances is very small,
the electric field in the bottom layer is almost opposite to that in the middle layer in
order to subtract the radio emission coming from the upper layers.

Calculation I II III
Energy (eV) 1.4×1017 4.6×1016 4.0×1016

Layer 1 2 3 1 2 3 1 2 3
h (km) 13.3 7.9 2.8 16.7 9.3 2.8 7.6 3.3 1.6
E (kV/m) 14 14 103 41 17 104 15 107 42
α (◦) 156 -125 101 104 -109 104 -103 119 -109
Xmax (g/cm2) 526 634 743
Xmax (km) ≡ 7.3 ≡5.9 ≡ 4.7
χ2

3D 3.12 3.36 3.36
χ2

C 4.41 4.14 3.15
f 8.2 13.3 8.4

Table 5.3 The values of the fit parameters and the results obtained by MGMR3D and
CoREAS for event 1.
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Fig. 5.10 Event 1. Top panel: The current profiles of three best fits obtained in
MGMR3D. The thickness of the curves represents the value of the reduced χ2

obtained in MGMR3D. For smaller values of the reduced χ2, the curve is thicker.
Middle panel: The fit III of normalized Stokes parameters between LOFAR data
(open red circles) and CoREAS simulation (filled blue dots). σ denotes one standard
deviation error. Bottom panel: The fit III of particle density on the ground between
LORA data (points) and CoREAS simulation (curve). The core position in the fit is
taken the same as it is determined by the LORA data.
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5.A

Event 2 - 61593001

Near the shower axis, at about 50 m, the intensity reaches a minimum and starts to
increases at distances near the shower axis. Therefore, the radiation from the bottom
layer and thus the current in this layer are large as can be seen in the top panel of
Fig. 5.11. Since Xmax in Sim. I is small, the height where the number of particles
reaches a maximum is in the top layer and thus the particle density becomes small
in the bottom layer. For this reason, to have a large current at the bottom layer, the
electric field in this layer needs to be strong, as shown in Table 5.4.

Calculation I II III

Energy (eV) 2.9×1016 2.0×1016 1.6×1016

Layer 1 2 1 2 1 2

h (km) 9.2 1.9 8.9 1.9 9.4 2.1
E (kV/m) 42 86 52 89 98 62
α (◦) -174 9 -173 10 -172 9

Xmax (g/cm2) 595 645 708
Xmax (km) ≡ 4.6 ≡ 4.1 ≡ 3.3

χ2
3D 0.91 0.89 0.90

χ2
C 1.34 1.35 1.39

f 1.0 1.4 2.0

Table 5.4 The values of the fit parameters and the results obtained by MGMR3D and
CoREAS for event 2.
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Fig. 5.11 Same as Fig. 5.10 but for event 2 where simulation I is selected. The core
position in the fit is taken the same as it is determined by the LORA data.
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5.A

Event 3 - 61593274

Sim. I is chosen to be the best fit since both values of the reduced χ2 and the ratio f
are smallest.

Calculation I II III

Energy (eV) 4.3×1016 2.7×1016 2.0×1016

Layer 1 2 3 1 2 3 1 2 3

h (km) 7.9 5.0 2.3 6.2 5.7 2.1 6.2 4.8 2.2
E (kV/m) 23 89 17 48 92 5 42 94 3
α (◦) -107 -59 -46 -127 -60 -52 -109 -61 -140

Xmax (g/cm2) 560 670 758
Xmax (km) ≡ 5.6 ≡4.2 ≡ 3.3

χ2
3D 1.46 1.48 1.47

χ2
C 1.98 2.45 2.09

f 2.7 5.1 8.2

Table 5.5 The values of the fit parameters and the results obtained by MGMR3D and
CoREAS for event 3.
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Fig. 5.12 Same as Fig. 5.10 but for event 3 where simulation I is selected. For this
event the core position was moved over a distance of 3 m from the position originally
determined from the LORA data. The bottom left panel shows in red the core position
defined by LORA data while the blue markers show the results after adjusting the
core position.
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5.B April 26th, 2012

Appendix 5.B April 26th, 2012

At the time of this event there was lightning activity detected at a distance of about
100 km however none within the vicinity of the LOFAR core. The cloud-reflectivity
data, Fig. 5.13, show that the shower passed through the edge of a rather extended
cloud system with a very active core at about 20 km from the Superterp.

⊕ ⊕
15:20 UTC 15:25 UTC

Fig. 5.13 The red
⊕

marks the location of the LOFAR ‘Superterp’. Event 4 was
measured at 15:22:33 UTC.
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Event 4 - 73149753

Sim. I is preferred since the reduced χ2 is smallest and the ratio f is comparable to
that in Sim. II. As shown in the middle panel of Fig. 5.14, there is a small difference
in the circular polarization near the shower axis. CoREAS predicts a smaller amount
of circular polarization than visible in the data. At first sight, one may expect that
this discrepancy could be solved by adding another layer below h3 to introduce some
rotation of the current which results in circular polarization. However, since Q and
U show the same dependence as a function of distance, the linear polarization in all
antennas is along a unique orientation. Therefore, the net forces between different
layers cannot rotate much. Otherwise, the linear polarization would have a ‘wavy’
pattern.

Calculation I II III

Energy (eV) 6.0×1016 4.2×1016 3.6×1016

Layer 1 2 3 1 2 3 1 2 3

h (km) 11.2 7.1 3.2 10.1 7.4 3.0 10.9 7.2 3.1
E (kV/m) 58 65 30 62 99 34 56 77 21
α (◦) 96 66 -111 76 73 -102 105 67 -126

Xmax (g/cm2) 507 548 633
Xmax (km) ≡ 6.3 ≡ 5.6 ≡ 4.5

χ2 (MGMR3D) 3.35 3.30 3.36

χ2 (CoREAS) 3.85 3.51 3.62

f 5.0 5.9 8.9

Table 5.6 The values of the fit parameters and the results obtained by MGMR3D and
CoREAS for event 4.
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Fig. 5.14 Same as Fig. 5.10 but for event 4 where simulation II is selected.
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Appendix 5.C July 28th, 2012

For event 5 lightning activity is detected only more than 12 hours after detecting the
event and none at the time of the event. The cloud reflectivity data of Fig. 5.15 show
that at the time of this event an extensive cloud was over head that was not moving
much. The shower passed through the edge of the cloud with an active core in close
vicinity.

⊕ ⊕
02:20 UTC 02:25 UTC

Fig. 5.15 The red
⊕

marks the location of the LOFAR ‘Superterp’. Event 5 was
measured at 02:20:21 UTC.
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Event 5 - 81138021

Sim. III is chosen to be the best fit since both the reduced χ2 and the ratio f are
smallest.

Calculation I II III

Energy (eV) 3.4×1016 2.0×1016 1.4×1016

Layer 1 2 3 1 2 3 1 2 3

h (km) 6.2 5.6 3.0 7.2 5.6 3.2 7.4 5.4 3.1
E (kV/m) 76 87 17 72 87 13 92 93 13
α (◦) -59 -106 -176 -43 -108 -175 -39 -105 -174

Xmax (g/cm2) 523 585 657
Xmax (km) ≡ 6.0 ≡ 5.1 ≡ 4.3

χ2
3D 0.93 0.96 0.99

χ2
C 1.29 0.98 1.02

f 8.9 5.5 10.0

Table 5.7 The values of the fit parameters and the results obtained by MGMR3D and
CoREAS for event 5.
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Fig. 5.16 Same as Fig. 5.12 but for event 5 where simulation II is selected. The core
position was moved by 9 m from the original location determined from the LORA
data.
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5.D August 26th, 2012

Appendix 5.D August 26th, 2012

During the time of of detecting events 6, 7, and 8 there was some lightning activity
observed by the the Météorage lightning detection network in the close vicinity of the
Superterp, see Fig. 5.17. All three events occurred within a time span of 36 minutes,
however the cloud reflectivity images, Fig. 5.18, clearly show that while events 6 and
7 passed through different sides of the same cloud, event 8 passed through a different
one. The clouds were moving rather fast from west to east.

⊕

Fig. 5.17 Lightning discharges on 26/08/2012 between 13:30 and 15:00 UTC. The
red

⊕
gives the location of LOFAR ‘Superterp’. There were three events measured

on this day. Event 6 was measured at 13:52:23 UTC, event 7 at 14:02:56 UTC, and
event 8 at 14:28:19 UTC.

⊕ ⊕ ⊕
13:50 UTC 14:05 UTC 14:30 UTC

Fig. 5.18 The red
⊕

in the center marks the location of the LOFAR ‘Superterp’.
There were 3 events measured on this day. Event 6 was measured at 13:52:23 UTC,
event 7 at 14:02:56 UTC, and event 8 at 14:28:19 UTC.
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Event 6 - 83685143

The amount of circular polarization V/I is very small since the electric field in the
bottom layer is very small and thus there is no rotation of the current. Sim. III is the
best fit since the reduced χ2 value and the ratio f are smallest.

Calculation I II III

Energy (eV) 5.7×1016 4.3×1016 3.0×1016

Layer 1 2 1 2 1 2

h (km) 8.0 3.8 7.8 3.7 7.8 3.8
E (kV/m) 93 3 90 7 89 7
α (◦) -63 -150 -58 -178 -60 -169
Xmax (g/cm2) 517 602 659
Xmax (km) ≡ 6.1 ≡ 5.0 ≡ 4.3

χ2
3D 1.47 1.57 1.51

χ2
C 1.97 1.44 1.94

f 2.8 2.5 7.0

Table 5.8 The values of the fit parameters and the results obtained by MGMR3D and
CoREAS for event 6.
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Fig. 5.19 Same as Fig. 5.12 but for event 6 where simulation II is selected. The core
position was moved by 15 m from the original location determined from the LORA
data.

127



Electric fields in thunderstorms measured by LOFAR

Event 7 - 83685776

Sim. I is the best fit because both values of the reduced χ2 and the ratio f are
smallest.

Calculation I II III

Energy (eV) 5.5×1016 3.5×1016 2.0×1016

Layer 1 2 3 1 2 3 1 2 3

h (km) 7.3 3.6 1.7 7.3 3.5 1.7 7.5 3.4 1.7
E (kV/m) 13 106 26 25 104 20 31 107 20
α (◦) -35 180 24 -31 179 20 -31 177 11

Xmax (g/cm2) 550 650 730
Xmax (km) ≡ 5.4 ≡ 4.1 ≡ 3.2

χ2
3D 2.82 2.29 2.34

χ2
C 1.92 1.95 2.29

f 4.9 5.7 10.0

Table 5.9 The values of the fit parameters and the results obtained by MGMR3D and
CoREAS for event 7.
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Fig. 5.20 Same as Fig. 5.12 but for event 7 where simulation I is selected. The core
position was moved by 31 m from the original location determined from the LORA
data.
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Event 8 - 83687299

Sim. I is the best fit since the reduced χ2 is smallest and the ratio f is unity.

Calculation I II III

Energy (eV) 1.2×1017 1.0×1017 5.0×1016

Layer 1 2 3 1 2 3 1 2 3

h (km) 8.0 6.9 2.7 7.9 6.7 2.8 8.0 6.8 2.7
E (kV/m) 50 20 18 49 24 21 49 28 15
α (◦) -78 -104 67 -76 -106 62 -75 -104 63

Xmax (g/cm2) 628 656 750
Xmax (km) ≡ 4.7 ≡ 4.4 ≡ 3.4

χ2
3D 3.42 3.37 3.52

χ2
C 2.60 2.86 4.64

f 1.0 2.1 9.0

Table 5.10 The values of the fit parameters and the results obtained by MGMR3D
and CoREAS for event 8.
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5.D August 26th, 2012
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Fig. 5.21 Same as Fig. 5.12 but for event 8 where simulation I is selected. The core
position was moved by 13 m from the original location determined from the LORA
data.
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Electric fields in thunderstorms measured by LOFAR

Appendix 5.E December 30th, 2012

At the time of detection of event 9 the nearest lightning activity detected at a distance
of 100 km, see Fig. 5.22. The cloud reflection images, Fig. 5.23, show that the clouds
move fast from West to East and that at the shower must have passed right through
the edge of an active cloud cell.

⊕

Fig. 5.22 Lightning discharges on 30/12/2012. The red
⊕

is the location of LOFAR
‘Superterp’. Event 9 was measured at 12:38:37 UTC.

⊕ ⊕
12:35 UTC 12:40 UTC

Fig. 5.23 The red
⊕

marks the location of the LOFAR ‘Superterp’. Event 9 was
measured at 12:38:37 UTC.
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5.E December 30th, 2012

Event 9 - 94567117

Sim. III is the best fit since the reduced χ2 is smallest and the ratio f is unity.

Calculation I II III
Energy (eV) 1.2×1017 7.5×1016 7.0×1016

Layer 1 2 3 1 2 3 1 2 3
h (km) 8.5 4.8 2.1 8.2 4.6 2.1 8.0 5.0 2.0
E (kV/m) 12 48 45 15 20 45 50 15 9
α (◦) 103 108 15 44 108 12 98 98 8
Xmax (g/cm2) 670 743 773
Xmax (km) ≡ 3.8 ≡ 3.0 ≡ 2.7
χ2

3D 3.82 3.63 3.65
χ2

C 5.60 4.21 3.50
f 2.7 1.5 1.0

Table 5.11 The values of the fit parameters and the results obtained by MGMR3D
and CoREAS for event 9.
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Fig. 5.24 Same as Fig. 5.12 but for event 9 where simulation III is selected. The core
position was moved by 17 m from the original location determined from the LORA
data.
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5.F July 26th, 2013

Appendix 5.F July 26th, 2013

Considerable lightning activity was observed in the vicinity of the core at the time of
detection of event 10, see Fig. 5.25. The cloud reflectivity data shown in Fig. 5.26
indicate much higher values than seen for most of the other cases as would be
consistent with this being a real thundercloud with lightning activity. The shower
passed very close to the most active region.

⊕

Fig. 5.25 Lightning discharges on 26/07/2013. The red
⊕

is the location of LOFAR
‘Superterp’. Event #10 was measured at 12:17:26 UTC.

⊕ ⊕
12:15 UTC 12:20 UTC

Fig. 5.26 The red
⊕

marks the location of the LOFAR ‘Superterp’. Event 10 was
measured at 12:17:26 UTC.
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Electric fields in thunderstorms measured by LOFAR

Event 10 - 112537046

Sim. I is the best fit since both the reduced χ2 and the ratio f are smallest.

Calculation I II III

Energy (eV) 9.4×1016 4.2×1016 2.6×1016

Layer 1 2 3 1 2 3 1 2 3

h (km) 7.6 4.9 3.6 7.1 5.0 3.4 7.3 4.9 3.4
E (kV/m) 28 90 44 97 93 32 97 57 22
α (◦) 92 -110 -147 71 -115 -145 69 -116 -145

Xmax (g/cm2) 505 630 753
Xmax (km) ≡ 5.9 ≡ 4.3 ≡ 2.9

χ2
3D 1.56 1.65 1.58

χ2
C 1.96 2.10 3.07

f 4.0 7.8 40.0

Table 5.12 The values of the fit parameters and the results obtained by MGMR3D
and CoREAS for event 10.
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Fig. 5.27 Same as Fig. 5.12 but for event 10 where simulation I is selected. The core
position was moved by 44 m from the original location determined from the LORA
data.
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Electric fields in thunderstorms measured by LOFAR

Appendix 5.G June 27th, 2014

Fig. 5.28 shows that there is lightning activity observed close to the core and at
about the time of observing event 11. Comparing this with the cloud reflectivity data,
Fig. 5.29, indicates that at the lime of recording this event the active cell was still only
approaching the Superterp and still at a distance of about 50 km to the South-West.
The rim of the thundercloud was just over the Superterp.

⊕

Fig. 5.28 Lightning discharges on 27/06/2014. The black star gives the location of
the LOFAR ‘Superterp’. Event 11 was measured at 14:44:03 UTC.

⊕ ⊕
14:40 UTC 14:45 UTC

Fig. 5.29 The red
⊕

marks the location of the LOFAR ‘Superterp’. Event 11 was
measured at 14:44:03 UTC.
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5.G June 27th, 2014

Event 11 - 141576243

Sim. II is the best fit because the reduced χ2 value is smallest and the ratio f is unity.
The reduced χ2 values obtained by CoREAS is larger than that in MGMR3D because
of the particle fit. The left bottom panel of Fig. 5.26 shows that the particle fit is
rather good, but there is one point at about 50 m which cannot be fitted. We have
checked the LORA signal of this point and seen that the noise level is significantly
large in this detector, so this data point is not reliable. As discussed in Section 5.5,
there were lightning activity overhead LOFAR at the time when this event was
measured. Thus, this could be that the LORA detectors have been affected by the
lightning. These effects has been observed by the surface detector of the Pierre Auger
Observatory [100].

Calculation I II III

Energy (eV) 6.8×1016 4.8×1016 3.6×1016

Layer 1 2 3 1 2 3 1 2 3

h (km) 6.1 4.2 2.9 6.3 4.5 3.3 6.1 3.9 3.0
E (kV/m) 30 38 5 50 49 5 54 29 3
α (◦) 36 -27 -124 43 -21 -109 43 -22 -142

Xmax (g/cm2) 522 618 711
Xmax (km) ≡ 5.7 ≡ 4.4 ≡ 3.3

χ2
3D 1.33 1.30 1.39

χ2
C 3.45 2.97 3.56

f 1.2 1.0 2.3

Table 5.13 The values of the fit parameters and the results obtained by MGMR3D
and CoREAS for event 11.
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Fig. 5.30 Same as Fig. 5.12 but for event 11 where simulation II is selected. The core
position was moved by 61 m from the original location determined from the LORA
data.
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Chapter 6

Outlook

The development of a non-intrusive method to probe atmospheric electric fields
during thunderstorm conditions has been described in this thesis. As discussed in
the thesis, strong atmospheric electric fields significantly influence radio emission
from extensive air showers. These effects have been observed at LOFAR. We see
differences between thunderstorm events and fair-weather events. Thunderstorm
events can thus be used to determine the electric fields along the shower axis. In order
to probe the electric fields, we fit both intensity patterns and polarization signatures.
We have used our technique to analyze thunderstorm events measured at LOFAR
during the period between December 2011 and August 2014. We find that using the
three-layer model of the electric fields, we can reconstruct the intensity patterns and
the polarization signatures of all thunderstorm events which we have analyzed rather
well. We also find interesting features of the electric fields and charge structure in
thunderclouds as discussed in the thesis.

However, further work is still needed to confirm our findings and to fully under-
stand the charge distribution in the thunderclouds. Among 11 thunderstorm events
which we have analyzed, we found seven thunderstorm events that showed an electric
field with a traditional triple layer structure. However, we do not know the charge
polarity of each layer. Since LOFAR is not sensitive to the electric field component
parallel to the shower axis, it is hard to determine vertical components of the electric
fields and thus the charge polarity is unknown. There are several ways to determine
the charge polarity. One way to derive the vertical components of the electric fields
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Outlook

and the charge polarity is to have some thunderstorm events measured close in time
and the electric field of the region where these thunderstorm events pass through has
not changed yet. If this is the case, we are able to derive the vertical component and
thus the total electric field as discussed in the thesis. To increase this probability, one
can increase the trigger rate and thus one can measure more events. At present, an air
shower is recorded if there are at least 12 LORA detectors triggered. This keeps the
trigger rate around one event per hour. If the minimum number of LORA detectors
triggered is reduced to 9, we can record two events per hour [101]. Increasing the
trigger rate, one can record more air showers which have smaller primary energies.
For fair-weather cases, these low-energy events are not helpful since their radio
signals are dominated by noise. However, during thunderstorm conditions, the inten-
sity of the radio emission is significantly enhanced due to the strong electric fields.
Therefore, the radio intensity of thunderstorm events is still much larger than the
noise level although the primary energy of these events could be small. Another way
to determine the charge polarity is using the data from the electric field meter. This
meter has been installed at LOFAR to measure the vertical electric field component
near the ground. It can be used to determine the charge polarity of the bottom layer
in thunderclouds in the summer. In the winter, the meter may not help to determine
the charge polarity because there might be a charge layer at low altitudes near the
ground which our technique is not sensitive to. In addition, as a long-term work,
antennas sensitive to a lower frequency band 2−9 MHz can be installed to measure
the vertical component of the electric fields. As shown in this thesis, the effects of the
parallel components of the electric fields as well as the influence of the perpendicular
electric fields stronger than about 50 kV/m can be observed in the frequency band
between 2 MHz to 9 MHz. Installing these lower-frequency antennas would help to
extract more information about the direction as well as the magnitude of the electric
fields. As has been shown in the thesis, the intensity patterns at these frequencies
show a much more gradual fall-off with distance than those in the frequency domain
from 30 MHz to 80 MHz; thus we need a less dense antenna array.

For all thunderstorm events which we have analyzed, we found that the electric
fields between the lower charge layer and the ground are smaller than those inside
the thunderclouds. Analyzing more thunderstorm events would help to confirm
this finding. Since clouds are at lower altitudes in the winter and our technique
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is not sensitive to heights lower than 1 km, it would be good to analyze more
thunderstorm events in the summer. For the whole Netherlands which has an area
of about 41000 km2 [102], the number of thunderstorm days per year is about
20 [103]. Multicell thunderstorms, the most common type of thunderstorms, are
usually large, about 100 km in diameter. They move with an average speed of about
50 km/h and last on average for 2 hours. For these reasons, at the LOFAR core,
there could be at most 20 thunderclouds passing by during the whole year. Since
winter thunderstorms are much rarer than summer thunderstorms, the number of
summer thunderstorms at LOFAR could be about 15 per year. For a thunderstorm
lasting for about 2 hours, LORA could trigger 2 events if it works well. So, there
would be about 30 thunderstorm air showers recorded every year. Therefore, it can
be predicted that to record about 100 summer thunderstorm events will take about
3.5 years. In order to reduce the time of measurement, one can increase the trigger
rate to record more events as discussed above. If the minimum number of LORA
detectors triggered is reduced to 9, one could record 100 summer thunderstorm
events in 21 months. In Chapter 5, we have shown that events could occur under
non-thunderstorm conditions in which the atmospheric electric fields were strong
but there was no lightning activitity. Therefore, the time to record 100 summer
thunderstorm events can be reduced roughly to 21 months for the present trigger
condition and to about 10 months for the trigger condition of 9.

To be able to analyze a large number of thunderstorm events, it would be better
to automatize the fitting procedure. This can be done potentially although there are
some difficulties. As discussed in the thesis, in thunderstorm events, it is difficult
to fit the core position automatically as it has been done in fair-weather events. At
present, this step has to be done manually before starting the fitting procedure. It can
be automatized by assuming that the core is at the position such that there should
be a smooth dependence of all Stokes parameters and particle density as a function
of distance to the shower axis. Moreover, since the fit parameters are not linearly
independent, fits are not always converging. Hence, the fits can be stuck in a local
minimum. If this happens, we change the value of one fit parameters in order to
leave the local minimum and continue to run the fit. This step is done manually,
but it needs to be automatized in the future. In addition, on the basis of the Stokes
parameters, there are two possible current profiles which can fit: a current profile
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and its inverted structure. In order to choose the correct one, we need to check the
polarity of the pulses in some antennas. At present, this step is done manually, but it
can be done automatically. One can find which of the pulses generated by the current
structures reproduces the data best.

Since our technique is new, it is useful to verify our results. This can be done
by comparing with the results from other measurements. For example, based on the
changes of the electric fields extracted from thunderstorm events, we can determine
the heights of charge layers in thunderclouds. It is useful to compare the heights of
charge layers extracted from our analysis with the top and bottom heights of clouds
from KNMI data. This may also help to confirm if there are any charge layers at
low altitudes which we are not sensitive to for the winter thunderstorm events. In
addition, for the thunderstorm events which we have analyzed, we have checked if
there was any lightning activity at the LOFAR core right before or after the time when
thunderstorm events were measured. However, within a time interval of 5 s, we have
not observed a coincidence between a cosmic ray event and a lighting stroke. The
reason could be that at the time these thunderstorm events were measured, coverage
of lightning detection networks was not sufficient. For the Earth Network, the number
of sensors which can detect lightning flashes at the LOFAR core and its vicinity has
been increased from the two that were located at a distance of about 390 km from the
‘Superterp’ [104]. Nowadays, four new stations within a distance of 200 km from
the ‘Superterp’ have been installed. Therefore, the cross-checking with the lightning
network data is useful to repeat for data which have been taken recently and which
will be recorded in the future.

The study in this thesis offers valuable insights into the electric fields and charge
structure in clouds by using LOFAR. In addition, LOFAR can also be used as a
lightning mapping array to map lightning flash in 3D. These new abilities makes
LOFAR a good device for understanding more about the mystery of lightning.
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