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Abstract

Lightning is an important electrical phenomenon, known to exist in several Solar System planets.

Amongst others, it carries information on convection and cloud formation, and may be important

for pre-biotic chemistry. Exoplanets and brown dwarfs have been shown to host environments

appropriate for the initiation of lightning discharges. In this PhD project, I aim to determine if

lightning on exoplanets and brown dwarfs can be more energetic than it is known from Solar

System planets, what are the most promising signatures to look for, and if these "exo-lightning"

signatures can be detected from Earth.

This thesis focuses on three major topics. First I discuss a lightning climatology study of Earth,

Jupiter, Saturn, and Venus. I apply the obtained lightning statistics to extrasolar planets in order

to give a first estimate on lightning occurrence on exoplanets and brown dwarfs. Next, I intro-

duce a short study of potential lightning activity on the exoplanet HAT-P-11b, based on previous

radio observations. Related to this, I discuss a first estimate of observability of lightning from

close brown dwarfs, with the optical Danish Telescope. The final part of my project focuses on a

lightning radio model, which is applied to study the energy and radio power released from light-

ning discharges in hot giant gas planetary and brown dwarf atmospheres. The released energy

determines the observability of signatures, and the effect lightning has on the local atmosphere

of the object.

This work combines knowledge obtained from planetary and earth sciences and uses that to

learn more about extrasolar systems. My main results show that lightning on exoplanets may be

more energetic than in the Solar System, supporting the possibility of future observations and

detection of lightning activity on an extrasolar body. My work provides the base for future radio,

optical, and infrared search for "exo-lightning".
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testvéreimnek, Zsoltinak és Juditnak, és a szűk családomnak, hogy mindig mellettem állnak.

First and foremost, I would like to thank my parents, Judit and Csaba, for their love and

support, and my siblings, Zsolti and Judit, and my close family for being there for me. You will

understand my opening words and how grateful I am to you.

I would like to thank my supervisor, Christiane, for guiding my career. In addition to shaping

my academic work, she introduced me to a lot of important people, and helped me with confer-

ence talks. I am thankful for the staff members, postdocs, especially Aleks, Paul, Craig, Irena,

and Claudia, whom I could always bother if I had questions or doubts about my work. Funding

for the PhD was provided by the European Research Council (ERC) under the project ’Lightning’,

grant number 257431.

These 3.5 years would not have been as great and as fun as they actually were without the PhD

students I started with, and the close friends I "picked up" on the road. Without your welcoming I

could not have gotten through the first months of my life in a brand new country as easily as I did.

Thank you, David and Josh for the game and movie nights, and Sunday lunches, and thank you,

Tim and Alistair for making those parties even better. I am especially grateful to Victor, Alasdair,

Inna, and Graham, who were always there when I needed someone to put my mind back on

the right track. You guys will always have a special place in my heart. Thank you, Kirstin, Lisa,

Annelies, Isabel, and Maya, for being amazing and fun to be around. Thank you, Milena, for being

an awesome flatmate and friend. I will always remember the laughs and chats, and sometimes

long discussions we had in the kitchen of 15 Shields Ave. I would like to thank Rubén for his

friendship and help with my PhD work.

The road to St Andrews was made interesting and exciting by my Masters’ professors and

supervisors, who thought me and showed me the beauty of astronomy. I would like to thank

them for their help, especially to László Kiss, Gyula Szabó, Attila Simon, Peter McCullough, and

ix



Bálint Érdi.

Finally, I would like to thank my loving and fantastic partner, Zach, for his constant, never

ending support and love. He always believed in me even when I did not. He encouraged me

when I was down, listened to my rants, and complaints; laughed with me and was happy for my

successes. I could not have gone through the PhD without his help. See, dear? I did it!



Contents

Declaration i

Copyright Agreement iii

Collaboration Statement v

Abstract vii

Acknowledgements ix

1 Introduction 1

1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 The theory of lightning formation 7

2.1 Ionization processes and charge generation . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2 Charge accumulation and separation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.3 Breakdown field and lightning propagation . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.4 Basic physical properties of a cloud-to-ground discharge . . . . . . . . . . . . . . . . . 17

2.5 Types of lightning discharges and lightning hosting environments . . . . . . . . . . . 19

3 Signatures of lightning 21

3.1 Direct lightning emission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.1.1 High-energy emission from lightning . . . . . . . . . . . . . . . . . . . . . . . . 23

3.1.2 Optical emission and, visible, and IR spectral signatures . . . . . . . . . . . . . 30

3.1.3 Radio signatures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.2 Effects of lightning discharges on the local chemistry . . . . . . . . . . . . . . . . . . . 40

3.3 Emission caused by secondary events . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4 Lightning inside and outside the Solar System 49

xi



4.1 Extraterrestrial lightning in the Solar System . . . . . . . . . . . . . . . . . . . . . . . . 49

4.1.1 Jupiter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.1.2 Saturn . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.1.3 Uranus and Neptune . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.1.4 Venus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.1.5 Mars and Titan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.2 Lightning beyond the Solar System - exoplanets and brown dwarfs . . . . . . . . . . 68

4.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

5 Lightning statistics and climatology 73

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

5.2 Lightning data from Earth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

5.2.1 Detection efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.2.2 Lightning climatology on Earth . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5.2.3 Lightning in volcano plumes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

5.3 Lightning on other Solar System planets . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.3.1 Lightning on Venus? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.3.2 Giant gas planets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

5.3.3 Energy distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

5.4 Discussing lightning on exoplanets and brown dwarfs . . . . . . . . . . . . . . . . . . . 95

5.4.1 Case-study categories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.4.2 Flash densities for extrasolar objects . . . . . . . . . . . . . . . . . . . . . . . . . 107

5.4.3 Observational challenges: Effects of stellar activity . . . . . . . . . . . . . . . . 111

5.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

6 Lightning on HAT-P-11b? - A case study 117

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

6.2 Radio signal strength and lightning frequency . . . . . . . . . . . . . . . . . . . . . . . 119

6.2.1 Lightning radio emission and flash density model . . . . . . . . . . . . . . . . . 120

6.2.2 Flash density for representative parameters − ρfl,1 . . . . . . . . . . . . . . . . 121

6.2.3 Parameter study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

6.2.4 Comparison of flash density results . . . . . . . . . . . . . . . . . . . . . . . . . . 124

6.3 Lightning detection in the optical range . . . . . . . . . . . . . . . . . . . . . . . . . . . 126



6.4 Lightning Chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

6.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

7 Looking for lightning on the closest brown dwarfs 131

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

7.2 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

7.2.1 Input parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

7.2.2 Total optical flux of lightning and apparent magnitudes . . . . . . . . . . . . . 136

7.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

7.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

8 Modelling lightning radio energy and testing for Solar System planets 143

8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

8.2 Model Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

8.2.1 Dipole radiation of lightning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

8.2.2 Current wave function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

8.2.3 Electric field . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

8.2.4 Frequency and power spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

8.2.5 Radiated discharge energy and radiated power density . . . . . . . . . . . . . 160

8.3 Computational approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

8.4 Model performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

8.4.1 Earth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

8.4.2 Saturn . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

8.4.3 Jupiter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

8.4.4 Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

8.5 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

8.5.1 Energy-release of lightning on exoplanets and brown dwarfs . . . . . . . . . . 173

8.5.2 The effect of parameter uncertainties . . . . . . . . . . . . . . . . . . . . . . . . 181

8.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

9 Summary and Future Research 187

9.1 Properties of "exo-lightning" . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188

9.2 Future research possibilities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189



Bibliography 193



List of Figures

1.1 Diversity of exoplanets. The different colours indicate the method the planet was
detected with. Purple: transit method, blue: radial velocity, magenta: direct imag-
ing, cyan: microlensing, black: other methods such as pulsar timing and astrom-
etry. The large variety of exoplanet-types and environments suggest that light-
ning may be a common phenomenon in the universe. Data are from exoplanet.eu,
downloaded on 2017/01/11. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Lightning flashes over Hermosillo, Sonora, Mexico, 2008. Credit and courtesy:
José Eugenio Gómez Rodríguez . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1 Acceleration of runaway electrons in a lightning leader and corona streamer. Re-
produced with permission from Celestin et al. (2015). . . . . . . . . . . . . . . . . . . 12

2.2 A sketch of a negative cloud-to-ground flash, showing the different phases of the
lightning discharge. The timescale [ms] starts from the first electrical breakdown
processes in the cloud. Note that in the Global Electric Circuit, during fair weather
the ground is negative. However, the negatively charged bottom of the thunder-
cloud will produce a "mirror-charge" on the ground, resulting in a more positively
charged surface of the Earth as is shown on the figure. Reproduced with permission
from Dwyer & Uman (2014) (original appeared in Uman, 1987). . . . . . . . . . . . 13

2.3 A horizontally extensive (75 km in east-west direction) intra-cloud (IC) lightning
flash and cloud-to-ground (CG) flashes measured by The New Mexico Tech 3D
Lightning Mapping Array in Oklahoma, June 10-11,1998. Small squares indicate
the measurement stations, while the triangles show the locations of CG flashes. The
duration of the IC discharges was 1.5 s (top panel). The colour-scale represents
the propagation of the discharge in time as shown on the top panel. Reproduced
with permission from Krehbiel et al. (2000). . . . . . . . . . . . . . . . . . . . . . . . . 16

2.4 Simple charge structure of thunderclouds, and types of lightning discharges based
on the location of the charged regions involved with the process. Reproduced with
permission from Dwyer & Uman (2014) who adopted the figure from Encyclopedia
Britannica. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

xv



3.1 Summed spectrum of 289 TGFs measured by the RHESSI satellite (rhombus sym-
bol) compared to relativistic runaway electron model spectra at different atmo-
spheric depths (in g cm−2 corresponding to altitudes in km). The slope of the TGF
spectrum between ∼ 0.5 and 4 MeV indicates the source altitude of the event,
which for these TGFs was determined to be between 15 and 21 km. Reproduced
with permission from Dwyer & Smith (2005). Courtesy for the original figure to
Joseph Dwyer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.2 Top: X-ray emission from lightning stepped leader. Bottom: measured electric
field waveform for a cloud-to-ground lightning flash. Time 0 corresponds to the
beginning of the return stroke. Vertical dotted lines indicate the step formation
times, which clearly show that the X-ray pulses are associated with the leader steps.
Reproduced with permission from Dwyer et al. (2005). Courtesy for the original
figure to Joseph Dwyer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.3 Earth lightning spectrum taken on 31/Jul/1978 at the Kennedy Space Center. It is
the difference spectrum of a composite lightning−scattered daylight spectrum and
a scattered daylight spectrum taken 5 s after the lightning discharge. The spectrum
shows N and O lines, and the H Balmer series, as it is expected for a N-O dominated
atmosphere. Figure reproduced with permission from Orville (1980). . . . . . . . . . 28

3.4 Earth lightning discharge spectra and corresponding spectral graphs of the first ∼
1.4 ms of the event. The most dominant lines are from O and N, with Hα appearing
in the spectrum as well. Reproduced with permission from Xue et al. (2015). . . . . 29

3.5 Spectra of simulated lightning in the atmospheres of Jupiter, Venus and Titan (from
top to bottom, respectively) at 1 bar. The most prominent features are: Hα at 656
nm (Jupiter, Titan), O(I) at 777 nm and CN at 389 nm (Venus), several nitrogen
lines (Titan). Figures are reproduced with permission from Borucki et al. (1996). . 31

3.6 Spectrogram of sferic and whistler originated in North America and observed at
Palmer station, Antarctica. Frequency: 0−10 kHz. The time axis covers 5 s. The
intensity is given in dB, with red indicating the largest values. Arrow labels the
sferic of the same lightning flash that produced the whistler (curved, intense fea-
ture between ∼ 2 and 4 s). Reproduced with permission from Desch et al. (2002).
Courtesy of Umran Inan (http://nova.stanford.edu/resgroups.html) . . . . . . . . . 34

3.7 Earth lightning radio spectrum (black). The blue area covers the frequency range
where the peak frequency occurs. After that the spectrum decreases with f −1 (red
line) up to several tens of kHz, while above that up to a few MHz the spectral roll-
off becomes f −2 (blue line). The lines are for demonstration only and not fitted
lines. For further details of lightning frequency spectrum see Chapter 8. . . . . . . . 37

3.8 Most common types of transient luminous events (TLEs) appearing after lightning
discharges. Figure reproduced with permission from Nature from Pasko (2003,
2007). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.9 Development of a sprite. Images are labelled with the time after the return stroke
initiation. Reproduced with permission from Cummer et al. (2006). Courtesy for
the original image to Steven Cummer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45



3.10 Red sprites above a thunderstorm (left edge of the image) photographed by astro-
nauts on the International Space Station. Another thunderstorm is also visible on
the bottom edge of the photo. The big cities are Dallas (to the left) and Houston
(to the right). The breath-taking image also shows the atmosphere of the Earth
(green airglow) and the bright Moon in the background. Credit: NASA/NASA
Earth Observatory. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.1 Equilibrium cloud condensation models (ECCM) for Jupiter (left) and Saturn (right).
The models suggest a similar cloud structure for the two giant gas planets. The
abundances of condensable volatiles (N, S, O) were taken at 1× solar (left panel,
solid area), 3× solar (left panel, dashed area), and 5× solar abundance (right
panel). Figures reproduced with permission from Atreya & Wong (2005). . . . . . . 50

4.2 Lightning on Jupiter observed by the Galileo spacecraft in 1997. Left: Day-side of
the planet. Right: Both panels show the same area marked with a box on the big
(left) image, but this time during night time. The bright spots are lightning flashes.
Figure reproduced with permission from Little et al. (1999). Courtesy for original
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4.8 Equilibrium cloud condensation models (ECCM) for Neptune. The cloud structure
for Uranus is similar because of the similar thermal structure and atmospheric den-
sity. The abundances of condensable volatiles (C, N, S, O) were take at 1× solar
(dashed line, both panels), 30× solar (left panel, solid area), and 50× solar abun-
dance (right panel, solid area). The cloud density is represented on the x-axis, and
shows an upper limit. Figure reproduced with permission from Atreya & Wong
(2005). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.9 Cloud structure, and temperature and pressure profile of the Venusian atmosphere.
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4.10 Venus Express magnetic data of whistler mode emission on June 9, 2006, from
0143:18.5 to 0143:45.5 UT. Russell et al. (2013) suggested that the whistler bursts
(e.g. at 0143:30 on both panels) were emitted by lightning in Venus’ atmosphere.
Top: High-pass filtered magnetic field measurements. Bottom: Dynamic spectrum
of the transverse power spectral density. The white line shows the magnetic field
strength. Figure reproduced with permission from Russell et al. (2013). . . . . . . . 63

5.1 Top: Mean annual flash density from optical LIS/OTD data averaged on a 0.5◦ ×
0.5◦ geographical grid across Earth’s surface (for description of the data see section
on "High resolution flash climatology (HRFC)" in Cecil et al., 2014). LIS covers the
area between ±38◦ in latitude and the years 1998-2013, while OTD monitored
the whole globe (excluding polar regions) in the period of 1995-2000 (Cecil et al.,
2014). The map shows the differences between continents and oceans. Most of
the lightning activity was recorded over continents, especially on low-latitudes.
Bottom: WWLLN mean annual flash density on a 0.5◦ × 0.5◦ grid across the LIS
field of view. WWLLN data were scaled by DE and strokes were converted into
flashes to match the LIS observations. Comparing it to the figure on the top, I find
that WWLLN detects fewer flashes than LIS/OTD. . . . . . . . . . . . . . . . . . . . . . 79

5.2 Mean annual stroke density on a 0.5◦×0.5◦ grid, created from very-low frequency
STARNET (7−15 kHz) radio data. Top: 2009, Bottom: 2013. In 2009 the Sun was
close to the minimum of its 11-year cycle, while 2013 was close to solar maximum.
Comparing the two maps, they show more lightning in 2013 than in 2009, just like
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Asia is most probably a numerical or observational artefact. . . . . . . . . . . . . . . . 80

5.3 Mean annual stroke density on a 0.5◦×0.5◦ grid, created from very-low frequency
WWLLN (3−30 kHz) radio data. Top: 2009, Bottom: 2013. In 2009 the Sun was
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5.4 Jovian lightning occurrence. The colours show the number of flashes averaged in
a 5◦ × 5◦ area box on the surface of the planet in an hour on a logarithmic scale.
Triangles: Galileo data (year: 1997, Little et al., 1999), Circles: New Horizons data
(year: 2007, Baines et al., 2007). The 10-year gap between the two data sets
implies that the plotted lightning flashes are from two different storms. . . . . . . . 87



5.5 Sketch of grid cells and correction of lightning flash locations. Latitudes I and II
define the top and bottom boundaries of a cell. Blue × signs show the position
of the lightning flash with latitude and longitude coordinates. The black error
bars are calculated from the spatial resolution of the instrument. The correction
is based on the length of the error bar. When counting the flashes in one grid cell
the individual flashes are summed up based on what portion of the full error bar
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5.6 Top: Saturnian optical lightning occurrence from Cassini observations. Data (Dyu-
dina et al., 2013) are from the years 2009 (diamonds) and 2011 (circles). The
data shown are from two different storms. Shown surface region: ±45◦ latitude,
0◦−150◦ longitude. Bottom: Radio lightning emission, SED, occurrence on Saturn
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5.7 Radio energy distribution of lightning strokes from Earth (WWLLN, 2013; top)
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5.8 Diversity of known exoplanets and brown dwarfs. Red circles with numbers repre-
sent the exoplanet examples used in the case studies (Sect. 5.4.1): 1 - Kepler-10b,
2 - HD 189733b, 3 - 55 Cnc e, 4 - Kepler-186f, 5 - Kepler-62f, 6 - Kepler-69c. GJ
504b is not on the plots, since no radius is available for this planet. Green trian-
gles indicate Venus, Earth, Jupiter and Saturn. Top: Relation between mass and
radius (in Earth-values: M⊕, R⊕). Black and brown dots represent exoplanets and
brown dwarfs, respectively. The lines show mass-radius relationships for various
bulk compositions. I note that for some cases the uncertainties in mass and radius
are large enough to move the planet from one compositional region to the other.
The uncertainties are especially large for Kepler-62f, for which only the upper mass
limit is known (Table 5.4). However, Kaltenegger et al. (2013) estimated the mass
of Kepler-62f to be, on average, ∼ 1.85 M⊕, and I use this value on the figure. Bot-
tom: Average density (ρbulk [g/cm3]) vs semi-major axis (a [AU]) of exoplanets.
Blue dots indicate transiting planets, magenta dots show directly imaged planets.
The density of Kepler-186f, Kepler-62f (see Sect. 5.4) are mean densities calcu-
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6.1 Radio light curve measured from the direction of HAT-P-11b in 2009. The data
were binned to 36 minutes. The observations were conducted with the Giant Me-
terwave Radio Telescope in two polarization mode, RR and LL (R is right-handed, L
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6.4 The chemical lifetime of HCN [s] plotted vs. pressure [bar], along with various
dynamical timescales with eddy diffusion coefficients ranging Kzz = 108 . . . 1012
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1
Introduction

1.1 Motivation

The discovery of the first exoplanet around a neutron star (Wolszczan & Frail, 1992) and then

around a Sun-like star (Mayor & Queloz, 1995) opened the gates to a new astronomical field con-

cerning extrasolar planetary systems. By March 2017, there have been∼ 3600 exoplanets discov-

ered1. This large number allows us to focus on the more detailed characterization of the different

types of planets, including atmospheric chemistry and internal composition of the planetary bod-

ies. Figure 1.1 illustrates the large variety of exoplanets that have been observed, including hot

Jupiters (e.g. HD 189733b), mini-Neptunes (e.g. Kepler-11c), super-Earths (e.g. 55 Cnc e) and

even planets smaller than Earth (e.g. Kepler-70c). The different techniques used for detection

allow the exploration of these extrasolar objects from different points of view. Radial-velocity

measurements and transit observations together give a constraint on the radius and mass of the

planet. Transmission spectroscopy reveals information regarding the planetary atmosphere. The

1http://exoplanet.eu/; 2017 March 23.
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Chapter 1. Introduction

Figure 1.1: Diversity of exoplanets. The different colours indicate the method the planet was detected
with. Purple: transit method, blue: radial velocity, magenta: direct imaging, cyan: microlensing, black:
other methods such as pulsar timing and astrometry. The large variety of exoplanet-types and environ-
ments suggest that lightning may be a common phenomenon in the universe. Data are from exoplanet.eu,
downloaded on 2017/01/11.

orbit of the planet can be mapped with direct imaging, and microlensing could map the frequency

of different sized planets around different stars in the Galaxy disc, since it is not biased towards

certain stellar or planetary types. The diversity of exoplanets in mass and radius results in diverse

bulk compositions, which, together with a wide range of distances from the host star, will in-

evitably suggest that these objects host a large variety of surface and atmospheric environments.

As I will show in the following chapters, lightning occurs in various environments in the Solar

System. Therefore, when looking for lightning signatures, we are not limited only to a certain

type of exoplanet, but can probe a large variety of them.

Lightning (Fig. 1.2) and lightning related phenomena have been studied for decades (selected

reviews on the subject: Rakov & Uman, 2003; Yair et al., 2008; Yair, 2012; Pasko, 2010; Pasko

et al., 2012; Dwyer et al., 2012; Dwyer & Uman, 2014; Siingh et al., 2015). It indicates cloud

formation and large-scale convection in atmospheres of planetary objects. Lightning supports the

global electric circuit (GEC, Wilson, 1921), a continuously present electric current between the

earth-ionosphere cavity. The GEC is important, e.g., because it affects life on Earth. Life, as we

know it, evolved around the environments found on Earth, which the GEC is part of, therefore,

it is expected that organisms evolved in an Earth environment will need the presence of such a

current. For example, sharks are known to be sensitive to the changes in oceanic electric currents

2



1.1. Motivation

Figure 1.2: Lightning flashes over Hermosillo, Sonora, Mexico, 2008. Credit and courtesy: José Eugenio
Gómez Rodríguez

caused by the changes in the Earth’s magnetosphere (Meyer et al., 2005). Lightning indicates the

presence of GEC in an extrasolar atmosphere, therefore can be a potential habitability indicator

combined with biosignatures in exoplanets similar to Earth. Lightning has been suggested as a tool

to study, for example, earthquake occurrence, and a relation with global warming was indicated.

Mullayarov et al. (2007) investigated the relation between lightning radio signatures originating

from thunderstorms passing over earthquake regions and earthquake activity. They observed a

decrease in the lightning radio signal amplitude a few days before an earthquake occurred, and

found the signal going back to the original amplitude on the day of the event. Romps et al. (2014)

suggested a link between global warming over the United States and flash rate variability. Their

results showed an increase of flash numbers due to an increase of global precipitation rate and of

the convective available potential energy (CAPE), a proxy of lightning activity.

Furthermore, the Miller-Urey experiment showed that in highly reductive environments (com-

posed of CH4, NH3, H2, and H2O) lightning discharges produce prebiotic molecules (Miller, 1953;

Miller & Urey, 1959), which are important for the formation of life. The experiment was set up so

that it would represent an "Early-Earth" atmosphere as it was thought to be in the 1950s. Though,

now it is debatable whether the early atmosphere of the Earth was such a reductive one, the large

variety of extrasolar planets (Fig. 1.1), suggest that such environments could exist outside the

3
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Solar System. Kasting (1993) hypothesized a rather weakly reducing (made of mostly CO2 and

N2) early atmosphere for Earth, while Tian et al. (2005) suggested that a hydrogen-rich prebi-

otic atmosphere is also possible. Cleaves et al. (2008) demonstrated that lightning supports the

formation of amino acids even in weakly reducing environments. It has also been shown that

for a large variety of prebiotic scenarios (e.g. Patel et al., 2015), hydrogen cyanide (HCN) is the

key simple precursor molecular species for prebiotic chemistry. Ardaseva et al. (2017) found

that lightning is very effective at generating HCN in the atmosphere of the Early Earth, further

supporting the theory that lightning is an important element for prebiotic chemistry. These stud-

ies indicate that lightning is an important electrical phenomenon on Earth. This suggests that

lightning, if exists, will be important for numerous, previously listed reasons (e.g. indicator of

cloud dynamics; it changes the chemical composition of an atmosphere; etc.), on exoplanets, and

possibly on low-mass stellar objects (brown dwarfs) as well.

Studies have revealed that both exoplanets and brown dwarfs host environments with the

necessary ingredients (i.e. charged particles, seed electrons, charge separation) for lightning to

initiate: Both observations (e.g. Kreidberg et al., 2014; Sing et al., 2009, 2013, 2015) and kinetic

cloud models (e.g. Helling et al., 2008d,a, 2011b,a) confirmed that clouds form in extrasolar

planetary atmospheres. Cloud formation involves convection and gravitational settling, the main

processes separating two oppositely charged regions from each other. The result of charge separa-

tion is the build-up of a large electric potential and therefore a large electric field that is necessary

for the initiation of lightning discharges (Rakov & Uman, 2003; Aplin, 2013; Helling et al., 2013b,

2016a). Works like Helling et al. (2011a); Rimmer & Helling (2013); Rodríguez-Barrera et al.

(2015) showed that various ionization processes occur in extrasolar atmospheres, which provide

the necessary positive and negative charged particles. Helling et al. (2013b) and Bailey et al.

(2014) suggested that the processes building up the electric field necessary for lightning, are

indeed capable of producing lightning discharges in extrasolar atmospheres.

Lightning induced radio and optical emission has been observed in the Solar System on several

planets. Earth lightning shows a large variety of signatures discussed in Chapter 3. Radio emission

has been observed most probably on Venus (e.g. Russell et al., 2008, 2011), Uranus (Zarka &

Pedersen, 1986) and Neptune (Gurnett et al., 1990; Kaiser et al., 1991). Lightning on the giant

planets Jupiter (e.g. Gurnett et al., 1979) and Saturn (e.g. Fischer et al., 2006a, 2007b) has been

observed both in the optical and the radio bands (Chapter 4).
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Vorgul & Helling (2016) suggested that present day radio observations of brown dwarfs may

contain hints to the presence of lightning in these atmospheres. They found that discharges may

affect the radio signatures of electron cyclotron maser emission, the hypothetic source of radio

emission on brown dwarfs. Zarka et al. (2012) analysed the possibility of detecting radio emission

from extrasolar planets. They concluded that emission 105 times stronger than radio emission

observed on Jupiter and Saturn from a distance of 10 pc would be possible to detect, though

propagation effects will affect the radio signal below a few MHz. In their paper, Zarka et al.

(2012) scaled up the same radio emission that was observed from Jupiter and Saturn and used

that for their estimates.

This thesis covers a new field of comparative planetology studies, and explores how lightning

discharges occur in exoplanetary and brown dwarf atmospheres. It looks for the answers to

the questions, whether lightning can be observed from outside the Solar System, what would

be its signatures, and how much energy could be released from lightning that affects the local

atmosphere.

1.2 Thesis outline

In this thesis, I give an overview of what has been known of lightning inside and outside the Solar

System. Then, I will focus on my PhD work, including a statistical study and a model of lightning

radio emission, in order to answer the questions raised above.

Chapter 2 focuses on the basic principle of lightning formation, discusses the different lightning-

forming environments and the scientific nomenclature. Chapter 3 describes the signatures of

lightning in more detail. The signatures are separated into three main categories based on the

mechanism of origin: direct lightning emission, emission caused by secondary events, and sig-

natures caused by the effects of lightning on the local chemistry. I discuss previous observations

of lightning in the Solar System and overview past studies of lightning discharges on exoplanets

and brown dwarfs in Chapter 4.

In Chapter 5, I study lightning climatology for the different atmospheric environments of

Earth, Venus, Jupiter and Saturn. I present lightning distribution maps for Earth, Jupiter and

Saturn, and flash densities [flashes km−2 h−1] for these planets and Venus, based on optical and/or

radio data of spacecraft and radio networks. I also calculate flash densities for several phases of

two volcanic eruptions, Eyjafjallajökull’s (2010) and Mt Redoubt’s (2009). I apply these findings
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to estimate lightning occurrence on certain exoplanets and brown dwarfs, which I collect in 6

categories according to their characteristics. I briefly discuss the effects of stellar activity on

lightning occurrence, and examine lightning energy distributions for Earth, Jupiter and Saturn.

In an example, I apply the obtained flash densities to transiting exoplanets to provide a lower

limit of the total number of flashes that might occur during their full transit.

In Chapter 6, I analyse the possibility of detecting lightning radio emission from the exoplanet

HAT-P-11b. Lecavelier des Etangs et al. (2013) carried out radio transit observations of this exo-

planet, and suggested that a small part of the radio flux can be attributed to the planet. Here, I

assume that this signal is real, and study if this radio emission could be caused by lightning with

similar energetic properties like in the Solar System. I also estimate the optical emission of the

hypothetical thunderstorm on HAT-P-11b, and present a short study of its chemical effects on the

local atmosphere. I carry out a parameter study to explore the range of flash densities necessary

to produce the observed radio flux (assuming the flux is lightning-induced).

In Chapter 7, I present lightning optical emission estimates for close brown dwarf systems:

Luhman-16, ε Indi, SCR 1845-6357. The targets are chosen to be observable from La Silla, Chile,

with the Danish 1.54-m telescope. I use this telescope to plan the observations for. I estimate

optical fluxes and apparent magnitudes in I, V, and U bands.

In Chapter 8, I estimate the energy dissipated from lightning discharges and the total power

emitted at radio frequencies, in order to study possible differences and similarities of extrasolar

and Solar System lightning. I construct a model of lightning radio emission based on models

developed for Earth lightning and used for other Solar System planets, such as Jupiter and Saturn.

I apply my model to extrasolar atmospheres based on characteristics of lightning discharges on

exoplanets and brown dwarfs published in Bailey et al. (2014). I present energy and radio power

estimates for extrasolar objects with the following properties: log(g)=3.0 and 5.0; Teff = 1500

. . . 2000; [M/H] = 0.0 and -0.3.

In Chapter 9, I summarize my work and present a lookout for future research possibilities.
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2
The theory of lightning formation

The most common theory of lightning formation is as follows: Charges, produced by, e.g., differ-

ent ionization processes, accumulate on cloud particles, which are separated by e.g. gravitational

settling or convection. As the effectively more negatively charged particles settle towards the

bottom of the cloud, a large electric potential is built up, creating an electric field that accelerates

electrons to high energies producing an electron avalanche and leading to the lightning discharge

process (Rakov & Uman, 2003; Aplin, 2013; Helling et al., 2013b). In this chapter, I introduce

the processes involved with lightning formation and show that these processes occur in extrasolar

atmospheres as well (Sect. 2.1-2.3). I briefly discuss lightning forming environments and why

they are interesting in terms of extrasolar lightning occurrence (Sect. 2.5). There are several re-

views on lightning theory. Here, I use mostly the following ones: Rakov & Uman (2003); Dwyer

& Uman (2014); James et al. (2008); Roussel-Dupré et al. (2008). For further details, I direct the

reader to these reviews and references therein. At the end of each section, I summarize the cur-

rent theory of extrasolar lightning. The theory of lightning formation on exoplanets and brown

dwarfs has not yet been comprehensively explored, as the pioneers of the field (e.g. Helling et al.,
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2013b,a, 2016a; Rimmer & Helling, 2013, 2016) have only started to study the subject in depths

in the last few years. My work presented in this thesis (and in Hodosán et al., 2016b,a, 2017)

further explores the characteristics and properties of "exo-lightning", in connection with these

previous studies.

2.1 Ionization processes and charge generation

To initiate a lightning discharge, seed charged particles have to be present in lightning-producing

environment. These ions are produced by different ionization processes discussed in this sec-

tion. On Earth, the two major processes that produce the free electrons necessary for lightning

initiation in thunderclouds, are cosmic ray ionization and the natural radioactivity of the Earth

(Rakov & Uman, 2003; Stozhkov, 2003). Above about 1-3 km the major provider of electrons is

cosmic rays (Rakov & Uman, 2003; Ermakov & Stozhkov, 2003). Hess (1912) discovered cos-

mic ray ionization during balloon experiments above 1100 m altitude. The two major sources

of cosmic rays are the Galaxy and the Sun, therefore the rate of ionization will depend on so-

lar activity and the latitude representing the incident angle of solar particles (Rakov & Uman,

2003; Ermakov & Stozhkov, 2003). Though the flux of cosmic rays is much smaller than the solar

electromagnetic radiation, they are the major source of free electrons below ∼ 35 km altitude

(Ermakov & Stozhkov, 2003). Apart from being important for initiating discharge events, cosmic

rays may affect the Earth climate by intensifying aerosol formation (Pudovkin & Veretenenko,

1995; Shumilov et al., 1996).

Lightning occurs in volcanic plumes and possibly dust devils. Triboelectrification or tribocharg-

ing (frictional charging) is thought to be one of the processes active in both of these environments.

It is a charge transfer mechanism based on surface interactions, when materials are rubbed to-

gether and collide (Gilbert et al., 1991; Zheng, 2013; Yair et al., 2016). Electrification of volcanic

plumes is thought to correlate with strong water boiling (lava entering liquid salty water) and

extensive magma fragmentation during explosive eruptions (Mather & Harrison, 2006). Plume

particles can be electrified either as a result of their formation process or subsequently by ra-

dioactive decay, particle interaction with existing charges, or particle-particle interactions (James

et al., 2008). Charge generation in plumes is not well understood, however there are many theo-

ries that could work under different conditions. Apart from triboelectrification, fractoemission is

thought to be a major source of ions in the volcano plume. Fractoemission is the ejection of ions,

neutral atoms and electromagnetic radiation from the fresh crack surfaces during fracture events

8



2.2. Charge accumulation and separation

(Dickinson et al., 1988; James et al., 2000). The above mentioned mechanisms are based on

the interaction of solid particles, while there are mechanisms, which involve liquid water in the

charging process. In plumes that are related to lava entering the sea, boiling may have a role in

charge generation (Pounder, 1980). At the interface of water and another medium (such as air),

a double electric layer will form because of the polar nature of water molecules. This way neg-

ative charges will align outwards while positive charges align inwards (Pounder, 1980). These

charged layers then can be separated by boiling of the water, if the electric layers are sheared

more quickly than they can rearrange to maintain the charge balance (James et al., 2008).

Ionization processes have been studied on extrasolar objects as well. Helling et al. (2011a)

studied the efficiency of dust collisional ionization similar to triboelectrification in volcano plumes,

in dusty clouds of brown dwarfs. They found that turbulence-induced dust-dust collision is the

most efficient kinetic process in ionizing the local atmosphere. They showed that this mechanism

is the most efficient in the inner cloud, where the dust-to-gas ratio is high because of the quick

growth of dust cloud particles. Helling et al. (2011a) concluded that dust collisional ionization

is efficient enough to lead to electron avalanches producing lightning discharges in brown dwarf

dust clouds. Rimmer & Helling (2013) analysed the effects of cosmic ray ionization in extrasolar

atmospheres. Their results showed that both for brown dwarfs and free-floating giant gas plan-

ets, the top of the atmosphere becomes partially ionized, reaching levels of a weakly interacting

plasma, only due to cosmic ray ionization. In these objects, cosmic rays produce the majority

of free electrons in the upper atmosphere (Rimmer & Helling, 2013). Rodríguez-Barrera et al.

(2015) considered thermal ionization of ultra-cool objects. They found that in L-dwarfs the ion-

ization rate due to thermal ionization is high enough to seed lightning processes, and to reach

levels, which may lead to the build-up of an ionosphere.

2.2 Charge accumulation and separation

After charges are generated they have to be separated to create a potential difference to maintain

a high electric field for the discharge process to occur. Here I discuss two main processes that can

separate charged regions:

Convection in water clouds (Dwyer & Uman, 2014): In water clouds on Earth, charges primarily

accumulate on either soft hail (graupel) particles or small ice crystals. Charge transfer will occur

between the two types of particles by collision in the presence of super-cooled (colder than 0 C◦,
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but not frozen) water droplets, in an environment with temperatures between −10 C◦ and −20

C◦. Due to the polar nature of the water molecules, an interface is formed on the ice particles,

resulting in negative charges lining up outwards, while positive charges face inwards. When the

larger graupel particles collide with the smaller ice particles, they break off the outer negative

layer of the ice, accumulating that mass from the collision and becoming negatively charged,

while the smaller ice particle remains positively charged (Saunders, 1993). Due to its mass,

the heavier, now negatively charged, graupel particle will either sink or remain stationary in the

cloud. The positively charged ice crystals, being light, will be carried by the updraft to higher

altitudes, hence the charge separation. The above described charge transfer may be reversed in

the presence of different ambient temperatures or water content (e.g. Saunders et al., 1991).

This procedure, is very specific to water clouds on Earth and maybe on Jupiter (Yair et al., 1995),

where the main charge separation process is convection.

Gravitational settling in dusty environments: The most accepted charge separation mechanism

in volcanic plumes is gravitational settling. Due to different fall-velocities, lower regions in the

plume will have larger ash particles while upper regions will contain more aerosols and gas parti-

cles (James et al., 2008). According to experiments and observations the net negative charge will

be on the solid silicate particles in the lower region, and the net positive charge will be on vol-

canic gases and aerosols in the upper region (e.g. Lane & Gilbert, 1992). Cimarelli et al. (2014)

performed laboratory experiments where they created a volcanic plume with lightning activity.

In their experiments when monodisperse coarse beads were used, the charged particles did not

separate in two layers but clusterised, some clusters became more positively while others more

negatively charged.

In dusty extrasolar atmospheres, gravitational settling has been studied as the main mecha-

nism for separating different-sized cloud particles. Works like Woitke & Helling (2003); Helling

et al. (2008d) modelled cloud formation in quasi-static atmospheres of brown dwarfs, studying

processes like grain formation, gravitational settling, and grain evaporation, and found that grav-

itational settling is efficient in creating cloud layers with different sized particles. Helling et al.

(2013a) and Helling et al. (2013b) suggested that gravitational settling is the mechanism for

large-scale charge separation in extrasolar mineral clouds.
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2.3 Breakdown field and lightning propagation

If the charge separation is efficient enough, a large electric potential difference is built up between

the oppositely charged regions. The electric field created this way, will accelerate the free elec-

trons present in the medium, that have been produced by ionization processes (Sect. 2.1). These

electrons will collide with other electrons or molecules either creating new free electrons further

ionizing the medium, or attaching themselves to ions neutralizing the medium (Dwyer & Uman,

2014; Helling et al., 2013b). For lightning to occur, the electric field has to overcome a break-

down threshold. Above this threshold, the rate with which the electrons will ionize the medium

will be larger than the recombination and attachment rate, therefore supplying the process with

further free electrons and producing an electron avalanche (Dwyer & Uman, 2014; Roussel-Dupré

et al., 2008). The avalanche of free electrons will turn into the ionization front that propagates

through the air, eventually resulting in the discharge process that is the lightning flash (Fig. 2.1).

The breakdown field is lower at lower atmospheric pressures at the top of the cloud, than at

the bottom of the cloud at higher pressures (Dwyer & Uman, 2014). We distinguish between

conventional and runaway breakdown when discussing lightning discharges. The main differ-

ence between them is the energy of the accelerated free electrons involved. For a conventional

breakdown the electrons do not exceed a few eV energy level, therefore, to reach the breakdown

threshold, a larger electric field is needed to accelerate these seed electrons (Dwyer & Uman,

2014; Roussel-Dupré et al., 2008, and references therein). Runaway breakdown involves free

electrons, supplied mostly by cosmic rays, with energies in the keV−MeV range. During runaway

breakdown electrons are accelerated to relativistic energies resulting in an electron beam propa-

gating through the medium (Fig. 2.1; Roussel-Dupré et al., 2008; Milikh & Roussel-Dupré, 2010).

The larger initial energy of electrons enables a lower electric field to accelerate the electrons to

the breakdown threshold (Milikh & Roussel-Dupré, 2010), therefore, runaway breakdown was

suggested to play a big role in lightning initiation, since the threshold to overcome is much lower

for that than for conventional breakdown (e.g. Roussel-Dupré et al., 2008; Helling et al., 2013b).

Helling et al. (2013b) carried out an extensive modelling study of breakdown fields and dis-

charge behaviour in mineral clouds of exoplanetary and brown dwarf atmospheres. They investi-

gated how the cloud properties such as grain size, cloud size, local chemistry, affect the breakdown

conditions like the required minimum voltage. The results of Helling et al. (2013b) suggested

that in high-pressure regions small-scale discharges will develop, while large-scale lightning dis-
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Figure 2.1: Acceleration of runaway electrons in a lightning leader and corona streamer. Reproduced with
permission from Celestin et al. (2015).

charges will occur in the higher atmosphere at lower pressures. They found their results of mini-

mum voltage (10−7−107 V cm−1) and critical number of charges (∼ 105−1023e cm−3) necessary

for breakdown to be consistent with experimental results at 1 bar pressure. Helling et al. (2013b)

also noted that the chemical composition of the atmosphere does not significantly influence the

breakdown field in the studied extrasolar objects.

Cloud-to-ground discharge

Once the breakdown threshold is reached and overcome, a lightning discharge develops. In the

second part of this section I discuss the propagation and the main parts of a cloud-to-ground

(CG) lightning discharge, following Dwyer & Uman (2014). The steps are illustrated in Fig. 2.2:

1. stepped leader: an electrical discharge propagating in discrete steps and moving the neg-

ative charges from the negative charged region to the positive one. During each step, the

leader produces optical, radio and X -ray emission. Much rarer and less studied are positive

"stepped" leaders, which are less luminous from the negative ones and emit less very low

frequency radiation. The second type of leader may propagate not just in steps but in a

more continuous way as well (Fig. 2.1).

2. corona streamer: in large numbers, it surrounds the conducting core, which is made of

the stepped leaders. It is a low-level, non-thermalized discharge, which makes the leader
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2.3. Breakdown field and lightning propagation

Figure 2.2: A sketch of a negative cloud-to-ground flash, showing the different phases of the lightning
discharge. The timescale [ms] starts from the first electrical breakdown processes in the cloud. Note that
in the Global Electric Circuit, during fair weather the ground is negative. However, the negatively charged
bottom of the thundercloud will produce a "mirror-charge" on the ground, resulting in a more positively
charged surface of the Earth as is shown on the figure. Reproduced with permission from Dwyer & Uman
(2014) (original appeared in Uman, 1987).

13



Chapter 2. The theory of lightning formation

look much extended on photographs than the actual conducting part is (Fig. 2.1).

3. first return stroke: after the attachment occurs (see below), the negative charges move

into the positive region, or in case of a cloud-to-ground discharge, into the Earth. At the

meantime, the channel built up by the leaders becomes very luminous as a strong current

propagates upwards and down on the branches. This is called the first return stroke, the part

of the lightning flash that the human eye usually sees. After the first stroke, the lightning

flash may end, in which case it is called a single-stroke flash.

4. dart leader: if more negative charges are available in the negative region where the original

channel started from, a continuously propagating leader, called the dart leader, will move

these charges towards the positive region depositing them along the previously built-up

channel. It deposits fewer charges in the channel than the stepped leader. It is expected to

follow the same channel as was created by the stepped leader and the first return stroke,

since that channel is warmer and has a lower air-density resulting in a lower breakdown

field (Tran & Rakov, 2015a).

5. subsequent return stroke: it occurs after the dart leader attaches to the positive region, in

a similar process as the first return stroke occur. However, because the dart leader deposits

fewer charges, the subsequent return stroke is much fainter and less energetic than the first

return stroke.

One of the biggest questions of lightning formation is how the "attachment process" works.

As the stepped leader moves from the negative region towards the positive one, surrounded by

corona streamers, it builds up the conducting channel between regions (Dwyer & Uman, 2014).

As it gets close to the ground (or the positive region), the relatively large number of negative

charges on the leader will attract the relatively more positive charges from the other region.

When the electric field becomes large enough between the leader and the ground, several upward

propagating discharges will initiate from the positively charged region (Lu et al., 2012). One of

these upward propagating discharges will connect to the downward propagating negative leader

through an attachment process (Dwyer & Uman, 2014). Following the attachment, two return

stroke currents are initiated, one moving upwards, towards the negative region, and a shorter

one moving towards the ground, or positive region (Tran & Rakov, 2015b). The place where

the attachment occurs will determine the "strike-point" and the primary current channel between

the two charged regions. Wang et al. (2015) noticed that the height at which the attachment
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2.3. Breakdown field and lightning propagation

occurred for three natural lightning flashes, was dependent on the peak current of the channel,

with larger peak currents resulting in higher initiation points. Understanding the attachment

process is especially important in terms of lightning protection, since this process will determine

where lightning will strike on the ground (Dwyer & Uman, 2014).

Intra-cloud discharge

Lightning occurs not just between the ground and a cloud, but inside clouds as well. Intra-

cloud (IC) discharges form part of the most numerous types of lightning discharges, the cloud

flashes (Rakov & Uman, 2003). Here, I discuss the main similarities and differences between

the development if an IC and a CG discharged following Rakov & Uman (2003, section 9). In

principle, the main phases of an IC discharges are like the ones discussed for the CG discharges:

in the initial stage of an IC flash the discharge channel extends with intermittent steps, similar

to stepped leaders, from the negatively charged region to the positively charged one, inside a

cloud. In the late stage of the process, further negative charges are transported to the origin of

the discharge within the negative region from more remote areas of the cloud. This extends the

discharge further in both time and space. IC discharges do not tend to host a return stroke-like

phase.

The research of IC lightning compared to CG lightning was very scarce compared to CG light-

ning research. This was mostly because both visual and electrical measurements of IC flashes is

much harder than CG flashes. Since the development of Lightning Mapping Arrays (LMA), how-

ever, a new gate to IC research has opened. LMA measures the time of arrival of intensive very

high radio frequency (VHF) radiation of lightning discharges with the help of GPS at 6 or more

stations. Using the measurements, lightning activity is mapped in three spatial dimensions and

in time (Rison et al., 1999). The detailed measurements make it possible to form an accurate

picture of lightning flashes, even if they occur inside a cloud. Figure 2.3 shows the structure of

an IC discharge mapped by the New Mexico Tech 3D in 1998 (Krehbiel et al., 2000). The time

evolution (colours as shown on the top panel) and altitude range the discharge spans shows a

horizontally very extended event that occurred in 1.5 seconds. LMA observations contribute to

the better understanding of IC discharges and the development of discharge models.

15



Chapter 2. The theory of lightning formation

Figure 2.3: A horizontally extensive (75 km in east-west direction) intra-cloud (IC) lightning flash and
cloud-to-ground (CG) flashes measured by The New Mexico Tech 3D Lightning Mapping Array in Okla-
homa, June 10-11,1998. Small squares indicate the measurement stations, while the triangles show the
locations of CG flashes. The duration of the IC discharges was 1.5 s (top panel). The colour-scale repre-
sents the propagation of the discharge in time as shown on the top panel. Reproduced with permission
from Krehbiel et al. (2000).
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2.4. Basic physical properties of a cloud-to-ground discharge

2.4 Basic physical properties of a cloud-to-ground discharge

In this section, I briefly present various physical properties of a lightning flash. Most of these

properties are discussed in more details in other chapters, which are mentioned below. Here, I

only consider Earth lightning features. Where possible, I use the symbols used in the following

chapters for each property. Further references information can be found in, e.g., Volland (1984);

Rakov & Uman (2003); Dwyer & Uman (2014).

• discharge duration, τ: According to Rakov & Uman (2003, table 1.1), a single stroke in

a lightning flash usually lasts between 70 and 100 µs. In case of a multiple-stroke flash,

the time between each stroke is several tens of ms, resulting in a total flash duration of a

few hundred ms. I discuss and analyse the effects of τ on the energy and power release of

lightning in Chapter 8.

• peak current, i0: The largest peak currents occur during the return stroke phase of a light-

ning flash, hence this is the most energetic, most luminous part of the flash. i0 of a return

stroke ranges between a few 100 A and a few hundred kA (Rakov & Uman, 2003; Dwyer

& Uman, 2014). On average, a return stroke carries 30 kA current (Farrell et al., 1999b).

The peak current determines the energy and power content of a lightning discharge, as

described in Chapter 8.

• total charge, Q: The total charge transfer during a lightning flash on Earth is on average

20 − 30 C (Rakov & Uman, 2003; Dwyer & Uman, 2014). The amount of charge moved

in the lightning channel will determine the current, and the resulting energy release of the

discharge, as described in Chapter 8.

• energy (total, optical, radio, acoustic), W: As we will see in Chapter 3, lightning radiates in

the whole electromagnetic spectrum. However, this radiation consumes only a small part

of the total energy dissipated from a discharge (Wd). On average, lightning produces 109−

1010 J energy, of which ∼ 1% is radiated into the optical (Wopt; Borucki & McKay, 1987),

and ∼ 1% is radiated into the radio wavelengths (Wrad; Volland, 1984). The thunder of

lightning is produced by the shockwaves that are the consequence of the gas expanding and

the clouds contracting due to the high temperature changes during a lightning discharge

(Rakov & Uman, 2003). Rakov & Uman (2003, sect. 11.2.4) suggested that the acoustic

efficiency of lightning can be between 2 and 20%. The rest of lightning energy manifests
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as thermal energy and contributes to the chemical changes in the atmosphere. (The radio

energy released from lightning is the main topic of Chapter 8.)

• flash rate and flash density, Rfl,ρfl: Lightning flash rate describes lightning distribution in

time, while the flash density includes information on spatial distribution as well. Hence,

the units are the following: [Rfl] =flashes h−1; [ρfl] = flashes km−2 h−1. Naturally, the

units can be in the required quantities. On average, on Earth, there are ∼ 2× 10−4 flashes

occurring every hour in every km2. Lightning occurs more frequently over continents than

over oceans (∼ 2 orders of magnitude more), and more over lower latitude regions than

higher latitude regions. (A more detailed discussion of these values and their comparison

to the literature is found in Chapter 5.)

• channel tortuosity and branches: A lightning channel is not a strait line. Due to the inho-

mogeneities in the charge distribution, various branches and channel segments are built up

during the leader process. The segmentation of the channel is called tortuosity. The length

of the various segments ranges between a few cm and several m (Rakov & Uman, 2003,

p. 161-162, and references therein). Levine & Meneghini (1978) found in simulations that

the tortuosity introduces a fine structure in the time domain radiation field waveform, and

it increases the high frequency energy content of lightning. Le Vine & Willett (1995) con-

firmed the effects of tortuosity on the fine structure of the measured electric field based on

natural and triggered lightning experiments.

• multiplicity of flashes: A lightning flash may contain more than one stroke. The number of

strokes it contains is called flash multiplicity. According to Rakov & Uman (2003, table 1.1,

and references therein), about 15-20% of lightning flashes contain a single stroke, and on

average they contain 3 to 5 strokes. (The multiplicity of flashes is considered in Chapters 5

and 8.)

There are several other properties of lightning discharges (e.g. peak frequency, f0; current

velocity, v), most of which depend on the above discussed ones. In Chapter 5 I will study the

occurrence of lightning in the Solar System (flash rates and densities), while in Chapter 8, I will

further discuss the properties of the electric field, and frequency and power spectra of a return

stroke.
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Figure 2.4: Simple charge structure of thunderclouds, and types of lightning discharges based on the
location of the charged regions involved with the process. Reproduced with permission from Dwyer &
Uman (2014) who adopted the figure from Encyclopedia Britannica1.

2.5 Types of lightning discharges and lightning hosting environments

It is common to use the term lightning flash when talking about the lightning discharge process.

A lightning stroke represents only part of the lightning flash as defined in Sect. 2.3. Though it is

very Earth specific, to complement the nomenclature, I also mention here that when a lightning

flash hits an object on the ground or in the atmosphere, it is called a lightning strike (Rakov &

Uman, 2003). I have already discussed CG and IC discharges, however in terms of where are the

two charged regions in between which the lightning flash occurs, we distinguish between further

types (Fig. 2.4): cloud-to-ground (CG), intra-cloud (IC), cloud-to-cloud (CC, or inter-cloud),

and cloud-to-air (CA) discharge. CG lightning is the most well studied type of lightning flashes,

therefore, in the literature they distinguish between further types based on the polarity of charges

transported in the stepped leader and streamer (-CG, +CG), and whether it is an upward, or a

downward propagating flash (Rakov & Uman, 2003).

Other, less studied and rare type of lightning discharges, is called ball lightning. Ball lightning

is usually seen after CG lightning strike and nearby lightning activity; it occurs close to the ground

as a sphere or ellipsoid with diameter between 1 and 100 cm (Cen et al., 2014). It usually lasts

for 1 − 10 s, and appears in various colours (Rakov & Uman, 2003). Models explaining the

origin and physics of ball lightning can be divided into two main categories: the proposed source

1https://www.britannica.com/science/lightning-meteorology
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of energy is either internal (e.g. Abrahamson & Dinniss, 2000) or external (e.g. Lowke et al.,

2012). Cen et al. (2014) observed a ball lightning that occurred after a CG discharge, with slit-

less spectrograph, and found that its spectrum contained lines produced by material present in

the soil. They concluded that this example supports the theory of Abrahamson & Dinniss (2000)

of internal energy source, however they emphasize that this may be only an example of different

types of ball lightning produced by different mechanisms. Based on witness reports and laboratory

experiments, the total energy of ball lightning has been found not to exceed the total energy of

a lightning flash, in fact, in many occasions, it is way below that (10−2 − 109 J, e.g. Barry, 1980;

Paiva et al., 2010). (For further, less known types of lightning discharges see Rakov & Uman,

2003, section 20, p. 656.)

Dedicated observational campaigns have revealed that lightning occurs in very diverse envi-

ronments in the Solar System. On Earth, lightning is frequently produced in thunderclouds that

are made of water and ice particles. Thunderstorms also occur in clouds of ice and snow parti-

cles, producing "winter lightning" (Brook et al., 1982; Wu et al., 2013). Modern volcano lightning

observations showed that lightning occurs in volcano plumes, which are primarily composed of

mineral dust particles. Lightning has been observed mostly after explosive eruptions, which is

the result of volatiles stuck in the magma chamber due to the high viscosity of the magma. As

the volatiles cannot escape or expand under the volcano, the internal pressure becomes so high

that the magma will explosively fragment (James et al., 2008). Volcanic lightning has been de-

tected by standard detection systems operating in the radio wavelengths, which indicate that it

has similar radio signatures to thundercloud lightning. Optical observations of volcanic lightning

have also been conducted (Mather & Harrison, 2006). Sand storms, dust storms and dust devils

can also be electrified (e.g. Yair et al., 2016) and may host lightning activity, where charging is

the consequence of triboelectrification (Sect. 2.1; Harrison et al., 2016, and references therein).

On Jupiter and Saturn, lightning is produced in dense, vertically extended, convective clouds

(Cook et al., 1979; Dyudina et al., 2001, 2004, 2013; Read, 2011). Lightning on Venus may

appear as IC or CC discharge due to the high atmospheric pressure, which would not allow CG

discharges to occur unless the electric field becomes extremely high (Yair et al., 2009b). Lightning

on Mars was suggested to occur in electrified dust storms (e.g. Farrell et al., 2006; Yair, 2012).

I discuss planetary lightning in more details in Chapter 4. The large variety of lightning hosting

environments and extrasolar bodies (Chapter 1) suggests that lightning occurs outside the Solar

System.
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3
Signatures of lightning

Lightning signatures span the whole electromagnetic spectrum, from extremely low frequency

(ELF) radio emission to high energetic X-rays. Table 3.1 groups the main signatures of lightning

into three categories: (i) emission coming from lightning directly, (ii) the effects of lightning on

the local chemistry, and (iii) emission caused by secondary events, such as transient luminous

events. Some of these signatures, like line emission and absorption in the spectrum, depend on

the composition of the local atmosphere. Others, like e.g. radio or X -ray emission are independent

of the chemistry. In the following sections, I discuss the three categories individually, based on

Earth lightning observations. I also include detections of exoplanets and brown dwarfs in the

appropriate wavelengths, if they exist, though the origin of such emission might not be lightning

in the case of these objects.
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Table 3.1: Lightning signatures observed in the Solar System. The right column lists instruments that are potentially
useful, based on their wavelength of operation, for observing lightning on exoplanets and brown dwarfs. Note that
instrumental sensitivity is not taken into account here. (Adopted and updated from Bailey et al., 2014).

Process Signature Wavelength Planet References Instrument

Direct lightning
emission

γ - ray
(TGF)

20 eV - 40 MeV Earth Lu et al. (2011); Yair (2012)
Marisaldi et al. (2010)

Fermi GBM, Meegan et al. (2009)
AGILE, Tavani et al. (2006)

X - ray 30− 250 keV Earth Dwyer et al. (2004)
Dwyer et al. (2012)

AGILE
Astrosat - SXT(1)

Astrosat - LAXPC(2)

He 588 nm Jupiter Borucki et al. (1996)
Aplin (2013)

VLT - X−SHOOTER,
Vernet et al. (2011)
VLT - VIMOS, Le Fèvre et al. (2003)

NUV to NIR
many lines of
N2, N(II),
O(I), O(II)

310-980 nm Earth Wallace (1964)
Astrosat - UVIT, Kumar et al. (2012)
Swift - UVOT, Roming et al. (2005)
VLT - X−SHOOTER
VLT - VIMOS
HARPS, Mayor et al. (2003)
HST - NICMOS, Viana et al. (2009)
IRTF - TEXES, Lacy et al. (2002)
Spitzer IRS, Houck et al. (2004)
JWST - NIRCam and NIRSpec(4),
Gardner et al. (2006)

NIR emission 0.35-0.85 µm Jupiter Baines et al. (2007)

Schumann-
resonance (SR)

few Hz Earth(5) Simoes et al. (2012) Not observable
outside the ionosphere

whistlers tens of Hz - kHz Earth
Jupiter
Saturn
Neptune

Desch et al. (2002)
Yair et al. (2008); Yair (2012)
Akalin et al. (2006)
Fischer et al. (2008)
Gurnett et al. (1990)

LOFAR, van Haarlem et al. (2013)
UTR 2, Braude et al. (1978)
LWA, Kassim et al. (2005)

sferics 1 kHz - 100 MHz Earth
Jupiter
Saturn
Uranus

Desch et al. (2002)
Yair et al. (2008)
Fischer et al. (2008)
Zarka & Pedersen (1986)

LOFAR
UTR 2
LWA

Effect on
local
chemistry

NOx 439 nm (NO2)
445 nm (NO2)
5.3 µm (NO)

Earth
Venus

Noxon (1976)
Lorenz (2008)
Krasnopolsky (2006)

HST - STIS,
Hernandez & et al. (2012)
VLT - X−SHOOTER
VLT - VIMOS
HARPS
HST - NICMOS
IRTF - TEXES
Spitzer IRS
JWST instruments(4)

O3 200− 350 nm
420− 830 nm
9.6 µm
14.3 µm

Earth Zhang et al. (2003)
Lorenz (2008)
Tessenyi et al. (2013)
Ehrenreich et al. (2006)

HCN 2.97525 µm
3.00155 µm

Jupiter Bar-Nun (1975)
Bar-Nun & Podolak (1985)

VLT - CRIRES,
Kaeufl et al. (2004)
Keck - NIRSPEC,
McLean et al. (1998)
JWST - NIRCam, NIRISS, NIRSpec(4)

C2H2 2.998 µm
3.0137 µm

Jupiter Bar-Nun (1975)
Bar-Nun & Podolak (1985)

Emission caused
by secondary
events
(e.g. sprites)(3)

1PN2 609− 753 nm Earth Pasko (2007) HST - STIS
VLT - X−SHOOTER
VLT - VIMOS
HARPS

1NN+2 391.4 nm

2PN2 337 nm

LBH N2 150− 280 nm Earth Pasko (2007) HST - COS, Green et al. (2012)
HST - STIS

(1) http://astrosat.iucaa.in/?q=node/14
(2) http://astrosat.iucaa.in/?q=node/12
(3) 1PN2 is the first, 2PN2 is the second positive, LBH N2 is the Lyman-Birge-Hopfield N2 band system. 1NN+2 is the first negative band system of

N+2 .
(4) For further information on the James Webb Space Telescope and its instruments see: http://www.stsci.edu/jwst/instruments/
(5) SR have only been observed on Earth, but in principle can be produced in any object with an ionosphere.

22



3.1. Direct lightning emission

3.1 Direct lightning emission

The photons emitted directly from the lightning channel have a broadband spectrum. The emis-

sion can be the result of either accelerated electrons (resulting in radio, X-ray or γ-ray emission)

or the excitation of atomic states (e.g. IR and optical emission; Bailey et al., 2014; Füllekrug

et al., 2013). In this section I summarize signatures emitted by a lightning channel, from short

(high-energy) to long (radio) wavelengths.

3.1.1 High-energy emission from lightning

In theory, we call an X -ray any energetic photon that is generated by an electron, and γ-ray an

energetic photon that is generated by any other mechanism, e.g. by nuclear processes (Dwyer

et al., 2012). The most important mechanism producing high energy photons from lightning

flashes is the Bremsstrahlung interaction of electrons with the air molecules (Dwyer et al., 2012),

which means, technically almost all high energy photons produced by lightning are X -rays. An-

other way to distinguish between γ-rays and X -rays is based on their energies: photons with

energies greater than 1 MeV are called γ-rays, and below that they are called X -rays, regardless

how they were formed (Dwyer et al., 2012). Despite these conventions, the categorization of

high-energy radiation from lightning is usually based on historical views and detection methods.

For example, TGFs are called γ-rays because they were originally detected by a γ-ray detector,

even though their energies may be lower than 1 MeV and they are produced by Bremsstrahlung

(Dwyer et al., 2012). Therefore, in this thesis, I discuss the two types of emission based on the

referred literature.

Terrestrial Gamma-Ray flashes

Terrestrial Gamma-Ray flashes (TGFs) are short (<1 ms) bursts of γ-ray photons with a broad-

band spectrum between 20 kev and 40 MeV (e.g. Lu et al., 2011; Yair, 2012). They are produced

by relativistic runaway electrons with energies of ∼ 20− 40 MeV (via Bremsstrahlung), as they

are accelerated in a strong electric field (Lu et al., 2011). Early models attributed TGFs to cloud-

to-ground discharges (Lehtinen et al., 1996), however the altitudes of TGF-associated lightning

flashes (10 to 17 km) indicate that the runaway electrons necessary for TGF events are formed

inside the thundercloud attributing TGFs to intra-cloud discharges (Stanley et al., 2006; Lu et al.,

2011). Dwyer & Smith (2005) ran a Monte Carlo simulation to find the origin of TGFs detected by
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Figure 3.1: Summed spectrum of 289 TGFs measured by the RHESSI satellite (rhombus symbol) compared
to relativistic runaway electron model spectra at different atmospheric depths (in g cm−2 corresponding to
altitudes in km). The slope of the TGF spectrum between ∼ 0.5 and 4 MeV indicates the source altitude of
the event, which for these TGFs was determined to be between 15 and 21 km. Reproduced with permission
from Dwyer & Smith (2005). Courtesy for the original figure to Joseph Dwyer.

the RHESSI (Reuven Ramaty High Energy Solar Spectroscopic Imager) satellite and BATSE (Burst

and Transient Source Experiment), and noted that while RHESSI observations are consistent with

a source at 15−21 km altitude, the BATSE TGFs are most probably produced higher in the atmo-

sphere around 30 km, suggesting two different sources for TGFs (Fig. 3.1). The Monte Carlo

model of the air breakdown included all relevant physical processes of electron interactions with

the air (e.g. ionization, atomic excitation; Dwyer & Smith, 2005). The simulation produced TGF

spectra for different electric field strength, source altitude and source geometry, by propagating

electrons in a pre-defined electric field (E). The simulation was terminated when the particles

exited the avalanche region (where E 6= 0; Dwyer & Smith, 2005). TGFs have been associated

with runaway electron production during the leader or streamer phase of lightning discharges

(Dwyer, 2008). The total energy released during a TGF event is ∼ 1-10 kJ with a mean energy

at ∼ 2 MeV (Lu et al., 2011; Yair, 2012).
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TGFs have been only observed on Earth to date. They were first discovered by Fishman

et al. (1994) via the BATSE detector on board NASA’s Compton Gamma Ray Observatory. Since

then, detections were made, amongst others, by the RHESSI satellite (Smith et al., 2005), the

Fermi GBM (Gamma-Ray Burst Monitor; e.g. Briggs et al., 2010), and the AGILE (Astrorivelatore

Gamma a Immagini Leggero; Marisaldi et al., 2010, 2015) satellite.

Inan et al. (1996) associated TGFs with lightning events for the first time, when they found a

direct relation between lightning generated radio emission and γ-ray flashes. Lu et al. (2011) in-

vestigated the direct connection between TGFs and two, previously identified, lightning signals,

i.e. the very low frequency (3-30 kHz) impulse from fast discharges (≤ 100µs; Stanley et al.,

2006), and the ultra low frequency (ULF, 300-3000 Hz) pulse from slow discharges (Cummer

et al., 2005; Lu et al., 2010). They realised that all TGF-associated radio emission occurs in the

presence of an ULF pulse. Smith et al. (2011) analysed the data produced by the ADELE γ-ray de-

tector (Airborne Detector for Energetic Lightning Emissions) and estimated the TGF-to-lightning

flash ratio to be of the order of 10−2 to 10−3 and concluded that TGFs are not a primary triggering

mechanism for lightning. Briggs et al. (2011) discovered strong positron annihilations lines in

TGF spectra observed by Fermi GBM. Their results indicate that a considerable fraction of TGFs is

made of positrons alongside with electrons. Østgaard et al. (2015) studied the data of the RHESSI

satellite and reported the detection of a new set of weak TGFs. Though the new population did

not increase the TGF/flash ratio significantly (Østgaard et al., 2015), they concluded that this de-

tection suggest the existence of a population of TGFs not detected before because their emission

is lower than the detection threshold of current instruments. Smith et al. (2016) examined data

from the RHESSI satellite focusing on the cumulative detection of γ-rays rather then individual

events as Østgaard et al. (2015) did, and noticed a very low TGF count per lightning flash from

the stacked TGF detection throughout a 9-year period.

A new ESA project, ASIM (Atmosphere-Space Interaction Monitor) will be placed on the In-

ternational Space Station (ISS) in 2018 to study TGFs and TLEs (Transient Luminous Events) and

their relation to thunderstorms1. Scheduled to launch in 20182, TARANIS (Tool for the Analysis of

RAdiations from lightNIng and Sprites) is a microsatellite dedicated to the study of, amongst oth-

ers, characterization of TGFs and TLEs as well as the lightning event producing these phenomena

(Blanc et al., 2007).

1http://asim.dk/
2https://taranis.cnes.fr/en/TARANIS/index.htm
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Figure 3.2: Top: X-ray emission from lightning stepped leader. Bottom: measured electric field waveform
for a cloud-to-ground lightning flash. Time 0 corresponds to the beginning of the return stroke. Vertical
dotted lines indicate the step formation times, which clearly show that the X-ray pulses are associated with
the leader steps. Reproduced with permission from Dwyer et al. (2005). Courtesy for the original figure
to Joseph Dwyer.

γ-rays have been observed from the Moon by the Compton Gamma-Ray Observatory (Thomp-

son et al., 1997) and Fermi GBM (Giglietto et al., 2009; Abdo et al., 2012). The emission was

attributed to the interaction of galactic cosmic rays with the surface of the Moon (Giglietto et al.,

2009). No γ-rays have been detected from Solar System objects other than the Earth, the Moon

and the Sun (Dermer, 2013), neither from exoplanets nor from brown dwarfs.
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X -rays

The fact that lightning produces X -rays was not widely accepted before the 2000s, though Wilson

(1925) predicted their existence suggesting that X -rays and γ-rays are produced when acceler-

ated electrons interact with the nuclei of atoms in a discharge process. However, since 2001 the

evidence for the existence of such emission has increased. Moore et al. (2001) conducted exper-

iments in New Mexico and detected energetic photons just before three lightning strikes. They

suggested that the particles came from the stepped leader phase of lightning discharges (see Chap-

ter 2, Sect. 2.3), however they also concluded that it was not clear whether the photons were

emitted by the stepped leader or electrons accelerated by cosmic rays. Later, rocket-triggered3

lightning tests confirmed the existence of high-energy X -rays emitted by lightning discharges

(Dwyer et al., 2003, 2004).

Dwyer et al. (2005) carried out X -ray and electric field measurements from natural lightning

strikes and learnt that X -rays are emitted during the stepped-leader phase of a lightning flash (Fig.

3.2), ∼ 1 ms before the return stroke, and that they occurred in discrete, short (< 1 µs) bursts

with energies of a few hundred keV. Moss et al. (2006) developed a Monte Carlo model to study

the acceleration of low energy electrons emitted from lightning streamers to high energies in a

strong electric field, and found that part of these electrons can seed the Bremsstrahlung process

producing X -ray bursts. In their model, Moss et al. (2006) used several different cross-sections to

describe the electrons’ motion through air and the collision between particles. Schaal et al. (2012)

analysed data from the Thunderstorm Energetic Radiation Array (TERA) and obtained properties

of both triggered and natural lightning X -rays. They inferred electron luminosities (e− s−1) from

observed X -rays and noted that the measured values are less than what had been suggested

by theoretical calculations. They also found that the electron luminosity increases with return

stroke currents up to 10 kA, then forms a plateau at large currents. Xu et al. (2014) studied X -

ray production through Bremsstrahlung via simulations of negative CG discharges, and predicted

the observable energy spectrum from the ground. They concluded that their model results are

comparable with measurements of the TERA instrument in terms of general shape and hardness

of the spectrum. Kochkin et al. (2015) coordinated in-flight measurements of lightning-emitted

X -rays, and found that they are emitted from the leader phase of a lightning flash, and when the

lightning strike attaches to the aircraft. In summary, both natural and rocket-triggered lightning

measurements confirmed that all known leader types produce high energy X -rays (Dwyer et al.,

3Very similar in properties to natural subsequent lightning strokes (Dwyer & Uman, 2014).
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Figure 3.3: Earth lightning spectrum taken on 31/Jul/1978 at the Kennedy Space Center. It is the dif-
ference spectrum of a composite lightning−scattered daylight spectrum and a scattered daylight spectrum
taken 5 s after the lightning discharge. The spectrum shows N and O lines, and the H Balmer series, as it
is expected for a N-O dominated atmosphere. Figure reproduced with permission from Orville (1980).

2012; Dwyer & Uman, 2014).

X -ray emission has been detected from brown dwarfs (BDs), however the underlying pro-

cesses are most likely not lightning related. First Neuhauser & Comeron (1998) detected X -rays

from BDs, who analysed ROSAT (RÖntgenSATellit) data of the Chamaeleon I star-forming cloud,

and noticed that the object called Cha Hα 1, an M7.5 to M8 spectral type BD, has a typical X -ray

luminosity that of an M-type star. Grosso et al. (2007) reported the detection of X -rays from nine

M type, young BDs out of which seven was a new detection. From their sample, Grosso et al.

(2007) found that BDs are less efficient X -ray emitters than low-mass stars, and concluded that

there is an indication of decrease in coronal activity (indicated by X -ray emission) with spectral

type. L-type BDs have also been searched for X -ray emission (Helling & Casewell, 2014, and ref-

erences therein), however only one has been successfully detected so far (Audard et al., 2007),

which supports the findings of Grosso et al. (2007). Audard et al. (2007) reported the first de-

tection of an L dwarf, Kelu-1 AB, in X -rays with Chandra. No T dwarfs or lower mass objects

have been detected in X -rays yet. So far, X -ray emission from BDs have been attributed to the

magnetic and coronal activity of the star (Helling & Casewell, 2014).
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Figure 3.4: Earth lightning discharge spectra and corresponding spectral graphs of the first∼ 1.4 ms of the
event. The most dominant lines are from O and N, with Hα appearing in the spectrum as well. Reproduced
with permission from Xue et al. (2015).
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3.1.2 Optical emission and, visible, and IR spectral signatures

With the advances of the nineteenth century, spectroscopy became one of the first tools used for

scientific studies of lightning. In 1868, John Herschel was the first to note that nitrogen had the

most luminous lines in the spectrum of lightning, and that the relative intensity of lines is different

for different spectra (Herschel, 1868; Rakov & Uman, 2003). Spectral lines of lightning emission

were systematically identified by Schuster (1880). Further studies of lightning spectra from the

nineteenth century were carried out by e.g. Joule (1872); Procter (1872); Gledhill (1881); de

Konkoly (1883); Fowler (1892). Slipher (1917) took one of the first spectra of a lightning flash

with a slit spectrograph in order to give better wavelength estimates for the observed emission

lines. He observed several O and N lines and bands and compared his results with previous slit-

less observations. From the second half of the twentieth century, lightning spectra were examined

in order to identify the physical processes acting during a lightning discharge (Rakov & Uman,

2003, and references therein). In the meantime, further details of the chemical composition rep-

resented in a lightning flash were revealed (e.g. Wallace, 1964; Orville, 1980, Fig. 3.3). The first

infrared spectrum of lightning was taken by Jose (1950), who measured the emission between ∼

6400−8800 Å, and identified both N and O lines in it. An early review of lightning spectroscopy

can be found in Salanave (1961), and an extended review up to the twenty-first century in Rakov

& Uman (2003).

On Earth, the energy released in the optical part of the electromagnetic spectrum is about

1-10% (Borucki & McKay, 1987; Hill, 1979; Lewis & Prinn, 1984, p. 334) of the total lightning

energy (∼ 109 J; e.g. Yair et al., 2008). Xue et al. (2015) measured the spectrum of natural CG

lightning discharges (Fig. 3.4), and noticed that the structure of the spectrum is mostly affected

by the current magnitude and duration, but less by the polarity of the discharge and the direction

of the current. The emission spectrum of lightning is the result of the high temperatures involved

in a discharge process, and hence the creation of a local environment that allows the production

of non-equilibrium species. Therefore, the ionizing effect of lightning will produce molecules that

are dependent on the local chemical composition. In a direct lightning spectrum, the emission

lines of such molecules appear. It is not surprising that spectra presented in early and more recent

studies show emission lines and bands mostly from nitrogen and oxygen (Fig. 3.3), since these

are the most abundant molecules in the Earth atmosphere. One of the most prominent lines

in a lightning spectrum is the 777.4 nm line of atomic oxygen (Beirle et al., 2014; Yair, 2012).
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3.1. Direct lightning emission

Figure 3.5: Spectra of simulated lightning in the atmospheres of Jupiter, Venus and Titan (from top to
bottom, respectively) at 1 bar. The most prominent features are: Hα at 656 nm (Jupiter, Titan), O(I) at
777 nm and CN at 389 nm (Venus), several nitrogen lines (Titan). Figures are reproduced with permission
from Borucki et al. (1996).
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This emission line is used to detect lightning flashes from space, by the LIS and OTD instruments

(Chapter 5).

Borucki et al. (1996) conducted laboratory experiments, comprised of a scanning spectrome-

ter and laser-induced plasma of different composition, to simulate the emission spectra of light-

ning on Venus, Jupiter and Titan, at 1 bar and 5 bar pressures. The simulated spectra for the three

objects at 1 bar are shown in Fig. 3.5. Borucki et al. (1996) used an atmospheric composition of

96% CO2, 4% N2; 87% H2, 13% He; and 97% N2, 3% CH4 with tracers of CH4 and NH3, by vol-

ume for the three objects, respectively. In their experiment, lightning on Venus has a prominent

oxygen emission line at 777.4 nm, just like in an Earth lightning spectrum. Venusian lightning

would also have weak features of carbon atoms and singly ionized oxygen atoms between 700 and

850 nm. Furthermore, Borucki et al. (1996) found a prominent CN line at 388 nm. The Jovian

lightning spectrum showed strong Hydrogen Balmer lines, and a Helium line at 588 nm (Borucki

et al., 1996). Borucki et al. (1996) suggested that ammonia and methane would also be present

in a Jovian lightning spectrum, however their experiment did not produce detectable quantities.

Lightning on Titan would show features of Hα at 656 nm, several nitrogen lines between 400 and

656 nm and two strong lines of nitrogen at 740 and 820 nm. CN emission could also appear at

389 nm, on Titan (Borucki et al., 1996). The experiment also showed that at 5 bar (compared

to 1 bar) the line radiation is less prominent compared to the continuum, and molecular band

radiation increases (Borucki et al., 1996).

Similar to Borucki et al. (1996), Dubrovin et al. (2010) found that Venusian lightning will have

strong 777.4 nm and 656.3 nm features in its spectrum. Cassini observations detected lightning

emission concentrated around the 656 nm Hα line on Jupiter (Dyudina et al., 2004). Luque et al.

(2015) observed Jupiter from Earth with the GTC/OSIRIS instrument in Hα but did not detect

lightning activity on the planet. Hansell et al. (1995) claimed the detection of 6 lightning flashes

on Venus at 777.4 nm and one flash at 656.4 nm. The observations were conducted from the

ground in Arizona, with a 153-cm telescope. Based on these detections, they estimated the flash

rate on Venus to be 1000 times smaller than on Earth, and the energy of lightning flashes to be

around 108 − 109 J (roughly the same as on Earth).

3.1.3 Radio signatures

When electric current is generated by accelerating electrons in a conducting channel, such as it

occurs during lightning, the channel will act as an antenna converting the electric power resulting
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from the time-dependent current into radio waves (e.g. Zarka et al., 2004). Lightning radio

spectrum covers the few Hz to few hundreds of MHz range (Desch et al., 2002). About 1% of the

total lightning energy is released in the radio frequencies between very low and high frequencies

(Volland, 1984; Farrell et al., 2007). Lightning induced radio emission has been observed from

several Solar System planets (Chapter 4). A large part of this thesis focuses on lightning radio

signatures, therefore, in this section, I focus on a more detailed explanation and introduction of

radio emission from lightning on Earth and other Solar System planets. I also summarize some

of the radio background sources and attenuating factors that will affect the observation of radio

signals. Lastly, I will shortly introduce non-lightning related radio emission that is produced at

similar frequencies to that of lightning radio emission, therefore making it hard to determine the

source of such emission based only on the radio signal.

An overview on types of radio signatures

There are four main phenomena related to lightning activity in the radio band.

a) Sferics (or atmospherics; 1 kHz≤ f ≤ hundreds of MHz), in general, are the emission in the

low-frequency (LF) range with a power density peak at 10 kHz on Earth (Aplin, 2013) produced

by lightning discharges. Since only radio emission in the higher frequency range can penetrate

through the ionosphere, high frequency (HF) radio emission caused by lightning on other planets

are also called sferics (Desch et al., 2002). Sferics are the result of the electromagnetic field

radiated by the electric current flowing in the channel of a lightning discharge (Smyth & Smyth,

1976). Figure 3.6 shows the dynamic spectrum of a sferic (vertical features). This type of emission

is the most probable to be observed coming from other planetary bodies, since it is the only type of

lightning radio emission capable of escaping the ionosphere or the magnetosphere of the object.

The power spectra of sferics and their dependence on lightning characteristics is discussed on the

next pages and in Chapter 8.

b) Whistlers (few Hz ≤ f ≤ several kHz) are electromagnetic (EM) waves propagating along

magnetic field lines and emitting in the very low-frequency (VLF) range. They were named after

the sound they give through a speaker while the waves travel more quickly at higher frequencies

and more slowly at lower frequencies (Desch et al., 2002). Figure 3.6 shows the dynamic spectrum

of a whistler (curved feature). The majority of whistler-type EM signals traverse the ionosphere

into the magnetosphere, and after reaching the opposite hemisphere they travers the ionosphere

again (Rakov & Uman, 2003). The minority of whistlers propagate through the ionosphere into
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Figure 3.6: Spectrogram of sferic and whistler originated in North America and observed at Palmer station,
Antarctica. Frequency: 0−10 kHz. The time axis covers 5 s. The intensity is given in dB, with red indicating
the largest values. Arrow labels the sferic of the same lightning flash that produced the whistler (curved,
intense feature between ∼ 2 and 4 s). Reproduced with permission from Desch et al. (2002). Courtesy of
Umran Inan (http://nova.stanford.edu/resgroups.html)

the magnetosphere and there dissipate (Rakov & Uman, 2003). Radio waves can only propagate

along magnetic field lines if their frequency is lower than the electron cyclotron frequency along

the same field line (Desch et al., 2002). For Earth, the lowest value of cyclotron frequency is∼ 10

kHz (Desch et al., 2002), therefore whistlers that propagate through the entire field line will have

frequencies lower than that. Whistler waves can only be detected, if the receiver is along the path

of the same field line as the radio wave travels through.

c) Schumann resonances (SRs) are extremely low frequency (ELF) lightning-induced electro-

magnetic oscillations resonating in the planetary surface-ionosphere cavity, with the wavelength

of the planet’s circumference (Simoes et al., 2012). They have only been observed on Earth. Their

existence was predicted by Schumann (1952) and they were first observed by Balser & Wagner

(1960). A Schumann-like resonance event at 36 Hz was observed on Titan by the Cassini-Huygens

probe in 2005 (Grard et al., 2006), however its lightning-related origin is questionable (Béghin

et al., 2007; Simões et al., 2007, see also Sect. 4.1.5). Ideally, the SR modes occur at a discrete

frequency determined by the planetary circumference, the thickness of the cavity, and the speed

of light in the cavity (Simoes et al., 2012). In reality however, the resonance lines are broadened

and the observed centre frequencies are shifted from the ideal case. This can be because of the
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changes in the EM sources, in the properties of the atmosphere, or because of the variability of

the upper boundary of the ionosphere, which is the result of the interaction between the solar

wind and the magnetosphere/ionosphere (Simoes et al., 2012; Rakov & Uman, 2003). Due to

the nature of the emission, the larger the planet the lower the resonance frequency will be.

Table 3.2: The first three modes of Schumann resonances of the major Solar System planets, Titan, and the
exoplanets WASP-12b and TRAPPIST-1 e. References: Earth: Simões et al. (2011); the other Solar System
planets and Titan: Simoes et al. (2012, 1st mode only), Béghin et al. (2012) and Simões et al. (2008, and
references therein). The values for the exoplanets were calculated applying Eq. 3.1.

Celestial body
1st mode 2nd mode 3rd mode

f [Hz] Q f [Hz] Q f [Hz] Q

Venus 7.9− 9.5 4.8− 10.5 14.17− 16.3 5− 11.3 20.37− 23.3 5.2− 22.7

Earth 7.8 5 14.3 5 20.8 5

Mars 7.3− 14 1.9− 4 13− 26 1.8− 3.8 19.2− 38 1.8− 40

Jupiter 0.6− 0.76 5− 10 1.2− 1.35 7.2− 8.6 1.74− 1.93 7.3− 8.7

Saturn 0.75− 0.93 3.5− 7.8 1.63 6.8 2.34 6.5

Titan 8.2− 26 0.92− 6 14.3− 45 0.8− 6 26.7− 64 1− 4.7

Uranus 1− 2.5 2− 21 1.99− 4.27 1.9− 19.4 2.96− 5.9 0.9− 9.5

Neptune 1− 2.6 1− 16 2− 4.12 1− 9.4 2.96− 5.9 0.9− 9.5

WASP-12b 0.56 - 0.96 - 1.36 -

TRAPISST-1 d 11.16 - 19.3 - 27.34 -

The ideal SR frequencies (eigenfrequency) are given by:

fN =
c

2πRp

Æ

N(N + 1), (3.1)

where c is the speed of light, Rp is the planetary radius and N ∈ N. In the ideal case the first three

frequencies are a few hertz higher than the observed ones (Rakov & Uman, 2003). Table 3.2.

lists the first three eigenfrequencies with their Q-factors for the Solar System planets, Saturn’s

moon, Titan, and the exoplanets WASP-12b and TRAPPIST-1 e. Mercury is not listed because it

does not own an atmosphere, hence surface-ionosphere cavity, therefore cannot form Schumann

resonance (Simoes et al., 2012). WASP-12b is an inflated hot Jupiter orbiting close to its parent

star. Its radius is 1.736 RJ (Chan et al., 2011), which results in slightly lower SRs than the values

for Jupiter. The newly discovered TRAPPIST-1 e is about the same size as Earth, Rp = 0.92 R⊕,

with a similar equilibrium temperature (Teq = 251 K, Gillon et al., 2017). Its SR is, therefore, very
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similar to that of the Earth. When calculating the Schuman resonances for the exoplanets, I do

not consider any shifting and broadening effects (I do not give Q-factors). The ideal frequencies

of WASP-12b and TRAPPIST-1b were calculated in comparison to the Solar System bodies. The Q-

factor measures the wave attenuation in the cavity (the decay time) and characterizes the width

of the SR signal in the frequency domain (Rakov & Uman, 2003). It represents the invers number

of cycles of a propagating VLF wave at frequency fN before it is fully attenuated. The Q-factor is

given by the following equation:

QN =
fN

∆ fN
, (3.2)

where fN is the centre of the frequency and ∆ fN is the width at half-maximum power (Rakov &

Uman, 2003). Schumann-resonances only exist if the planet has an ionosphere and can be only

observed from within the ionosphere. Therefore, no SR will be observable from extrasolar objects

with current technology.

d) Lightning also generates electromagnetic pulses (EMPs), most commonly in the form of

trans-ionospheric pulse pairs (TIPPs), first detected in 1993 by the Blackbeard payload of the

ALEXIS (Array of Low-Energy X-Ray Imaging Sensors) satellite (Holden et al., 1995). TIPPs are

emissions in the 30− 300 MHz range from lightning EMP and its echo off of the ground (Desch

et al., 2002). Holden et al. (1995) found that TIPPs last for about 10µs and occur in pairs sepa-

rated by ∼ 50 µs. Although they did not know what the exact origin of TIPPs was, they observed

their appearance to be consistent with thunderstorm activity. Russell et al. (1998) found that the

TIPPs analysed in their study originated 8 km above the ground, possibly from IC discharges.

Some of the IC discharges produce very powerful pulses referred to as narrow bipolar pulses (Le

Vine, 1980; Jacobson et al., 2011). Zuelsdorf et al. (2000) compared the origin of these pulses

and TIPPs, and found that they are generated by the same IC discharge process. EMPs are thought

to be the sources of ELVE-type transient luminous events (Fukunishi et al., 1996, and Sect. 3.3).

Earth-lightning radio spectrum

On Earth, a typical sferic has a broad band spectrum with a peak frequency at ∼ 10 kHz. The

radio power spectrum of a simple, non-tortuous return stroke peaks around 7-10 kHz, then drops

with f −1 up to 40 kHz, between 40 kHz and ∼ 5 MHz it becomes steeper and drops with f −2

(Desch et al., 2002). At ∼ 5 MHz the power spectrum has a second turn-point and it decreases
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Figure 3.7: Earth lightning radio spectrum (black). The blue area covers the frequency range where
the peak frequency occurs. After that the spectrum decreases with f −1 (red line) up to several tens of
kHz, while above that up to a few MHz the spectral roll-off becomes f −2 (blue line). The lines are for
demonstration only and not fitted lines. For further details of lightning frequency spectrum see Chapter 8.

with f −4 (e.g. Farrell et al., 2007). An example shape of lightning radio frequency spectrum is

shown in Fig. 3.7. The observed shape of the frequency spectrum depends on the characteristics

of the lightning channel, e.g. its length and tortuosity, the lightning stroke duration and the time

profile, and the dispersion and attenuating characteristics of the medium the radio wave propa-

gates through to the receiver (Volland, 1984). Therefore, the expected radio power spectrum of

lightning originating from different objects, will be different. In Chapter 8, I will further anal-

yse and discuss possible lightning radio spectra of several Solar System planets, exoplanets and

brown dwarfs.

Escape of radio emission - Role of the ionosphere and other attenuating plasmas

The ionosphere is the upper part of the atmosphere at the inner boundary of the magnetosphere.

It plays a crucial role in radio wave propagation and reflection. On Earth the atmospheric gas

is ionized mainly by solar radiation, while on other planets, exoplanets or brown dwarfs, other

mechanisms like cosmic ray ionization or collisional ionization may play a bigger role (e.g. Rim-

mer & Helling, 2013; Rodríguez-Barrera et al., 2015). The state of ionization of the ionosphere

is described in terms of electron number density, Ne. Ne has a diurnal variation, also varies with

altitude, latitude, and with the variations of the solar UV radiation (Macgorman et al., 1999).
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Electromagnetic waves, including radio waves originating from lightning discharges, cannot prop-

agate through the ionosphere with frequencies below the maximum (or peak) plasma frequency,

fpl, which is the maximum frequency at which the free electrons in the ionosphere can oscillate

(Desch et al., 2002). fpl is a function of the electron number density of the ionosphere,

fpl =
1

2π

√

√

√ Nee2

meε0
, (3.3)

where e is the elementary charge, me is the electron mass and ε0 is the permittivity of the vacuum

(Lammer et al., 2001). The plasma frequency for Earth is 5 − 10 MHz. Zarka et al. (2012)

suggested that radio observations should be conducted from the night side of the Moon that is

shielded from the solar radio waves and occasionally from radio emission from Earth likewise,

therefore radio waves with frequencies of a few kHz could reach its surface. The ionosphere does

not only block and reflect waves but attenuates the ones traversing it. Waves with frequencies

up to a few fpl are affected by the chromatic attenuation effect as a result of electron-neutral

collisions (Zarka et al., 2008; Leblanc et al., 2008). Observing lightning-related radio emission

from any object can be a useful tool of characterizing the object’s ionosphere. As fpl depends on

Ne, the frequency at which the lightning emission is observed will given an upper limit to the

electron number density in the ionosphere.

The ionosphere is not the only plasma that could block emission with frequencies below its

plasma frequency. Extraterrestrial radio waves have to propagate through the space between the

source and the observer, which may contain other attenuating or blocking environments. The

most prominent one, after the ionosphere, is the interplanetary space composed of the material

ejected from the star and carried by the stellar wind. Grießmeier et al. (2007) used distance-

dependent stellar wind models to estimate the plasma frequency, which they showed to be neg-

ligibly small in most analysed cases. It is important to note that radio emission of an exoplanet

will propagate through different environments towards the observer, throughout the planet’s or-

bit. For example, when the planet is entering occultation (secondary eclipse), the star and the

interplanetary space between the star and the planet will be along the line-of-sight. The plasma

frequency in these environments is much higher than at distances further away from the star,

therefore the radio emission that might be observable during transit, may be unseen during a

secondary eclipse (Grießmeier et al., 2007).
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Non-lightning related radio emission and background radio noise

Super high frequency radio emission (several GHz) has been observed from late M dwarfs and L-

type brown dwarfs on several occasions (e.g. Berger et al., 2001; Berger, 2006; Berger et al., 2009;

Burgasser & Putman, 2005; Hallinan et al., 2007, 2008; Antonova et al., 2008; McLean et al.,

2011). Recently, T dwarfs have also entered the family of known radio emitting objects (Route

& Wolszczan, 2012, 2016; Kao et al., 2016; Williams et al., 2017). The detected radio emission

is either periodic, 100% polarized emission attributed to cyclotron maser instability (CMI), or

quiescent, moderately polarized, which is probably the result of synchrotron or gyrosynchrotron

emission (Helling & Casewell, 2014, and references therein). Electron cyclotron maser emission

(CME) is the result of energized electrons travelling along magnetic field lines and interacting

with electromagnetic waves (Sprangle et al., 1977). The frequency of the emission is determined

by the strength of the magnetic field. According to observations, brown dwarfs are capable of

maintaining magnetic fields of kG-strength (Berger, 2006; Helling & Casewell, 2014). Similarly,

CMI related radio emission has been observed from Earth, Jupiter, Saturn, Uranus, and Neptune

in the form of auroral radio emission (Zarka, 1998). Simultaneous optical and radio spectroscopy

suggested the presence of aurorae on a late M dwarf (Hallinan et al., 2015), as well.

Electron cyclotron maser emission has been suggested to be one possible mechanism for ob-

servable radio emission from exoplanets too (e.g. Lazio et al., 2004; Grießmeier et al., 2007),

where the source of the high energy electrons is the coupling between the stellar wind and the

object’s magnetic field (Lazio et al., 2004). Farrell et al. (1999a); Zarka et al. (2001) and Lazio

et al. (2004) extended the radiometric Bode’s Law of Solar System planets to extrasolar planets.

The radiometric Bode’s Law is an empirical relation between the solar wind power, the planet’s

magnetic field strength, and the emitted radio power (e.g. Lazio et al., 2004). Lazio et al. (2004)

argued that most of the exoplanets they considered should have a radio emission at frequencies

between 10 and 1000 MHz, and the flux of the emission should reach 1 mJy depending on the dis-

tance of the source. Grießmeier et al. (2007) estimated the frequency and flux of radio emission

from exoplanets, caused by interaction between the planet and the stellar wind. They considered

different scenarios as the source of the energy necessary for CMI in the planetary magnetosphere,

and showed that the magnetic energy from the interplanetary magnetic field (e.g. Farrell et al.,

2004a) would result in the largest radio flux, followed by the energy deposited by stellar coronal

mass ejections (e.g. Grießmeier et al., 2006) on close-in exoplanets, and the kinetic energy of the
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stellar wind interacting with the planetary magnetic field (e.g. Lazio et al., 2004). Grießmeier

et al. (2007) found that the maximum frequency of such emission would be between 0 and 200

MHz, however above 70 MHz the radio flux would be too low to detect. They suggested that for

one of 197 examined exoplanets (GJ436 b) the radio flux can be ideally as high as 5 Jy, however

most of the planets show less than 10 mJy flux. A campaign to observe electron cyclotron maser

emission has been started (e.g. Lecavelier Des Etangs et al., 2009, 2011; Lecavelier des Etangs

et al., 2013, and ref. therein); however, it has not been conclusively detected from exoplanets.

Electron cyclotron maser emission from exoplanets can cause false positives for lightning detec-

tion, as the emission frequencies are in the same range for both mechanism. On the other hand,

similarly, a positive detection of radio emission from an exoplanet would not necessarily mean

CMI emission, but could be caused by lightning as well (see Chapter 6).

Low frequency radio observations conducted from the surface of the Earth or orbits in the

inner Solar System will be affected by radio noise. Here, I only summarize the natural sources

originated outside the Earth ionosphere. The major source of radio noise is the Sun. Solar radio

bursts, especially type III bursts have the largest contribution to the radio noise between 0.1−10

MHz (Desch, 1990). The solar wind has a contribution at frequencies 20− 30 kHz (Zarka et al.,

2012). The galactic radio background (from diffuse synchrotron emission) is strong above 100

kHz while quasi-thermal and electrostatic noises have an effect at lower frequencies (Zarka et al.,

2012).

3.2 Effects of lightning discharges on the local chemistry

The pressure and temperature changes during a lightning discharge trigger chemistry changes in

the local atmosphere. New, non-equilibrium species are produced, which will recombine and form

the original molecules once the process causing the changes, i.e. the lightning discharge, termi-

nates and no new triggers are initiated. Two main mechanisms create non-equilibrium molecules

during a lightning flash: (i) high energy electrons create new species through electrochemical

reactions via colliding with atmospheric particles and transmitting their energy, and (ii) as the

temperature and the pressure increases the plasma suddenly expands and creates a shock wave

(thunder) which also affects the chemistry (Rakov & Uman, 2003).

The importance of lightning discharges in creating prebiotic molecules, and therefore maybe

initiating life-formation, has been recognized early. In their experiment, Miller (1953) used elec-
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trical discharges instead of UV light that had been previously proposed as the catalizator of the

formation of organic molecules (Haldane, 1928; Oparin, 1938). They observed the formation of

amino acids after electrifying the experimental mixture composed of CH4, NH3, H2O, and H2.

Johnson et al. (2008) used an apparatus built by Miller, but never tested before. The experiment

simulated a volatile-rich explosive volcanic eruption and the effect of lightning on the composi-

tion of the volcanic plume (Johnson et al., 2008). They observed the production of amino acids

in the experiment, with amounts comparable to or exceeding those found by Miller (e.g. 1953).

Their findings are also relevant for exoplanetary studies, since the composition of volcanic plumes

may resemble dust clouds of certain exoplanets and brown dwarfs (Helling et al., 2008a,d).

The initial chemical composition of the atmosphere will determine the type of molecules that

are created by lightning. In an Earth-like atmosphere, mainly composed of N2 and O2, nitrogen

oxides (NOx; e.g. Noxon, 1976; Ott et al., 2010) and ozone (O3; Zhang et al., 2003; Lorenz,

2008) are the most common tracers of lightning activity. O3 and NOx are in disequilibrium: O3

will convert into O2; NO and NO2 (together NOx) further contribute to the formation of O3, and

may precipitate out of the atmosphere in the form of nitric acid and is absorbed by the soil forming

nitrates, important energy sources for plants (Lorenz, 2008).

Krasnopolsky (2006) claimed that the appearance of NO in the atmosphere of Venus might

be the result of lightning activity. They observed Venus with the TEXES (Texas Echelon Cross

Echelle Spectrograph) at NASA IRTF (InfraRed Telescope Facility) on Mauna Kea at the 5.3 µm

band, where three NO lines reside, and found that two lines suggest the presence of NO at the

lower atmosphere of the planet. Laboratory experiments conducted by Bar-Nun (1975) showed

that C2H2 and HCN are potentially produced by lightning in the atmosphere of Jupiter. Podolak

& Bar-Nun (1988) obtained lightning-produced CO, HCN, and C2H2 abundances from numerical

models, and noted that while the CO and HCN abundances in Jupiters atmosphere are consistent

with observations, lightning is not efficient enough to produce the observed amount of C2H2.

They suggested that the rest of the C2H2 is produced by a photolytic source. Cassini/VIMS (Visual-

Infrared Mapping Spectrometer) observations in the NIR showed a dark layer around the 1 bar

pressure level in Saturn’s atmosphere. Baines et al. (2009) suggested that these dark cloud layers

are vertically conducted, lightning-produced chemicals. Cassini/CIRS observations during and

after the 2011 large storm on Saturn (Dyudina et al., 2013) revealed enhancement of molecules

like C2H4 in the atmosphere (Hesman et al., 2012), which can be the result of vertical transport

of compounds created by lightning in the lower atmosphere (Yair, 2012). Horvath et al. (2009)
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conducted laboratory experiments to study the effects of corona discharges in the atmosphere of

Titan, and noticed that the main product of discharges is C2H2, with traces of C2H6 and HCN.

Kovács & Turányi (2010) carried out a detailed kinetic reaction analysis in a Titan-like atmosphere

as a result of lightning activity, and found that HCN is the most important tracer of lightning on

Titan.

Chemical changes in the atmosphere and the production of non-equilibrium species is a good

indicator of lightning activity. The changes in the concentration of such species can indicate the

intensity of lightning storms. Their effect on the spectrum of a planet, even an exoplanet, can be

significant (Chapter 6). It is important to note, however, that some of the species listed above are

produced not only by lightning discharges, but other means as well. On Earth, ozone is mainly

produced by the UV dissociation of O2 and recombination to O3 at the top of the atmosphere (in

the stratosphere between 15 and 40 km; Staehelin et al., 2001, and references therein). In the

Jovian atmosphere C2H2 and C2H4 can produced by photochemistry induced by solar UV radiation

(e.g. Moses et al., 2005). Similarly, these species could be produced by various phenomena on

extrasolar objects as well. Therefore, it is important to address other formation mechanism of non-

equilibrium species, when exploiting non-equilibrium chemistry as a method to detect lightning

activity.

Observations have revealed several spectral features in exoplanetary and brown dwarf atmo-

spheres (e.g. Deming et al., 2013; Pont et al., 2013; Kreidberg et al., 2015), which features have

been shown by models (e.g. Benneke & Seager, 2012; Barstow et al., 2017; Kempton et al., 2017)

to indicate the primary composition of the atmospheres of the objects. Apart from the bulk com-

position, spectral signatures indicate non-equilibrium chemistry in these atmospheres as well (e.g.

Knutson et al., 2012; MacDonald & Madhusudhan, 2017). The two, most well-studied processes

causing the enhancement of non-equilibrium species are biological activity and related phenom-

ena, and vertical mixing of the atmosphere (Seager, 2010a,b). Such processes may cause false

indication of lightning activity, e.g. in the case of O3 detection.

Biosignatures are fingerprints in the spectrum which indicate the presence of life on the ob-

jects. They are species that were suggested to be biosignatures based on the spectrum of Earth

and what features it contains because of life (Kaltenegger et al., 2002). For example, O2 and CH4

were suggested to be a good combination to indicate life activity on an object (Seager, 2010a, and

references therein): O2 is a highly reactive gas oxidizing its environment, therefore it needs con-
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tinuous replenishment to keep the large quantities present in Earth’s atmosphere. CH4, though

can be produced by abiotic processes, is mostly produced by methanogenic bacteria. In a highly

oxidizing atmosphere as the Earth’s is, CH4 only lives for ∼ 9 years, therefore it needs to be

constantly replenished as well. Similarly, N2O is considered as a good biosignature, even on its

own, though detected in the company of large concentrations of O2, it is a better life indicator

(Seager, 2010a). However, it is produced in very small quantities, therefore it is hard to detect

in a spectrum.

In dynamic atmospheres, molecular species are mixed between atmospheric layers casing the

appearance of larger abundances of a certain species than what is expected from equilibrium

models. Vertical mixing has been observed mostly in brown dwarf atmospheres (e.g. Noll et al.,

1997; Saumon et al., 2000, 2006), however, lately observations suggest that it occurs on exo-

planets as well (e.g. Knutson et al., 2012). In hydrogen rich atmospheres, nitrogen chemistry

suggests vertical mixing. In thermodynamic equilibrium, the dominant form of nitrogen is NH3,

however, quite frequently an enhanced abundance of N2 is observed in the upper part of, mostly,

hotter (L, T) brown dwarf atmospheres (Seager, 2010a), where N2 is in disequilibrium. Another

indicator of vertical dynamics in a T and cooler type brown dwarf or exoplanet is the enhanced

presence of CO in the upper, cooler part of the atmosphere, where CH4 is the dominating species

in thermodynamics equilibrium (Seager, 2010a). The CO is in equilibrium in the lower, hotter

parts of the atmosphere. After it is transported to lower pressures, it slowly converts into CH4,

however this timescale is longer than the timescale of vertical mixing.

3.3 Emission caused by secondary events

Transient Luminous Events (TLEs) are lightning-related phenomena in the stratosphere and meso-

sphere of Earth, occurring above thunderclouds between altitudes of 15 to 110 km (Pasko et al.,

2012). They are caused by the charge imbalance in thunderstorms developing after a lightning

flash, or by the EM field generated by the return stroke current (Siingh et al., 2015). During the

almost thirty years since their discovery in 1989 (Franz et al., 1990) several different types of

TLEs have been observed and studied. The literature on the modelling and observations of TLE

phenomena is extensive. Detailed reviews are found in Pasko (e.g. 2007, 2010); Pasko et al. (e.g.

2012); Surkov & Hayakawa (e.g. 2012); Siingh et al. (e.g. 2012, 2015). A summary table of the

different types of TLE can be found in Siingh et al. (2015, their table 1.). Based on the optical

appearance and physical properties of TLEs, we can distinguish between the following main types
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Figure 3.8: Most common types of transient luminous events (TLEs) appearing after lightning discharges.
Figure reproduced with permission from Nature from Pasko (2003, 2007).

(Fig. 3.8):

• Sprites (Fig. 3.9) are predominantly red phenomena (Sentman et al., 1995). They appear

after an intense positive cloud-to-ground (CG) discharge above the thunderstorm in the

altitude range< 40−90 km with the brightest part in the 65−85 km altitude range (Roussel-

Dupré et al., 2008). Negative CG discharges may also produce sprites, but very rarely (Pasko

et al., 2012). Observations indicate that sprites usually occur in clusters of several events

(e.g. Sentman et al., 1995). Based on the shape, different types of sprites are discerned:

"carrot" or "jellyfish" sprites with a heart-shaped body and several tendrils, columniform (C-

sprites) sprites appearing as distinct vertical columns, and angle sprites that are bifurcated

columns with channels extending diagonally (Pasko et al., 2012). They are the most well-

studied types of TLE emission.

• ELVEs (Emission of Light and Very Low Frequency perturbations due to Electromagnetic

Pulse Sources) are diffuse optical flashes with a duration of< 1 ms, which occur at 75−105

km altitude (Fukunishi et al., 1996). Their horizontal extension is ∼ 100− 300 km. They

appear right after the onset of a CG discharge but before sprite initiation (Fukunishi et al.,

1996). They have specific signatures in the far ultraviolet (FUV) spectral range. Fukunishi
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Figure 3.9: Development of a sprite. Images are labelled with the time after the return stroke initia-
tion. Reproduced with permission from Cummer et al. (2006). Courtesy for the original image to Steven
Cummer.

et al. (1996) suggested that the most likely source for these luminous events is the heating

of electrons in the ionosphere by the EMP generated by a lightning discharge. This model

explains well the quick horizontal expansion of the phenomenon (Frey et al., 2005).

• Halos are diffuse, pancake-like, optical emission occurring at a lower altitude than ELVEs

(∼ 70− 80 km). Halos appear before sprites although they are not necessarily followed by

sprites (Wescott et al., 2001). This unstructured emission lasts for 2−10 ms (Moudry et al.,

2003). Barrington-Leigh et al. (2001) argued that halos are due to a quasi-electrostatic field

generated by positive CG lightning discharges.

• Blue jets appear mainly with blue colour in the optical. They typically occur in the 40− 50

km altitude range, with a conical shape. Blue jets are thought to occur when a positively

charged region is formed on the top of a thundercloud (Surkov & Hayakawa, 2012). Petrov

& Petrova (1999) proposed that a blue jet is an upward-propagating positive leader with a

streamer on the top, producing the branching structure of the jet.

• Gigantic jets are more energetic than blue jets, they extend to higher altitudes creating a

direct link between the troposphere and the lower ionosphere (Siingh et al., 2012). Their
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appearance is more structured than blue jets (Pasko, 2010). They are believed to appear

due to the large amount of negative charges accumulating at the top of thunderclouds

(Surkov & Hayakawa, 2012). While blue jets have the same characteristics as a positive

leader propagation, gigantic jets show upward-propagating negative leader characteristics

(Pasko, 2010; Surkov & Hayakawa, 2012).

TLE observations are conducted from the ground (e.g. Fukunishi et al., 1996; Yair et al.,

2009a) and from space (e.g. Yair, 2006) as well. There were several images take from space

shuttles (e.g. Yair et al., 2003, 2004) and the International Space Station (e.g. Blanc et al., 2004,

2007; Yair et al., 2013) too. Important space observations were conducted with the ISUAL (Im-

ager of Sprites and Upper Atmospheric Lightning) instrument on board the FORMOSAT-2 satellite

(Chern et al., 2003), which was the first instrument dedicated for the investigation of upper at-

mospheric electrical phenomena (Pasko et al., 2012). A major science objective of ISUAL is to

investigate the spatial, temporal and spectral properties of TLEs.4 Several microsatellites have

been dedicated to the observations of TLEs, such as the Russian Tatjana-1 and Tatiana-2, and

the Japanese SPRITE-SAT (Pasko et al., 2012). The previously mentioned (Sect. 3.1.1) TARANIS

satellite and ASIM instrument on board of the ISS will further help the understanding of TLE

emission and its relation to thunderstorms in the Earth atmosphere.

TLEs produce similar EM radiation to lightning discharges occurring inside a thundercloud.

Sprites have been observed to produce ELF (extremely low frequency,< 3 kHz) and VLF (very low

frequency, 3−30 kHz) radio emission, as well as optical emission (Surkov & Hayakawa, 2012).

TLEs in the optical range appear as distinctive red or blue emission depending on the type. Sprites

produce strong 1PN2 (first positive band system of N2), 2PN2 (second positive band system of

N2), and 1NN+2 (first negative band system of N+2 ) features, which give the red colour of the event

(Table 3.1; Pasko, 2007; Siingh et al., 2015). Sprites also produce far UV emission in the form of

LBH N2 (Lyman-Birge-Hopfield N2 band system) signature. TLEs have a similar effect on the local

atmosphere as we have seen for lightning discharges in Sect. 3.2. They produce non-equilibrium

species, like NOx in the Earth atmosphere (e.g. Pasko et al., 2012, and references therein).

TLE emission has only been observed on Earth, though models have predicted their existence

on other planets as well (e.g. Yair et al., 2009b; Dubrovin et al., 2010). Yair et al. (2009b)

modelled sprite occurrence in different planetary atmospheres. They found that on Venus, for

4http://www.athena-spu.gr/∼upperatmosphere/index.php?title=FORMOSAT-II_/_ISUAL
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an electric charge moment of 500 C km−1 in a discharge channel, sprites could occur at 90 km

altitude. However, they also mention that due to the supposed low mass content of Venusian

clouds, charge separation might not be efficient enough to produce sprite events. For Mars, they

found that the conventional breakdown field is exceeded inside dust storms, even for low (10 C)

amount of charges at relatively low (10 km) altitudes and not above the dust cloud, suggesting

that sprites will not occur in the Martian atmosphere. The results for Titan suggest that lightning

could occur inside clouds, however the breakdown field is not reached even hundreds of km

above the ground, preventing the development of sprite discharges (Yair et al., 2009b). Yair et al.

(2009b) also demonstrated that on Jupiter sprits can be expected above lightning-producing,

strong convective systems. Depending on the number of charges, the initiation height would be

a few hundred km, but still below the ionosphere (Yair et al., 2009b). Dubrovin et al. (2010)

conducted laboratory experiments to measure the spectrum of possible sprite events on Jupiter

and Venus. They found that Jovian sprites would have a strong continuum spectrum between UV

and visible, with higher intensity in the UV part. They also found strong Balmer Hα and Hβ , and

various H2 lines (at 575−625 nm and at 700−800 nm) in the sprite spectrum. Venusian sprites

would have strong spectral features from N2-SPS (second positive band of triple heads of N2) in

the 300 to 450 nm range (Dubrovin et al., 2010). Various CO systems are also found in sprite

spectra on Venus at wavelengths between 450 and 670 nm (Dubrovin et al., 2010).
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Figure 3.10: Red sprites above a thunderstorm (left edge of the image) photographed by astronauts on
the International Space Station. Another thunderstorm is also visible on the bottom edge of the photo.
The big cities are Dallas (to the left) and Houston (to the right). The breath-taking image also shows the
atmosphere of the Earth (green airglow) and the bright Moon in the background. Credit: NASA/NASA
Earth Observatory.
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4
Lightning inside and outside the Solar System

4.1 Extraterrestrial lightning in the Solar System

Lightning in the Solar System has been observed on several planets. Optical and radio observa-

tions confirmed the presence of lightning on both giant gas planets, Jupiter and Saturn. Radio

observations suggest that lightning exists on Uranus, and possibly Neptune and Venus. According

to theoretical works, lightning may exist on Mars and Titan as well, however no observations

confirmed the theory yet. In this section, I summarize our knowledge on planetary lightning, I

do not focus on Earth as such, as the previous chapters (Chapters 2-3) describe Earth lightning in

much detail. The order I chose to present the information on planetary lightning is intended to

reflect the "certainty" of lightning occurring in these atmospheres. On Jupiter (Sect. 4.1.1) and

Saturn (Sect. 4.1.2), lightning activity is confirmed by both optical and radio data. It is gener-

ally accepted that lightning occurs on Uranus and Neptune (Sect. 4.1.3) as well, however apart

from Voyager radio data, no other evidence of lightning activity in these atmospheres has been

detected. The research of Venusian lightning (Sect. 4.1.4) is very bi-polar, with scientists arguing
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Figure 4.1: Equilibrium cloud condensation models (ECCM) for Jupiter (left) and Saturn (right). The
models suggest a similar cloud structure for the two giant gas planets. The abundances of condensable
volatiles (N, S, O) were taken at 1× solar (left panel, solid area), 3× solar (left panel, dashed area), and
5× solar abundance (right panel). Figures reproduced with permission from Atreya & Wong (2005).

both for and against of lightning activity on Earth’s twin, with only whistler observations being

available currently. Finally, both Mars and Titan (Sect. 4.1.5) has been suggested to host light-

ning activity, however no observations have confirmed the theory yet. For further information on

planetary lightning I direct the reader to the following reviews: Desch et al. (2002); Leblanc et al.

(2008); Yair et al. (2008); Yair (2012); Aplin (2013).

4.1.1 Jupiter

Lightning was predicted to exist on Jupiter in 1975 based on the observed abundance of molecules

such as ethane (C2H6) in the planet’s atmosphere (Bar-Nun, 1975). Bar-Nun (1975) suggested

that the Great Red Spot hosts an order of magnitude larger electrical activity than the rest of the

planet, based on the amount of HCN detected over that area. The first direct evidence of light-

ning on Jupiter was delivered by the Voyager 1 and Voyager 2 spacecraft. Both spacecraft detected

optical flashes in the atmosphere (Cook et al., 1979) and Voyager 1’s plasma wave instrument ob-

served lightning-induced whistlers in the magnetosphere (Gurnett et al., 1979; Scarf et al., 1979).

Magalhaes & Borucki (1991) and Borucki & Magalhaes (1992) analysed the Voyager images and

found that lightning concentrated at 13.5◦ N and 49◦ N regions, with more brighter spots around

49◦ N. They suggested that the lightning activity was originating from the deep moist convective
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Figure 4.2: Lightning on Jupiter observed by the Galileo spacecraft in 1997. Left: Day-side of the planet.
Right: Both panels show the same area marked with a box on the big (left) image, but this time during
night time. The bright spots are lightning flashes. Figure reproduced with permission from Little et al.
(1999). Courtesy for original figure to Andrew Ingersoll.

regions. They did not detect signs of lightning activity on the southern atmosphere of the planet.

Yair et al. (1995) modelled lightning generation in Jovian water clouds (Fig. 4.1), assuming that

charge separation works similarly to Earth thunderclouds, with charges accumulating on ice crys-

tals and graupel particles (see Chapter 2, Sect. 2.2). They showed that the electric field in these

clouds builds up quickly and exceeds the breakdown field. The lightning flashes in their model

produced total energies of the order of 1012−1013 J, and optical energies of 109−1010 J. Borucki

et al. (1996) modelled the optical spectrum of Jovian lightning, which I discuss in Chapter 3 Sect.

3.1.2.

The SSI (Solid State Imager) of the Galileo spacecraft observed lightning activity directly on

Jupiter (Fig 4.2) during two orbits in 1997 (C10, E11) and one orbit in 1999 (C20; Little et al.,

1999). The descending Galileo probe also detected lightning induced sferics in 1995 (Rinnert

et al., 1998). Little et al. (1999) estimated the lower limit of flash density on Jupiter, 4.2× 10−3

flashes km−2 year−1, based on Galileo data. This value agrees with the value determined from
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the Voyager measurements (4×10−3 flashes km−2 year−1, Borucki et al., 1982). Yair et al. (1998)

modelled the probability of lightning activity around the entry path of the Galileo probe, and noted

that charge separation and lightning generation in these lower-latitude clouds is not intensive.

They also found that at mid−latitude regions charge separation is more efficient resulting in

water-cloud thunderstorms deep in the atmosphere, with positive and negative charged regions

at 3 and 4.5 bar levels, respectively.

Models indicate that Jupiter has three cloud decks made of NH3-ice, NH4SH-ice, and H2O-

liquid and -ice extending down from 0.5, 1.3, and 1.6 bar levels, respectively (Atreya & Wong,

2005, Fig. 4.1). Monte Carlo Radiative Transfer simulations of scattered light in Jovian clouds

conducted by Borucki & Williams (1986) and Dyudina et al. (2002) found that the origin of

lightning discharges on Jupiter is in the water clouds at 4−5 bar pressure levels, or even deeper

(Dyudina et al., 2002). Lightning was observed on Jupiter by Cassini between 2000 and 2001

(Dyudina et al., 2004). Correlating lightning flashes with dayside clouds in the Cassini data,

Dyudina et al. (2004) identified the source of lightning on Jupiter to be dense, vertically extended

clouds that may contain large particles (∼ 5µm, Dyudina et al., 2001, 2004), typical for terrestrial

thunderstorms. However, they also noted that lightning observed by Voyager 2 is not always

correlated with these bright clouds, meaning that the low number of small bright clouds does

not explain the amount of lightning detected by Voyager 2 that observed fainter flashes at higher

latitudes than Cassini did (Borucki & Magalhaes, 1992; Dyudina et al., 2004).

Cassini detected lightning activity on Jupiter with an Hα filter, around 24◦ N, 34◦ N, and 14◦

S (Dyudina et al., 2004). The observations indicated a less intense Hα from lightning compared

to what had been expected from laboratory measurements (Borucki et al., 1996), which suggests

that the source of such flashes is even deeper than 5 bar (Dyudina et al., 2004; Yair et al., 2008).

In 2007, New Horizons observed sub-polar lightning on Jupiter (Fig. 4.3), at latitudes> 60◦ north

and south, with its broadband camera between 0.35 - 0.85 µm (Baines et al., 2007). Based on

these data, Baines et al. (2007) calculated almost identical flash rates for the polar regions on

both hemispheres (N: 0.15 flashes s−1, S: 0.18 flashes s−1). Luque et al. (2015) observed Jupiter

from Earth with the GTC/OSIRIS instrument in Hα but did not detect lightning activity on the

planet. Luque et al. (2014) suggested that faint, transient luminous events analogous to ELVEs

on Earth, are produced in the Jovian atmosphere, with energies of 108 J. They addressed TLE

emission by modelling and analysing the effects of an upward-propagating electromagnetic pulse

produced by a lightning discharge in the planet’s atmosphere.
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Figure 4.3: Polar lightning flashes on Jupiter observed by New Horizons/LORRI imager in 2007. The
spatial extension of the flashes indicates that diffusive aerosols scatter the light originating in the water
clouds at 5 bars. Figure reproduced with permission from Baines et al. (2007).

The JUNO mission reached Jupiter on 5 July, 2016. Its optical camera and plasma wave

instrument is capable of detecting optical lightning flashes and lightning−induced radio signals

in the planet’s atmosphere (Yair et al., 2008). JUNO will provide further information on cloud

dynamics and physical characteristics of the atmosphere1 down to pressure levels of ∼ 100 bar

(Yair et al., 2008).

4.1.2 Saturn

It has been suggested that Saturn has similar cloud structure to Jupiter’s, with a top deck com-

posed of NH3 ice particles, followed by an NH4SH cloud layer, and below that a water ice cloud

and liquid water-ammonia (Atreya & Wong, 2005; Yair et al., 2008, Fig. 4.1). Saturn has been ob-

served to host large, energetic thunderstorms, which appear infrequently (e.g. Fischer et al., 2008;

Dyudina et al., 2013; Sánchez-Lavega et al., 2016). Li & Ingersoll (2015) modelled moist con-

vection in the atmosphere of Saturn, with the aim of explaining the episodic appearance of giant

thunderstorms on the planet. They proposed that moist convection is suppressed for decades in

Saturn’s atmosphere due to the large molecular weight of water in such H2-He rich atmospheres.

1https://www.nasa.gov/mission_pages/juno/overview/index.html
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Figure 4.4: Dynamic spectrum (frequency vs time) of Saturn Electrostatic Discharges (SED; dark black
spikes) recorded by the RPWS instrument of the Cassini spacecraft in 2004. Spacecraft event time (SCET),
distance in Saturn radii, western longitude and latitude, and local time of the spacecraft are given along
the time axis. Figure reproduced with permission from Fischer et al. (2006a).

They suggested that the quasi-periodic thunderstorm activity can be explained by an oscillation

produced by the interaction between moist convection and radiative cooling in the troposphere.

Such oscillations produce giant storms with a period of ∼ 60 years (Li & Ingersoll, 2015).

Lightning-induced sferics named Saturn Electrostatic Discharges (SEDs) were first observed

by Voyager 1 during its close approach in 1980 (Warwick et al., 1981). The short, strong radio

bursts from Saturnian thunderstorms were detected again by the RPWS (Radio and Plasma Wave

Science) instrument of the Cassini spacecraft in 2004 (Fischer et al., 2006a, Fig. 4.4). Fischer

et al. (2006a) and Fischer et al. (2007b) analysed the occurrence rate of SEDs during the 2004-

2006 storms and obtained SED rates that generally vary between 30−87 h−1, with two storms

with SED rates much higher, 367 h−1. From Cassini data Fischer et al. (2006a) estimated the

total energy of 1012 − 1013 J of Saturnian lightning flashes (Fig. 4.6), based on the assumption

that SED energy output is proportional to the total energy the same way as is for Earth lightning.

Farrell et al. (2007) suggested that SEDs are much shorter compared to terrestrial discharges and

hence the flash should be less energetic, of the order of 107 J. Fischer et al. (2011b) reported
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Figure 4.5: Spectrogram of a whistler event detected by Cassini/RPWS. Frequency: 100−600 kHz. The
time axis covers 15 s. The intensity is given in V2m−2Hz−1, with red indicating the largest values. Arrow
labels the curved feature of the whistler. For comparison to Earth whistlers see Fig. 3.6 in Chapter 3.
Figure reproduced with permission from Akalin et al. (2006).

the detection of a giant storm that erupted in December 2010, and examined its SED occurrence.

They identified the largest SED rates ever detected on Saturn, to be 36000 SED h−1, ∼ 98 times

larger than the SED rate of the largest episode in 2006.

SEDs were confirmed to be a signature of lightning activity by the Cassini spacecraft, when,

based on its data, Dyudina et al. (2007) associated the radio emission with clouds visible on

the images. Baines et al. (2009) detected these clouds with Cassini/VIMS, and realized that

they appear dark in the NIR. They suggested that lightning at 10 bar level, the base of water

clouds (Atreya & Wong, 2005, Fig. 4.1, right panel) produces material, mostly carbon, that is

transported to the 1 bar level regime where they obscure the clouds in the spectral range 0.8

to 4.1 µm. Bjoraker et al. (2011) and Hesman et al. (2011, 2012) found enhanced amounts of

C2H2, C2H4 and C2H6 in the atmosphere of Saturn during the 2010/2011 thunderstorm, which

species could have been produced by lightning in the deeper cloud regions and transported to

lower pressures by updraft (Yair, 2012).

Akalin et al. (2006) reported the first detection of a whistler event in Saturn’s magnetosphere.

Fig. 4.5 illustrates the radio signal, which shows the same pattern as Earth whistlers do (Fig. 3.6).

Based on Cassini/RPWS data, Akalin et al. (2006) proposed that the radio signal originated from
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Figure 4.6: Cumulative distribution of optical lightning energies (bottom x-axis; open plane symbols) and
spectral powers of 35-ms long SEDs (top x-axis; dotted, dashed, and dot-dashed lines). The figure indi-
cates that Cassini observed the high-energy tale of lightning flashes, assuming the distribution of lightning
energies is similar to Earth lightning (see Fig. 5.7 in Chapter 5). Figure reproduced with permission from
Dyudina et al. (2013).

lightning on the northern hemisphere. Hassanzadeh Moghimi (2012) suggested the detection of

a whistler event at 430 to 200 Hz (higher frequency detected first) in Cassini data from 2004.

They concluded that the source of the emission was lightning that occurred at 66.85◦ N, and

suggested an internal energy source for lightning activity.

The first Saturnian lightning detection in the visible range was reported by Dyudina et al.

(2010). They detected optical lightning flashes on the night side of the planet in the Cassini

wide- and narrow-angle camera data taken in 2009. Dyudina et al. (2010) treated the lightning

spots as light sources on top of the cloud emitting isotropically up and down, and estimated the

optical energy of a single lightning flash to be 109 J (Fig. 4.6). This way they confirmed the

high total energy output of lightning on Saturn as was originally inferred from SED data (Fig.

4.6; Fischer et al., 2006a). Dyudina et al. (2010) also mentioned that these flashes maybe the

most energetic ones occurring on Saturn, as the detection limit of the cameras is 108 J in terms
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Figure 4.7: Optical lightning flashes (bright spots) on the night side of Saturn taken by Cassini on 30
November 2009. The images are shown in chronological order (following the numbers) as they were
taken during a 16-min observation time. The light-grey cloud with diameter of∼ 3000 km, was illuminated
by Saturn’s rings and did not change during the observations. Figure reproduced with permission from
Dyudina et al. (2013).

of lightning optical energy. Based on the observed diameter of the lightning spots (200 km),

Dyudina et al. (2010) inferred a source altitude of 125-250 km below cloud tops, which is above

the liquid water-ammonia cloud base, probably in the NH4SH cloud or in the H2O ice cloud (Fig.

4.1, right panel). Dyudina et al. (2013) reported further lightning detections (Fig. 4.7) on the

dayside by Cassini at latitude 35◦ N, from a new, much stronger storm than previous storms,

observed in February, 2011 (also reported in Fischer et al., 2011b).

Zarka et al. (2004) estimated the detectability of planetary lightning with the state-of-the-art

radio array, LOFAR (Low Frequency ARray), and suggested that SED activity could be monitored

by the instrument, and due to the sporadic occurrence of Saturnian thunderstorms, preferably

on a regular basis. Griessmeier et al. (2010) and Grießmeier et al. (2011) presented the results

of ground-based search for lightning on Saturn using three arrays, LOFAR, UTR-2 (Ukrainian

T-shaped Radio telescope), and the Dutch WSRT (Westerbork Synthesis Radio Telescope). Za-

kharenko et al. (2012) described the simultaneous observations of Saturnian lightning activity

with UTR-2 at frequencies 12 to 33 MHz, and the Cassini spacecraft at 1.8 to 16 MHz. They noted
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a good coincidence between the data of the two instruments and reported the first ground-based

detection of SEDs. Mylostna et al. (2013) conducted further observations of SEDs with UTR-2.

They obtained high time-resolution data (µs resolution), and found that SEDs are composed of

100 µs bursts with varying intensity, and no finer structure was observed, which is consistent with

a high energy release of 1012 − 1013 J, since a discharge with such duration and observed radio

power release (∼ 50 W Hz−1, Fischer et al., 2006a) has to be very energetic (Farrell et al., 2007).

They also reported the low frequency (<200 kHz) power spectrum of SEDs, which showed an

intensity peak around 17 kHz, and a spectral variation of f −2 between 20 and 200 kHz. Kono-

valenko et al. (2013) summarized the earliest ground-based detections of Saturnian lightning

with the UTR-2.

Dubrovin et al. (2014) modelled the effects of lightning activity on the bottom of the iono-

sphere (1000 km) of Saturn, and showed that a conservative estimate of charge moment (104 −

105 C km) produced during a lightning flash could result in the production of transient luminous

events in the form of halos and sprites. However, if the ionosphere is lower (600 km), a large (106

C km) moment is needed to produce such events. They also suggested that the blue/UV emission

from such TLEs would be very faint and not detectable by Cassini. Luque et al. (2014) found that

lightning induced electromagnetic pulses could carry energies of the order of 107 − 1010 J to the

ionosphere and produce ELVE-like TLEs with energies of 108 J.

4.1.3 Uranus and Neptune

Uranus and Neptune host several cloud layers including methane (CH4) at high altitudes, around

1 bar pressure, followed by H2S−NH3, NH4SH, and water layers (de Pater et al., 1991; Gibbard

et al., 1999, Fig. 4.8). Due to the lower gravitation and smaller temperature gradient, water

clouds condense at higher pressures on Uranus and Neptune than on Jupiter and Saturn (Yair

et al., 2008). Atreya & Wong (2005, Fig. 4.8) demonstrated with cloud models that the base of

water clouds on the ice giants is around 40 bar pressure level.

Zarka & Pedersen (1986) reported the detection of SED-like radio burst from the atmosphere

of Uranus. In 1986, Voyager 2/PRA (Planetary Radio Astronomy) experiment observed the bursts

with duration from 100 to 300 ms, in the frequency range ∼ 900 kHz − 40 MHz. Zarka &

Pedersen (1986) pointed out that the emission is different from what was previously observed

from the planet’s magnetosphere by Voyager 1. They attributed the bursts to lightning activity

and adopted the term UED (Uranian Electrostatic Discharges) as an analogue to SEDs (Saturnian
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Figure 4.8: Equilibrium cloud condensation models (ECCM) for Neptune. The cloud structure for Uranus
is similar because of the similar thermal structure and atmospheric density. The abundances of condensable
volatiles (C, N, S, O) were take at 1× solar (dashed line, both panels), 30× solar (left panel, solid area),
and 50× solar abundance (right panel, solid area). The cloud density is represented on the x-axis, and
shows an upper limit. Figure reproduced with permission from Atreya & Wong (2005).

Electrostatic Discharges). They found the UED spectrum to decrease smoothly from low to high

frequencies, with f −2. They obtained an average power density in the low and high frequency

bands of 2 and 60 W Hz−1, and calculated a total radiated power of 108 W for UEDs. Assuming

an average flash duration of 120 ms, Zarka & Pedersen (1986) found the average radiated energy

of UEDs to be 107 J.

On Neptune, four possible sferics (Kaiser et al., 1991) and sixteen whistler events (Gurnett

et al., 1990) were recorded by Voyager 2. Gurnett et al. (1990) reported the detection of the

whistler events at frequencies between 6.1 and 12 kHz, at the closest approach of Voyager 2 at

low magnetic latitudes. They suggested that the origin of the whistlers is lightning on the day-

side of the planet, and that the signal was bouncing back-and-forth from the ionosphere until it

reached a frequency higher than the plasma frequency and escaped along a magnetic field line.

Kaiser et al. (1991) analysed the four sferic-like events detected by the PRA on Voyager 2. The

events were very close to the noise level, one at 15 MHz and three around 20 MHz. Several other

signals were also present in the data, however they were very contaminated by spacecraft noise,

therefore were eliminated from the analysis process (Kaiser et al., 1991). There can be several

reasons why so few sferics were detected from Neptune: lightning can be less energetic than on
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Jupiter or Earth; it could be much slower resulting in less power released at higher frequencies;

or absorption due to the ionosphere (Kaiser et al., 1991). Borucki & Pham (1992) conducted an

optical search for Neptunian lightning in the Voyager 2 wide- and narrow-angle imager data. The

analysed images covered 94% of the surface of the planet, but no lightning spots were detected.

The sensitivity of the imagers was known to be good enough to observe lightning spots on Jupiter

at similar distances, which suggest that lightning on Neptune is at least 1/4 less frequent than on

Jupiter, assuming the same cloud-top brightness (Borucki & Pham, 1992). Gibbard et al. (1999)

applied a charge separation model to investigate possible lightning activity on Neptune, and found

that lightning most likely occurs in the top H2S−NH3 cloud layer (Fig. 4.8) if collisional charge

transfer is sufficiently large. They also suggested that it is less possible to produce lightning

discharges in the lower NH4SH and water cloud decks because of the high pressure.

Though the reports on lightning induced radio emission from the two ice giants are convinc-

ing, lightning activity on Uranus and Neptune has not been confirmed by other instruments yet

(Aplin, 2013). Zarka et al. (2004) estimated the detectability of planetary lightning by LOFAR,

and found that lightning on Uranus and Saturn are the best and most promising candidates for

follow-up observations from the ground, because they have a high enough flux density, they last

for long enough, and their spectrum reaches high enough frequencies for LOFAR detections. Light-

ning on Neptune, however, will remain undetectable even with LOFAR from the ground (Zarka

et al., 2004).

4.1.4 Venus

Venus is fully covered by a super-rotating (rotating quicker than the planet itself) cloud system,

composed of small sulphuric acid ice crystals (Yair, 2012). The system is built up of three cloud

decks between 45 and 75 km altitudes and H2SO4 haze above the cloud tops (Fig. 4.9 Yair,

2012). The cloud particles are thought to be mostly charged by cosmic rays (Michael et al.,

2009). Michael et al. (2009) investigated the accumulation of charges in cloud particles in the

Venusian atmosphere, and found the ratio of negative and positive charges to be large in the

middle and upper cloud layers. If lightning on Venus exists, it may appear as intra-cloud or

cloud-to-cloud discharge because of the high atmospheric pressure, which would not allow cloud-

to-ground discharges to occur unless the electric field becomes extremely high (Yair et al., 2008).

Though the work of Michael et al. (2009) indicated that the low aerosol abundance and high

conductivity found in the 40 to 70 km altitude region rules out lightning activity in this part of
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Figure 4.9: Cloud structure, and temperature and pressure profile of the Venusian atmosphere. Figure
reproduced with permission from Russell et al. (2011).

the Venusian atmosphere, the presence of lightning on Venus has been suggested by multiple

observations since the late 1970s. Krasnopolskii (1980, 1983) announced the detection of optical

signatures of lightning with the spectrometer of the Venera 9 spacecraft. Ksanfomaliti (1980)

reported lightning detection based on the radio data gathered by the Venera 11 and Venera 12

landers. Scarf et al. (1980) presented whistler detections by the Pioneer Venus Orbiter (PVO).

However, these early observations were not widely accepted. Taylor et al. (1987), for example,

interpreted the VLF radio signals as interplanetary magnetic field/solar wind related perturbations

appearing around the PVO spacecraft. Since then several attempts have been made to detect

lightning on Venus, and the controversy of the existence of lightning on the planet has not yet

been resolved.

The Galileo spacecraft flew by Venus in 1990 and scanned the planet’s night side looking for

lightning signatures. Gurnett et al. (1991) reported the detection of 9 pulse-like radio events with

intensities slightly above the detector’s noise level, between frequencies 100 kHz and 5.6 MHz.

They suggested that the 9 events were caused by lightning activity, as the observed values tend

to show decreasing intensity with increasing frequency, and are comparable with what would

have been expected if Earth-lightning was observed at similar conditions (i.e. spacecraft-planet
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distance). Hansell et al. (1995) observed the night-side of Venus with the 153-cm telescope at Mt

Bigelow, Arizona, and claimed the detection of 7 lightning flashes on Venus, 6 at 777.4 nm and

1 at 656.4 nm. They estimated the flash rate on Venus to be 1000 times smaller than on Earth,

and the energy of lightning flashes to be around 108 − 109 J. The Cassini spacecraft made two

close fly-bys of Venus in 1998-99, but did not detect lightning induced radio emission in the low

frequency range above 1 MHz (Gurnett et al., 2001). Based on the non-detection, Gurnett et al.

(2001) calculated a lower limit to the flash rate of 70 s−1, which is almost twice the average global

flash rate on Earth (44 s−1, Christian et al., 2003). Borucki et al. (1996) simulated the spectra of

lightning on Venus, which I discuss in Chapter 3 Sect. 3.1.2. Krasnopolsky (2006) inferred a flash

rate of 90 s−1 with discharge energy of 109 J from lightning-related NO detections in the infrared

spectra of Venus. Other attempts of optical observations were conducted by García Muñoz et al.

(2011) to observe the 777 nm O emission line with several advanced instruments such as the

Caral Alto 3.5-m telescope and the 10.4-m Gran Telescopio Canarias, however no detection was

reported, which suggest a rare Venusian lightning occurrence or at least that it is less energetic

than Earth lightning.

In 2006, when the Venus Express reached Venus, a new gate to lightning explorations opened

(e.g. Russell et al., 2008, 2011; Daniels et al., 2012; Hart et al., 2014b,a). Russell et al. (2008)

reported whistler detections by Venus Express near the Venus polar vortex from 2006 and 2007,

which they associated with lightning activity and inferred a stroke rate of 18 s−1. Russell et al.

(2013) found two ELF emission sources in the Venusian atmosphere. One appeared to be gen-

erated at the ionopause-solar wind boundary and showed emission below 20 Hz (Russell et al.,

2013). They attributed the other emission that went up to 64 Hz, to lightning activity (Fig. 4.10).

This latter emission was right-handed circularly polarized whistler emission, with slower group

velocities and higher amplitudes than of whistler emission on Earth. These characteristics are

expected for Venusian lightning whistlers as the planet’s magnetosphere is weaker than Earth’s

(Russell et al., 2013). The MAG (Magnetometer) on board of Venus Express detected lightning

induced whistlers in 2012 and 2013 too (e.g. Russell et al., 2014; Hart et al., 2015a). Russell

et al. (2014) found that the number of detected whistler signals increased throughout the Venus

Express mission, as the spacecraft orbited closer and closer to the planet. The data were analysed

by Hart et al. (2015b), who confirmed the whistler events with dynamic spectra.

Bagheri & Dwyer (2016) investigated the possibility of detecting gamma-ray flashes from

lightning on Venus, in analogy to Earth TGFs. They conducted a Monte Carlo simulation using
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Figure 4.10: Venus Express magnetic data of whistler mode emission on June 9, 2006, from 0143:18.5 to
0143:45.5 UT. Russell et al. (2013) suggested that the whistler bursts (e.g. at 0143:30 on both panels)
were emitted by lightning in Venus’ atmosphere. Top: High-pass filtered magnetic field measurements.
Bottom: Dynamic spectrum of the transverse power spectral density. The white line shows the magnetic
field strength. Figure reproduced with permission from Russell et al. (2013).
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the Runaway Electron Avalanche Model and found that if gamma-rays are produced between 58

and 70 km altitudes with similar properties to that of TGFs, then they should be detectable by low-

orbit spacecraft. As the electrons are propagated through the medium, their model considered

energy losses of electrons due to ionization and atomic excitation; scattering of particles, positron

annihilation, and bremsstrahlung radiation. Bagheri & Dwyer (2016) suggested the name VGFs,

Venusian Gamma-ray Flashes for these events.

In 2010, the Japanese Akatsuki or Venus Climate Orbiter, (VCO) was launched towards Venus.

Its science mission focuses on the understanding of Venusian atmospheric circulation, including

cloud distribution and lightning activity (Nakamura et al., 2007; Takahashi et al., 2008). Though

in 2010 the first attempt to insert the spacecraft on orbit around Venus failed, in 2015 it success-

fully entered an elliptical orbit (Nakamura et al., 2016), which orbit was modified in 2016, so

that the spacecraft settled on a 9-day orbit around the planet. The Lightning and Airglow Cam-

era on board the spacecraft was reported to be fully functional and started its data gathering in

2016 (Takahashi et al., 2016). Due to the modified orbit, it maps the planet’s night side for 30

minutes every 9 days (Takahashi et al., 2016). The Japanese spacecraft may be the first to settle

the long-lasting argument between scientists on the existence of Venusian lightning.

4.1.5 Mars and Titan

Both Mars and Saturn’s moon Titan have been suggested to host lightning activity, however the

observational data is scarcer and even more controversial than that of Venus. Review on Martian

dust electrification: Harrison et al. (2016). Review on Titan’s storms and climate: Griffith et al.

(2009); Mitchell & Lora (2016); Hörst (2017)

Mars has a very low density, thin but dynamic atmosphere. The importance of the effects

of dust on the climate of the planet is large, as the small dust grains can be easily picked up

by winds, which will form dust storms and dust devils on the surface (Aplin, 2006). Farrell &

Desch (2001) modelled and studied the possibility of the presence of a global electric circuit in

the Martian atmosphere, driven by dust storms connecting the surface to the ionosphere. They

showed that the global electric field will largely depend on the Martian season and will vary

between hundreds of Vm−1 and 1 Vm−1. Based on electric field measurements, dust storms

and dust devils are suggested to produce lightning discharges on Earth (Chapter 2, Sect. 2.5).

Similarly, on Mars these environments thought to be electrified due to dust-dust collisions and

triboelectrification, while charge separation is thought to occur due to gravitational settling (Yair,
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2012). Farrell et al. (2004b) conducted measurements of desert dust devils in order to address

the electrification of Martian dust devils, as part of the MATADOR (Martian ATmosphere And Dust

in the Optical and Radio) project. They found that dust devils act as large electric dipoles, with

oppositely charged regions concentrating at the foot and the top of the devil. They concluded

that dust electrification in Martian devils could be similar to what was found on Earth, with the

difference that the Martian surface possesses a larger conductivity due to lower ambient neutral

density. The large conductivity creates a large dissipation current into the Martian atmosphere,

which would be a separate channel drawing charges away from the triboelectric currents of dust

storms and dust devils (Farrell et al., 2003). This would result in a slower charge build-up in dust

devils on Mars compared to their Earth counterparts (Farrell et al., 2004b).

There has been no detection of Martian lightning activity, though attempts have been made

to detect discharge signatures. Ruf et al. (2009) observed Mars with ground-based Deep Space

Network’s DSS-13 antenna, and reported the detection of non-thermal radio emission, which

they observed when a dust storm occurred on the surface of the planet. They suggested that

the emission was produced by large-scale discharges, since their frequencies coincide with the

first three modes of estimated Martian Schumann-resonances. Anderson et al. (2012) monitored

Mars with the Allen Telescope Array in 2010 with the purpose of repeating the observations

of Ruf et al. (2009). Though several small-scale dust storms occurred during the observations,

they did not detect the same SR-like, non-thermal radio emission that was reported by Ruf et al.

(2009). Gurnett et al. (2010) reported the non-detection of Martian lightning throughout a 5-

year observational campaign conducted with the Mars Express spacecraft at frequencies 4.4−5

MHz. During the observations 2 major and several smaller dust storms appeared in the view of

the spacecraft, and the detection threshold was several orders of magnitude lower than a signal

expected from Earth lightning for the same observing conditions (Gurnett et al., 2010). The non-

detection suggests that lightning, if exists on Mars, is much less energetic than Earth discharges.

Krauss et al. (2003) simulated Martian dust environments and observed signatures that they

interpreted as discharges due to triboelectrification. Aplin et al. (2011) conducted laboratory ex-

periments to produce discharges in Martian-analogue environment. They suggested the detection

of radio emission from discharges produced in 9 mbar CO2 composition, due to the triboelectric

charging of the medium. Aplin et al. (2012) reproduced the experiment of Krauss et al. (2003)

and found that the effects found by that group can be explained by the wall of the tank, and

concluded that such experiments cannot resemble Martian environments.
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Fischer et al. (2012) reported fluctuations in the Martian ionosphere detected by the Mars

Global Surveyor magnetometer, which they interpreted as either discharge-induced SRs, or reso-

nances created by the solar wind’s interaction with the crustal magnetic field, or spacecraft noise.

Espley & Connerney (2014) presented the non-detection of lightning-induced radio emission by

Mars Global Surveyor. The joint ESA/Roscosmos (Russian Space Agency) mission, ExoMars2016

had a great promise for new electric field measurements on the surface of Mars. It was launched

in March 2016 and the orbiter and lander units arrived in October, 2016. The lander carried

the DREAMS (Dust characterization, Risk assessment and Environment Analyser on the Martian

Surface) unit, which had the MicroARES subsystem, the first sensor dedicated to measure electric

fields on the surface of Mars (Esposito et al., 2012; Déprez et al., 2014, 2015). However, on 16

October 2016 the lander crashed into the surface of Mars2.

Titan shows similar atmospheric dynamics to Earth. It hosts methane (CH4) clouds, exten-

sive tropical clouds (Yair et al., 2008, and references therein), and convective clouds (Rodriguez

et al., 2007; Schaller et al., 2009; Turtle et al., 2011). The latter types are the most likely to host

lightning activity (Yair et al., 2008). Cassini’s VIMS (Visual and Infrared Mapping Spectrometer)

instrument detected convective methane clouds during the 2004-2006 fly-bys (Rodriguez et al.,

2007). Rodriguez et al. (2007) found that the clouds appeared around the south pole, the south-

ern 40◦ latitudes, and the northern 50−60◦ latitudes, and suggested that the cloud systems are

latitudinally and seasonally controlled by convective cells due to global atmospheric circulation.

Schaller et al. (2009) further detected convective tropospheric clouds in the tropical regions of

Titan. In these regions it is more difficult to form convection, therefore, Schaller et al. (2009) sug-

gested that the air is locally heated around the surface, which helps convection and the formation

of small clouds.

Lightning has been suggested to occur on Titan by models and experiments, however no

observations have confirmed its presence yet. In their experiment, Gupta et al. (1981) studied the

effects of different energy sources, such as UV radiation, lightning discharges, γ-ray radiation, on

the organic chemistry in the atmosphere of Titan, simulated by a gas mixture of N2 and CH4. Their

results regarding electrical discharges show that lightning can be accounted for all the compounds

in Titan’s atmosphere (e.g. HCN, C2H2), observed by Voyager 1. Borucki et al. (1988) conducted

laser-induced plasma experiments to address lightning activity and its chemical effects in Titan.

They suggested that lightning is an adequate process to explain observed ethylene in the moon’s

2https://www.nytimes.com/2016/10/22/science/mars-crash-landing-site-explosion.html?_r=0
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atmosphere. Desch & Kaiser (1990) inferred an upper limit of total energy of lightning on Titan

from the non-detection of radio signals by Voyager 1. They found that lightning should have

energies three orders of magnitude lower, 106 J, than typical Earth lightning flashes of 109 J.

Borucki et al. (1996) modelled the spectrum of lightning on Titan, which I summarize in Chapter

3 Sect. 3.1.2. Tokano et al. (2001) performed a theoretical study of thundercloud formation on

Titan, taking into account methane condensation and ion chemistry, and considering different

cloud charging mechanisms. Though cloud formation by convection is difficult on Titan, they

found that when it occurs, cloud particles quickly attach free floating charges, and in rare cases the

cloud is capable of maintaining a temporary large electric field to produce lightning discharges.

They suggest that such discharges are likely to consist of 20 km long cloud-to-ground flashes.

Navarro-González et al. (2001) introduced simulated lightning discharges into a gas mixture of

N2 and CH4 with various mixing ratios. They observed the production of several hydrocarbons and

determined the freeze out-temperature of these species, the temperature at which the equilibrium

mixing ratios of species freeze out in the lightning channel. More recently Horvath et al. (2009)

analysed the impact of corona discharges on Titan-like atmosphere and observed the production

of C2H2, HCN and tholins. They also found that in the N2-CH4 mixture the onset voltage of the

discharge increased and the discharge current decreased. Kovács & Turányi (2010) used a detailed

chemical kinetic network to explore the chemical evolution of the atmosphere of Titan after the

onset of lightning, by evaluating the temporal temperature profile of a gas parcel affected by the

discharge. They confirmed the findings of the previous works, that lightning produces traceable

amounts of several different hydrocarbons.

Between 2004 and 2016, Cassini approached Titan several times to take images and conduct

scientific observations of the moon. Previously, Lammer et al. (2001) estimated Cassini’s capability

of detecting Titanian lightning, and found the RPWS instrument should be able to detect lightning

radio signals at frequencies between 500 kHz and 1 MHz, up to 200 Titan radii away from the

planet, if lightning on Titan is similar to typical Earth cloud-to-ground discharges. However,

despite of Cassini-RPWS being able to detect lightning radio signatures from Earth, Jupiter and

Saturn, it did not detect such signatures from Titan’s atmosphere (Fischer et al., 2007a; Fischer

& Gurnett, 2011).

In 2005, Cassini deployed the Huygens Probe above Titan, which took measurements through-

out its descent and from the surface. Fulchignoni et al. (2005) reported the results of, amongst

others, the electricity measurements, and found that the largest conductivity in the atmosphere
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is at ∼ 60 km altitude. They also reported the detection of a high-amplitude pulse at 36 Hz,

which they suggested to be a possible Schumann-resonance wave generated by lightning activity.

Simões et al. (2007) modelled Schumann-resonances on Titan, and found that the 36 Hz signal

can match the second eigen frequency of SR, however they also list several other sources that

could have produced such emission, like instrumental, and temperature and haze effects. These

sources are discussed and addressed in more depth in Béghin et al. (2007), who concluded that

the source of the 36 Hz signal was most probably not lightning. In 2008-2009 two groups re-

analysed the data of the Huygens probe and argued about whether it actually reflects lightning

activity on Titan or not. Works by Morente et al. (2008, 2009a,b) claimed the detection of week

resonances in the data, which they suggested to be a clear evidence of atmospheric electricity

on Titan, however Hamelin et al. (2009, 2011) argued that those results were obtained through

errors in the analysis methods.

4.2 Lightning beyond the Solar System - exoplanets and brown dwarfs

In principle, lightning, or lightning-like discharges, can occur in any environment which is capable

of hosting charged seed particles and producing large-scale charge separation. Though this is

most prominent for planetary-like atmospheres, such as that of exoplanets and brown dwarfs,

lightning-like discharge events have been suggested to occur in other, less obvious environments,

like protoplanetary disks (e.g. Desch & Cuzzi, 2000; Nuth et al., 2012), pulsars (Katz, 2017),

and black holes (e.g. Aleksić et al., 2014; Eisenacher Glawion et al., 2015). In this section I

will summarize studies focusing on exoplanetary and brown dwarf lightning. Though, lightning

has not been detected from outside the Solar System, the theory of "exo-lightning" formation is

a developing field, which suggest that in the future observation of lightning on exoplanets and

brown dwarfs might be possible. For further information on atmospheric electrification (inside

and) outside the Solar System see Helling et al. (2016a).

Exoplanets analysed through transit spectroscopy are observed to have clouds in their at-

mospheres, most likely made of silicate particles (e.g. Kreidberg et al., 2014; Sing et al., 2009,

2013, 2015). These findings are supported by kinetic cloud models as in Helling et al. (2008a,

2011b,a). Various authors demonstrated that atmospheric circulation leads to the formation of

zonal jets and local vortices as known from Jupiter and Saturn (e.g. Dobbs-Dixon et al., 2012;

Dobbs-Dixon & Agol, 2013; Mayne et al., 2014). E.g. Zhang & Showman (2014) showed that

strong internal heating and weak radiative dissipation results in the formation of large-scale jets.
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Lee et al. (2015) modelled local and global cloud patterns on the planet HD 189733b, a tidally

locked hot Jupiter orbiting a K star. Their dust opacity, grain size distribution and albedo maps

indicate that cloud properties change significantly from dayside to night side forming a spot-like

cloud pattern driven by a latitudinal wind jet around the equator. As we have seen in the previous

sections, such dynamic environments host lightning activity in the Solar System. The charging

of extrasolar atmospheres has been suggested to be the result of particle collisional ionization

(Helling et al., 2011a, 2013a), cosmic ray ionization (Rimmer & Helling, 2013), and ionization

due to the internal (Rodríguez-Barrera et al., 2015) and external (Batygin et al., 2011) heating

of the object. Other processes, such as Alfven ionization, may also contribute to the production

of charged particles in magnetic environments (Stark et al., 2013).

Helling et al. (2011b) studied electron avalanches initiated by dust collision-induced, local

charge-inequilibrium in dust clouds of brown dwarfs. They argued that thermal− and dust colli-

sional processes alone will result in a globally neutral atmosphere. However, stochastic ionization

in such atmospheres may occur on a short time scale, resulting in enough free electrons to form

electron avalanches and eventually intra-cloud discharges. Helling et al. (2013b) estimated elec-

tric breakdown characteristics in dusty atmospheres and found that the breakdown field depends

on the local gas-phase chemistry, the effective temperature, and the primordial gas-phase metal-

licity. They found that charged particles will gravitationally settle resulting in large-scale charge

separation. They suggest that different discharge processes will dominate at different atmospheric

pressures, such as small-scale sparks at higher pressures and gas densities, and large-scale dis-

charges near and above cloud tops. The critical electric field in such dusty atmospheres varies

between 10−7 and 107 V cm−1, and the critical number of charges per dust surface per cm3 varies

between < 1.6 × 1014 and 1.6 × 104 C (Helling et al., 2013b). Bailey et al. (2014) modelled

large-scale discharges and derived discharge properties using scaling-laws for giant gas planets

and brown dwarfs. The properties they obtained include the breakdown field, the minimum num-

ber of charges needed to overcome the electric breakdown, the initiation height of the discharge,

the total discharge length, the total energy dissipated (based on a simple scaling law), and the

total discharge volume. I will further discuss the findings of Bailey et al. (2014) in Chapter 8.

Rimmer & Helling (2016) introduced a chemical kinetics network for extrasolar atmospheres,

which can be used to study the chemical affects of lightning discharges in various atmospheric

compositions. Rimmer et al. (2016) used the same chemical network to study lightning-induced

chemistry in super-Earth atmospheres, and found that amino acids are produced if the atmo-
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sphere is sufficiently reductive, but with very small redox ratios, lightning does not support such

chemical changes. Hodosán et al. (2017) estimated radiated energies and radio powers of light-

ning in certain giant gas planetary and brown dwarf atmospheres, with input parameters taken

from Bailey et al. (2014), which is also presented in Chapter 8.

To date, only a handful of studies have presented estimates of detectability of extrasolar light-

ning. Zarka et al. (2012) analysed the possibility of detecting lightning emission from extrasolar

planets, by up-scaling the radio emission observed from Jupiter and Saturn. They concluded that

flashes 105 times stronger than Jovian or Saturnian lightning from a distance of 10 pc, with a

bandwidth of 1−10 MHz, integration time of 10−60 min would be possible to detect. Although,

as they point it out, propagation effects will strongly affect the radio emission below a few MHz.

Vorgul & Helling (2016) modelled the conductivity in extrasolar atmospheres caused by flash ion-

ization processes, such as lightning, and found that such events have an effect on the signature

of electron cyclotron maser emission (CME) causing a pulse-like amplification of the signal. They

suggest that, if such signatures are observed in CME, one could infer the properties of underlying

flash events in the atmosphere. The newest research conducted regarding observability of "exo-

lightning" is part of this thesis. Hodosán et al. (2016b) estimated lightning occurrence on the

exoplanet HAT-P-11b based on previous radio observations carried out by Lecavelier des Etangs

et al. (2013). The extended version of this work is discussed in Chapter 6. Hodosán et al. (2016a)

carried out a first statistical study of lightning occurrence on extrasolar planets based on observed

occurrence of lightning in the Solar System. This lightning climatology study is discussed in Chap-

ter 5. In an on-going study, I also estimate observability of lightning radio signatures based on

the results of Hodosán et al. (2017, also in Chapter 8, Chapter 9).

4.3 Summary

Lightning is a common phenomenon in the Solar System. On Jupiter and Saturn it has been

suggested to occur inside the deep water clouds through similar processes known from Earth

(Yair et al., 2008; Yair, 2012). The optical and radio emission from the two planets seem to be

consistent with higher lightning energy release on the gas giants, than on Earth, with a total

energy of ∼ 1012 − 1013 J (Yair et al., 1995; Gurnett et al., 2005). Lightning activity on Uranus

and Neptune is less studied. Because water clouds form on very high pressures (around 40 bar),

it was suggested that on the ice giants lightning occurs in the H2S−NH3 clouds closer to the top

of the atmosphere (Gibbard et al., 1999). Lightning on Venus most probably occurs in the form of
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intra cloud lightning due to the high pressures close to the surface (Yair et al., 2008). In extrasolar

planets so far dust cloud charging has been modelled (but not yet observed) in more details, and

it has been suggested that such mineral clouds will allow large enough charge separation through

gravitational settling to overcome the breakdown threshold and produce large-scale discharges

(e.g. Helling et al., 2013b).
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5
Lightning statistics and climatology

5.1 Introduction

In the following chapters, I discuss my own research in the context of exoplanetary sciences. This

chapter presents an analysis of lightning surveys on Earth, Venus, Jupiter and Saturn. Our plan-

etary system provides opportunities to compare different environments where lightning occurs,

and therefore, provides guidance for the large diversity of exoplanets and their atmospheres. I

compare lightning climatology from the above mentioned Solar System planets and use these

statistics as a guide for a first consideration of lightning activity on extrasolar objects. I use

lightning climatology maps to find patterns in the spatial distribution of lightning strikes, such

as increased lightning activity over continents than over oceans, and calculate flash densities

(flashes km−2 year−1 and flashes km−2 hour−1) and flash rates (flashes unit-time−1) in order to

estimate the total number of events at a certain time over a certain surface area. Estimating the

number of lightning flashes and their potential energy distribution is essential for follow-up stud-

ies such as lightning chemistry (e.g. Rimmer & Helling, 2016) in combination with 3D radiative
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hydrodynamic models (Lee et al., 2016).

The chapter is organized in three main parts. Section 5.2 analysis Earth lightning data in the

optical (direct lightning detection) and radio (low frequency (LF) emission). The data were ob-

tained by several Earth-based stations (STARNET, WWLLN) and Earth-orbiting satellites (OTD/LIS).

I compare the data by exploring the detection limits, general trends and differences between the

data sets. In Sect. 5.3, I explore lightning observations on Venus, Jupiter and Saturn by summa-

rizing and analysing data from various spacecraft and by creating lightning distribution maps. In

Section 5.4, I use the lightning climatology data to address potential lightning occurrence on the

diverse population of exoplanets. Specific exoplanets are discussed and brown dwarfs are also

included in this section. Section 5.5 summarizes this chapter.

5.2 Lightning data from Earth

Earth is the most well-known planet we can learn from and apply as an analogue for exoplan-

etary sciences. Both observational and theoretical works that used Earth as a guide have been

conducted to analyse different features of exoplanets. Pallé et al. (2009), for example, compared

the transmission spectrum of Earth taken during a lunar eclipse and the spectrum of the Earth-

shine, which is the reflection spectrum of Earth. They used the transmission spectrum as an

analogue for a primary transit of Earth as seen from outside the Solar System, while the reflec-

tion spectrum is an indicator of a directly imaged exo-Earth after removal of the Sun’s features.

Similar studies of Earth as an exoplanet, such as looking for vegetation or other signatures caused

by biological activity, were conducted by e.g. Montañés-Rodríguez & Pallé Bagó (2010); Arnold

et al. (2002); Sterzik & Bagnulo (2009); Kaltenegger et al. (2007).

Lightning detection and statistics on Earth are very important because of the hazards (e.g.

forest fires, large scale power outage, fatalities) it causes. Lightning detecting networks are set

up on the surface of the planet while satellites monitor the atmosphere for lightning events.

Earth measurements provide the largest data set due to the continuous observations and the high

spatial coverage of the instruments. Data used here were provided by the Lightning Imaging

Sensor (LIS)/Optical Transient Detector (OTD) instruments on board of satellites in the optical,

and two ground based radio networks, the Sferics Timing and Ranging Network (STARNET) and

World Wide Lightning Location Network (WWLLN). WWLLN and STARNET detect strokes1 while

1events with discrete time and space
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LIS/OTD observe flashes2 (Rudlosky & Shea, 2013). Table 5.1 lists relevant properties of the

lightning detecting instruments and networks.

OTD was in operation between 1995 and 2000 on board the Microlab-1 (OV-1) satellite or-

biting 735 km above the terrestrial surface on an orbit with inclination of 70◦ with respect to the

Equator, allowing the monitoring of the whole globe, but excluding the polar regions (Boccip-

pio et al., 2000). LIS was in operation between 1997 and 2015 on board the Tropical Rainfall

Measuring Mission (TRMM)3. The satellite’s orbit was restricted to the tropical region, between

±38◦ latitude, 350 km above the Earth (Beirle et al., 2014). Both OTD and LIS detected lightning

flashes by monitoring the 777.4 nm oxygen line in the lightning spectrum (Beirle et al., 2014).

The optical observations allow the detection of cloud-to-ground (CG), intra-cloud (IC), and cloud-

to-cloud discharges from space. The composite, gridded data set of OTD/LIS gives information on

the location and time of occurrence of individual flashes, including the number of events (pixels

exceeding the intensity background threshold) and groups (events occurring in adjacent pixels

within the same integration time) that the flashes (groups occurring within 330 ms and within

15.5(OTD)/6.5(LIS) km) are composed of (Beirle et al., 2014). The OTD/LIS data used here

were obtained on 18 July 20144 (Daniel Cecil, private com.) for the period of 1995− 2013. The

downloaded data include different types of flash rates such as mean annual flash rates, annual

cycles of flash rates and daily time series of flash rate, raw flash counts and flash counts scaled

by detection efficiency.

STARNET is an Earth-based radio network currently composed of 11 antennas operating in

the very low frequency (VLF) range (7 − 15 kHz). STARNET has been in operation since 2003

in Africa and since 2006 in Brazil and the Caribbean (previously operating as a test network in

the United States between 1993-1998). STARNET has integrated the European ZEUS lightning

network, which was operating until 20055. The publicly available STARNET data is composed of

monthly and daily processed sferic information including the time of observation (date and time

to milliseconds), location of the origin (latitude, longitude), arrival time difference (ATD) error

in ms, and quality control. The point of origin of sferics is determined by using the ATD technique

that involves the measurement of the time difference between the detection of the individual

sferics with different antennas. For this technique to work, at least four antennas have to observe

2events with duration and spatial extent; one flash contains multiple strokes
3http://trmm.gsfc.nasa.gov/
4http://thunder.nsstc.nasa.gov/data/data_lis-otd-climatology.html
5http://www.zeus.iag.usp.br/index.php?lan=en
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Table 5.1: Properties of instruments used for lightning detection on Earth. (FoV= Field of View.) OTD: Boccippio et al. (2000, 2002); Beirle et al.
(2014). LIS: Christian et al. (2003); Cecil et al. (2014); Beirle et al. (2014); Christian et al. (2000). STARNET: Morales et al. (2014). WWLLN:
Abarca et al. (2010); Hutchins et al. (2012, 2013).

Instrument/Network Spatial resolution Temporal resolution Detection threshold FoV/Coverage Detection Efficiency
OTD 10− 11 km ∼ 2 ms 9-21 µJ m−2 sr−1 1300 km × 1300 km(1) day: 40%

night: 60%
LIS 4− 6 km 2 ms 4-11 µJ m−2 sr−1 600 km × 600 km day: 70%

night: 90%
STARNET 5− 20 km 1 ms(2) - (no information) South America

Caribbean
SW-Africa

day: 45%
night: 85%

WWLLN ∼ 5 km ∼ 15µs Space, time and
station dependent

Full Earth ∼ 2− 13%

1 http://thunder.msfc.nasa.gov/otd/
2 http://www.starnet.iag.usp.br/index.php?lan=en

the radio signal (Morales et al., 2014).The data were obtained on 17 July 20146 (Carlos Augusto

Morales Rodrigues, private com.) for years 2009 and 2013. It is important to note that STARTNET

is not a global network, its best coverage is over Central and South America (Fig. 5.2. Therefore,

when comparing the network with other lightning detection instruments, I only consider the area

that STARNET covers.)

WWLLN is a developing lightning location network that observes VLF (3 − 30 kHz) sferics.

WWLLN includes ∼ 70 stations all around the world (Hutchins et al., 2013). It detects both IC

and CG discharges (individual strokes in flashes) but is more sensitive to the CG flashes since they

are stronger than the IC ones (Rudlosky & Shea, 2013). WWLLN data were obtained7 (Robert

H. Holzworth, private com.) in Aug-Sep 2014 for the years 2009 and 2013, however, there are

15 days missing from the 2009 series (first part of April). The data files include, amongst others,

locations of strokes (latitude, longitude), times of observations and energy estimates. A separate

file contains the relative detection efficiencies in the form of maps for each hour of each day.

5.2.1 Detection efficiency

The detection efficiency (DE) is the detected percentage of the true number of flashes (Chen

et al., 2013). It depends on the sensitivity threshold of the instrument, geographic location, and

time of the observation (Cecil et al., 2014). Seen from an astronomical perspective, the DE is

extremely well determined for Earth, however, less so for the Solar System planets. Therefore, I

use the knowledge from Earth to discuss the impact of the DE on the lightning data, in order to

understand the limits, but also the potentials of the available data for exoplanetary research.

6http:/www.zeus.iag.usp.br/index.php? lan=en
7http://www.wwlln.com/
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For LIS/OTD the DE is determined by two different approaches. Boccippio et al. (2000) cross-

referenced individual flash detections with the U.S. National Lightning Detection Network data,

which provides an empirical estimate on the DE. Boccippio et al. (2002) used independent mea-

surements of pulse radiance distributions to model the DE. The estimated DEs for OTD and LIS

are listed in Table 5.1.

The DE for STARNET is determined by comparing detections with other networks (e.g. with

WWLLN) in the regions where STARNET operates (i.e. Central and South America). According to

the comparison studies conducted by Morales et al. (2014) STARNET detects ∼ 70% of lightning

strokes, however this value depends on the antennas in use and it has a diurnal pattern (85%

day, 45% night DE). Two different WWLLN DEs are quoted in the literature: relative DE (RDE)

and absolute DE (ADE). The RDE is determined by the model given in Hutchins et al. (2012)

that is based on the detected energy per stroke: once the energy distribution of observed samples

is known, the missing energies (and amount of lightning) can be estimated. The RDE compen-

sates for the uneven distribution of sensors on Earth and variations in VLF radio propagation and

allows representing the global distribution of strokes as if it was observed by a globally uniform

network (Hutchins et al., 2012). The ADE was determined by comparing WWLLN data with other

networks. Abarca et al. (2010) cross-correlated stroke locations with detections of the National

Lightning Detection Network (NLDN) data and found that WWLLN DE is highly dependent on

the current peak and polarity of the lightning discharge and varies between ∼ 2−11%. Rudlosky

& Shea (2013) showed the improvement of WWLLN DE between 2009 and 2013 compared to

LIS observations (up to ∼ 10%), while Hutchins et al. (2012) found the ADE to be ∼ 13%. In the

calculations, following Rudlosky & Shea (2013), the WWLLN DE was taken to be 9.2% for 2012

under the assumption that LIS was 100% efficient.

The DE is an important parameter of the lightning detecting instruments, however, it cannot

be determined perfectly and unambiguously. It introduces an uncertainty in the measurements,

it is estimated based on models and/or comparison studies. Models include estimates (e.g. see

the models of Boccippio et al., 2002), and comparison studies assume a lightning detecting net-

work/satellite to be, ideally, 100% efficient. Since the true value of the DE of an instrument or

network is unknown, the obtained flash densities are only a lower limit of the total number of

flashes occurring on Earth at a certain time. No DEs are yet available for the lightning observa-

tions on Venus, Jupiter and Saturn. Therefore, it seems justified to conclude that the Solar System

data, including Earth, are a lower limit for lightning occurrence on these planets.
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5.2.2 Lightning climatology on Earth

In this section, I derive and compare flash densities for the different networks and satellites based

on already published, extensive data from Earth.

Figures 5.1−5.3 show flash densities averaged and plotted on a 0.5◦×0.5◦ geographical grid.

The top panel of Fig. 5.1 shows the mean annual flash densities (flashes km−2 year−1, Cecil et al.,

2014) based on LIS/OTD data in the period of 1995-2013. The LIS/OTD data show lower flash

densities over oceans and dry regions than continents. Fewer flashes are detected at high latitudes

(e.g. Canada, Siberia, etc.), than at lower latitudes. Cecil et al. (2014) derived the global average

flash density from the 0.5◦ × 0.5◦ high resolution data set to be 2.9 flashes km−2 year−1 and the

peak value to be 160 flashes km−2 year−1. Their results are reproduced here from the original

data to be ∼ 2 flashes km−2 year−1 for the annual average (Table 5.3) and ∼ 163 flashes km−2

year−1 for maximum values.

Fig. 5.2 shows maps with annual stroke densities (strokes km−2 year−1) from STARNET

data for the years 2009 (top) and 2013 (bottom). For these years STARNET had a coverage

over the Caribbean, South America and western Africa. Fig. 5.3 shows the mean annual stroke

density maps for 2009 (top) and 2013 (bottom) from WWLLN data (missing 15 days from Apr

2009). WWLLN shows similar stroke distribution pattern to LIS/OTD, more lightning over conti-

nents than oceans, although WWLLN finds the maximum of lightning strokes (km−2 year−1) over

Central-America, while LIS/OTD shows the most lightning over Africa (Fig. 5.1, top).

The effects of different DEs are seen in Figs 5.2 and 5.3 for STARNET and WWLLN data. If

we choose one of the years, e.g. 2009, and focus on the South-American region, it is clearly seen

that STARNET detects more strokes than WWLLN. STARNET operates more radio antennas in

this region, than WWLLN, which increases the DE of the network. Data from two years (2009,

2013) are plotted in Figs 5.2 and 5.3. The two years were chosen in order to represent different

phases of solar activity: there was a solar minimum in 2009, while in 2013 the Sun was very

active8. Comparing the data for the two years in Figs 5.2 and 5.3 leads to the conclusion that more

lightning strokes were observed in 2013 (∼ solar maximum) than in 2009 (∼ solar minimum).

However, in case of WWLLN the increase of detected lightning strokes may be the reason of

increased DE between 2009 and 2013 (Rudlosky & Shea, 2013), hence the correlation with solar

activity remains uncertain. (A more detailed comparison between solar activity and lightning

8http://www.climate4you.com/Sun.htm - Climate4you developed by Ole Humlum
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Figure 5.1: Top: Mean annual flash density from optical LIS/OTD data averaged on a 0.5◦ × 0.5◦ ge-
ographical grid across Earth’s surface (for description of the data see section on "High resolution flash
climatology (HRFC)" in Cecil et al., 2014). LIS covers the area between ±38◦ in latitude and the years
1998-2013, while OTD monitored the whole globe (excluding polar regions) in the period of 1995-2000
(Cecil et al., 2014). The map shows the differences between continents and oceans. Most of the lightning
activity was recorded over continents, especially on low-latitudes. Bottom: WWLLN mean annual flash
density on a 0.5◦×0.5◦ grid across the LIS field of view. WWLLN data were scaled by DE and strokes were
converted into flashes to match the LIS observations. Comparing it to the figure on the top, I find that
WWLLN detects fewer flashes than LIS/OTD.
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Figure 5.2: Mean annual stroke density on a 0.5◦ × 0.5◦ grid, created from very-low frequency STARNET
(7− 15 kHz) radio data. Top: 2009, Bottom: 2013. In 2009 the Sun was close to the minimum of its 11-
year cycle, while 2013 was close to solar maximum. Comparing the two maps, they show more lightning
in 2013 than in 2009, just like the WWLLN maps (Figure 5.3). The arch-like trend above the Indian Ocean
and Asia is most probably a numerical or observational artefact.
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Figure 5.3: Mean annual stroke density on a 0.5◦ × 0.5◦ grid, created from very-low frequency WWLLN
(3− 30 kHz) radio data. Top: 2009, Bottom: 2013. In 2009 the Sun was close to the minimum of its 11-
year cycle, while 2013 was close to solar maximum. Comparing the two maps, they show more lightning
in 2013 than in 2009, just like the STARNET maps (Figure 5.2).
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Table 5.2: Volcano eruptions investigated in this study, their characteristics and calculated lightning flash densities. I determined the flash
densities based on reported observations as described in Sect. 5.2.3. The values are used to estimate lightning occurrence on the exoplanets
Kepler-10b and 55 Cnc e, and the brown dwarf Luhman-16 B (Sect. 5.4.1).

No Volcano Eruption date Information Reference Average flash densities
[flashes km−2 hour−1]

[1]

Eyjafjallajökull

14-19 Apr 2010 Electrically active for ∼ 90 h
171 strokes observed
Standard deviation of location: 4.8 km

Bennett et al. (2010)

0.1

[2] 11-20 May 2010 Electrically active for ∼ 235 h
615 strokes observed
Standard deviation of location: 3.2 km

0.32

[3]

Mt Redoubt

23 Mar 2009(1) Electrically active for 20.6 min
573 flashes observed
Farthest sources from the vent: 28 km Behnke et al. (2013)

12.04

[4]
[5]

29 Mar 2009(1) Phase 1: 100 flashes min−1 per 3 km2

Phase 2: 20 flashes min−1 per 11 km2
2000.0
109.0

1 One of the twenty-three episodes occurring in March-April 2009 (Behnke et al., 2013)

activity is discussed in Sect. 5.4.3.) The maps from the two years can be correlated with El Niño

events. El Niño was observed in 2009, however not in 20139. Interestingly, both Fig. 5.2 and

Fig. 5.3 show more lightning activity in 2013, on the contrary to what is expected from previous

studies showing slightly larger lightning activity during El Niño periods over tropical and sub-

tropical continental regions (e.g. Sátori et al., 2009; Siingh et al., 2011).

WWLLN strokes were scaled by the DE and converted into flashes to match the LIS data by

assuming 1.5 strokes/flash (Rudlosky & Shea, 2013). The bottom panel of Fig. 5.1 demonstrates

that WWLLN detects fewer flashes in Africa than LIS (Fig. 5.1, left). This suggests that the

difference between the detections is caused by the lower WWLLN DE in Africa. Flashes may

contain more than 1.5 strokes (Rakov & Uman, 2003), in which case the WWLLN would detect

even fewer flashes than the LIS satellite.

The obtained flash densities are summarized in Table 5.3 and their potential application to

exoplanets is discussed in Sect. 5.4.

5.2.3 Lightning in volcano plumes

Electrical activity has long been associated with large-scale, explosive volcanic eruptions (James

et al., 2008; Mather & Harrison, 2006). There are records on lightning events from 1650, oc-

curring at a volcanic eruption near Santorini, Greece (Fouqué, 1879). Eye-witnesses reported

electrical phenomena, which coincided with the eruption of the Krakatoa in Indonesia in 1883

(Symons, 1888). The modern era has produced a high number of volcanic lightning observations,

9http://ggweather.com/enso/oni.htm - by Jan Null
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after volcanic eruptions like, e.g., Etna in 1979, 1980; Mt St Helens in 1980, 1983; Grímsvötn

in 1996, 1998, 2004; or Hekla in 2000; etc. (for references and an extended list see Mather &

Harrison, 2006).

In this section, I analyse statistics from two volcanic eruptions: the Icelandic Eyjafjallajökull’s

eruption from 2010 and the Mt Redoubt eruption in Alaska, 2009 (Table 5.2). I derive flash

densities (Table 5.2), which I use to estimate lightning activity in rocky exoplanet and brown

dwarf atmospheres (Sect. 5.4). The composition of volcanic plumes may reflect the composition

of dust clouds on these extrasolar objects.

The Eyjafjallajökull eruption had two main phases: 14-19 April 2010, with 171 strokes oc-

curring in ∼90 hours, and 11-20 May 2010, a more intensive one with 615 strokes in about 235

hours (Bennett et al., 2010). The standard deviation of the location of the lightning events was 4.8

and 3.2 km, respectively (Bennett et al., 2010). I use this information to estimate the influenced

area, assuming that the area is a circle with the diameter of the standard deviation. I calculate

the stroke density for the two phases to be 0.1 strokes km−2 h−1 and 0.32 strokes km−2 h−1, re-

spectively. Bennett et al. (2010) measured the multiplicity of the flashes, the number of strokes

occurring in one flash, and found that only 14 flashes had 2 strokes, while all other flashes were

composed of single strokes. Based on this information, I assume that the flash densities during

the 2010 Eyjafjallajökull eruption are equal to the calculated stroke densities (14-19 April 2010:

0.1 km−2 h−1; 11-20 May 2010: 0.32 km−2 h−1).

Behnke et al. (2013) analysed various episodes of the 2009 Mt Redoubt eruption. I used the

information on two episodes: the 23 March 2009 episode, which resulted in the occurrence of

573 lightning flashes in 20.6 minutes (0.34 hours); and the 29 March 2009 episode with two

main phases, the first with a flash rate of 100 flashes min−1 over a 3 km2 area and the second

with 20 min−1 over 11 km2. During 23 March 2009 the farthest sources were located 28 km from

the vent (Behnke et al., 2013), which suggest that vent dynamics may not be the primary driver

for this lightning. Assuming that the affected area can be approximated by a rectangle of sizes 28

km × 5 km (Behnke et al., 2013, fig. 6), the total affected area would be 140 km2. The obtained

average flash density for the 23 March 2009 episode is 12.04 km−2 h−1. The episode 29 March

2009 show much larger flash densities, with 2000 km−2 h−1 for the intensive first phase and 109

km−2 h−1 for the longer second phase.

Mather & Harrison (2006, table 3) list flash densities based on Anderson et al. (1965) for

83



Chapter 5. Lightning statistics and climatology

volcano plumes to be between 0.3 and 2.2 km−2 min−1, which is 18 and 132 km−2 h−1, respec-

tively. The large lightning storm on 29 March 2009 around Mt Redoubt shows comparable flash

densities during its second phase. The obtained flash densities (Table 5.2) are used to estimate

lightning occurrence on rocky exoplanets without water surfaces, and on brown dwarfs, since

clouds on these types of objects may resemble volcano plumes. I note that lightning statistics are

not well studied in case of volcano eruptions. The values listed in Table 5.2 (last column) are

guides and may only be used under certain assumptions as I outline in Sections 5.4.1 and 5.4.2.

5.3 Lightning on other Solar System planets

5.3.1 Lightning on Venus?

Chapter 4, Section 4.1.4 summarizes the observations of Venusian lightning and gives an overview

of modelling and experimental work. Early studies derived flash occurrence for Venus based on

in-direct measurements: Gurnett et al. (2001) calculated a lower limit of flash rate from the non-

detection of lightning by the Cassini spacecraft to be 70 s−1. Krasnopolsky (2006) detected NO

in the spectra of Venus, which they related to lightning activity in the lower atmosphere of the

planet and inferred a flash rate of 90 s−1, which seems very high considering that it is almost

twice the flash rate on Earth and Cassini did not detect any signals from Venus but did detect

lightning on Earth. Russell et al. (2008) reported whistler detections by Venus Express in 2006

and 2007. They suggested that the whistlers originated from lightning discharges and inferred a

stroke rate of 18 s−1.

Venus Express detected lightning-induced whistlers between 2012 and 2013 as well. The data

were analysed by Hart et al. (2015b), who confirmed the whistler events with dynamic spectra.

However, since the magnetic field around Venus is not yet fully understood, the field lines cannot

be traced back to their origin, therefore, the coordinates of the source of the lightning events

are unknown. Although exact locations are not available, one can estimate preliminary statistics

from the number of bursts10 observed by Venus Express. Hart et al. (2014b, priv. com.) counted

293 bursts in total with varying duration during three Venus-years (between 2012 and 2013).

Obtained flash densities and their possible applicability are shown in Table 5.3 and discussed in

Sect. 5.4.

10Hart et al. (2014b, priv. com.) defined a burst as an event of at least one second in duration and separated from
other events by at least one second.
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5.3.2 Giant gas planets

Optical and radio observations confirmed the presence of lightning on both giant gas planets,

Jupiter and Saturn (Chapter 4, Section 4.1.1−4.1.2). Due to the position of the spacecraft, the

existing data are limited to specific latitudes and observational times for both planets. Bearing

in mind these limitations, i.e. we do not have data from the whole surface of the planet or from

continuous observations for a longer period of time (e.g. a year), I use the available data to

estimate flash densities for the whole globes of these planets (Table 5.3), assuming that at least

a similar lightning activity can be expected inside their atmospheres.

Little et al. (1999) estimated a lower limit for flash densities on Jupiter to be 4.2×10−3 flashes

km−2 year−1 based on Galileo observations. This value agrees well with the values estimated from

the Voyager measurements (4× 10−3 flashes km−2 year−1, Borucki et al., 1982). Dyudina et al.

(2004) analysed the same data set and complemented it with Cassini observations. In 2007

New Horizons observed polar (above 60◦ latitude south and north) lightning on Jupiter with its

broadband camera (0.35 - 0.85 µm bandpass). From these data, Baines et al. (2007) found almost

identical flash rates for the polar regions on both hemispheres (N: 0.15 flashes s−1, S: 0.18 flashes

s−1).

On 17 August 2009 images of Saturn’s night side were taken by Cassini. Lightning flashes

were located on a single spot of the surface at ∼ −36◦ latitude (Dyudina et al., 2010). On 30

November 2009 flashes were observed at about the same latitude as before. The flash rate from

these observations is 1−2 min−1 (Dyudina et al., 2013). Dyudina et al. (2013) reported further

lightning observations on the dayside by Cassini at latitude 35◦ north. A new, much stronger storm

was observed on 26 February 2011 between latitudes 30◦ − 35◦ north. A flash rate of 5 s−1 was

estimated for this storm (Dyudina et al., 2013). In the meantime, simultaneous SED observations

were conducted with the Cassini-RPWS instrument between ∼ 2− 16 MHz (the first value is the

low cut-off frequency of Saturn’s ionosphere, while the second one is the instrumental limit).

SED rates and flash rates vary for the three storms. Radio (SED) observations were previously

carried out in 2004-2006 by the RPWS instrument as well. The different storms were observed in

different antenna mode, which have different sensitivity. When calculating the SED rates, Fischer

et al. (2006a) took into account the instrument mode. The storms and SED episodes are listed

in Fischer et al. (2006a), their table 1. They found SED rates varying between 30−87 h−1. Two

more SED storms (D and E) were observed in 2005 and 2006 with SED rates much higher than
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Table 5.3: Lightning flash densities (ρflash) from four Solar System planets. Exoplanetary examples are also listed under six categories where
the flash densities were considered. All values are based on observations. Flash densities are calculated over a year defined in Earth-days,
and an hour. Hourly densities are used for estimating lightning activity on exoplanets and brown dwarfs. Yearly ρflash are calculated in
Earth-, Venusian-, Jovian-, or Saturnian-years explained in the text (Sect. 5.3.2).

Planet Region Instrument(1) Average yearly ρflash
[flashes km−2 year−1]

Average hourly ρflash
[flashes km−2 hour−1]

Exoplanet type Example

Earth

global LIS/OTD 2.01 2.29× 10−4 Earth-like planet Kepler-186f
continents LIS-scaled WWLLN 17.0 1.94× 10−3 Rocky planet with

no liquid surface
Kepler-10b
55 Cnc eLIS/OTD 28.9 3.30× 10−3

oceans LIS/OTD 0.3 3.42× 10−5 Ocean planet Kepler-62f
LIS-scaled WWLLN 0.6 6.85× 10−5

Venus global(2) Venus Express 2.12× 10−7 3.64× 10−11 Venus-like planet Kepler-69c

Jupiter global
Galileo(3)

New Horizons
2.46× 10−2

0.15
2.37× 10−7

1.43× 10−6

giant gas planets HD 189733b
GJ 504b

brown dwarfs Luhman-16B

Saturn global
Cassini (2009)
Cassini (2010/11)

1.53× 10−2

1.31
8.20× 10−8

5.09× 10−6

giant gas planets HD 189733b
GJ 504b

brown dwarfs Luhman-16B

1 Flash densities are calculated from the data gathered by these instruments
2 Based on whistler observations, assuming 1 whistler/flash
3 Excluding detections during the C20 orbit (Gierasch et al., 2000; Dyudina et al., 2004).

before (367 h−1, Fischer et al., 2007b). Fischer et al. (2011b) analysed the SED occurrence of the

2011-storm that started in early December 2010, and found the largest SED rates ever detected

on Saturn, to be 10 SED s−1. This results in, on average, 36000 SED h−1, ∼ 98 times larger than

the SED rate of the largest episode of storm E from 2006.

Lightning climatology on Jupiter and Saturn

Data for Jupiter were taken from Little et al. (1999, table 1), Dyudina et al. (2004, table 1) and

Baines et al. (2007, table 1). The Galileo spacecraft observed lightning activity on Jupiter during

two orbits in 1997 (C10, E11) and one orbit in 1999 (C20). The surveyed area covers more than

half of the surface of the planet (Little et al., 1999). Dyudina et al. (2004), their table 1, also lists

lightning detections from Galileo’s C20 orbit partly based on Gierasch et al. (2000). However,

there is no information on the occurrence rate of lightning from this orbit, or the coordinates

of the observed flashes. Therefore, I did not include these detections in my study. Similarly, no

observed coordinates, or flash number estimates are given for the lightning storms observed by

Cassini, listed in Dyudina et al. (2004), which are also omitted from this study. I summarize these

observational data in Figure 5.4, which shows the total number of flashes in an hour (logarithmic

scale), averaged in 5◦ × 5◦ area boxes over the surface of Jupiter. As explained in Fig. 5.5, and

below, I corrected the spatial (latitudinal) coordinates of the flashes from the Galileo data with

the pointing error of the instrument calculated from the spatial resolutions given in Little et al.
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5.3. Lightning on other Solar System planets

Figure 5.4: Jovian lightning occurrence. The colours show the number of flashes averaged in a 5◦ × 5◦

area box on the surface of the planet in an hour on a logarithmic scale. Triangles: Galileo data (year: 1997,
Little et al., 1999), Circles: New Horizons data (year: 2007, Baines et al., 2007). The 10-year gap between
the two data sets implies that the plotted lightning flashes are from two different storms.

(1999).11 The same correction was done for the New Horizons data based on spatial resolutions

from Baines et al. (2007).

Saturnian optical data were taken from Dyudina et al. (2013, table A1). They list, amongst

others, latitudes, longitudes, times of observations, exposure times and spatial resolution. The

top panel of Fig. 5.6 shows the spatial distribution of lightning flashes observed on Saturn in 2009

(diamonds) and 2011 (circles), between latitudes ±45◦ and longitudes 0◦ − 150◦. The concen-

tration around ±35◦ latitudes is clearly seen. The spatial coordinates of the data were corrected

with the spatial resolution of the instrument taken from Dyudina et al. (2013, Supplement) as

explained below. To illustrate SED occurrence, I used data taken from Fischer et al. (2006a) and

Fischer et al. (2007b). The bottom panel of Fig. 5.6 shows the SED density on Saturn for 6 differ-

ent storms, which all appeared on −35◦ latitude. SED observations were reported from the 2011

storm (Dyudina et al., 2013), but because of the lack of the spatial coordinate information, I do

not plot them in Fig. 5.6.

The above-mentioned corrections were applied because the observing instruments have point-

11We note that the spatial resolution of the Galileo satellite is much finer than the grid set up by us. However, flashes
close to the grid edges may overlap two grid cells if the error bars are considered, as described in Fig. 5.5, in which
case it is worth applying these error calculations.
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Figure 5.5: Sketch of grid cells and correction of lightning flash locations. Latitudes I and II define the top
and bottom boundaries of a cell. Blue × signs show the position of the lightning flash with latitude and
longitude coordinates. The black error bars are calculated from the spatial resolution of the instrument.
The correction is based on the length of the error bar. When counting the flashes in one grid cell the
individual flashes are summed up based on what portion of the full error bar is in the particular cell. E.
g. flash 1 is counted 0.6 times in the Row II cell and 0.4 times in the Row I cell; flash 2 is counted as 1 in
Row II; flash 3 adds 0.9 times to Row II and 0.1 times to Row III. Adding up, there are 0.4 flashes in Row
I, 1+ 0.6+ 0.9 = 2.5 flashes in Row II and 0.1 flashes in Row III, in this example. (The error bars on the
figure are for illustration only and do not represent real proportionality to the grid cells.)
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5.3. Lightning on other Solar System planets

Figure 5.6: Top: Saturnian optical lightning occurrence from Cassini observations. Data (Dyudina et al.,
2013) are from the years 2009 (diamonds) and 2011 (circles). The data shown are from two different
storms. Shown surface region: ±45◦ latitude, 0◦ − 150◦ longitude. Bottom: Radio lightning emission,
SED, occurrence on Saturn from Cassini-RPWS observations in 2004−2007 (Fischer et al., 2006a, 2007b).
All SED storms shown on the plot appeared at the −35◦ latitude region. The figure shows the SED density
of each storm plotted against the planetary longitude. The colours on both images show the flash/SED
densities averaged in a 5◦ × 5◦ area box on a logarithmic scale.
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ing errors, which result in an uncertainty of the location measurement for lightning flashes. To

correct for the uncertainty in latitudes in the Galileo data I used (Little et al., 1999):

error=
pointerr

cos(lat)
×

360
462000× cos(lat)

, (5.1)

where pointerr = m× res is the pointing error in km, m is 20 pixels or 40 pixels depending on the

observing mode (Little et al., 1999), res is the image resolution in km, lat is the latitude at which

the lightning flash was observed, and 360/462000 converts km to degrees for Jupiter. The first

term of Eq. 5.1 (pointerr/cos(lat)) is the spatial resolution of the instrument. Similar calculations

can be applied to the New Horizons and the Cassini data. The spatial resolution of these data

sets, given in km, is taken from Baines et al. (2007) and Dyudina et al. (2013, Supplement) and

it is converted into degrees to get the latitude correction. In case of Saturn and the Cassini data,

the conversion factor is 360/378680.

The spacecraft observing Jupiter (e.g. Voyager, Galileo) have found that Jovian lightning ac-

tivity has a local maximum near 50◦ N (Fig. 5.4; see also Little et al., 1999). This might be a

consequence of the increasing effect of internal heating compared to solar heating at this lati-

tude. Here, convection is more effective producing thunderclouds with lightning (Baines et al.,

2007). Solar heating would suppress this effect. Zuchowski et al. (2009) modelled the merid-

ional circulation in stratospheric and tropospheric heights of Jupiter’s atmosphere, and found an

upwelling in the zones and downwelling in the belts in stratospheric levels. However, at lower

atmospheric heights upwelling was found in the belts, which allows the formation of water clouds

and lightning discharges, just like observations indicate (Little et al., 1999; Ingersoll et al., 2000;

Zuchowski et al., 2009). Dyudina et al. (2013) found that on Saturn lightning occurs in the

diagonal gaps between large anticyclones. These gaps are similar to Jovian belts, composed of

upwelling, convective thunderstorms (Fig. 5.6; Dyudina et al., 2013; Read, 2011). I do not at-

tempt to compare lightning occurrence via longitudes, since due to the drift of the storms that

would not be a valid approach without correcting for this drift.

The results in Table 5.3 include hourly and yearly average flash densities obtained for the

Solar System planets.12 Yearly flash densities were calculated for a year defined in Earth-days

(24-hour days), and they represent the length of a year on the appropriate planet. For example:

12The results in Table 5.3 are based on positive detections of lightning. This is important especially on Saturn, where
most of the time no storm was observed resulting in 0 flash densities (Fischer et al., 2011a).
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when calculating flash rates (flashes year−1) for Jupiter, I used a Jovian-year of 4330 days and

not 365-Earth days (apart from Earth lightning flash rates). Similarly I define Venusian- and

Saturnian-years too. Global flash densities were estimated for all of the planets (Table 5.3). For

Earth, I distinguish between continental and oceanic rates. The values in Table 5.3 for the two

latter regions are calculated from LIS/OTD (larger value) and LIS-scaled WWLLN (lower value)

data. Similarly, the larger values for Jupiter are estimated from New Horizons data, while lower

ones are based on Galileo data. For Saturn, the larger values are based on data from the giant

storm in 2011, while the lower ones are from the 2009-storm.

I calculated flash rates (flashes year−1 or flashes hour−1; Rflash) for Jupiter and Saturn for each

of the images taking into account the exposure times as given by:

Rflash,i =
ni

texp,i
C , (5.2)

where n is the number of flashes detected in image i, texp is the exposure time of the image in

seconds, and C is a unitless scaling factor, which converts the time units from seconds to hours

or years.13 The flash density (flashes unit-time−1 km−2, ρflash), is calculated from Eq. (5.3), with

Rflash, given by Eq. (5.2).

ρflash =

∑i=N
i=1 Rflash,i

Asurv
, (5.3)

where N is the total number of images and Asurv is the total surveyed area: AGalileo
surv = 39.5× 109

km2 (Little et al., 1999), ANewHorizons
surv = 8.0× 109 km2 (Baines et al., 2007)14. Asurv for the 2009

storm on Saturn is the 30% of Saturn’s surface area (Dyudina et al., 2010, Supplement), and Asurv

for the 2011 storm is the total area of Saturn based on the fact that the RPWS instrument detected

only one SED storm on the whole planet at a time (Fischer et al., 2006a, 2007b). The flash density

given by Eq. 5.3 can be considered as a global flash density, even though it is calculated using

observations restricted to part of the planet. The underlying assumption is that the flash density

calculated from a storm, on average, can be extrapolated to the whole globe. This is applied for

all investigated planets, Earth, Jupiter, Saturn, and Venus.

The flash densities for Jupiter derived here are different from previously published values

13I do not analyse flash rates. For more details about flash rates see Dyudina et al. (2013), their table 2.
14Calculated based on Baines et al. (2007), information on image resolution in footnote 15 and surveyed latitude range

in figure 1.
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(∼ 4× 10−3 flashes km−2 year−1, Little et al., 1999; Borucki et al., 1982), which is the result of

converting exposure times, which are given in seconds, to years. For example, from the Galileo

data I obtain a flash density of 2× 10−2 flashes km−2 year−1 when I take the length of a Jovian

year to be the number of days Jupiter orbits the Sun, 4330 days. This way I get a flash density an

order of magnitude higher than previously estimated (e.g. Little et al., 1999). However, when I

determine the flash rate (flashes year−1) considering a year to be 365 days long, the way it is done

in Little et al. (1999), and divide it by the Galileo survey area, the result becomes the same order

of magnitude but twice lower than the one in Little et al. (1999), or 2×10−3 flashes km−2 year−1

compared to 4 × 10−3 flashes km−2 year−1. This factor of two is a reasonable difference, since

I do not consider over-lapping flashes in my work (U. Dyudina, private communication). Little

et al. (1999) calculated flash densities saying that on average there were 12 flashes detected in

one storm. They multiplied this by the number of storms observed (26, their table I) and divided

by an exposure time of 59.8 s and the total survey area of 39.5 × 109 km2. In my approach, I

took the data from table I in Little et al. (1999) and table 1 of Dyudina et al. (2004), counted

the flashes on each frame, assuming that one "lightning spot" in table 1 of Dyudina et al. (2004)

corresponds to one lightning flash, then divided that number with the exposure time (in years or

hours, with 1 year on Jupiter being 3.73×108 s) of the frame. After summing up these flash rates,

I divided the result by the total surveyed area of 39.5 × 109 km2. In summary, the differences

between previously calculated flash densities and flash densities listed in Table 5.3 are the result

of converting exposure times to years. However, for my purposes I only use hourly flash densities,

which do not depend on the length of a year.

The above derived formulas and the resulting values listed in Table 5.3 involve various un-

certainties, which also affect the comparability. The flash rate, Rflash, depends on the number of

detected flashes (ni) at a certain time determined by the exposure time (texp,i). ni is affected by

instrumental sensitivity, the time of the survey (seasonal effects on lightning occurrence) and the

place of the survey (different lightning occurrence over different latitudes and surface types, Figs.

5.1-5.3). The flash density, ρflash, is derived from Rflash (Eq. 5.3). Uncertainties also rise from the

not-precise determination of total surveyed area. Bearing in mind these limitations of the data

and uncertainties in the values in Table 5.3, I apply the results of flash densities on exoplanets

and brown dwarfs in Sect. 5.4.
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5.3. Lightning on other Solar System planets

Figure 5.7: Radio energy distribution of lightning strokes from Earth (WWLLN, 2013; top) based on data
from the whole year compared to a month (2013, December), which do not distinguish between IC and
CG lightning; and optical energy distribution (calculated from measured powers, see Sect. 5.3.3) of Jovian
and Saturnian flashes (bottom). The data from Jupiter (Galileo, 1997; New Horizons, 2007) and Saturn
(Cassini, 2009, 2011) are both from less than an hour of observations (about 50 minutes for Jupiter and
10 minutes for Saturn (exposure times in Little et al., 1999; Baines et al., 2007; Dyudina et al., 2013)).
The number-energy distribution of the Earth-data seems to be self-similar in time as it has the same shape
if plotted for a month or for a year. The inset plot (top panel) shows a log-log scale of the Earth data.
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5.3.3 Energy distribution

Figure 5.7 summarizes the number distribution of stroke energies for Earth (top), and number

distribution of flash energies for Jupiter and Saturn (bottom). For Earth I used WWLLN data

from 2013, while for the outer planets I included all data from Galileo, New Horizons and Cassini.

Dyudina et al. (2004) lists the power [W = Js−1] of lightning as observed by the Galileo probe

(their table 1, column 11). Following the procedure in Dyudina et al. (2013, eq. 1) where they

treated storms as continuously flashing steady light sources and each flash as a patch of light on a

Lambertian surface, I converted the measured power values to energies by multiplying them with

the exposure time. On Earth most of the strokes have radio energies of the order of 103 − 103.5

J. This indicates that less energetic lightning flashes, due to their large number, are likely to be

more significant for chemically changing the local gas in large atmospheric volumes. However, a

detailed modelling of the structure and size of discharge channels are required for drawing more

definite conclusions.

We need to be careful with over-interpretation of the directly accessible data; however, the

knowledge gained about their limitations is useful when discussing lightning observability. Due

to instrumental limitations (detection threshold), only the most energetic lightning events are

detectable. This is particularly prominent in the Saturnian and Jovian data (Fig. 5.7, bottom

panel). It seems impossible to find the peak of the energy distribution, being lower than the

detection limit, on Saturn and Jupiter just by extrapolating the limited number of data points.

However, one may assume that most of the lightning flashes will cluster around one energy also

for Jupiter and Saturn, and that this peak in flash numbers will move to higher energies com-

pared to Earth. This expectation is based on the fact that the underlying physics (i.e. electron

avalanches develop into streamers in an electric potential gradient) is only marginally affected

by the chemical composition of the atmospheric gas (e.g. Helling et al., 2013b), and the fact that

Jupiter’s and Saturn’s clouds have a larger geometrical extension and, hence, a larger potential

difference than on Earth. Bailey et al. (2014) showed that a larger surface gravity, like on Jupiter

compared to Earth, leads to larger geometrical extension of a discharge event with higher total

dissipation energies. Dyudina et al. (2004) suggested that their lightning power values derived

from observations are underestimates, as 25% of the lightning spots are saturated in the Galileo

images. They do not consider the scattered light on clouds, which may dim the flashes by a cou-

ple of orders of magnitude (Dyudina et al., 2002). This suggests that the observed energies on
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Jupiter are most likely exceeding the largest lightning energies observed on Earth. From this, one

may assume that the peak of the energy distribution of lightning flashes on the gas giant planets

also shifts to higher energies. Dyudina et al. (2004) analysed the power distribution of optical

lightning flashes on Jupiter, considering only flashes recorded by Galileo’s clear filter15 (their fig.

7). They showed that the number of flashes with high power is small, which is similar to observa-

tions for Earth (similarly: Fig. 5.7, top panel). However, observations result in low detected flash

numbers. Moreover, lightning observations in the Solar System have biases towards higher en-

ergy lightning. Therefore, Dyudina et al. (2004) concluded that lightning frequencies at different

power levels cannot be predicted unequivocally.

We also note that Farrell et al. (2007) suggested that Saturnian discharges might not be as

energetic as they were thought to be (∼ 1012 J). They assumed a shorter discharge duration,

which would result in lower discharge energies. Their study shows the importance of exploring

the parameter space that affects lightning discharge energies and radiated power densities, in or-

der to interpret possible observations of not yet fully explored planets. I present such a parameter

study in Chapter 8.

5.4 Discussing lightning on exoplanets and brown dwarfs

The Solar System planets, especially Earth, have been guiding exoplanetary research for a long

time. Models have been inspired, for example, for cloud formation (e.g. Lunine et al., 1986;

Ackerman & Marley, 2001; Helling et al., 2008d; Kitzmann et al., 2010) and global atmospheric

circulation (e.g. Dobbs-Dixon & Agol, 2013; Mayne et al., 2014; Zhang & Showman, 2014), and

have been used for predictions that reach far beyond the Solar System. Habitability studies (e.g.

Kaltenegger et al., 2007; Bétrémieux & Kaltenegger, 2013) have been conducted based on signa-

tures, called biomarkers (Kaltenegger et al., 2002), appearing in Earth’s spectra.

In this chapter I use lightning climatology studies from Solar System planets for a first dis-

cussion on the implications of potential lightning occurrence on exoplanets and brown dwarfs.

Though the data discussed in Sections 5.2 and 5.3.2 are limited to radio and optical observations,

these studies are also useful for better understanding the evolution of extrasolar atmospheres

through, for example, changes in the chemistry as a result of lightning discharges (Rimmer &

Helling, 2016).

15385 - 935 nm (Little et al., 1999).
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Figure 5.8: Diversity of known exoplanets and brown dwarfs. Red circles with numbers represent the
exoplanet examples used in the case studies (Sect. 5.4.1): 1 - Kepler-10b, 2 - HD 189733b, 3 - 55 Cnc
e, 4 - Kepler-186f, 5 - Kepler-62f, 6 - Kepler-69c. GJ 504b is not on the plots, since no radius is available
for this planet. Green triangles indicate Venus, Earth, Jupiter and Saturn. Top: Relation between mass
and radius (in Earth-values: M⊕, R⊕). Black and brown dots represent exoplanets and brown dwarfs,
respectively. The lines show mass-radius relationships for various bulk compositions. I note that for some
cases the uncertainties in mass and radius are large enough to move the planet from one compositional
region to the other. The uncertainties are especially large for Kepler-62f, for which only the upper mass
limit is known (Table 5.4). However, Kaltenegger et al. (2013) estimated the mass of Kepler-62f to be,
on average, ∼ 1.85 M⊕, and I use this value on the figure. Bottom: Average density (ρbulk [g/cm3]) vs
semi-major axis (a [AU]) of exoplanets. Blue dots indicate transiting planets, magenta dots show directly
imaged planets. The density of Kepler-186f, Kepler-62f (see Sect. 5.4) are mean densities calculated from
the radius and mass, while the density of Kepler-10b (Dumusque et al., 2014), 55 Cnc e (Demory et al.,
2016) and HD 189733 b (Torres et al., 2008) are from Markov Chain Monte Carlo analysis of photometric
data.
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Figure 5.8 shows the diversity of extrasolar planetary objects with respect to their mean com-

position (top panel) and their distance from the host star (bottom panel). Figure 5.8 also includes

the Solar System planets discussed in this chapter and the exoplanets considered in the next sec-

tion (green triangles and red circles, respectively). I include L, T and Y brown dwarfs, for which

the masses and radii were taken from a brown dwarf list.16

The top panel of Fig. 5.8 includes density curves for different bulk compositions, including

pure water, iron and enstatit (MgSiO3) and the mix of these. The line for a 90% H2 10% He

composition is also included.17 The density lines visualize the diversity of the global chemical

composition of extrasolar bodies. The gas giants and brown dwarfs line up around the H2/He line

(light blue line), possible water words and Neptune-like planets follow the lines with H2O content

(dark blue lines), while rocky planets, super-Earths are found around the MgSiO3 composition

lines (orange lines). A populated region above the pure H line includes the inflated hot Jupiters,

whose radii are larger due to the close vicinity to the host star (Fig. 5.8, top panel). Figure 5.8

(bottom) further illustrates that many of the presently confirmed exoplanets reside considerably

closer to their host star than any of the Solar System planets. Therefore, the characteristics of

the host star will also be of interest for my purpose of discussing potential candidates for further

theoretical and observational lightning studies.

The diversity of observed extrasolar planets implies a large variety of atmospheric chemistry

and dynamics. Some planets will have atmospheric chemical compositions similar to brown

dwarfs, others will be more water or methane dominated and therefore, may be more compa-

rable to the Solar System planets. The basic physical processes that lead to the formation of

clouds (nucleation, bulk growth/evaporation, gravitational settling, element depletion) will be

the same, independent of the local chemistry, though their efficiency might differ (e.g. Helling

et al., 2014). According to transit spectrum observation, extrasolar planets form clouds in their

atmosphere (e.g. Sing et al., 2009, 2013, 2015), and Hubble Space Telescope and Spitzer observa-

tions have suggested that these atmospheres are very dynamic (e.g. Knutson et al., 2008, 2012;

Buenzli et al., 2014, 2015). The study of possible cloud particle ionization has only begun in the

16johnstonsarchive.net/astro/browndwarflist.html - by Wm. Robert Johnston. Several brown dwarf lists can be found
on the internet, though most of them do not include size and mass parameters. A well-composed, continuously
updated list of brown dwarfs can be found on https://jgagneastro.wordpress.com/list-of-ultracool-dwarfs/ by J.
Gagne, where coordinates, identifiers, proper motions, etc. are listed, however no radius and mass information are
added.

17These lines were calculated by solving the equations for hydrostatic equilibrium and the mass of a spherical shell.
For all compositions except H2/He, a modified polytrope was assumed for the equation of state, ρ = ρ0 + cPn with
the parameters (ρ0, c, n) taken from Seager et al. (2007). For H2/He, the equation of state from Militzer & Hubbard
(2013) was used.
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Table 5.4: Properties of exoplanets and the brown dwarf, Luhman 16B, listed in this chapter as examples for further study of lightning activity.

super-Earth
size planet

Mass
(Mp/M⊕)

Radius
(Rp/R⊕)

Density
(ρp/(g cm−3))

Semi-major axis
(a/AU)

Calculated temperature(1)

(Tcal/K)
Reference

Kepler-186 f 0.31− 3.77 1.11+0.14
−0.13 0.356± 0.048 Quintana et al. (2014)

Kepler-62 f < 35 1.41± 0.07 0.718± 0.007 208± 11 (Teq) Borucki et al. (2013)
Kepler-10 b 3.33± 0.49 1.47+0.03

−0.02 5.8± 0.8 0.01685± 0.00013 2169+96
−44 (Teq) Dumusque et al. (2014)

55 Cnc e 8.08± 0.31 1.92± 0.08 6.3+0.8
−0.7 0.01544± 0.00009 ∼ 2400 (Teq) Demory et al. (2016)

Kepler-69 c 2.14 1.71+0.34
−0.23 2.36 0.64+0.15

−0.11 299+19
−20 (Teq) Barclay et al. (2013)

Kane et al. (2013)
Jupiter
size planet /
brown dwarf

Mass
(Mp/MJup)

Radius
(Rp/RJup)

Density
(ρp/(g cm−3))

Semi-major axis
(a/AU)

Calculated temperature(1)

(Tcal/K)
Reference

HD 189733 b 1.14± 0.06 1.14± 0.03 0.75± 0.08 0.0309± 0.0006 1201± 13 (Teq) Torres et al. (2008)
GJ 504 b 4.0+4.5

−1.0 - - 43.5 510+30
−20 (Teff) Kuzuhara et al. (2013)

Luhman 16B 20− 65 - - - 1280± 75K (Teff) Faherty et al. (2014)

1 Teff: effective temperature; Teq: equilibrium temperature

context of extrasolar planets and brown dwarfs (see Chapter 4, Sect. 4.2). Helling et al. (2013b)

have demonstrated, based on data by Sentman (2004), that the electric field breakdown, which

initializes a lightning discharge does not very strongly depend on the chemical composition of the

gas (e.g. their fig. 5). I, therefore, suggest that the Solar System lightning statistics presented

here can be used as a first representation of lightning occurrence on extrasolar planets and brown

dwarfs. I also note that the Solar System flash rates and densities carry uncertainties as presented

in Sect. 5.3.2.

In order to apply the results of the previous sections on lightning climatology, I group the

extrasolar planetary objects into several categories (Sect. 5.4.1). Bearing in mind the diversity

of exoplanets, I choose specific examples for each category, which are discussed in more details

to demonstrate why they might be suitable candidates for lightning activity. Figure 5.8 shows

where these planets (red circles) lie in the (Mp, Rp)-plane and in the (a, ρbulk)-plane compared

to the whole ensemble of known exoplanets and brown dwarfs. Section 5.4.2 presents the flash

densities estimated for the extrasolar category examples. Section 5.4.3 discusses the challenges

arising from the stellar activity of the host stars of planets, and also how this activity may favour

the production of lightning on planets. However, I note that more fundamental modelling of

the 3D cloud forming, radiative atmosphere structure like in Lee et al. (2015) and Helling et al.

(2016b), possibly in combination with kinetic gas-phase modelling like in Rimmer & Helling

(2016) is required to provide quantitative results. In the following, I make a first qualitative

attempt of selecting possible candidates for future studies.
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Table 5.5: Properties of the stars hosting the example exoplanets listed in Chapter 5.

Star Spectral type Effective Temperature
estimate (Teff/K)

Mass
(M∗/M�)

Radius
(R∗/R�)

Reference

Kepler-186 M1V(1) 3790 0.478± 0.055 0.472± 0.052 Quintana et al. (2014, Supplement)
Kepler-62 K2V 4930 0.69± 0.02 0.64± 0.02 Borucki et al. (2013, Supplement)
Kepler-10 G 5710 0.910± 0.021 1.065± 0.009 Dumusque et al. (2014)
55 Cnc K0IV-V 5200 0.905± 0.015 0.943± 0.01 von Braun et al. (2011)
Kepler-69 G4V 5640 0.81+0.09

−0.081 0.93+0.18
−0.12 Barclay et al. (2013)

HD 189733 K2V(2) 5050 0.82± 0.03 0.76± 0.01 Bouchy et al. (2005)
GJ 504 G0V 6230 1.22± 0.08 Kuzuhara et al. (2013)

1 http://simbad.u-strasbg.fr/simbad/sim-basic?Ident=kepler-186
2 Fares et al. (2013)

5.4.1 Case-study categories

Transiting planets like Kepler-186f, Kepler-62f, Kepler-10b, 55 Cancri e, Kepler-69c and HD 189733b,

directly imaged planets such as GJ 504b, and brown dwarfs like Luhman 16B, are some of the

best candidates for the detection of lightning or its effects on the atmosphere.

The spectrum of a transiting exoplanet may contain a considerable amount of information

on the atmosphere of the planet, possibly including signatures of lightning. These signatures

may be emission or absorption lines either caused by lightning or by non-equilibrium species

as a result of lightning activity (Chapter 3; e.g. Bar-Nun & Podolak, 1985; Krasnopolsky, 2006;

Kovács & Turányi, 2010; Bailey et al., 2014)18. Directly imaged planets are another category of

good candidates for lightning-hunting. They are far enough from their host star, so that the stellar

light can be blocked by coronagraphs and the planet’s disc can be observed directly. These planets,

being far from stellar effects, are comparable to non-irradiated brown dwarfs (e.g. Kuzuhara et al.,

2013; Janson et al., 2013). Brown dwarfs are much closer to us than most of the exoplanets and,

in most of the cases, no host star will outshine their signal. Therefore, brown dwarfs are among

the best candidates from the sample of objects that we have available (see Fig. 5.8) to detect

lightning in their spectrum (e.g. radio, or other suitable means).

Lightning may be an indicator of potentially habitable environments, since it may be essential

for the formation of prebiotic molecules and because it carries information about cloud dynamics.

Some of the planets that I examine below are suggested to reside in the Habitable Zone (HZ) of

their host star. The HZ is usually defined as the region where the incident flux of the star is enough

18Lightning may occur anytime throughout a planet’s orbit, and its signatures could appear in any observational tech-
nique good enough to pick them up. However, currently transiting exoplanets offer the largest numbers of detected
exoplanets with techniques related to transit- or occultation-observations being one of the most successful ones in
characterizing these objects.
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for liquid water to be maintained on the surface of a planet with adequate atmospheric pressure

(e.g. Kasting et al., 1993, 2014; Kopparapu et al., 2013, 2014). Habitability is a very hot topic

of exoplanetary research, resulting in various studies and concepts of the HZ. Some researchers

apply the "water loss" and "maximum greenhouse" limits (e.g. Kasting et al., 1993; Kopparapu

et al., 2013), others define the boundaries between "recent Venus" and "early Mars" limits (e.g.

Kasting et al., 2014), and some use an even more extended HZ concept (e.g. Seager, 2013). These

various HZ definitions show the uncertainty in the precise definition of a habitable planet, which

allows us to develop a wider concept of planets with lightning.

Below, I define six categories (not exclusive) guided by the availability of lightning observa-

tions from the Solar System planets. I use lightning climatology results from Sections 5.2 and

5.3 in order to provide a first estimate of potential lightning occurrence on extrasolar planetary

bodies. The objects listed under each category are examples of a larger number of planets/brown

dwarfs as demonstrated in Fig. 5.8. The chosen examples have been observed with different

techniques before. The properties of the planets considered below and the properties of their

host stars are summarized in Tables 5.4 and 5.5.

• Earth-like planets: Planets with similar continent-ocean fraction as Earth. Studies have

shown that, in principle, it is possible to estimate the ocean-land ratio of the surface of the

planet by detecting diurnal variability in the photometric light curve of the planet (e.g. Ford

et al., 2001; Kawahara & Fujii, 2010). Ford et al. (2001) built a model, which considers

Earth as an exoplanet and analysed its light curve with and without clouds. They found sig-

nificant, potentially detectable, changes in the light curve as the different surfaces (ocean,

land, desert) rotated into view. Kawahara & Fujii (2010) developed a method to recon-

struct the surface of a planet using variations in its scattered-light curve. This model was

shown to work for an Earth-like surface, however, several assumptions were made, such as

cloudlessness or lack of atmospheric absorption. Kawahara & Fujii (2011) used simulated

exoplanet light curves from Earth observations by the EPOXI mission and demonstrated that

the inversion of the light curves recovers the cloud coverage of the planet. By subtracting

the cloud features they also showed that the residual maps created from the data trace the

continental distribution of Earth. Knowing the ratio of continent-ocean coverage of an ex-

oplanet would help to estimate the lightning occurrence on such planets, however, based

on above mentioned studies, it seems that retrieving land-ocean fractions on planets needs

improvement in observational instrumentation. Regardless, once the tools are available,
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either continent-ocean surface mapping of a planet may help lightning detections or, vice

versa, lightning signal distribution may help the surface mapping of an extrasolar object,

assuming that the same dynamics act on the planet as on Earth. I choose the candidate

planet for this category based on previous studies. I used the global average flash density

from Earth for these planets.

∗ Example: Kepler-186f (Quintana et al., 2014, and number 4 in Fig. 5.8).

The Kepler-186 planetary system is composed of five planets, all with sizes smaller than 1.5

R⊕ (Earth radius) (Quintana et al., 2014). Quintana et al. (2014) reported the discovery

of Kepler-186f, the only planet of the five in the system lying in the HZ of the host star.

According to their modelling the mass of Kepler-186f can range from 0.31 M⊕ (M⊕: Earth

mass) to 3.77 M⊕ depending on the bulk composition (from pure water/ice to pure iron

composition). In case of an Earth-like composition its mass would be 1.44 M⊕. Torres

et al. (2015) found that Kepler-186f has a 98.4% chance of being in the HZ of the host star.

Bolmont et al. (2014) showed that with modest amount of CO2 and N2 in its atmosphere,

the surface temperature can rise above 273 K and the surface of the planet could maintain

liquid water permanently. If Kepler-186f indeed has an Earth-like composition as Fig. 5.8

suggests, it may host an atmospheric circulation and convectively active clouds just as Earth,

which makes it an interesting candidate of hosting lightning activity.

• Water worlds (Ocean planets): Planets with surfaces fully covered by water or very small

continent-to-water ocean fractions. The irradiation from the host star can drive strong

winds, which may cause the formation of intermittent clouds. Lightning flash density over

the Pacific Ocean is used in this analysis.

∗ Example: Kepler-62f (Borucki et al., 2013, and number 5 on Fig. 5.8).

Using Ca H&K emission index, Borucki et al. (2013) concluded that Kepler-62, a K-type

main-sequence star, is inactive. Kepler-62f is the outermost planet in the 5-planet system.

By calculating the incident flux, Borucki et al. (2013) found that the super-Earth is within

the HZ of the host star. Kane (2014) arrived to the same conclusion by analysing the HZ

boundaries based on stellar parameter uncertainties, showing that planet "f" is 99.4% likely

to be in the HZ. Kaltenegger et al. (2013) assumed, based on the packed system of Kepler-

62 with solid planets, that Kepler-62f was formed outside the ice line, indicating water or

ice covered surface of the planet depending on the atmospheric pressure of CO2. Based
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on the assumption that Kepler-62f is indeed a water planet, and using the observed radius,

Kaltenegger et al. (2013) found that the planet’s mass would be 1.1−2.6 M⊕. Bolmont et al.

(2015) used their Mercury-T code to study the evolution of the Kepler-62 system. They

found that Kepler-62f potentially have a high obliquity and a fast rotation period, which

would result in seasonal effects and both latitudinal and longitudinal winds on the planet.

The possible seasonal and latitudinal changes may result in a diverse weather system on

the planet, therefore, Kepler-62f may host a quite variable lightning activity.

• Rocky planets with no liquid surface: These planets supposedly do not have permanent

liquid oceans on their surface. However, they still may host a chemically active atmosphere

that forms clouds and produces lightning. Lightning production on these planets may also

be caused by volcanic activity or electrostatic discharges caused by dust collision (e.g. in

dust devils). Schaefer & Fegley (2009) and Miguel et al. (2011) modelled different types

of potential atmospheres, created by the outgassing of the lava-oceans on the surface of the

planet, of hot, volatile-free, rocky super-Earths, and found them to be composed mostly of

Na, O, O2, SiO (Schaefer & Fegley, 2009) and at temperatures ≤ 2000K Fe and Mg (Miguel

et al., 2011). Ito et al. (2015) considered these "mineral atmospheres", evaluated their

temperature profiles and investigated their observability via occultation spectroscopy. They

considered four rocky planets, CoRoT-7b, Kepler-10b, Kepler-78b, and 55 Cnc e and showed

that IR absorption features of K, Na and SiO could be detected in case of Kepler-10b and 55

Cnc e with future missions like the James Webb Space Telescope. Such atmospheres would be

close to the composition of volcano plumes on Earth and may host lightning activity. I use

volcanic lightning flash densities evaluated in Sect. 5.2.3. The various values in Table 5.2

(last column) represent various activity stages of eruptions. For example, if I assume that

the surface of these planets is covered by almost constantly erupting volcanoes, the flash

densities could be very high, like during Phase 1 of the Mt Redoubt eruption. However, the

surface is still covered by volcanoes, but they do not erupt as frequently, or the frequency of

explosive eruptions is less, then a smaller flash density can be used, like during the eruptions

of Eyjafjallajökull. I also used continental flash density from Earth, though, I note that this

value likely underestimates the actual electric activity compared to pure visual inspection

of lightning in volcanoes (e.g. Eyjafjallajökull, Sakurojima, Puyehue; see also McNutt &

Davis, 2000).

∗ Example: Kepler-10b (Batalha et al., 2011, and number 1 on Fig. 5.8).
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Stellar chromospheric activity measurements (using the Ca II H&K index) conducted by

Dumusque et al. (2014) indicate that Kepler-10 is less active than the Sun, which is in

accordance with the star’s old age (10.6 Gyr). According to Ito et al. (2015), Kepler-10b,

a hot, tidally locked rocky super-Earth (Dumusque et al., 2014), may host an atmosphere

mostly composed of Na, O, O2, SiO and K outgassed from the lava-surface of the planet. The

bulk density (Table 5.4) of the planet indicates a composition similar to Earth (Dumusque

et al., 2014).

∗ Example: 55 Cancri e (McArthur et al., 2004; von Braun et al., 2011, and number 3

on Fig 5.8).

The second candidate for a rocky planet is 55 Cancri e (55 Cnc e), which recently has

been reported to be a planet with possible high volcanic activity (Demory et al., 2016). The

super-Earth orbits the K-type star 55 Cnc on a very close orbit, resulting in a high equilibrium

temperature (Table 5.4), which may result in the loss of volatiles of the planet. Multiple

scenarios have been proposed for its composition including a silicate-rich interior with a

water envelope, and a carbon-rich interior with no envelope (see Demory et al., 2016, and

ref. therein). A recent study suggests that 55 Cnc e is rather a volcanically very active planet

(Demory et al., 2016). A large number of volcanic eruptions, especially explosive eruptions,

may result in increased lightning activity on the planet due to the large number of volcano

plumes. This would allow the production of lightning discharges without the necessity of

cloud condensation. Kaltenegger et al. (2010) studied the observability of such volcanic

activity on Earth-sized and super-Earth-sized exoplanets. They found that large explosive

eruptions may produce observable sulphur dioxide in the spectrum of the planet. Similarly

to Kepler-10b, 55 Cnc e may host an atmosphere composed of minerals, as a result of the

outgassing of the lava on its surface.

Combining the findings of studies such as Kaltenegger et al. (2010) and observational sig-

natures of lightning, one may confirm a high volcanic activity on terrestrial, close-in exo-

planets like Kepler-10b and 55 Cnc e, making these planets interesting candidates for future

lightning observations.

• Venus-like planets: Venus and Earth, though they are similar in size and mass, are very

different from each other. Due to Venus’ thick atmosphere, the runaway greenhouse effect

increases the surface temperature of the planet to uninhabitable ranges. Such exoplanets,
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Earth- or Super-Earth-size rocky planets with very thick atmospheres, may be quite common

(Kane et al., 2014). For these planets I use flash density based on radio observations from

Venus.

∗ Example: Kepler-69c (Barclay et al., 2013, and number 6 on Fig 5.8).

Barclay et al. (2013) analysed the place of Kepler-69c, a super-Earth sized planet, in its

system, and the stellar irradiation, and found that Kepler-69c is very close to the HZ of

the star or, depending on model parameters, it may lie inside the HZ. They investigated

the equilibrium temperature boundaries that Kepler-69c may have, using different albedo

assumptions. They found that the temperature of the planet may be low enough to host

liquid water on the surface, if not considering an atmosphere. However, a thick atmosphere

may increase the temperature high enough (with a low albedo) to prevent water to stay

in liquid form (Barclay et al., 2013). Kane et al. (2013) estimated that Kepler-69c most

probably does not lie in the conservative HZ, but rather at a distance equivalent to Venus’s

distance from the Sun. Also taking into account the stellar flux the planet receives (which

is very similar to the incident flux Venus receives, ∼ 2600 W m−2), they defined Kepler-

69c as a "super-Venus" rather than a super-Earth (Kane et al., 2013, 2014). The low bulk

density calculated by Kane et al. (2013) may suggest a silicate and carbonate dominated

composition of the planet. In case the planet acquired water during or after its formation,

and the evolution of the planet’s atmosphere was similar to Venus’, then the planet may

host a thick CO2 atmosphere (Kane et al., 2013). On a Venus-like planet, such as Kepler-

69c, lightning activity may be the result of on-going volcanic activity, or, in the presence of

strong atmospheric winds, the electrostatic activity of dust-dust collision.

• Giant gas planets: In this category I consider planets with sizes (mass and/or radius) in the

range of Saturn’s to several Jupiter-sizes. Large variety of exoplanets have been discovered,

which fall into this category, from close-in hot Jupiters mostly detected by the transit or the

radial velocity technique, to young, cool planets hundreds of AU far from their stars detected

by direct imaging. I calculate flash densities for the candidate planets based on Saturnian

and Jovian flash densities.

• Transiting planets: Most of the gas giant planets discovered by the transit technique

lie within ∼ 1.6 AU from the host star19. A large number of these planets are found

19Based on data from exoplanet.eu, 29/Jul/2015
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within 0.5 AU, creating a new (not-known from the Solar System) type of exoplanet

category called "warm-" or "hot-Jupiters", latter ones lying within 0.1 AU (Raymond

et al., 2005).

∗ Example: HD 189733b (Bouchy et al., 2005, and number 2 on Fig 5.8).

HD 189733 is a K-type star with a hot-Jupiter ("b") in its planetary system. Wright et al.

(2004) measured Ca H&K line strength and found the star to be relatively active. Stellar

activity due to star-planet interaction has been observed in X-ray (e.g. Pillitteri et al., 2014)

and FUV (Pillitteri et al., 2015) spectra at certain times of the planetary transit. Namely, af-

ter the secondary eclipse, X-ray flares appeared in XMM-Newton (Pillitteri et al., 2014) and

Swift (Lecavelier des Etangs et al., 2012) data, while a brightening in the FUV spectrum

was also seen (Pillitteri et al., 2015). Pillitteri et al. (2015) explained the FUV features by

material accreting onto the stellar surface from the planet. See et al. (2015) investigated

exoplanetary radio emission variability due to changes in the local stellar magnetic field.

They found potential variations up to 3 mJy. The frequency of magnetospheric radio emis-

sion (< 40 MHz, Zarka, 2007) coincides with the radio emission range that lightning may

produce (<∼ 100 MHz, Desch et al., 2002, see also Chapter 3, Sect. 3.1.3). The magnetic

radio emission may potentially be a background radio noise source in lightning radio ob-

servations. A slope in the IR transmission spectrum of HD 189733b has been measured by

several groups (e.g. Pont et al., 2008; Sing et al., 2011), which was interpreted as a feature

caused by cloud-induced Rayleigh scattering in the atmosphere. McCullough et al. (2014)

found prominent water features in the NIR transmission spectrum of HD 189733b and si-

multaneously reinterpreted the slope in the spectrum. They suggested that the slope can

be produced by a clear planetary atmosphere and unocculted star spots. Lee et al. (2015),

however, supported the finding that HD 189733b is covered by a thick layer of clouds. The

atmosphere of HD 189733b may host lightning activity due to cloud convection and charge

separation due to gravitational settling. This well-studied (see references above) exoplanet

is a good candidate for lightning observations, because other effects, like stellar activity,

can be modelled easier than for less known systems.

• Directly imaged planets: Planetary objects detected by direct imaging are way fewer

in numbers than e.g. transiting exoplanets. These objects, due to the selection effect

of the technique, lie far from the host star, from ∼ 10 to thousands of AU. Though I

list these objects under the category of gas giant planets, I note the ambiguity in the
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classification due to the uncertainty in the definition of the mass limit between brown

dwarfs and planets (Perryman, 2011). This category may include brown dwarfs, plan-

ets, and objects with masses on the borderline (Perryman, 2011, table 7.6).

∗ Example: GJ 504b (Kuzuhara et al., 2013).

GJ 504, a young, 160+350
−60 Myr old, solar-type star shows X-ray activity, typical property of

such stars (Kuzuhara et al., 2013). Kuzuhara et al. (2013) investigated the colour of GJ

504b and found it to be colder (Table 5.4) than previously imaged planets. The place of the

object on the colour-magnitude diagram suggests that it is rather a late T-type dwarf with

a mostly clear atmosphere (Kuzuhara et al., 2013). Janson et al. (2013) detected strong

methane absorption in the atmosphere of GJ 504b, which also indicates that the object is

a T-type brown dwarf. Though the atmospheres of these objects are considered to be clear,

studies showed that it is possible to form clouds, e.g. made of sulphides (Morley et al.,

2012) in T-type dwarf atmospheres. The potential sulphide clouds make GJ 504b a good

candidate of hosting electric discharges in its atmosphere. The object is far enough from

the host star so that its internal heating suppresses the external one, which could result in

extensive convective patterns, just as lightning hosting clouds may form on Jupiter (Baines

et al., 2007). Convection and gravitational settling can be viewed as preconditions for

lightning to occur.

• Brown dwarfs: Brown dwarfs have masses from several MJup (Jupiter mass) to several

tens of MJup and temperatures low enough for cloud formation (e.g. Helling & Casewell,

2014). L type brown dwarfs are fully covered by clouds. The variability of L/T transition

and most probably T type brown dwarfs is explained by patchy cloud coverage (Showman

& Kaspi, 2013; Helling & Casewell, 2014). Helling et al. (2008d) modelled cloud formation

on brown dwarfs and derived grain size distributions and chemical composition through the

entire atmosphere. They found that the particle size in these atmospheres is of the order of

0.01 µm (upper layers) to 1000 µm (deep layers). For a brown dwarf with log g = 3 or 5

and Teff = 1800 or 1300 K, the 5µm particle size range, the assumed thundercloud particle

size for Jupiter (see Sect. 4.1.1), is in the atmospheric layers with ∼ 1300 K local tempera-

tures, which correspond to the mid layers of the atmosphere (Helling et al., 2008d, fig. 4,

fourth panel). They also found the clouds to be made of mixed mineral cloud particles that

change their size according to atmospheric height. Volcano plumes, producing lightning

flashes, are mostly made of dust. These plumes may resemble brown dwarf clouds. I use

106



5.4. Discussing lightning on exoplanets and brown dwarfs

flash densities obtained in Sect. 5.2.3, to estimate lightning occurrence on brown dwarfs.

However, these statistics are based on a few eruptions, which does not provide a general

idea about volcanic lightning densities, but provide several scenarios with more electrically

active and less electrically active dust clouds. I also use flash densities from Jovian and

Saturnian thunderclouds, because the particle sizes may resemble brown dwarf dust par-

ticles, and basic physical processes of cloud formation are fundamentally same in these

environments, though their efficiency may vary, as I discuss it in the following sub-section.

∗ Example: Luhman 16B (Luhman, 2013).

Luhman 16B (or WISE J104915.57-531906.1B) is the secondary component of the clos-

est brown dwarf binary system discovered so far, with a distance of 2 pc from the Sun.

It is a late L, early T type object representing the L/T transition part of the brown dwarf

family (Luhman, 2013). Crossfield et al. (2014) monitored the brown dwarf during its one

rotational period (4.9-hour, Gillon et al., 2013) and mapped its surface using Doppler imag-

ing. They interpreted the revealed features as dust clouds in the atmosphere of the object.

Buenzli et al. (2015) found the variability of Luhman 16B to be relatively high, up to more

than 10%. Their cloud structure model showed that the variability is caused by varying

cloud layers with different thickness, rather than varying cloudy and clear parts of the at-

mosphere. This means, we see into various levels of cloud regions, making the possibility of

detecting lightning inside the atmosphere higher. Similarly to GJ 504b, Luhman 16B may

host intensive lightning activity, because cloud formation, convection and gravitational set-

tling determine its atmosphere. Different cloud layers have been detected on Luhman 16B,

which may cause similar dynamic structures to occur like on Jupiter and Saturn and may

allow the observer to detect lightning inside the atmosphere of the brown dwarf.

5.4.2 Flash densities for extrasolar objects

Table 5.3 lists extrasolar objects with their Solar System counterparts. Based on the data available,

I arrange these objects into six groups (Sect. 5.4). From Earth, I obtained three flash densities

using LIS/OTD flash observations and WWLLN and STARNET sferics detections. Strokes detected

by WWLLN and STARNET were converted to flashes (assuming 1.5 sferics/flash; Rudlosky & Shea,

2013). I assume that a planet with a similar surface to Earth’s, in the HZ of the star has the same

flash density, as the global value on Earth. Kepler-186f is the candidate for these conditions.

However, depending on the continent-ocean fraction and the amount of insolation of the planet,
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Table 5.6: Estimated total flash/SED numbers during a transit over the disc of the planet calculated from
flash densities in Table 5.3. As the values in Table 5.3 are lower limits, the flash numbers given here
represent lower limits too. The bottom four lines of the table present Venus, Earth, Jupiter and Saturn as
transiting planets (with inclinations of 90◦). Transit duration was calculated based on Perryman (2011,
equations 6.2 and 6.3). Since the determined eccentricity (e) for these planetary orbits is low (largest is
∼ 0.1), for the calculation of the transit time I assumed e to be 0 for all objects. Here I use the full length
of the transit (from 1st contact to 4th contact).

Planet Transit duration [h] Total number of flashes
during transit

Kepler-186f 6.25 4.51× 105

Kepler-62f 7.72 1.34× 105

Kepler-10b 1.85 2.67× 106

55 Cancri e 1.57 4.16× 106

Kepler-69c 11.78 3.2× 10−1

HD 189733b 1.89 6.57× 104

(Jupiter)
HD 189733b 1.89 2.04× 105

(Saturn)
Venus 11.15 9.0× 10−2

Earth 13.11 7.67× 105

Jupiter 32.59 8.34× 105

Saturn 43.46 2.39× 106

Table 5.7: Estimated total flash numbers during a transit over the disc of Kepler-10b and 55 Cancri e
calculated from volcanic flash densities in Table 5.2 (used flash densities are marked with the row number).
See also the caption of Table 5.6.

Planet Transit duration
[h]

Total number of
flashes during transit

Row,
Table 5.2

Kepler-10b 1.85

1.02× 108 [1]
3.26× 108 [2]
1.23× 1010 [3]
2.04× 1012 [4]
1.11× 1011 [5]

55 Cancri e 1.57

1.59× 108 [1]
5.07× 108 [2]
1.91× 1010 [3]
3.17× 1012 [4]
1.73× 1011 [5]
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the flash density may vary. I consider Kepler-10b and 55 Cnc e to be rocky planets with no liquid

surface. Although it is arguable whether these planets host an atmosphere, in case they do, light-

ning activity may be similar to the activity over Earth-continents. Both planets may also be good

candidates for volcanically active planets, resulting in lightning discharges in volcano plumes.

Similarly, I used flash densities from oceanic regions in order to simulate lightning statistics on

Kepler-62f, a presumed ocean planet. Earth is the most well studied planet, resulting in the most

accurate flash densities obtained. Uncertainties raise, however, from the accuracy with which

one can determine the similarities between the exoplanet and Earth or a Terran environment.

The arguments for my approach, such as similarities between Earth and the exoplanets in size,

composition or cloud occurrence, are discussed in Sections 5.4 and 5.4.1.

From an astrophysical perspective, Jupiter and Saturn have the same flash densities within

an order of magnitude (Table 5.3). Two types of gas giant planets are studied, HD 189733b a hot

Jupiter, and GJ 504b a fairly cold giant planet in the outer regions of the stellar system, which

has been suggested to be comparable to a brown dwarf of spectral type T. These planets repre-

sent the two edges of giant planetary bodies, the former being a highly insolated one, while for

the latter, internal heating has a higher contribution to global temperatures and cloud formation.

For Luhman 16B, representing the L/T transition brown dwarfs with most probably patchy cloud

coverage, Jupiter was considered as a good analogue. The flash densities obtained for Jupiter

and Saturn carry relatively large uncertainties, due to the fact that these planets are much less

studied than Earth. The observations have been carried out for shorter time, less frequently, with

less sensitive instruments. However, the flash densities listed in Table 5.3 serve well as lower

statistical limits for these planets and their extrasolar counterparts. I support my approach of

using Solar System, in this case Jovian and Saturnian, lightning statistics as guidance for extraso-

lar studies, with the fact that the basic physical processes of cloud formation are fundamentally

the same in every environment, though their efficiency may vary. It also has been shown that

the electric field breakdown initializing a lightning discharge does not depend strongly on the

chemical composition of the gas (Helling et al., 2013b, see also Chapter 4, Sect. 4.2). Therefore,

I suggest that Solar System lightning flash densities provide good first estimates for extrasolar

lightning occurrence.

Table 5.2 lists flash densities of various eruptions of two volcanoes, Eyjafjallajökull and Mt

Redoubt. I suggest that these occurrence rates may resemble several scenarios on rocky exoplan-

ets with no water surfaces (Kepler-10b, 55 Cnc e) and on brown dwarfs (Luhman 16B). Such
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scenarios may include a surface fully covered by volcanoes erupting very frequently. In this case,

flash densities may be as high as it was during Phase 1 ("explosive phase", Behnke et al., 2013)

of the 29 March 2009 eruption of Mt Redoubt. Volcanically very active surfaces, but with not

that frequent explosive eruptions, may have flash densities of the order of the Eyjafjallajökull val-

ues. Dust charging in brown dwarf atmospheres may be similar to charging in volcano plumes,

and could produce flash densities similar to Eyjafjallajökull densities and the values of Phase 2

("plume phase", Behnke et al., 2013) of the 29 March 2009 Mt Redoubt eruption.

The majority of extrasolar planets was discovered by the transit method20. Transit observa-

tions and measurements taken during the transit or the occultation of the planet are the most

successful techniques in characterizing exoplanets and their atmospheres. Therefore, it is inter-

esting and informative to see how much lightning could occur during a planet’s transit. This

information will further allow us to determine observable signatures of lightning coming from

these planets. Also, it is a good example to show how the obtained hourly flash densities of this

chapter can be used for scientific predictions. Table 5.6 lists the transiting exoplanets introduced

in the previous sections and Venus, Earth, Jupiter and Saturn as a transiting planet. Table 5.7 lists

flash densities calculated for two transiting planets, Kepler-10b and 55 Cnc e, based on volcanic

lightning densities listed in Table 5.2. These tables summarize how many flashes could be present

during a transit on the disc of the planet observed from 1st to 4th contact (Perryman, 2011). The

projected surface area (disc) of a planet is given by 2r2π, where r is the mean radius of the

planet. The total number of flashes during the transit is calculated from the hourly flash densities

(flashes km−2 h−1) given in Tables 5.3 and 5.2 by multiplying these values by the area (km2) of

the planetary disc and the length of the transit (h). The gas giant, HD 189733b is listed twice

in Table 5.6 indicating that flash densities from both Jupiter and Saturn (both averaged from the

values in Table 5.3) were used to estimate lightning occurrence on this planet. Since the two

Solar System planets show similar densities (Table 5.3), I obtain similar results for HD 189733b

for the two cases. If HD 189733b should develop a storm feature similar to Saturn’s gigantic

2010/11 storm with its extremely high flash density, then this might also produce potentially ob-

servable signatures on HD 189733b even during its short transit time. Comparing the values for

Kepler-10b and 55 Cnc e in Tables 5.6 and 5.7, it is clearly seen that volcano eruptions produce

much higher lightning activity, than thunderclouds. However, it is important to note that, while

I took average values for continental thundercloud lightning activity, there are extreme values

20http://exoplanet.eu/ (on 26/01/2016)
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from certain eruptions that might not resemble average flash densities of volcano plumes. The

numbers listed in the third column of Tables 5.6 and 5.7 are guides to a lightning flash count

one can expect for the listed transiting planets. These flash densities suggest a relatively high

lightning activity on these planets when they are observed during a full transit. This increases the

probability of measuring signals resulting from lightning discharges.

For example, let us consider HD 189733b. During its 2-hour long transit, about 105 lightning

flashes occur on the projected surface according to my calculations. Assuming the average total

energy content of these flashes is∼ 1012 J (Leblanc et al., 2008, p. 43), based on Jovian lightning

optical efficiency calculations (Borucki & McKay, 1987), then the total energy dissipated from

lightning discharges during the transit of HD 189733b is of the order of 1017 J, or 105 TJ. For

comparison, on Earth a typical lightning flash releases energy of the order of 109 J (Maggio et al.,

2009). Energy measurements of Earth lightning suggest that about 1− 10% of the total energy

is released in optical (Borucki & McKay, 1987; Hill, 1979; Lewis & Prinn, 1984, p. 334) and

∼ 1% in the radio (Volland, 1984; Farrell et al., 2007). This leaves us with a bit less than 90% of

energy going into mechanical and thermal release, affecting the local chemistry of the atmosphere,

which will produce yet unexplored observable spectral signatures. Going back to the example,

during the transit of HD 189733b, 9× 104 TJ energy would affect the atmosphere of the planet.

This example benefits from previous lightning energy estimates; however, these estimates are

based on Earth lightning properties. Once the energy release from lightning in various extrasolar

planetary atmospheres is studied, one can estimate, based on my lightning climatology statistics,

how much energy is released not just into observables (optical and radio emission) but to energy

affecting the local chemistry. This energy and the caused chemical changes can be further explored

and determined whether it is enough to produce observable emission lines in the spectrum of

the planet, or the stellar light and planetary thermal emission would suppress these transient

signatures.

5.4.3 Observational challenges: Effects of stellar activity

Apart from technical issues (such as instrumental limits, detection thresholds, etc.), there are

natural effects limiting observations, mostly coming from stellar activity. Cool dwarf stars, G K

and M spectral types, are in more favour of exoplanet surveys, than hotter ones. G and K stars are

the targets of scientists looking for an Earth twin orbiting a Sun-like star. M dwarfs, apart from

being the most widespread stars in the Galaxy, are small stars making it easier to detect variation
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caused by planets in their light curves (the planet-star size ratio can be large enough to detect

small planets around the M dwarf) or spectra (variations caused by smaller planets around a small

star can be detected easier). However, Vidotto et al. (2013) and See et al. (2014) showed that

M dwarfs might not be good candidates for the search of Earth-like habitable planets because of

their high stellar activity. This activity significantly reduces the size of a planetary magnetosphere

exposing the planetary atmosphere to erosive effects of the stellar wind. G and K stars have similar

activity cycles to the Sun’s (11-year cycle), younger stars being rapidly rotating and more active,

than older ones (Baliunas et al., 1995). Early M dwarfs (M3 and earlier) have radiative cores and

outer convective zones indicating similar dynamo processes to the Sun’s (West et al., 2008). Later

type M dwarfs are fully convective, therefore no solar-like dynamo can operate in them, which

result in the change of magnetic field structure (Donati & Landstreet, 2009). Later M dwarfs in

general are more active than earlier type ones, keeping their activity for longer, probably due to

this change in magnetic field structure and rapid rotation. As stars age, their rotation slows down

and they become close to inactive (West et al., 2008).

However, the activity of the star may support lightning activity in close-in planets. Studies

suggest a correlation between solar activity and the number of thunder days. Pinto Neto et al.

(2013) analysed data of a ∼ 60-year period in Brazil looking for 11-year cycle variations in thun-

derstorm activity correlated to solar activity. They suggested that the anti-correlation they found

is the result of solar magnetic shielding of galactic cosmic rays, which have a large effect on light-

ning production. Romps et al. (2014) suggested a link between global warming over the United

States and flash rate variability. Their results showed an increase of flash numbers due to an

increase of global precipitation rate and of the convective available potential energy (CAPE), a

proxy of lightning activity. Scott et al. (2014) found a correlation between the arrival of high-

speed solar wind streams at Earth, following an increase in sunspot number and decrease in solar

irradiance, and lightning activity. They measured the correlation based on lightning occurrence

over the United Kingdom using UK Met Office radio observations. This correlation may be the

result of increasing number of solar energetic particles reaching the upper atmosphere (coming

from the solar wind), which triggers discharges and may increase the number of lightning events.

Siingh et al. (2011) compared different studies (Brazil, USA, India) and concluded that the rela-

tion between lightning activity and sunspot numbers is complex, since data showed correlation in

the USA and Brazil and anti-correlation in the Indian Peninsular (see Siingh et al., 2011, fig. 6).

The STARNET and WWLLN data analysed in my study also show more lightning from 2013, close
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to solar maximum, than from 2009, when the Sun was at its minimum of activity (Figs 5.2-5.3).

However, Rudlosky & Shea (2013) showed an improvement of 10% of the WWLLN DE between

2009 and 2013, which may also be the cause of more stroke detections in 2013. These studies

suggest that lightning in the astrophysical context will depend on internal heating and stellar irra-

diation that will affect the local atmospheric temperature, which determines where clouds form.

Consequently, lightning activity on a planet will be affected by the age, and hence the magnetic

activity of the host star, and by the distance of the planet from the star. In the case of brown

dwarfs, it is the age of the object that counts most as this determines its total energy household

including magnetic activity driven by rotation. If the brown dwarf resides in a binary system (e.g.

Casewell et al., 2012, 2013, 2015), the characteristics of the companion may also play a role in

the production of lightning discharges.

5.5 Summary

This chapter uses Solar System lightning statistics for a first exploratory study of potential light-

ning activity on exoplanets and brown dwarfs. I presented lightning flash densities for Venus,

Earth, Jupiter and Saturn, based on optical and/or radio measurements. I also included lightning-

and lightning energy- distribution maps for the gas giant planets and Earth, based on observa-

tional data. The obtained information in Sections 5.2 and 5.3 was used to estimate lightning

occurrence on extrasolar planetary objects. My sample of extrasolar objects contains transiting

planets (Kepler-186f, Kepler-62f, Kepler-10b, 55 Cancri e, Kepler-69c and HD 189733b), directly

imaged planets (GJ 504b) and brown dwarfs (Luhman 16B). Transmission spectra are relatively

easy to take and may contain signatures of lightning activity. Directly imaged planets are far

enough from their parent stars to be observed directly, and the effects of stellar activity are less

prominent, such as in the case of non-irradiated brown dwarfs. Brown dwarfs, because they

are close to us, are one of the most promising candidates for lightning-hunting. I defined six

categories of extrasolar bodies, with one or two examples, in analogy to Solar System planets.

All of these candidates potentially host an atmosphere with clouds, based on either observations

or atmospheric models (Sect. 5.4.1). These examples were chosen because they have common

features with Solar System planets or lightning hosting environments (e.g. Kepler-62f being an

ocean planet, 55 Cnc e hosting extreme volcanic activity, etc.), or because they represent a specific

object type, such as hot Jupiters (HD189733b), Jupiter-sized planets at large distances from the

star (GJ 504b), or brown dwarfs (Luhman 16B), which also have a great potential for lightning
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activity (Helling et al., 2013b; Bailey et al., 2014). I suggest that these objects could be potential

candidates for lightning activity in their atmospheres based on their characteristics and on our

knowledge on lightning forming environments. However, I note that the flash densities estimated

in this study are affected by several uncertainties, mostly due to instrumental limits and, in case

of Jupiter and Saturn, the lack of temporally and spatially extensive data sets. Regardless, the

obtained flash densities give a first guidance for the study of extrasolar lightning.

The best data coverage was from Earth (using data from the LIS/OTD optical satellites, and

the STARNET and WWLLN radio networks), which resulted in more accurate flash densities than

from the other planets. Earth provides us with three different options: for ocean planets flash

densities from over the Pacific ocean were used; for rocky planets with no water surface, where

mineral clouds may form as was shown both by models (e.g. Miguel et al., 2011) and observations

(e.g. Kreidberg et al., 2014; Sing et al., 2009, 2015), values from over continents were used; while

I considered Earth-twins with similar continent/ocean coverage and with a global flash density

from Earth. Data for Jupiter and Saturn were taken from published papers, these include Galileo

(Little et al., 1999; Dyudina et al., 2004), New Horizons (Jupiter) (Baines et al., 2007) and Cassini

(Saturn) (Dyudina et al., 2013) observations. The derived flash densities were used to represent

giant gas planets and brown dwarfs. The special case of Venus (only whistler observation with

no coordinates for flashes) allowed me to estimate flash densities but not to create a lightning

climatology map as it was done for the three other Solar System planets (Figures 5.1-5.3, 5.4,

and 5.6). I also considered volcanic lightning flash densities in case of Kepler-10b, 55 Cnc e and

Luhman 16B. These densities are guides for special scenarios discussed in the previous sections.

Table 5.3 summarizes my findings of planetary flash densities, while 5.2 shows flash densities

of example volcanic eruptions. All numbers are expected to be higher because the guiding data

provide lower limits as only the most powerful events in the optical and radio wavelengths are

detected. No other spectral energies were taken into account here. Using these flash densities, I

estimated the global and regional distribution of lightning in space and time. Most of the planets

listed under the defined categories are transiting objects, with the potential of taking their trans-

mission spectra, hence possibly observing lightning spectral features. In Tables 5.6 and 5.7 I list

the total number of flashes that might occur on these planets during their full transit. I find that

volcanically very active planets would show the largest lightning flash densities if lightning oc-

curred at the same rate on these planets as it does in volcano plumes on Earth. It is also prominent

that the exoplanet HD 189733b would produce high lightning occurrence even during its short
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transit, if it had a large storm occurring in its atmosphere, like the one on Saturn in 2010/11.

The findings of this chapter can be applied to estimate lightning occurrence for future observing

campaigns, such as I demonstrate it in Chapter 7.
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6
Lightning on HAT-P-11b? - A case study

6.1 Introduction

Lightning radio emission is one of the most prominent lightning signatures (Chapters 2 and 3). It

has been observed on several Solar System planets, including Earth, Jupiter, and Saturn (Chapter

4). Recently, radio observations have opened new paths to study properties of extrasolar objects,

such as brown dwarfs (e.g. Williams & Berger, 2015), which are only a step away from giant gas

planet detections in the radio wavelengths. Lecavelier des Etangs et al. (2013) (hereafter L13)

presented a tentative detection of a radio signal from the exoplanet HAT-P-11b. This planet is

estimated to have a radius of 4.7 R⊕ (R⊕: Earth radius), a mass of 26 M⊕ (M⊕: Earth mass), and is

at a distance of∼ 0.053 AU from its host star (Bakos et al., 2010; Lopez & Fortney, 2014). In 2009,

L13 observed a radio signal at 150 MHz with an average flux of 3.87 mJy that vanished when

the planet passed behind its host star. They re-observed the planet with the same instruments

in 2010, but no signal was detected this time. Assuming that the 150 MHz signal from 2009 is

real and comes from the exoplanet, the non-detection in 2010 suggests that it was produced by a
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Figure 6.1: Radio light curve measured from the direction of HAT-P-11b in 2009. The data were binned to
36 minutes. The observations were conducted with the Giant Meterwave Radio Telescope in two polariza-
tion mode, RR and LL (R is right-handed, L is left-handed polarization; expressed by the stokes parameters:
RR = I + V, LL = I - V; Farnes 2012, p. 31.). Vertical dashed lines: beginning and end of the secondary
eclipse. Horizontal dashed line: fitted box-shaped light curve model. Figure reproduced with permission
from Lecavelier des Etangs et al. (2013). Courtesy of Alain Lecavelier des Etangs for providing the original
figure.

transient phenomenon. L13 suggested that the obtained radio signal is the result of interactions

between the planetary magnetic field and stellar coronal mass ejections or stellar magnetic field.

If the radio signal is real, it is unlikely to be due to cyclotron maser emission, because this type of

emission is generally polarized (Weibel, 1959; Vorgul & Helling, 2016), and Fig. 6.1 shows a non-

detection of polarization in the data. If the mJy radio emission were caused by cyclotron maser

emission, a large planetary magnetic field of 50 G would be required (L13). For comparison,

the strength of the surface magnetic field of the Solar System planets are between ∼ 10−4 G

(Mars) and ∼ 4 G (Jupiter; Russell, 1993). Therefore, based on the non-detection of polarization

in combination with the possible transient nature of the observed radio emission, I tentatively

hypothesize that the emission on HAT-P-11b is caused by lightning discharges.

HAT-P-11b is much closer to its host star than the Solar system planets with lightning, result-

ing in a stronger irradiation from the star. 3D simulations of irradiated giant gas planets have

demonstrated that a very strong circulation of the atmosphere results from the high irradiation

(e.g. Heng & Showman, 2015), and it seems reasonable to expect similar effects for Neptune-like
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planets. Works like Lee et al. (2015) and Helling et al. (2016b) further suggest that highly irradi-

ated atmospheres will form clouds in very dynamic environments, which may host high lightning

activity, because triboelectric charging in combination with gravitational settling allows lightning

discharge processes to occur in extrasolar clouds (Helling et al., 2013b). (Furthermore, studies

have investigated the relation between lightning activity on Earth and Solar activity, which I dis-

cuss in Chapter 5 Sect. 5.4.3.) Fraine et al. (2014) took the transmission spectra of HAT-P-11b and

interpreted the data with a clear atmosphere model. However, Line & Parmentier (2016) found

that in the case of HAT-P-11b, patchy clouds could explain these transmission spectra. HAT-P-11b,

orbiting its host star closely, likely has a dynamic atmosphere that will impact the observable

cloud distribution. The resulting patchy clouds could focus potential lightning activity to a cer-

tain region, maybe at certain times covering a large fraction of the planet. These potentially

large, dynamical cloud systems could support the occurrence of high lightning rates in particular

regions.

In this chapter, I estimate lightning flash densities [flashes km−2 h−1] of a hypothetical thun-

derstorm on HAT-P-11b, which could produce the observed 3.87 mJy radio signal. I include a

parameter study, to address several potential scenarios of lightning activity. The method and re-

sults are presented in Sect. 6.2. In Sect. 6.3, I approximate the optical emission of the previously

determined thunderstorm. Section 6.4 evaluates the chemical effects of the storm in the form of

HCN production in the atmosphere of HAT-P-11b. I summarize the Chapter in Sect. 6.5.

6.2 Radio signal strength and lightning frequency

In this section, I calculate the radiated power spectral density, P/∆ f [W Hz−1], of lightning at

f = 150 MHz, the frequency at which HAT-P-11b was observed. This allows me to estimate the

radio flux of one lightning flash at this frequency. I aim to derive a lower limit for the lightning

flash density, ρfl [flashes km−2 h−1], that would be needed to reproduce the intermittent radio

emission from HAT-P-11b. In Sect. 6.2.1, I summarize the assumptions I made and collect the

necessary formulas for the calculations. Then, in Sects 6.2.2 and 6.2.3, I estimate ρfl for a single

parameter combination in order to demonstrate the process, and conduct a parameter study,

respectively. In Sect. 6.2.4, I discuss the results of this section.
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6.2.1 Lightning radio emission and flash density model

I assume that the radio signal measured by L13 was real and was originating from HAT-P-11b.

Because of the transient nature of the signal, and because it does not show clear polarization

(Fig. 6.1), I assume that it was produced by a thunderstorm that was present over the observed

disc of the planet, continuously producing lightning discharges throughout the observations. I

also assume that lightning on HAT-P-11b has the same physical and radiating properties that we

know from Saturn. The goal is to determine how much lightning could produce the observed

radio flux of 3.87 mJy.

First, I determine the radio power spectral density, P/∆ f [W Hz−1], radiated by one lightning

discharge at frequency f [Hz]:

P
∆ f
=

P0

∆ f

�

f0
f

�n

, (6.1)

where P0/∆ f [W Hz−1] is the peak power spectral density at a peak frequency f0 [Hz], and n is

the spectral roll-off at high frequencies (Farrell et al., 2007). The spectral irradiance of a single

lightning flash, Iν,fl, from distance d is obtained from Eq. 6.2 through P/∆ f :

Iν,fl =
(P/∆ f )

4πd2
× 1026, (6.2)

where 1 W Hz−1 m−2 = 1026 Jy. The observed spectral irradiance, Iν,obs will be the contribution

of all the lightning flashes occurring during the observation:

Iν,obs = Iν,fl
τfl

τobs
ntot,fl, (6.3)

where τfl [h] is the characteristic duration of the lightning event, τobs [h] is the time over which

the observations were taken, and ntot,fl is the total number of flashes contributing to Iν,obs. Equa-

tion (6.3) gives the total spectral irradiance resulting from lightning flashes from over the pro-

jected disc of the planet (2πR2
p). A lightning flash has a much shorter duration than the observa-

tion time, therefore it cannot be considered as a continuous source. As a result, the contribution

of one lightning flash (Iν,fl) to the observed spectral irradiance (Iν,obs) has to be weighted by its

duration time (τfl) over the observation time (τobs).
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I am interested in the number of lightning flashes producing an average 3.87 mJy radio flux,

which was observed from the direction of HAT-P-11b (L13). This is given by ntot,fl, which I obtain

from Eq. 6.3. Then, I convert the result into flash density, ρfl [flashes km−2 h−1], which can be

compared to lightning occurrence rate observed in the Solar System:

ρfl =
ntot,fl

2πR2
pτobs

, (6.4)

where Rp [km] is the radius of the planet. ρfl carries a statistical information on the occurrence

of lightning in space [km] and time [h] (Chapter 5).

6.2.2 Flash density for representative parameters − ρfl,1

To demonstrate the method, I use example parameters for the calculations. These are n = 3.5

and τfl = 0.3 s. The rest of the parameters are taken to be the same for all the estimates, in

the parameter study as well. In order to estimate the flash density that would result in a radio

signal like the one obtained by L13, I assume that lightning on HAT-P-11b has the same energetic

properties as lightning on Saturn. Cassini-RPWS measured the radiated power spectral density

of lightning on Saturn to be P/∆ f = 50 W Hz−1 at f = 10 MHz (Fischer et al., 2006a; Farrell

et al., 2007). I use Eq. 6.1 and the values observed by the Cassini probe for P/∆ f and f to obtain

a peak spectral power density of P0/∆ f = 1.6 × 1012 W Hz−1, for f0 = 10 kHz and n = 3.51.

Next, by applying P0/∆ f to Eq. 6.1, I estimate the radiated power spectral density at the source

of a single lightning flash at f = 150 MHz, frequency at which the HAT-P-11b radio signal was

observed (L13), to be P/∆ f = 3.9× 10−3 W Hz−1.

Using equation (6.2) and the distance of HAT-P-11, d = 38 pc, I obtain the spectral irradiance

for a single lightning flash to be Iν,fl = 2.2× 10−14 Jy. L13 found the average observed spectral

irradiance, Iν,obs, to be 3.87 mJy. Solving equation (6.3) for ntot,fl, the total number of lightning

flashes needed to explain the observed spectral irradiance, with an average event duration, τfl =

0.3 s (the largest event duration on Saturn according to Zarka et al., 2004), I obtain a value of

ntot,fl ≈ 1.3 × 1015 flashes. The integration time for a single data point in L13 (their fig. 2) is

τobs = 36 min, and the radius of HAT-P-11b is Rp ≈ 0.4 RJ (RJ: Jupiter radius; Bakos et al.,

2010). Substituting these values and the derived ntot,fl into equation (6.4) I obtain a flash density

1The Earth value f0 = 10 kHz (Rakov & Uman, 2003) and a gentler spectral roll-off, n = 3.5 (n = 4 for Earth) were
used because these values are not known for any other Solar system planet. These values are used for modelling
lightning on Jupiter or Saturn (e.g. Farrell et al., 2007).
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Figure 6.2: Lightning flash densities (top) and apparent magnitude of the lightning flashes (bottom) that
would produce the radio fluxes observed by L13 for HAT-P-11b (Fig. 6.1) for parameters n = 3.5 and
τfl = 0.3 s. Horizontal solid lines: average values for the average observed radio flux of 3.87 mJy outside
eclipse. Vertical dashed lines: beginning and end of the secondary eclipse of the planet. I show the mean
results for the range of observed values per time from L13 (see Fig. 6.1). Bottom: Results for two different
optical powers, Saturnian (1.3 × 109 W; red) and terrestrial super-bolt (1012 W; blue). Magenta dashed
line: apparent B magnitude of the host star HAT-P-11.

of ρfl,1 ≈ 3.8 × 105 flashes km−2 h−1. Figure 6.2 (top) shows the flash densities that would be

needed to produce a radio flux comparable to observations in L13 (Fig. 6.1), using the example n

and τfl values, and assuming that the flux is from the planet and is entirely produced by lightning.
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Figure 6.3: Lightning flash density ρfl [flashes km−2 h−1] needed to emit the 3.87 mJy radio flux measured
by L13, depending on the spectral roll-off, n, used in Eq. 6.1. The figure also shows the dependence of
ρfl on the discharge duration, τfl (Eq. 6.3). For all the calculations, I assumed that the radiated power
spectral density of lightning on HAT-P-11b is P/∆ f = 50 W Hz−1 at f = 10 MHz, as was measured on
Saturn (Fischer et al., 2006b). The results show that the flatter the radiated power spectrum (the smaller
n), the fewer flashes are needed to produce the observed radio flux (ρfl is smaller). For the same spectral
roll-off, n, the slower discharges produce larger amount of power than quicker discharges.

6.2.3 Parameter study

I conduct a parameter study to investigate the effects of the spectral roll-off, n, and the discharge

duration, τfl, on the resulting lightning flash densities, ρfl. I do not consider the dependence on

the peak frequency, f0, but assume, that it is the same in all planetary atmospheres considered

here, as it does not have an effect on the final result.

Zarka & Pedersen (1983) found the SED spectrum to be relatively flat (n ≈ 0.0) above a few

MHz. Fischer et al. (2006b) found the roll-off of the SED spectrum to be n = 0.5. The largest

roll-off for lightning on Earth was found to be n= 4 (Rakov & Uman, 2003). Therefore, I conduct

the study for n= 0 . . . 4 with increments of 0.5. For each n I calculate the flash density applying a

discharge duration of τfl = 10−4, 6×10−2, and 3×10−1 s. 100 µs is the average stroke duration on

Earth (Volland, 1984). 60 ms is the average flash duration on Saturn (Zarka et al., 2006), while

300 ms is the largest flash duration on Saturn (Zarka et al., 2004). The results of the parameter

study are shown in Fig. 6.3. The results show that the flatter the radiated power spectrum

(the smaller n), the fewer flashes are needed to produce the observed radio flux (ρfl is smaller).

Smaller n means that the radiated radio power decreases much slower, therefore, one lightning
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Table 6.1: Obtained lightning flash densities for HAT-P-11b and examples from across the Solar System.
Values are from Chapter 5, Tables 5.2 and 5.3, apart from (*), which was obtained from Huffines & Orville
(1999), and the Saturn values, which are estimated in this chapter. The top table lists values according to
planets, the bottom one shows volcanic eruptions on Earth.

Planet Flash density [km−2 h−1] Comment
HAT-P-11b (ρfl,1) 3.8× 105 n= 3.5, τfl = 0.3; This work
HAT-P-11b (ρfl,2) 29 n= 0.0, τfl = 0.3; This work
Earth 0.1 largest average in the USA(∗)

2.29× 10−4 global average from LIS/OTD data
Saturn 8.4× 10−7 from SED rates of Fischer et al. (2011b) for the globe

9× 10−3 same as above, but for one storm (see Sect. 6.2.4)
Jupiter 1.43× 10−6 from New Horizons (2007) data

Volcano Flash density [km−2 h−1] Eruption
Eyjafjallajökull 0.1 2010 Apr 14−19

0.32 2010 May 11−20
Mt Redoubt 12.04 2009 Mar 23

2× 103 2009 Mar 29 (Phase 1)

flash will produce larger radio powers at higher frequencies, than what it would produce if the

spectrum was steeper (n was larger). For the same spectral roll-off, slower discharges release

more power than quicker ones. In a best case scenario with n= 0 and τfl = 0.3 s, a flash density

ρfl,2 = 29 flashes km−2 h−1 would be enough to produce the observed radio flux of 3.87 mJy .

6.2.4 Comparison of flash density results

The results suggest that the necessary flash density to produce the observed 3.87 mJy radio flux

spans a large range of values depending on the parameters I choose for the calculations. The

example values used in Sect. 6.2.2, represent a roughly average flash density in the parameter

study (Sect. 6.2.3), ρfl,1 = 3.8× 105 flashes km−2 h−1. For a best-case scenario an ρfl,2 as low

as 29 flashes km−2 h−1 is enough to be maintained throughout the time of the observations on

the disc of the planet. Table 6.1 lists the result for HAT-P-11b in comparison to a few examples of

flash densities that were observed in the Solar System (Chapter 5). I only list and compare the

best case and the example case for HAT-P-11b.

Fischer et al. (2011b) analysed the SED (Saturnian Electrostatic Discharges) occurrence of a

giant storm that occurred on Saturn in 2010/2011. They found an SED rate of 10 s−1, which is

36000 SED h−1. This is the largest rate observed on Saturn. Since no other storms were observed

during this period (Dyudina et al., 2013), I apply this flash rate (assuming that one SED originates

from one flash) for the whole surface area of the planet. This results in a flash density of 8.4×10−7
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6.2. Radio signal strength and lightning frequency

flashes km−2 h−1 for Saturn.

The observed signal on HAT-P-11b would require a storm with the example flash density,

ρfl,2 = 3.8 × 105 flashes km−2 h−1, ∼ 4.5 × 1011 times greater, and a storm with the best-case

value ρfl,1 = 29 flashes km−2 h−1, ∼ 3.5× 107 times grater than observed on Saturn. However,

one may argue that a planet can host multiple thunderstorms at the same time, so the SED rates

are only true for the specific storm and not for the whole planet. Considering an average storm

size of 2000 km on Saturn2 (Hurley et al., 2012), the flash density based on the average SED

rate of the 2010/2011-storm is 9×10−3 flashes km−2 h−1. This flash density is ∼ 4.2×107 times

smaller than the calculated example ρfl,2, and 3.2× 103 times smaller than the best-case ρfl,1 on

HAT-P-11b.

On Earth, one of the highest flash densities observed, ∼ 0.1 flashes km−2 h−1 (Huffines &

Orville, 1999), is produced in thunderstorms within the United States (USA). The 3.87 mJy signal

from ρfl,2 ≈ 3.8×105 flashes km−2 h−1 on HAT-P-11b, would require a sustained global storm with

flash densities ∼ 3.8× 106 times greater than observed within the USA. However, the best-case

flash density ρfl,1 ≈ 29 flashes km−2 h−1 is only two orders of magnitude larger than the above

listed Earth value. The most intense lightning activity, however, is not found in thunderstorms on

Earth, but rather in volcano plumes after explosive volcanic eruptions. The largest value in Table

6.1 was observed during the 29 Mar 2009 eruption of Mt Redoubt (Chapter 5, Sect. 5.2.3). Its

ρfl = 2000 flashes km−2 h−1 is only two orders of magnitude smaller than the average example

ρfl,2, and two orders of magnitude larger than the best-case ρfl,1.

This comparison shows that, a thunderstorm with a lightning occurrence rate obtained for

the hypothetical storm on HAT-P-11b ranges between thunderstorms with flash densities of the

same order of magnitude as the Mt Redoubt eruption showed in 2009 Mar 23, and thunderstorms

never seen in the Solar System before. However, we have to remind ourselves, that the Jovian and

Saturnian values are based on data from spacecraft, which can only observe the most energetic

flashes from the planet (Chapter 5). Secondly, I assumed that lightning on HAT-P-11b produces

the same amount of energy and radio power that is known from the Solar System. In Chapter 8,

I show that lightning can be more energetic and produce 4−10 orders of magnitude more radio

power on hot exoplanets (Teff = 1500 . . . 2000 K) and brown dwarfs, than lightning on Earth.

HAT-P-11b orbits the host star on a very close orbit, resulting in high atmospheric temperatures

2Also, similar storm size was observed in December 2010 (Fischer et al., 2011b)
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(Teq between 630 K and 950 K, Huber et al., 2017), and a planetary object that the Solar System

does not contain. Therefore, it is reasonable to think that if lightning exists on HAT-P-11b, it is

more energetic and more frequent than lightning in the Solar System.

6.3 Lightning detection in the optical range

The emitted power of lightning has been measured in other wavelengths on Jupiter and Saturn.

In this section, I apply the flash densities derived in Sect. 6.2.2 and shown in Fig. 6.2 (top), and

estimate the emitted optical flux of the lightning storm that could produce the observed radio flux

on HAT-P-11b. I do not consider the effects of varying parameters, but apply the same parameters

as were used to calculate the example average value of flash density, ρfl,2 ≈ 3.8 × 105 flashes

km−2 h−1, and the results in Fig. 6.2 (top).

Dyudina et al. (2013, table 2) lists the survey time (1.9 s), the total optical power (1.2×1010

W) and the optical flash rate (5 s−1) of the large thunderstorm on Saturn in 2011. Based on this

information the average optical power released by a single flash of this Saturnian thunderstorm

is Popt,fl ≈ 1.3× 109 W. Assuming that flashes on HAT-P-11b produce the same amount of power

as Saturnian flashes and using equation (6.5) I obtain an optical irradiance from a single flash to

be Iopt,fl = 1.13× 10−14 Jy.

Iopt,fl =
Popt,fl/ feff

4πd2
× 1026, (6.5)

where Popt,fl is the optical power of a single flash and feff ≈ 6.47×1014 Hz is the effective frequency

of Cassini’s blue filter. The total optical irradiance of flashes is obtained from Iopt,fl and ntot,fl, the

total number of flashes hypothetically producing the same radio flux as was observed by L13.

This optical irradiance is of the order of 10−2 Jy or brightness of ∼ 13 mag (B band) as shown in

Fig 6.2, bottom panel (red). The star HAT-P-11 has an apparent B magnitude = 10.66 (Høg et al.,

2000), which is ∼ 0.2 Jy in the B band. The optical emission resulting from lightning, therefore,

would be slightly lower than that of the star.

I carried out the same calculations to determine the planetary and stellar flux ratio, in case

lightning on HAT-P-11b emitted a power of the order of super-bolt power on Earth, Popt,fl ≈ 1012

W (Rakov & Uman, 2003, p. 164). The produced optical flux densities and the corresponding

magnitude scale are shown in Fig. 6.2, bottom panel (blue). The ratio of the planetary lightning
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flux and the flux of the star (with lightning flux density of ∼ 10 Jy, Fig. 6.2, bottom panel) is

∼ 102. If every single lightning flash on HAT-P-11b would emit ∼ 1012 W, the optical emission of

lightning that would produce the radio emission, would outshine the host star by two orders of

magnitude.

6.4 Lightning Chemistry

Lightning produces non-equilibrium species affecting the composition of the local atmosphere

(Chapter 3, Sect. 3.2). It is important, therefore, to consider what the chemical effects of lightning

activity on HAT-P-11b would be on the local atmosphere, and on the spectrum of the planet.

Here, the effect of large, Saturn-like lightning storms on HCN chemistry is considered. Lewis

(1980) estimated that lightning produces HCN at a rate of 2 × 10−10 kg/J. Their model was

set up for Jupiter, and is applicable for any hydrogen-dominated atmosphere with roughly solar

composition. Farrell et al. (2007) estimated the dissipative energy of a single lightning flash on

Saturn, with peak frequency, f0 = 10 kHz, and spectral roll-off, n= 3.5, to be:

Ed ≈ 260J

�

fSat

f0

�n

, (6.6)

where fSat = 10 MHz is the frequency at which the lightning on Saturn was observed. One can

multiply the dissipative energy by the flash density of 1 flash km−2 h−1. Multiplying the lightning

energy density by the production rate of HCN, it is estimated that 5× 10−7 kg m−2 s−1 of HCN is

produced, of the order of 109 greater than the estimate of Lewis (1980) for Jupiter. Accepting the

energetics arguments from Lewis (1980), the resulting HCN will achieve a volume mixing ratio of

∼ 10−6 within the mbar regime of the atmosphere. Moses et al. (2013) found that similar mixing

ratios (their fig. 11) should have significant observational consequences in the L (3.0− 4.0µm)

and N (7.5− 14.5µm) IR bands, which they show in their fig. 16 comparing their model spectra

both with and without HCN.

In order to estimate the chemical timescale3 for HCN on HAT-P-11b, a semi-analytical pressure−

temperature profile is developed, appropriate for the object using the method of Hansen (2008).

The parameters for HAT-P-11b (mass, radius, distance from host star) given by Bakos et al. (2010)

and Lopez & Fortney (2014), and the stellar temperature from Bakos et al. (2010) are used for this

3The amount of time necessary for the atmospheric abundance of HCN to achieve thermochemical equilibrium.
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Figure 6.4: The chemical lifetime of HCN [s] plotted vs. pressure [bar], along with various dynamical
timescales with eddy diffusion coefficients ranging Kzz = 108 . . . 1012 cm2 s−1. If HCN is produced in the
10−1 bar pressure level in the atmosphere, than it will live long enough (days) to be transported to the
higher atmosphere, where it will be present for a couple of years after the storm have occurred.

profile. To determine the XUV flux impinging on the atmosphere, a spectrum appropriate for a

K4-type star was taken, the X-Exospheres synthetic spectrum for HD 111232 (Sanz-Forcada et al.,

2011). It is assumed that the atmosphere is hydrogen rich, and the atmospheric gas of HAT-P-11b

is at roughly solar metallicity with respect to C, N and O, i.e. that the primordial concentrations of

these elements in HAT-P-11b is solar and that there is no elemental depletion into clouds. The at-

mospheric chemistry is calculated using the semi-analytic temperature profile and synthetic XUV

flux, with the STAND2015 chemical network and the ARGO diffusion-photochemistry model from

Rimmer & Helling (2016). Then a variety of locations in the atmosphere is examined, injecting

HCN at a mixing ratio of 10−6, and evolving the atmospheric chemistry in time to determine the

chemical timescale for HCN as a function of pressure, shown in Fig. 6.4. The dynamical timescale

for vertical mixing is overlaid on the top of this plot, assuming a range of constant eddy diffusion

coefficients.

The chemical timescale for HCN ranges from 100 milliseconds at the bottom of the model at-

mosphere (10 bar), to 2.5 years at 5 mbar (Fig. 6.4). At pressures less than 5 mbar, the timescale

for HCN slowly drops down to about 4 months at 10 µbar, and then drops precipitously at lower

pressures, until at 1 µbar it achieves a timescale of about 30 minutes (Fig. 6.4). These results

can be compared to the dynamical timescale of the atmosphere, represented approximately by
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the eddy diffusion coefficient (see Lee et al., 2015, for details). If the chemical timescale for

HCN is smaller than the dynamical timescale, then the HCN would be destroyed before it is trans-

ported higher into the atmosphere. If the chemical timescale for HCN is larger than the dynamical

timescale, then the HCN will survive long enough to reach other parts of the atmosphere, where

it will survive longer. Assuming that lightning takes places on HAT-P-11b at pressures of® 0.1 bar,

the produced HCN will survive long enough to be transported into the mbar regime, where it will

survive for 2− 3 years before being chemically destroyed. If, on the other hand, HCN is formed

much below the 0.1 bar level, at pressures of ¦ 1 bar, the chemical timescale is too short for the

HCN to escape, and it will be rapidly destroyed before it could be observed. This suggests that

to confirm the presence of lightning in an atmosphere, future radio observations can be followed

up by IR observations looking for molecules that are the result of lightning chemistry.

6.5 Summary

In this chapter, I presented an interpretation of the radio observations of HAT-P-11b made by L13

under the assumption that these transient radio signals are real and were caused by lightning

on HAT-P-11b. I estimated that the flash density necessary to explain the average radio signal

ranges between 29 and 2 × 109 flashes km−2 h−1, depending on the parameters I use. These

values range between the same order of magnitude as terrestrial volcanic eruptions show, and

thunderstorms never seen in the Solar System before. I also examined the optical emission such a

storm would generate, as well as the impact of this storm on the atmospheric chemistry, assuming

a hydrogen-rich atmosphere.

In summary, I found that

1. the radio emission of a few mJy at 150 MHz, at the distance of HAT-P-11b, requires unreal-

istically high flash densities if this lightning is like in the Solar System. However, if we let

the parameters of spectral roll-off and lightning duration vary, the flash density can be as

low as values seen during volcano eruptions. Nevertheless, a large part of the parameter

space requires extremely large lightning activity, therefore lightning produced radio emis-

sion most probably cannot be observed by current radio telescopes at frequencies of 150

MHz or higher, from distances of several tens of pc.

2. The optical counterpart of the enormous lightning storm would be as bright as the host star

itself.
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3. The amount of HCN produced by lightning at pressures ≤ 0.1 bar, in a hydrogen-rich at-

mosphere of an irradiated exoplanet with strong winds, may in some cases yield detectable

quantities that linger in the atmosphere for 2 − 3 years after the advent of the lightning

storm. If the lightning occurs much deeper in the atmosphere, the HCN will react away

before it can diffuse into the upper atmosphere, and will probably not be observable.

The results show that the radio emission on HAT-P-11b is unlikely to be caused by lightning, if

lightning properties similar to the Solar System ones are assumed. However, intermittent, pow-

erful thunderstorms are not unprecedented in the Solar System: In 2010/11 a huge storm was

observed in Saturn, producing the largest flash densities ever observed, with a total power com-

parable to Saturn’s total emitted power (Fischer et al., 2011b). Such large, or even more powerful

storms may occur on exoplanets. The current study also shows a new interpretation that could be

applied to high frequency (up to ∼ 30− 50 MHz) radio observations, where it is more probable

to observe lightning, because of its radiating properties (Eq. 6.1). The calculations explained

in this chapter can be also applied to determine the minimum storm size detectable within an

exoplanetary atmosphere using current or future radio instruments. The recommendation to ob-

servers who detect radio emission in the frequency range of a few tens of MHz, especially if it is

unpolarized, from an exoplanet would be to follow up these observations with infrared observa-

tions made in the L and N bands when possible, in order to look for HCN emission, which should

be observable for 2− 3 years if lightning occurs around the 0.1 bar level of an atmosphere with

reasonably large vertical convective velocities. If HCN is detected at that time, and if both the

radio emission and the HCN turn out to be transient, this would be strong evidence for lightning

on an exoplanet.
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7
Looking for lightning on the closest brown dwarfs

7.1 Introduction

In the previous chapter, I introduced a method to estimate lightning activity on extrasolar objects

from observed radio emission. Based on the results I estimated the optical emission a thunder-

storm on the exoplanet HAT-P-11b could produce if its radio emission was the observed one in

Lecavelier des Etangs et al. (2013). In this chapter, I turn the method the other way around and

ask the question: what is the optical flux of lightning from a target object, if we assume that

lightning on that body has the same statistical and energetic properties that is known from the

Solar System. The purpose of this short project is to estimate whether lightning optical emission

can be observed with the 1.54-m Danish Telescope in La Silla, Chile1. The estimates were used

as part of an observing proposal for the telescope. The telescope is equipped with a CCD and an

EMCCD camera, and standard Johnson-Cousins System filters, of which I estimated observability

in I, V and U bands. The sensitivity of the CCD camera of the Danish Telescope is∼ 90% in I, 80%

1Information about the telescope can be found here: http://www.ls.eso.org/lasilla/Telescopes/2p2/D1p5M/
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Table 7.1: Properties of the three brown dwarf systems used in this study. Data were gathered using SIMBAD

(Wenger et al., 2000). Only I, V, and U magnitudes are listed where available.

Brown Dwarf Distance [pc] Spectral Type Apparent magnitude Right Ascension Declination
Luhman 16AB
(Luhman, 2013)

2 L7.5 and T0.5(1) I: 14.95(1) 10h 49m 18.9s(1) −53◦ 19′ 10.1′′(1)

ε Indi (Scholz et al., 2003)
(Volk et al., 2003)

3.6 T1 and T6(2) V: 24.12(2)

I: 15.60
22h 04m 10.5s(2) −56◦ 46′ 57.7′′(2)

SCR 1845-6357
(Biller et al., 2006)

3.85 T6(3) J: 13.29(3) 18h 45m 05.5s(3) −63◦ 57′ 46.3′′(3)

1 http://simbad.u-strasbg.fr/simbad/sim-id?Ident=2MASS%20J10491891-5319100
2 http://simbad.u-strasbg.fr/simbad/sim-id?Ident=*+eps+Ind+B
3 http://simbad.u-strasbg.fr/simbad/sim-id?Ident=SCR+J1845-6357B

in V and 20% in U bands, while the EMCCD is ∼ 90% sensitive in all bands (Uffe G. Jorgensen,

private communication).

Electromagnetic radiation propagates as r−2, therefore, the closer the object to us the larger

the chance to receive electromagnetic flux from the same source on the object. The targets of this

study are the three closest brown dwarf systems observable from Chile: Luhman 16, ε Indi, and

SCR 1845-6357. Luhman 16 is a binary brown dwarf system (Luhman, 2013), ε Indi is composed

of a K5 star and a brown dwarf binary separated by ∼ 1450 AU from the primary (Scholz et al.,

2003; Volk et al., 2003). The third target, SCR 1845-6357, is a brown dwarf orbiting an M8.5

red dwarf (Biller et al., 2006). Table 7.1 lists the intrinsic properties of the brown dwarfs, which

are important for lightning flux estimates, and for planning observations.

In Sect. 7.2, I shortly summarize the method used to calculate optical fluxes. The equations

first appear in Chapter 6, however for better understanding, I repeat them here as well. In the

same section, I introduce the parameters I used for my calculations. In Sect. 7.3, I present the

results and discuss them. I conclude the chapter in Sect. 7.4.

7.2 Method

In this section, I summarize the necessary equations for estimating the optical flux of lightning

originating in the example brown dwarf atmospheres. I also list and discuss the input parameters,

which affect the results. I do not consider radiation effects inside the atmosphere of the observed

object. I assume that the emitted power of the lightning flash will contribute entirely to the

lightning flux.

The total observed flux (Iobs [Jy]) from a transient event like a lightning storm can be ex-

pressed the following way:
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Iobs = Iopt,fl
τfl

τobs
ntot,fl, (7.1)

where Iopt,fl [Jy] is the optical flux from a single lightning discharge (as I am interested in the

optical emission this time), τfl [s] is the duration of the discharge, τobs [s] is the observation

or exposure time, and ntot,fl is the total number of flashes occurring during the observation con-

tributing to the obtained total flux, Iobs. Iopt,fl is given by:

Iopt,fl =
Popt,fl

feff

1026

4πd2
, (7.2)

where Popt,fl [W] is the optical power of a single lightning flash, feff [Hz] is the effective frequency

of the filter used for the observation, d [m] is the distance of the brown dwarf system, and 1 W

Hz−1 m−2 = 1026 Jy. The total number of flashes, ntot,fl, over the disc of the object during the

observation time, is derived from the flash density, ρfl [flashes km−2 h−1]:

ntot,fl = ρfl2πR2τobs, (7.3)

where R [km] is the radius of the brown dwarf, and τobs is given in hours.

7.2.1 Input parameters

Most of the input parameters in Eqs 7.1-7.3 are dependent on whether we assume that lightning

has similar statistical and radiating properties to lightning on Earth, Jupiter, and Saturn, or these

properties are different. Lightning on exoplanets and brown dwarfs might be very different from

what we know from the Solar System (Chapter 8), however, for a first estimate I consider Solar

System-like properties in my calculations.

Intrinsic properties of the brown dwarfs

Two main properties of the brown dwarf systems are important for the calculations: size (radius),

R, and distance, d. These will be input parameters for Eq. 7.2 and Eq. 7.3. Brown dwarf size

estimates are based on evolutionary models, which suggest that old objects (>∼ 2 Gyr) have a

radius roughly Rp = 1RJup( = 6.99 × 104 km) (e.g. Burgasser et al., 2006). The three brown

dwarf systems are the closest ones to Earth, that are visible from Chile, the location of the Danish
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telescope. Luhman-16 is 2 pc, SCR 1845-6357 is 3.861 pc, and ε Indi is 3.626 pc away from us

(Table 7.1).

Lightning flash density

To estimate the total number of flashes, ntot,fl (Eq. 7.3), that could be expected on a brown dwarf

one has to estimate lightning occurrence rates on the object. For this, I use five different flash

densities, ρfl, from Chapter 5, Tables 5.2 and 5.3:

i. Global Earth flash density: 2.29 × 10−4 flashes km−2 h−1. Earth is the most well studied

planet ever known. Lightning statistics are the best explored here. However, Earth as a

global environment is very different from a brown dwarf, which may result in very different

lightning occurrence in a brown dwarf atmosphere.

ii. Global Jovian flash density (New Horizons data): 1.43× 10−6 flashes km−2 h−1. From the

Solar System planets, Jupiter is the closest in size and composition to a brown dwarf. Light-

ning data from Jupiter, however, is very incomplete, surveys are not long-term and do not

cover the whole surface of the planet (Chapter 5). On the other hand, only the most ener-

getic lightning flashes would be detectable from any object, just like on Jupiter, therefore

flash densities obtained for this planet may resemble a lower estimate of brown dwarf flash

densities.

iii. Global Saturnian flash density (Cassini data, 2010/11 storm): 5.09×10−6 flashes km−2 h−1.

Similarly to Jupiter, Saturn provides a lower limit of flash density that can be expected from

an extrasolar planetary object with similar atmospheric properties to Saturn’s. Therefore,

though the data are incomplete due to the nature of surveys, it is reasonable to apply Sat-

urnian flash densities to estimate lightning activity on a brown dwarf.

iv. Eyjafjallajökull eruption, (2010 Apr 14− 19): 0.1 flashes km−2 h−1. Volcano plumes may

best resemble brown dwarf dust clouds (Helling et al., 2008a). Explosive eruptions like the

2010 Eyjafjallajökull one show intense volcanic activity with flash densities from less than

one up to several thousand flashes km−2 h−1.

v. Mt Redoubt eruption, (2009 Mar 29): 2000 flashes km−2 h−1. During its Phase 1 eruption

Mt Redoubt showed an extremely large lightning activity, which will serve as an upper limit

in our calculations.
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Lightning optical power output

To obtain the optical flux of one lightning flash, Iopt,fl, we require multiple components (Eq. 7.2):

the distance, d, of the brown dwarf system (see above), the effective frequency, feff, of the filter

that is used for the observations, and the optical power of a lightning flash. Here, I discuss

the optical power, which depends on the radiating properties of the lightning flash. I use two

approaches to estimate the optical power output of lightning:

A) Bailey et al. (2014) estimated the total energy dissipating from lightning discharges in gas

giant and brown dwarf atmospheres. From their figure 11, I estimate the largest total energy

released from lightning on a brown dwarf to be on the order of 1012 J. The lightning energy

radiated into optical wavelength is around 1% on Earth (Volland, 1984). To convert the energy

to power, I use POWER = ENERGY/TIME, and take into account the duration of the discharge, τfl.

However, this is not a unique property of lightning either. I use two examples:

a) τfl = 10−4 s, the average duration of Earth lightning stroke (Volland, 1984)

b) τfl = 0.3 s, the duration of the slowest flashes observed on Saturn (Zarka et al., 2004).

B) In the second approach, I use the optical power observed by the Cassini spacecraft on Saturn,

which was also used to calculate the optical emission of a hypothetical lightning-storm on HAT-

P-11b in Chapter 6. Dyudina et al. (2013) lists the survey time, 1.9 s, the total measured optical

power of a storm during this survey, 1.2× 1010 W, and the optical flash rate of this storm, 5 s−1.

From this information the optical power of a single lightning flash is estimated to be 1.26× 109

W..

In summary, I use the following optical powers to calculate the flux of one lightning flash:

A) From Bailey et al. (2014):

a) τfl = 10−4 s: Popt,fl = 1015 W.

b) τfl = 0.3 s: Popt,fl = 3.33× 1011 W.

B) From Dyudina et al. (2013): Popt,fl = 1.26× 109 W.

The above estimates of the optical power may be different for different wavelengths. The

estimate from Bailey et al. (2014) assumes that 1% of the total energy is radiated into optical
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Table 7.2: Parameters of the I-, V-, and U-band Johnson-Cousins System filters.

I V U
λeff [nm] 806 551 365 Binney & Merrifield (1998, table 2.1)
feff [Hz] 3.72× 1014 5.44× 1014 8.21× 1014 feff =

c
λeff

(1)

mzp 0.443 0.008 0.79 Bessell (1990, table 3)
Fzp [Jy] 2416 3636 1790 Bessell et al. (1998)(2)

(1) c = seed of light
(2) http://www.astronomy.ohio-state.edu/∼martini/usefuldata.html

wavelengths. However, it does not take into account the different amount of energy radiating

into e.g. the I, V, and U bands, which are the used filters on the Danish telescope. Similarly,

Cassini detected optical flashes with a filter centred on the Hα line at 656.28 nm (Dyudina et al.,

2013). In this work, I assume that the power radiated by lightning into all parts of the optical

spectrum is the same.

Effective frequency of observing filter

The observed optical flux of a lightning flash depends on the effective frequency, feff, of the filter

that is used for observations. The Danish telescope uses standard Johnson-Cousins filters in the

I, V, and U bands. I obtain feff from the effective wavelength, λeff (Binney & Merrifield, 1998),

by dividing the speed of light with λeff. λeff and feff for the three filters are listed in Table 7.2

7.2.2 Total optical flux of lightning and apparent magnitudes

Substituting Eq. 7.3 into Eq. 7.1, one finds that the observational times, τobs, cancel out, there-

fore Iobs only depends on the duration of the lightning discharge, τfl. I use the two, previously

introduced values in order to calculate the total optical flux according to Eq.7.1: a) τfl = 10−4 s,

and b) τfl = 0.3 s.

The total optical flux of lightning can be converted to magnitudes or can be compared to

the flux of the brown dwarf. The Pogson’s Formula (e.g Eq. 7.4) gives the relation between the

apparent magnitude of two objects and their fluxes. To convert the flux of a known object to

apparent magnitudes, a zero-point scale has to be defined, which, for the Standard Filters, is

based on the apparent magnitude of Vega in different wavelengths (Bessell, 1990).

136



7.3. Results and Discussion

Table 7.3: Cases to obtain the optical flux of a single lightning flash (Eq. 7.2).

Case Power [W] Filter
1 1015 I
2 1015 V
3 1015 U
4 3.33× 1011 I
5 3.33× 1011 V
6 3.33× 1011 U
7 1.26× 109 I
8 1.26× 109 V
9 1.26× 109 U

m1 = −2.5 log10
F1

Fzp
+mzp, (7.4)

where m1 is the apparent magnitude of the object, mzp is the magnitude zero-point from Bessell

(1990), F1 is the detected flux of the object, and Fzp is the flux zero-point from Bessell et al.

(1998). mzp and Fzp for the three filters are listed in Table 7.2. In our case m1 and F1 are the

apparent magnitude and obtained total flux of lightning, respectively.

The optical flux obtained this way will be the one reaching Earth. To get a better estimate, it

can be corrected for the telescope observing efficiency in different wavelengths. Here, however I

do not consider this effect and only give an upper limit for the fluxes.

7.3 Results and Discussion

The parameters introduced in the previous section are combined based on which equations they

are used in. This way 9 cases are studied based on the observing filter and lightning optical power

combinations. The cases are marked with Arabic numerals and are listed in Table 7.3. Each case

corresponds to a filter-power combination. I obtain optical fluxes for a single lightning flash in

each brown dwarf atmosphere using the 9 cases and the distances of the systems (Eq. 7.2). The

results are shown in Table 7.4.

As expected, the results show that the larger amount of power is released from a lightning

flash, the larger the optical flux reaching us. The results also show that lightning emits most of

the flux in the I band (Cases 1, 4, and 7, Table 7.4) compared to the other bands assuming the

same lightning properties. This is favourable since the Danish telescope’s sensitivity in the I band

is 90%. The U band is the least promising in terms of lightning observations, since not only the

telescopes sensitivity is only 20% in this band, but lightning emits the least amount of power in
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Table 7.4: Optical flux of a single lightning flash, Iopt,fl [Jy], for the nine cases (Table 7.3) and the three
brown dwarfs (Eq. 7.2).

Case Luhman-16 SCR 1845-6357 ε Indi
1 5.62× 10−9 1.51× 10−9 1.71× 10−9

2 3.84× 10−9 1.03× 10−9 1.17× 10−9

3 2.54× 10−9 6.82× 10−10 7.74× 10−10

4 1.87× 10−12 5.02× 10−13 5.70× 10−13

5 1.28× 10−12 3.43× 10−13 3.89× 10−13

6 8.48× 10−13 2.27× 10−13 2.58× 10−13

7 7.09× 10−15 1.90× 10−15 2.16× 10−15

8 4.85× 10−15 1.30× 10−15 1.48× 10−15

9 3.21× 10−15 8.62× 10−16 9.77× 10−16

U (Cases 3, 6, and 9, Table 7.4) compared to the other bands. However, the difference in flux

between the two bands is very small, within an order of magnitude. Finally, the distance will affect

the resulting flux as was expected from the inverse-square law. Luhman 16 is the closest brown

dwarf binary, therefore, the flux of lightning will be the strongest from its distance (Table 7.4).

However, the flux from the other two brown dwarfs will be within the same order of magnitude

assuming the same physical properties for lightning.

Table 7.5 lists the total optical flux of lightning that is expected from the three brown dwarf

examples, for different parameter combinations. The power-filter cases, again, are shown with

Arabic numerals. The roman numerals represent the flash density cases used in the study. Be-

cause of the distance dependence, I only analyse further the results for Luhman-16, the closest

brown dwarf binary in the sample, which shows the most promising lightning fluxes. The opti-

cal fluxes and apparent magnitudes are listed in Tables 7.5 and 7.6, respectively. Depending on

what average optical power output we expect from lightning, what duration a discharge has, and

statistically how many flashes we can expect to occur (flashes km−2 h−1), the obtained optical

fluxes range between 9.5×10−3 Jy and 3.8×10−18 Jy for Luhman 16. These correspond to ∼ 14

and ∼ 52 apparent magnitude, respectively. The best case scenario is for an I-band observation,

and assumes an optical power output of a single lightning flash Popt,fl = 1015 W, a flash duration

τfl = 10−4 s, and a flash density ρfl = 2000 flashes km−2 h−1. These values, respectively, are the

power and discharge duration estimated by Bailey et al. (2014) for a brown dwarf, and the flash

density produced by the Mt Redoubt eruption in 2009. The worst case scenario was obtained

for a U band observation, and an optical power Popt,fl = 109 W, a discharge duration τfl = 10−4

and a flash density ρfl = 10−6 flashes km−2 h−1. These values, respectively, correspond to an

average optical power of a Saturnian discharge (Dyudina et al., 2013), a very fast discharge, and
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Table 7.5: Total optical flux of lightning, Iobs [Jy], for ε Indi, SCR 1845-6357, and Luhman-16 (from top
to bottom). The nine power-filter cases (Table 7.3) are listed in the first column, while the flash density
(Sect. 7.2.1) categories are in the first line of each table. a: τfl = 10−4 s, b: τfl = 0.3 s.

ε Indi
Case/ntot i ii iii iv v
1 3.35× 10−10 2.04× 10−12 7.42× 10−12 1.46× 10−7 2.9× 10−3

2 2.29× 10−10 1.39× 10−12 5.07× 10−12 9.96× 10−8 1.99× 10−3

3 1.52× 10−10 9.24× 10−13 3.36× 10−12 6.60× 10−8 1.32× 10−3

4 3.35× 10−10 2.04× 10−12 7.42× 10−12 1.46× 10−7 2.92× 10−3

5 2.29× 10−10 1.39× 10−12 5.07× 10−12 9.96× 10−8 1.99× 10−3

6 1.52× 10−10 9.24× 10−13 3.36× 10−12 6.60× 10−8 1.32× 10−3

7a 4.23× 10−16 2.58× 10−18 9.37× 10−18 1.84× 10−13 3.68× 10−9

7b 1.27× 10−12 7.73× 10−15 2.81× 10−14 5.52× 10−10 1.10× 10−5

8a 2.89× 10−16 1.76× 10−18 6.41× 10−18 1.25× 10−13 2.52× 10−9

8b 8.68× 10−13 5.29× 10−15 1.92× 10−14 3.78× 10−10 7.55× 10−6

9a 1.92× 10−16 1.17× 10−18 4.24× 10−18 8.34× 10−14 1.67× 10−9

9b 5.75× 10−13 3.50× 10−15 1.27× 10−14 2.50× 10−10 5.00× 10−6

SCR 1845-6357
Case/ntot i ii iii iv v
1 2.96× 10−10 1.80× 10−12 6.54× 10−12 1.28× 10−7 2.57× 10−3

2 2.02× 10−10 1.23× 10−12 4.47× 10−12 8.79× 10−8 1.75× 10−3

3 1.34× 10−10 8.15× 10−13 2.96× 10−12 5.82× 10−8 1.16× 10−3

4 2.96× 10−10 1.80× 10−12 6.54× 10−12 1.29× 10−7 2.57× 10−3

5 2.02× 10−10 1.23× 10−12 4.47× 10−12 8.79× 10−8 1.76× 10−3

6 1.34× 10−10 8.15× 10−13 2.96× 10−12 5.82× 10−8 1.16× 10−3

7a 3.73× 10−16 2.27× 10−18 8.27× 10−18 1.62× 10−13 3.25× 10−9

7b 1.12× 10−12 6.82× 10−15 2.48× 10−14 4.87× 10−10 9.74× 10−6

8a 2.55× 10−16 1.55× 10−18 5.65× 10−18 1.11× 10−13 2.22× 10−9

8b 7.66× 10−13 4.66× 10−15 1.70× 10−14 3.33× 10−10 6.66× 10−6

9a 1.69× 10−16 1.03× 10−18 3.74× 10−18 7.35× 10−14 1.47× 10−9

9b 5.07× 10−13 3.09× 10−15 1.12× 10−14 2.21× 10−10 4.41× 10−6

Luhman-16
Case/ntot i ii iii iv v
1 1.10× 10−9 6.71× 10−12 2.43× 10−11 4.79× 10−7 9.58× 10−3

2 7.53× 10−10 4.59× 10−12 1.67× 10−11 3.28× 10−7 6.55× 10−3

3 4.99× 10−10 3.04× 10−12 1.10× 10−11 2.17× 10−7 4.34× 10−3

4 1.10× 10−9 6.71× 10−12 2.44× 10−11 4.79× 10−7 9.58× 10−3

5 7.53× 10−10 4.59× 10−12 1.67× 10−11 3.28× 10−7 6.55× 10−3

6 4.99× 10−10 3.04× 10−12 1.10× 10−11 2.17× 10−7 4.34× 10−3

7a 1.39× 10−15 8.47× 10−18 3.08× 10−17 6.05× 10−13 1.21× 10−8

7b 4.18× 10−12 2.54× 10−14 9.24× 10−14 1.82× 10−9 3.63× 10−5

8a 9.52× 10−16 5.79× 10−18 2.11× 10−17 4.14× 10−13 8.27× 10−9

8b 2.85× 10−12 1.74× 10−14 6.32× 10−14 1.24× 10−9 2.48× 10−5

9a 6.30× 10−16 3.84× 10−18 1.39× 10−17 2.74× 10−13 5.48× 10−9

9b 1.89× 10−12 1.15× 10−14 4.18× 10−14 8.22× 10−10 1.64× 10−5
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an average global flash density on Jupiter obtained from New Horizons data.

I tested around 140 cases with different lightning optical power output, discharge duration,

and flash densities. In∼ 20 cases the estimated optical brightness of a lightning storm on the three

brown dwarfs is roughly the same as a 13−16 magnitude star. In about 30 cases the brightness

is between 20−30 magnitude, while the rest of the cases show a brightness much fainter than 30

magnitude. Compared to the apparent brightness of the brown dwarfs itself (Table 7.1), I find that

in a few cases (apparent magnitude of 13−16) the expected thunderstorm on the brown dwarf

would significantly increase the total brightness of the object. As thunderstorms are generally

transient, they could produce a transient brightness change of the brown dwarfs.

7.4 Conclusions

In this chapter, I conducted a short parameter study to estimate the optical emission of lightning

storms on three close-by brown dwarfs, Luhman 16, ε Indi, and SCR 1845-6357. The objects were

chosen based on their distances and observability from La Silla, Chile. The fluxes were estimated

for three standard filters, I, V, U, and assuming that the observations will be conducted by the

Danish 1.54-m telescope.

In summary, I find that the parameters used here are not yet well constrained to give a proper

estimate of lightning activity on brown dwarfs. The large variety of them result in a wide range of

expected optical fluxes, some of which are in the observable range, with apparent magnitudes of

only 13 to 16. It has been shown that dust clouds form in brown dwarf atmospheres (e.g. Helling

et al., 2008a). These dust clouds may be very similar to volcanic plumes on Earth, therefore

the flash densities produced by volcanic eruptions can be good indicators of lightning activity on

brown dwarfs. It is also in favour of the study, that the emitted optical power was obtained from

Bailey et al. (2014) who estimated the energy release of lightning on brown dwarfs. Nevertheless,

this study will be a good guide for future lightning observability studies, which will use better

constrained parameters.
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8
Modelling lightning radio energy and testing for

Solar System planets

8.1 Introduction

Observations and models suggest that the conditions to develop lightning are present in extrasolar

planetary and brown dwarf atmospheres. However, we do not know whether lightning on these

objects is similar to or very different from what is known from the Solar System. In this chapter,

I estimate the energy radiated from lightning discharges and the total power emitted at radio

frequencies in order to study possible differences and similarities of extrasolar and Solar System

lightning.

The current chapter explores several questions related to lightning properties in exoplanetary

and brown dwarf atmospheres, such as: How does lightning radiation on extrasolar bodies com-

pare with what is known from the Solar System? Could lightning be more energetic there than

here? Would it produce signatures observable from Earth? What would be the lightning energy
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deposit into the atmosphere of the extrasolar body? To address these questions, I build a light-

ning model guided by models developed for Earth lightning. I explore the model’s strengths and

limitations, and whether this model can be used for making predictions of observations. When

modelling extraterrestrial lightning, it is a common practice to utilize parameterization tested

for Earth lightning (models partly using terrestrial parameters are, e.g., Farrell et al., 1999b,

2007; Lammer et al., 2001; Bailey et al., 2014; Yair, 2012, and references therein). Farrell et al.

(2007) showed that just by changing one parameter, the duration of the discharge, Saturnian

lightning energies may well be in the non-superbolt (< 1011 − 1012 J), rather average Earth-like

energy range. Although the optical detection of Saturnian lightning (Dyudina et al., 2010) has

confirmed its very high optical energy-release, the results of Farrell et al. (2007) show the impor-

tance of parameter studies when observations do not constrain physical properties well. Such the

case is with exoplanetary lightning studies. The model I present here is based on Earth return

stroke models (Chapter 2). It explores the parameter space that affects the outcome, the energy

dissipated from lightning discharges and the power radiated at radio frequencies.

The chapter is organized as follows. Section 8.2 describes the general dipole model of light-

ning that I applied for extrasolar atmospheres. In Sect. 8.3, I present the computational approach

that uses the previously described model, explaining the input and output parameters. The per-

formance test of the model is in Sect. 8.4. The results and their discussion are in Sect. 8.5. I

finish the chapter with the conclusions in Sect. 8.6.

8.2 Model Description

In this section, I describe the general modelling ansatz that is applied to explore lightning ener-

getics in exoplanetary and brown dwarf atmospheres. The purpose of the model is to determine

the total radiation energy released from a single lightning flash, and explore the properties of

the emitted power spectrum. The radiation energy will determine the power emitted at certain

frequencies and the radio flux observable from lightning discharges. Once the energy of a single

lightning discharge is determined, one can estimate the total energy affecting the atmosphere at

a certain time interval in an area or volume, by applying lightning flash densities to the study

(e.g. Chapter 5).

A lightning discharge is a complex phenomenon made of several parts (Chapter 2), which

are modelled separately (e.g. Gordillo-Vázquez & Luque, 2010; Ebert et al., 2010). The lightning
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channel is often tortuous, built up of several segments and branches (Levine & Meneghini, 1978).

Moss et al. (2006) used a Monte Carlo model to obtain properties of lightning streamers and

found that 10Ek
1 fields, which are produced at streamer tips, can accelerate part of the low

energy electrons emitted from the streamers to energies high enough to function as seed electrons

for a thermal runaway electron avalanche. Babich et al. (2015) presented a model of the local

electric field increase in front of a lightning stepped leader, and showed that the front electrons are

capable of initiating relativistic runaway avalanches. They also found that in an inhomogeneous

ionization environment, the leader tip enhances the production of runaway electrons compared

to homogenous environments. Gordillo-Vázquez & Luque (2010) modelled the conductivity in a

sprite streamer channel (Chapter 3, Sect. 3.3) and found that the conductivity in the atmosphere

lasts for several minutes after the discharge. They suggested that the effects of this long-lasting

conductivity have to be taken into account when studying the influence of sprites on the global

electric circuit.

In this chapter, I consider a lightning return stroke model. There are several approaches that

can be applied to model the return stroke. My approach is based on a simple dipole radiation

model, not taking into account channel tortuosity and branching (e.g. Bruce & Golde, 1941;

Rakov & Uman, 2003). I use the "engineering" modelling approach (for an extended explanation

of the different models see Rakov & Uman, 2003, section 12.2). The characteristics of these

models include the low number of parameters, and specification of the channel current in order

to achieve an agreement between the electromagnetic field predicted by the model and observed

at distances (r) up to several hundreds of km (Rakov & Uman, 2003). My model follows the steps

below in order to estimate the radiative energy dissipated from a single lightning discharge:

1. Consider an electric current, i(t), based on the amount of charges, Q, that accumulate in

the current channel (Sect. 8.2.2).

2. Obtain the electric field, E(t), produced by the dipole moment building up in the current

channel with a current of i(t) (Sect. 8.2.3).

3. Calculate the frequency, E( f ), and power, P( f ), spectra of the electric field, E(t) (Sect.

8.2.4). The power spectrum possesses properties important for characterizing lightning

radio emission: f0 is the peak frequency, the frequency at which the largest amount of

power is released; and n is the negative slope of the power spectrum at high frequencies

1Ek is the conventional breakdown threshold field (Helling et al., 2013b).
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( f > f0), which carries information on the amount of power released at these frequencies.

4. From the power spectrum one can obtain the radiated power at different frequencies, P ′( f ),

and from P ′( f ) estimate the total radiated discharge energy, Wrad (Sect. 8.2.5).

Individual parts of the lightning model were used in previously published works (e.g. Bruce

& Golde, 1941; Farrell et al., 1999b, 2007). For example, Bruce & Golde (1941) modelled the

current in a lightning return stroke channel on Earth. Farrell et al. (1999b) applied a modified

version of the model of Bruce & Golde (1941) to a Jovian lightning flash, in order to model the

radio waveform observed by the Galileo probe. Farrell et al. (2007) estimated the energy released

from Saturnian lightning discharges using the radiated power measured by the Cassini spacecraft.

I combine these individually tested parts into a modelling approach, which I use to study lightning

in exoplanetary and brown dwarf atmospheres.

8.2.1 Dipole radiation of lightning

A common way to model lightning discharges in the Solar System is to assume that lightning ra-

diates as a dipole (e.g. Bruce & Golde, 1941). The parameters that determine the dipole radiation

are the length of the dipole, or the characteristic length of charge separation, h; the charges that

run through the dipole channel, Q(t); the characteristic time of the duration of the discharge,

τ; and finally the velocity with which the discharge event occurs, v0. In case of return stroke

modelling, the velocity, v0 will be the velocity of the return stroke itself.

The current, i(t), in the discharge channel is determined by the charges, Q(t), accumulating

there:

Q(t) =

∫ t

0

i(t ′)d t ′. (8.1)

The charges also determine the electric dipole moment:

M(t) = hQ(t), (8.2)

where h is the separation of the charged regions (Farrell et al., 1999b) and Q(t) is given by Eq.

8.1. Once the extension of the discharge and the velocity of the event is known, one can calculate

the duration of the discharge, τ:

146



8.2. Model Description

Table 8.1: Bi-exponential current function parameters, α and β (Eq. 8.6) as given in the literature for
Earth and Jupiter. The last column associates the value-pairs with the plotted current functions in Fig. 8.1.

α [1/s] β [1/s] Reference Planet Fig. 8.1

4.4× 104 4.6× 105 Bruce & Golde (1941) Earth [1]
2× 104 2× 105 Levine & Meneghini (1978) Earth [2]
1.5× 103 1.75× 103 Farrell et al. (1999b) Jupiter [3]

τ=
h
v0

. (8.3)

At large source-observer distances (r ≥ 50 km) τ can be estimated with (Volland, 1984):

τ=
2π
p

αβ
, (8.4)

where α and β are frequency-type constants, α−1 representing the overall duration of the current

flow, while β−1 representing the rise time of the current wave (α < β; Dubrovin et al., 2014).

Because the radio emission of lightning is the result of the acceleration of electrons, the duration

of lightning discharge (and consequently the extension of the main lightning channel, with no

branches) will determine the frequency (and the wavelength) where the radiated power reaches

its peak ( f0). Once τ is determined, I estimate the peak frequency (Zarka et al., 2004):

f0 =
1
τ

. (8.5)

8.2.2 Current wave function

The current at the channel base (z = 0) produced by electrons moving from one charged region

of a cloud to another, has been modelled by various current functions in the literature. The most

used ones are the double- (or bi-) exponential function (Eq. 8.6) introduced by Bruce & Golde

(1941), and the Heidler function (Eq. 8.7) first used by Heidler (1985). It is common to include

a combination of multiple Heidler functions or bi-exponential and Heidler functions to the model

when describing the current in the lightning channel, so that they would reproduce the observed

current shape better (for references see Rakov & Uman, 2003, Section 4.6.4). I discuss these

two current functions in order to study how the way they represent the current in the lightning

channel may affect the resulting electric field, frequency and power spectra. I investigate their

sensitivity against the parameters derived from measurements for Solar System planets.
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Figure 8.1: Bi-exponential current function, i(t) (Eq. 8.6), for different combinations of α and β param-
eters, [1], [2], and [3], as listed in Table 8.1. The larger α the longer the discharge event is, while the
larger β the slower the current reaching its peak. The current peak, i0, was set to 30 kA in all cases.

Table 8.2: Parameters for the bi-exponential (Eq. 8.6) and the Heidler (Eq. 8.7) current functions shown in Fig. 8.2. The individual
cases are annotated by [1]− [6].

Bi-exponential function
Figure 8.2 i0 [kA] α [1/s] β [1/s] Comments

[1] 30.0
(Farrell et al., 1999b)

4.4× 104

(Bruce & Golde, 1941)
4.6× 105

(Bruce & Golde, 1941)
Bruce & Golde (1941) used i0 = 20kA
(see paragraph above their sect. (3.3))

[2] 30.0 4.4× 104 4.6× 105 — ” —
[3] 30.0 4.4× 104 4.6× 105 — ” —
[4] 30.0 4.4× 104 4.6× 105 — ” —
[5] 30.0 6970.88 2202643.3 α and β are given by Eq. 8.9
[6] 30.0 6970.88 2202643.3 α and β are given by Eq. 8.9

Heidler function
Figure 8.2 i0 [kA] η τ1 [µs] τ2 [µs] m Comments

[1] 30.0 0.73 0.3 0.6 2 Diendorfer & Uman (1990, table 1)
[2] 30.0 0.37 0.3 0.6 2 η calculated by Eq. 8.8
[3] 30.0 0.92 0.454 143.0 2 η calculated by Eq. 8.8;

τ1 and τ2 are values for subsequent stroke;
Heidler & Cvetić (2002, table 1)

[4] 50.0 0.92 0.454 143.0 2 η calculated by Eq. 8.8; i0, τ1 and τ2
from Heidler & Cvetić (2002, table 1 and 2)

[5] 30.0 0.92 0.454 143.0 2 η calculated by Eq. 8.8;
τ1 and τ2 from Heidler & Cvetić (2002)

[6] 30.0 1.0 0.454 143.0 2 no correction for i0 (η= 1);
τ1 and τ2 from Heidler & Cvetić (2002)

148



8.2. Model Description

Figure 8.2: Comparison of the bi-exponential (black, solid line) and the Heidler (red, dashed line) current
functions, with parameters listed in Table 8.2. Both current functions represent the same current when α
and β are expressed by τ1 and τ2 (Eq. 8.9) and η is set to 1 (see panel [6] of this figure and rows [6] of
Table 8.2).
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The bi-exponential current function:

i(z = 0, t) = i(t) = i0(e
−αt − e−β t), (8.6)

where α and β are the same parameters as in Eq. 8.4, and i0 is the current peak, the global

maximum of the current function, z = 0 represents the channel base. For simplicity I use i(t)

when referring to i(0, t). Table 8.1 summarizes different values for α and β suggested by several

authors. Bruce & Golde (1941), Levine & Meneghini (1978) and Farrell et al. (1999b) all used

the same current peak (i0 = 30 kA) in their work, independent of the object considered. The

difference between the used α and β parameters results from different assumptions of the current

channel: Levine & Meneghini (1978) considered the tortuosity of the channel, while Bruce &

Golde (1941) did not. Unlike the first two authors, Farrell et al. (1999b) modelled lightning

on Jupiter trying to reproduce a current waveform less steep than the one for Earth lightning,

resulting in lower α and β parameters. Levine & Meneghini (1978) slightly modified the bi-

exponential current function by adding an intermediate current (with a current peak of 2.5 kA)

to the formula, and making it continuous in t = 0. Hence the lower α and β parameters that

describe the main current pulse in their work. Figure 8.1 illustrates the effect of changing the

parameters α and β on the shape of the current function. It shows that as α decreases, the

duration of the discharge event becomes longer, while as β decreases, the rise time of the current

(the time between t = 0 s and the peak) becomes longer.

The Heidler function (Heidler, 1985):

i(t) =
i0
η

�

t
τ1

�m

�

t
τ1

�m
+ 1

e−
t
τ2 , (8.7)

where m ∈ N, i0 [kA] is the current peak, η is the correction factor for the current peak given by

Eq. 8.8 (Paolone, 2001, p. 8), τ1 [s] is the time constant determining the current-rise time and

τ2 [s] is the time constant determining the current-decay time (Diendorfer & Uman, 1990),

η= e−
τ1
τ2

�

m τ2
τ1

�1/m

. (8.8)

The Heidler function is preferred to the bi-exponential because its time-derivative is zero

at t = 0 (unlike the bi-exponential function, which shows a discontinuity at t = 0), which is
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8.2. Model Description

consistent with the measured return-stroke current wave shape (Paolone, 2001; Heidler & Cvetić,

2002).

Figure 8.2 shows how the bi-exponential and the Heidler function behave when changing the

parameters in Equations 8.6 and 8.7. The used parameters are listed in Table 8.2. α and β can

be related to τ1 and τ2 through:

α=
1

τ1 +τ2
,β =

1
τ1

(8.9)

based on the definitions of α, β , τ1 and τ2 given above. The panels of Fig. 8.2 show that the two

types of current functions represent the same current if η is set to 1 and α and β are expressed

by τ1 and τ2 as in Eq. 8.9 (Fig. 8.2, [6]; Table 8.2, [6]). The Heidler function has the possibility

of fine-tuning the shape of the curves by introducing a more complex function form. Later in the

study I use the bi-exponential current function for the model for its simplicity, as I want to derive

the principal effect of the current running through the channel.

8.2.3 Electric field

The electric field which results from the electric current as described by Eq. 8.6 (or Eq. 8.7) is

given by the following general expression for a linear dipole model of a lightning discharge (Bruce

& Golde, 1941):

E(t) =
1

4πε0

�

M(t)
r3
+

1
cr2

dM(t)
d t

+
1

c2r
d2M(t)

d t2

�

, (8.10)

where M(t) is the electric dipole moment given by Eq. 8.2, and ε0 is the permittivity of the

vacuum in F/m (Farads per meter), and all physical quantities have units in SI. The first term in

Eq. 8.10 is the electrostatic field, the second term is the magnetic induction field and the third

term is the radiation field (Bruce & Golde, 1941).

The time derivative of the dipole moment is

dM(t)
d t

= 2i(t)

∫ t

0

v(t ′)d t ′, (8.11)

where i(t) is the current in the lightning channel at time t and v(t) is the velocity of the return

stroke (Bruce & Golde, 1941). Eq. 8.11 can be derived from Eq. 8.2, if
∫ t

0 v(t ′)d t ′ ≡ ∆v∆t ≡

h, and d
d t

�

∫ t
0 i(t ′)d t ′

�

≡ i(t). Bruce & Golde (1941) found that this velocity decreases as the
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Chapter 8. Modelling lightning radio energy and testing for Solar System planets

Figure 8.3: Electric fields calculated from the bi-exponential (black, solid line) and the Heidler (red,
dashed line) current functions represented in Fig. 8.2. The interchangeability of the two current functions
as shown on Fig. 8.2 carries on to the electric fields obtained from them.
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8.2. Model Description

lightning stroke propagates upwards, since they conducted observations from the ground, which

results in the following expression:

v(t) = v0e−γt , (8.12)

where the values for Earth are: v0 ∼ 8×107 m s−1 = 0.3c, with c the speed of light, and γ∼ 3×104

s−1 (Bruce & Golde, 1941). However, the drop of the velocity may be due to the loss of energy, in

which case it would decrease not only upward-propagating but downward-propagating as well.

Electric field from the bi-exponential current function

First, I consider the bi-exponential function (Eq. 8.6) as the current function at the channel base

(i(0, t) = i(t)). Two approaches can be followed when calculating the electric field: the velocity

of the return stroke can be considered either constant (v(t) = v0) or varying in time (Eq. 8.12).

Combining Eqs 8.6, 8.11 and 8.12 results in:

dM(t)
d t

= 2
i0v0

γ
(e−αt − e−β t)(1− e−γt), (8.13)

which can be used to evaluate Eq. 8.10.

Eq. 8.13 simplifies slightly when v does not vary in time, resulting in

dM(t)
d t

= 2i0v0 t(e−αt − e−β t). (8.14)

This approach was used by Farrell et al. (1999b) when deriving the electric field of Jovian

lightning discharges. Combining Eqs 8.10 and 8.14 with the derivative of Eq. 8.14 result in

(8.15)E(t) =
2i0v0

4πε0

�

1
cr2

t(e−αt − e−β t) +
1

c2r
(e−αt − e−β t − tαe−αt + tβe−β t)

�

.

In Eq. 8.15 the first term of Eq. 8.10 is neglected due to the large distance between the source

and the observer (r >> h; Sect. 8.2.3).

Electric field from the Heidler current function

Now I consider a current given by the Heidler function (Eq. 8.7). For simplicity the velocity is

considered to be constant. This way Eq. 8.14 changes to
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Chapter 8. Modelling lightning radio energy and testing for Solar System planets

Figure 8.4: Comparing the three components of the electric field (Eq. 8.10). Total electric field: solid
black line; Electrostatic field: dotted blue line; Magnetic induction field: dashed blue line; Radiation field:
solid blue line. The different panels demonstrate how the electric field components change with lightning-
observer distance, r (Sect. 8.2.3).
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dM(t)
d t

= 2v0 t
i0
η

�

t
τ1

�m

�

t
τ1

�m
+ 1

e−
t
τ2 , (8.16)

and the second derivative of the dipole moment is

d2M(t)
d t2

=
2v0i0
η
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 . (8.17)

By combining Eqs 8.16 and 8.17 with Eq. 8.10, I calculate the electric field at large distances

from the source (r >> h). Figure 8.3 demonstrates how the electric field changes when derived

from different current functions (Fig. 8.2). The distance between the source and observer for all

figures is r = 100 km, and the propagation velocity is constant, v0 = 8.0× 107 m s−1. Due to the

large distance, r, the first term in Eq. 8.10 was neglected in Fig. 8.3 (I explain why some of the

terms of the electric field can be neglected in Sect. 8.2.3). To derive the electric field, SI units

are used. The curves of the electric fields on Fig. 8.3 show the same forms relative to each other

that are shown by the current functions in Fig. 8.2. When the current function has a larger peak,

the corresponding electric field will show a larger peak compared to the field calculated from the

other current function. When the two current functions are calculated with parameters η = 1

and α and β being expressed by τ1 and τ2 as in Eq. 8.9, then the electric fields resulting from

these current functions are the same (Figs 8.2 and 8.3, [6]; and Table 8.2, [6]).

Effect of the three electric field components

The electric field of a lightning discharge has three main components (Eq. 8.10): electrostatic,

magnetic induction and radiation fields. The three components depend on r, the distance between

the lightning channel and the observer (Eq. 8.10). Figure 8.4 illustrates this dependence. The

six figures show six distances, increasing from top to bottom, left to right, between 1 m and 1000

km. All other parameters are the same for all figures (i0 = 30 kA; v0 = 8 × 107 ms−1), and all

electric fields were calculated from the bi-exponential current function (α = 4.4× 104 s−1; β =

4.6 × 106 s−1). It is clearly seen, that the electrostatic field (blue dotted line) has an effect on

the total electric field (black solid line) very close to the discharge event. This effect rapidly

decreases as we get further away from the source and at a few tens of km it becomes negligible.

At the meantime the induction field (blue dashed line) becomes stronger and still affects the

overall shape at ∼ 50 km, slightly increasing the total electric field. Kilometres away from the
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source the effect of the radiation field increases, while the induction field decreases. From a few

tens−hundreds of km, it is the dominant component of the electric field. The same effect of the

source-observer distance on the electric field components can be seen in figure 1 of Dubrovin

et al. (2014), who analysed the electric field of a Saturnian lightning discharge.

The purpose of showing how the different components dominate the total electric field is

to demonstrate, that at large distances (r > 50 km) the radiation field will be the dominant

component of the electric field, with a slight contribution from the induction field. Further in

this study I use only these parts of the electric field to calculate lightning frequency spectrum and

radio energy of lightning originating from exoplanets parsecs away from our Solar System.

8.2.4 Frequency and power spectra

The power spectrum of the electric field carries information on the amount of power released

at certain frequencies. It quickly reaches its peak then slowly decreases with a power law. The

characteristics of the power spectrum (peak frequency, f0, and spectral roll-off, f n) help predict

the amount of power released by lightning in a frequency band, i.e. at a band that is used for

observations. Because of the ionosphere and other limitation factors, such as the large distance

between the observer and the source, which triggers the contamination of the radio signal by

background and foreground sources (Chapter 3, Sect. 3.1.3), only part of the radio lightning

spectrum can be observed, and the peak of the emission is often unknown. In my model, I generate

a radio electric field frequency spectrum and from that the power spectrum in order to determine

total lightning power released at radio frequencies and the lightning radiated energy at these

frequencies. I also estimate f0, and n, where possible, which will be important for predictions of

future lightning radio observations.

The frequency spectrum, E( f ), is the Fourier transform (FT) of the electric field, E(t). Eq.

8.18. defines the relation between the electric field in the time domain and the frequency domain,

E( f ) =

∫ ∞

0

e−i2π f t E(t)d t, (8.18)

where i =
p
−1 and f is the frequency in [Hz].
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8.2. Model Description

Figure 8.5: Comparing frequency (black) and power (red) spectra calculated from the electric fields of
the bi-exponential (solid line) and the Heidler (dashed line) current functions (Fig. 8.3), with parameters
listed in Table 8.2. The y-axis show relative units.
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I derive the following analytical form of the FT of the electric field, E(t) given in Eq. 8.15:

(8.19)E( f ) =
2i0v0

4πε0

�

1
cr2

�

1
(α+ i2π f )2

−
1

(β + i2π f )2

�

+
1

c2r

�

β

(β + i2π f )2
−

α

(α+ i2π f )2
−

1
β + i2π f

+
1

α+ i2π f

��

,

In practice the Fourier Transform of a function is usually calculated using the numerical Fast

Fourier Transform (FFT) method. For basic functions such as Eq. 8.10, it is easy to determine

the analytical form of the frequency spectrum, however for more complicated ones, such as the

electric field derived from the Heidler-function (Sect. 8.2.3), it is easier to use the FFT, which I

am going to use in the following calculations2. Generally, the FT of a function is calculated when

the function contains a periodic signal. The challenge in using numerical FFT on the non-periodic

electric field of a lightning discharge is, firstly, numerical integrations cannot be made to infinity,

which means a part of the function has to be cut out, and secondly, by cutting the function a sharp

edge will appear at the point where it was cut out which results in a badly calculated FT. To solve

this problem the Hann Window function was used which is a technique for signal processing and

it smooths the edges of the curve so that the FFT could be calculated properly. Furthermore, a

numerical FT code does not know the time step with which the data is sampled, it assumes that

the sample has a step-size of 1 s. This is not true in the case in this Chapter, and to correct for it I

multiply the result of the FFT my own time-step, which depends on the duration of the discharge.

The power spectrum, P( f ), is the FT of the square of the electric field, E(t)2. By squaring the

electric field one obtains the power radiated by the field. To express the power in the frequency

domain, I calculate the Fourier Transform:

P( f ) =

∫ ∞

0

e−i2π f t E(t)2d t, (8.20)

I obtain the exact form of Eq. 8.20 with the help of WolframAlpha3, and with E(t) as in Eq. 8.15:

2IDL’s inbuilt fft function
3https://www.wolframalpha.com/
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(8.21)

Then, the power spectral density, P ′( f ) [W Hz−1], at the source of the emission can be ex-

pressed by:

P ′( f ) = P( f )2cπε0r2. (8.22)

Equation 8.22 is the time-averaged power, assuming sinusoidal wave functions4. P ′( f ) will de-

pend on the frequency at which I measure it. To obtain the total released power, one has to

integrate P ′( f ) over the frequency range it has been released at.

Figure 8.5 shows the frequency and power spectra resulting from the electric fields shown in

Fig. 8.3. It is seen from Fig. 8.5 that the same trend of matching the spectra as a result of the

bi-exponential and the Heidler functions that has been seen in Figs 8.2-8.3 is also present. For

example, when η = 1 in the Heidler function, and α and β , parameters of the bi-exponential

current function, are expressed by τ1 and τ2 of the Heidler function (Eq. 8.9) as in panel [6]

of Figs 8.2, 8.3 and 8.5, then the frequency and power spectra will represent the same spectra

resulting from the electric fields of the two current functions. At very high frequencies a forest-

like noise is introduced with the numerical FFT. This noise is eliminated from the model by using

the analytical form of the FT (Fig. 8.6).

To calculate the discharge energy, I need to know how the power spectrum varies with fre-

quency (what is its slope at higher frequencies, n) and where its peak ( f0) is. To obtain the slope,

I fit a linear function to the part of the spectrum that is at frequencies larger than the peak fre-

quency. The peak is obtained from the duration of the discharge (Eq. 8.5). In the further sections,

I use the analytical form of the Fourier Transform obtained from the bi-exponential function (Eqs

4The time-averaged power, in general, is the intensity, I , times the area of a sphere, where the source radiates to:
< P >= I4πr2. The time average of a sinusoidal wave function is 1/2, resulting in I = (1/2)cε0E2, where E is the
radiating electric field. Hence, P( f ) in Eq. 8.22 is multiplied by 2 instead of 4.

159



Chapter 8. Modelling lightning radio energy and testing for Solar System planets

Figure 8.6: Numerical Fourier transform (black, solid) compared to the analytical Fourier transform (ma-
genta, dashed) of the same electric field function. Used parameters: α = 4.4 × 104 s−1, β = 4.6 × 105

s−1, i0 = 30 kA, v0 = 0.3 c, r = 1000 km. The numerical version (calculated by IDL’s fft function) carries
a forest-like noise at very high frequencies, which is eliminated from the model by using the analytical
formula (Eq. 8.21).

8.19 and 8.21), as it does not introduce a numerical noise at large frequencies (Fig. 8.6).

8.2.5 Radiated discharge energy and radiated power density

The radiated discharge energy, Wrad, and the discharge dissipation energy, Wd , are calculated

in order to estimate how energetic lightning discharges can be, occurring on extrasolar objects

with different atmospheric conditions (Tgas, pgas, chemical composition, etc.). By knowing the

energy dissipated form lightning, I can estimate the changes in the local chemical composition of

the atmosphere and determine whether observable signatures can be produced as a result of the

production of non-equilibrium species (Chapter 3). I obtain the total radiated discharge energy,

Wrad [J], from the total radiated power, Prad [W], released during the discharge:

Wrad = Pradτ, (8.23)

where τ [s] is the discharge duration. The total radiated power is given by

Prad =

∫ fmax

fmin

P ′( f ′)d f ′. (8.24)
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Figure 8.7: Flow chart of the lightning radio model and its input parameters and outputs described in
Sects 8.2 and 8.3. The chart works as a guide of the equations used in the computational approach.

The integral boundaries are calculated when the time sample of the model is converted into

frequencies. fmin = t−1
max and fmax = t−1

min, where tmin + tmax = τ.

I mention that the total dissipation energy of lightning, Wd , is obtained from Wrad, assuming

a radio efficiency, k. k represents the amount of energy radiated into the radio frequencies from

the total dissipated energy, and is between 0 and 1:

Wd =
1
k

Wrad (8.25)
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8.3 Computational approach

In this section, I summarize my computational approach (Fig. 8.7): Starting with a bi-exponential

current function (Eq. 8.6), I calculate the electric field and its frequency and power spectra. Next,

I obtain properties of the power emitted at high frequencies: f0 is the frequency at which the peak

of the power is emitted; n is the spectral roll-off of the power spectrum at frequencies f > f0.

These properties of the power spectrum are necessary when making predictions of the lightning

radio power emitted at chosen observed frequencies. Finally, I estimate the lightning energy

radiated into the radio frequencies. The free parameters in the model are:

r: The distance between the source and the observer. This would be the distance between the

extrasolar object and Earth.

h: The characteristic length of the charge separation, or length of the discharge. h is taken

from Bailey et al. (2014, their fig. 9, right), who calculated it for several atmosphere models.

The length, h and the properties of the atmospheres (effective temperature Teff, surface gravity

log(g), metallicity [M/H]) are listed in Table 8.3.

v0: The velocity of the return stroke was taken from Bruce & Golde (1941), who estimated v0 =

0.3c= 8.0× 107 m s−1 for Earth lightning.

i0: The current peak is based on Earth values as well. I used 30 kA, which is the average current

in a terrestrial negative return stroke, as the reference value and tested how the output changes

when I only change the current.

My method is summarized on a flow chart in Fig. 8.7: From the two variables h and v0, one

can determine τ, the discharge duration using Eq. 8.3. After that the following calculations are

made: α, parameter of the bi-exponential current function (Eq. 8.6), is randomly picked from a

Gaussian distribution, which has a mean and standard deviation that ensure that α is ∼ 1 orders

of magnitude smaller than β . This is an empirical choice based on α and β listed in the literature

(Table 8.1). From τ and α one can determine β , the other parameter of the current function,

using Eq. 8.4. The next step is to determine the electric field produced by the current. For that I

use Eq. 8.15, with physical quantities having SI units. I obtain the frequency and power spectra

from the electric field as explained in Sect. 8.2.4. The power spectrum represents the distribution
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Table 8.3: Total length of the discharge (h) adapted from Bailey et al. (2014, their fig. 9, right), the
minimum number of charges (Qmin) needed to initiate a discharge adapted from Bailey et al. (2014, their
fig. 7), and the properties of the atmospheres where the discharges lengths are reached. The subscript ’1’
indicates an atmosphere of solar metallicity ([M/H] = 0.0), while subscript ’2’ indicates an atmosphere of
sub-solar metallicity ([M/H] = -3.0). The peak current, i0, is calculated by Eq. 8.26 from Qmin, and the
discharge duration, τ, is obtained from h through Eq. 8.3 with v0 = 0.3c (Fig. 8.10).

Teff [K] h1 [m] τ1 [s] Qmin,1 [C] i0,1 [A] h2 [m] τ2 [s] Qmin,2 [C] i0,2 [A]

Brown dwarf
log(g) = 5.0

1500 168 2.1× 10−6 70 3.3× 107 890 1.1× 10−5 312 2.8× 107

1600 66 8.2× 10−7 33 4.0× 107 753 9.4× 10−6 237 2.5× 107

1800 58 7.3× 10−7 22 3.0× 107 623 7.8× 10−6 216 2.8× 107

2000 27 3.3× 10−7 12 3.6× 107 286 3.6× 10−6 80 2.2× 107

Teff [K] h1 [m] τ1 [s] Qmin,1 [C] i0,1 [A] h2 [m] τ2 [s] Qmin,2 [C] i0,2 [A]

Giant gas planet
log(g) = 3.0

1500 69 8.6× 10−7 3.8× 103 4.5× 109 2494 3.1× 10−5 1.0× 105 3.2× 109

1600 20 2.5× 10−7 1.8× 103 7.5× 109 2370 3.0× 10−5 8.2× 104 2.8× 109

1800 19 2.3× 10−7 1.7× 103 7.2× 109 1844 2.3× 10−5 6.2× 104 2.7× 109

2000 15 1.9× 10−7 1.1× 103 5.6× 109 942 1.2× 10−5 3.4× 104 2.9× 109

of radiated power in frequency space. I also estimate the total power of lightning radiated at radio

frequencies (Eqs 8.22 and 8.24), which will determine the energy radiated at radio from lightning

discharges (Eq. 8.23).

I also consider i0 obtained from the minimum number of charges, Qmin, necessary to overcome

the electrostatic breakdown field in extrasolar atmospheres according to Bailey et al. (2014, their

fig. 7). Bailey et al. (2014) used the classical breakdown field to determine Qmin, which does not

include the idea of runaway breakdown (Roussel-Dupré et al., 2008), therefore overestimates the

critical field strength necessary to initiate a breakdown (Bailey et al., 2014). This suggests that

the obtained Qmin for each atmosphere will be an upper limit necessary for breakdown and the

actual values in nature may be lower. Here, Qmin replaces i0 as an input parameter in the model.

The used values are listed in Table 8.3. Based on Eq. 8.1, I obtained i0 from Qmin:

i0 =
∆Q
∆t

, (8.26)

where ∆Q ≡Qmin and ∆t ≡ τ (discharge duration).

The results of the calculations are the properties of the power spectrum, f0 and n, the duration

of the discharge, τ, the peak current, i0, the total radio power, Prad, the peak radio power density,
P0
∆ f , and the radio energy of lightning, Wrad. Some of the outputs, f0, n, P0

∆ f , will be used to

estimate the radiated power density, and hence the observability of lightning radio emission, at a

given frequency, where observations are planned (Chapter 9).
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8.4 Model performance

In this section, I test the model presented in Sects 8.2 and 8.3 with observed and modelled ter-

restrial, Jovian and Saturnian lightning properties and model parameters. I can use these tests,

since my model only becomes dependent on the atmosphere of planets, exoplanets, and brown

dwarfs, once, in the final step, I include the extension of the discharge channel and the charges

accumulated in that channel. For this final step, values specific for the Solar System planets can

be used. Therefore, the model is universal and can be used for Solar System as well as extrasolar

lightning modelling.

8.4.1 Earth

Table 8.4: Test parameters for Fig. 8.8. These values were selected in order to represent discharge lengths,
h, and peak currents, i0, observed and modelled on Earth, therefore suggesting the most realistic parameter
combinations for an Earth-like discharge. τ depends on h through Eq. 8.3, where v0 = 0.3c is constant for
each case.

h [m] Reference (h) τ [s] i0 [A] Reference (i0)
2× 103 Baba & Rakov (2007) 2.5× 10−5 104 arbitrary example
7.89× 103 Rakov & Uman (2003, p. 124) 10−4 3× 104 Farrell et al. (1999b)
2.59× 105 Bruning & Thomas (2015) 3× 10−3 5× 104

105
Heidler & Cvetić (2002)
arbitrary example

Earth lightning is the most well-studied form of lightning discharges in the Solar System.

The modelling of Earth lightning goes back to the first half of 20th century (e.g. Bruce & Golde,

1941; Drabkina, 1951), and then was further developed in the 1970s-80s (e.g. Uman & McLain,

1969; Heidler, 1985; Rakov & Uman, 2003, and references therein). Therefore, I apply measured

parameters of Earth lightning discharges as a template to test the model. First, I use various

discharge extension, h, and peak current, i0, combinations to obtain the total radio power, Prad,

and radiated energy, Wrad. The used values are listed in Table 8.4 and the results are shown

in Fig. 8.8. The top panel of Fig. 8.8 presents the obtained Prad vs the discharge duration, τ.

The different colours indicate different i0-s used in the model. The bottom panel of the same

figure shows how the obtained Wrad varies with h. h and τ are directly proportional to each

other as in Eq. 8.3, with v0 = 0.3c. The figure shows that the larger the peak current the more

power and energy is released from a lightning stroke. It also demonstrates that the slower the

discharge the more energy is radiated from lightning, even though the power released rather

decreases with larger τ. The blue arrow indicates a lightning return stroke with τ = 100 µs,
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Figure 8.8: Total radio power of lightning, Prad, vs discharge duration, τ (top), and radiated energy,
Wrad, vs discharge length, h (bottom). The four colours indicate four different peak currents used for the
calculations. The two panels depend on each other through h, as given by Eq. 8.3. The input parameters,
h and resulting τ, and i0 are listed in Table 8.4. Even though Prad does not change significantly with τ
and hence with h, Wrad will be higher if h, and therefore τ is larger, because Wrad is determined through
Eq. 8.23. The blue arrow points to a typical value of an Earth lightning stroke, with τ = 100 µs, and
Wrad ∼ 6× 104 J (Volland, 1984, table 6.2).
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Table 8.5: Testing the model for Earth discharges based on Volland (1984), table 6.1, first row ("G − R1"). The first row
serves as reference for input values and comparison for the results of this model. k is the radio energy efficiency used in
Eq. 8.25. Steps of calculation: from α and β obtain τ with Eq. 8.4; from τ calculate h (Eq. 8.3 with v0 = 0.3c), f0 (Eq.
8.5), and Q (Eq. 8.26). Rest as described in Sect. 8.3.

i0 [kA] α [s−1] β [s−1] τ [s] h [m] |Q| [C] f0 [kHz] Wd [J] Wrad [J] k
Volland (1984, table 6.2) 30 2× 104 2× 105 9.9× 10−5(1) 7890 1.35 10.1 6.97× 107 1.46× 106(2) 0.021
Model input 30 2× 104 2× 105 - - - - - - 0.021
Model output (this work) - - - 9.93× 10−5 7948 2.98 10.06 6.96× 106(3) 1.46× 105 -

(1) τ is not listed in Volland (1984, table 6.2). Applying Eqs 8.3 and 8.4 on the values in the first row, the obtained τ is 98.5 and 99.35
µs, respectively.

(2) Wrad obtained from Wd and k, which are listed in Volland (1984, table 6.2).
(3) Calculated from Wrad (model output) with Eq. 8.25.

which corresponds to a peak frequency, f0 = 10 kHz, and i0 = 30 kA. The radio energy of such a

stroke is ∼ 6×104 J, while the radio power is ∼ 6×108 W. Borovsky (1998) estimated the energy

dissipated from a return stroke from the electrostatic energy density stored around the lightning

channel. They found the dissipation energy per unit length to be 2 × 102 − 104 J m−1. They

note that their result is in agreement with previous studies considering hydrodynamic models

for lightning channel expansion (e.g. Plooster, 1971). Plooster (1971) found the total energy of

lightning to be 4 × 102 − 9 × 102 J m−1 for i0 = 20 kA, and 1.7 × 103 J m−1 for i0 = 40 kA.

Borovsky (1998), however, also mentions that their results are 1-2 orders of magnitude lower

than calculated by e.g. Krider et al. (1968), who estimated the total dissipation energy from

optical measurements assuming an optical efficiency of 0.38 to be 2.3 × 105 J m−1. Assuming

a channel length of h = 7890 m, as for the data point marked by a blue arrow in Fig. 8.8, the

dissipated energy of lightning, Wd , according to the above authors is between 1.6 × 106 J and

1.8× 109 J. Applying Eq. 8.25 with a radio efficiency k = 0.01, the radiated energy in the radio

band is between 1.6×104 J and 1.8×107 J. My value of ∼ 6×104 J is within this range, however,

closer to the values obtained by Borovsky (1998) and Plooster (1971).

For the second test, I set the model up to reproduce values found in table 6.2 of Volland (1984).

I chose the first row of the table ("G − R1"), which was derived from parameters used in Bruce

& Golde (1941). It represents a first return stroke of a lightning discharge. I list the parameters

and the results of my model in Table 8.5. The table suggest that my results of discharge energy

are approximately one order of magnitude lower than the ones obtained by Volland (1984).

8.4.2 Saturn

I discussed Saturn Electrostatic Discharges (SED) in Chapter 4, Sect. 4.1.2, however, for the sake

of completeness, here I repeat and discuss in more detail the relevant information for my work.

SEDs have been observed since Voyager 1 and 2 passed by the planet (Warwick et al., 1981; Zarka
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Table 8.6: Testing the model with Saturnian values. Two main approaches were followed: (1) The model was
set up for a quick discharge, τstroke = 1 µs, as in Farrell et al. (2007). (2) The model was set up to reproduce the
measured energy of SEDs and shape of their power spectra, with τstroke = 100 µs as in Mylostna et al. (2013). The
extension of the discharge, h, was obtained from Eq. 8.3 with v = 0.3 c. For a detailed description of the various
cases, including references for input parameters, see Sect. 8.4.2. Input values are marked with italics.

τstroke [µs] τSED [s] i0 [kA] |Q| [C] Prad [W](1) Wrad [J](1) WSED [J] Wd [J](2) k stroke/
SED

SED/
flash

(1a) 1 10−6 30 0.03 6.4× 108 6.4× 102 6.4× 102 6.4× 105 0.001 1 1
(1b) 1 10−6 35000 35 1015 109 109 1012 0.001 1 1

1 0.23 75 0.075 4.5× 109 4.5× 103 109 1012 0.001 2.3× 105 1
(2) 100 0.23 75 7.5 4.5× 109 4.5× 105 109 1012 0.001 2.3× 103 1

100 0.035 135 13.5 1.6× 1010 1.6× 106 5.5× 108 1.1× 1012 0.001 350 2

(1) Here Prad represents stroke power, and Wrad represents the stroke energy.
(2) Wd is the total dissipation energy of a lightning flash.

& Pedersen, 1983). The measured SED spectrum shows a relatively flat part below 10 MHz, and

it becomes a bit steeper till 40 MHz (Voyager PRA cut-off limit) with a slope of f −1− f −2 (Zarka &

Pedersen, 1983; Zarka et al., 2004). Warwick et al. (1981) deduced the shortest time structure of

SEDs to be 140 µs, while Zarka & Pedersen (1983) measured a burst duration of 30 to 450 ms from

Voyager data. Cassini data showed a slight roll-off of f −0.5 of the spectrum at the range of 4−16

MHz, with power spectral density of 40 to 220 W Hz−1, and bust duration of 15 to 450 ms (Fischer

et al., 2006a). The peak frequency of SED emission cannot be determined from the data, which

means it is below the ionospheric cut-off. Assuming an Earth-like discharge, with peak frequencies

around 10 kHz, to reproduce the measured power densities (on average ∼ 60 W Hz−1, Zarka

et al., 2004), a very strong discharge is needed, with energies of the order of 1013 J. Therefore,

Farrell et al. (2007) suggested a much faster discharge, which would result in a peak frequency

at ∼ 1 MHz, and would shift the whole power spectrum to higher frequencies. The result of

this would be that discharges less energetic than previously estimated (∼ 106 J, Farrell et al.,

2007) could produce the observed power density. However, this theory was excluded by the first

optical detections of lightning on Saturn (Dyudina et al., 2010). Dyudina et al. (2010) measured

an optical energy of 109 J of a single lightning flash, while Dyudina et al. (2013) obtained a

total flash power of 1013 W and optical energies between 108 − 109 J, both suggesting that the

total energy of a lightning flash is of the order of 1012 J, assuming that 0.1% of the total energy

of lightning is radiated in the optical (Borucki & McKay, 1987). Furthermore, Mylostna et al.

(2013) observed SEDs with the Ukrainian T-shaped Radio telescope (UTR-2), and mapped their

temporal structure. They found that the finest structure observable was 100 µs short. They also

measured a spectral roll off of f −2 between 20 kHz and 200 kHz, and a peak frequency f0 = 17

kHz. Their findings further support the super-bolt scenario of Saturnian lightning flashes.
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Table 8.7: Used stroke durations for testing the model on Saturnian discharges, and the resulting pa-
rameters that depend on τ through Equations 8.3, 8.4, 8.5. These values are outputs from the model as
described in Sect. 8.4.2 and Table 8.6.

τstroke [µs] α [s−1] β [s−1] h [m] f0 [kHz]
(1) 1 3.5× 106 1.1× 107 90 1000
(2) 100 3.3× 104 1.2× 105 9000 10

In order to test the model, I set it up for various cases: (1) The model was set up for a quick

discharge, τstroke = 1 µs, as in Farrell et al. (2007). (2) The model was set up to reproduce the

measured total energy of a flash (Dyudina et al., 2010, 2013; Mylostna et al., 2013, e.g.) and

shape of SED power spectra (e.g. Zarka & Pedersen, 1986; Fischer et al., 2006a), with τstroke =

100 µs as in Mylostna et al. (2013). Part (1a) is a test of the model with an Earth-like current

peak (i0 = 30 kA, Volland, 1984), while Part (1b) takes into account the obtained total energy

from optical measurements (Wd = 1012 J Dyudina et al., 2013), and iterates the corresponding

peak current (increasing i0 with 5000 kA during each step). (1b) also considers an SED built up of

several strokes (second row of part (1b) in Table 8.6). Part (2) consists of various cases depending

on how many strokes/SED and SED/flash are used, and each time it iterates the current peak

(with 15 kA during each step) to match Wd = 1012 J. In each case, the distance, r, was taken to

be the distance between the Cassini spacecraft and Saturn during the measurements, r = 46.5

RSat (Fischer et al., 2007b). I assume that the radio efficiency, k, is the same as the optical one

determined for Jupiter by Borucki & McKay (1987). Each time the steps described in Sect. 8.3

were followed (Fig. 8.7), except the starting input parameter was τ and not h. Furthermore, I

consider cases when the duration of an SED burst is not equal to the duration of a stroke or a

flash. τSED = 0.23 s is the average value in Fischer et al. (2006a) for an SED burst duration, while

τSED = 0.035 s is the duration Dyudina et al. (2013) considered for their energy estimates. In

this case, Dyudina et al. (2013) also assumed that one flash has a duration of 70 ms, therefore,

one flash consisting of two SEDs. The "stroke/SED" and "SED/flash" values listed in Table 8.6 are

a direct result of the time considerations.

Table 8.6 lists the input parameters and the results of the tests. Case (1) shows the what a

quick discharge would look like on Saturn. First, I assume that nothing else is know about SEDs

than what was considered in Farrell et al. (2007), I also assume that one flash consists of one

SED, which consists of one stroke. I find that such a discharge would release 6× 102 J energy in

the radio band, and dissipates 6× 105 energy in total. Next, I apply the total dissipation energy

previously obtained and confirmed by optical measurements, Wd = 1012 J, to the quick discharge
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Figure 8.9: Saturnian lightning electric field power spectrum (red). The fitted black line varies with
frequency as f −3, which is the slope of the power spectrum. The vertical black line indicates the peak
frequency, f0 = 10 kHz. The figure was produced with the parameters listed in the second row of approach
(2) in Tables 8.6 and 8.7.

theory, and find that, an incredibly large, 35000 kA current is necessary to produce such and

energy from one flash consisting of one SED made up of one stroke. Finally, it is known that SED

bursts are longer in duration than 1 µs. Here, I apply the average SED duration found in Fischer

et al. (2006a), τSED = 0.23 s. I find that 75 kA current has to run through one stroke, to produce

4.5× 103 J radio energy, and 2.3× 105 strokes are needed to produce Wd = 1012 J energy of a

flash consisting of one SED with the duration of τSED = 0.23 s.

Case (2) uses more realistic values for SED and stroke duration, based on previous measure-

ments. The stroke duration was assumed to be τstroke = 100 µs in each case, after Mylostna et al.

(2013). First, I consider an SED of τSED = 0.23 s (average in Fischer et al., 2006a), and one SED

in one flash. The results suggest that 75 kA peak current would be enough to produce a dissipa-

tion energy of 1012 J, with 2300 strokes/SED with Wrad = 4.5× 105 J/stroke. Second, I assume

that τSED = 0.035 s, and one flash consists of two SED bursts. I find that 350 strokes/SED would

produce enough energy, with i0 = 135 kA to account for the total dissipation energy of a flash,

Wd = 1012 J. In Table 8.7 we further see that a quick, τ = 1 µs, discharge would propagate to

an unrealistic, 90 m, while a slower discharge of τ= 100 µs, would result in an extension, h= 9

km, similar to Earth discharges.

Finally, I also tested the model against the shape of the observed power spectrum. Figure 8.9
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Table 8.8: Testing the model with Jovian values. Approaches (i) and (ii). (i) The model is set up to reproduce values obtained from the
data of the Galileo probe by Rinnert et al. (1998). For the sake of comparison, in this approach I use v = 0.1c instead of v = 0.3c, which
is used in all other approaches. (ii) The discharge duration, τ, is the average of the duration interval (260−520 µs) given by Rinnert et al.
(1998), and the radio efficiency is taken to be the same as the optical efficiency determined by Borucki & McKay (1987). The difference
between (ii,a) and (ii,b) is the used radio efficiency. In each case, the peak current is iterated so that the final dissipation energy would
reach the pre-set value of 1012 J. For further information, see Sect. 8.4.3.

τ [µs] i0 [kA] |Q| [C] M(t) [C m] h [m] Prad [W] Wrad [J] Wd [J] k
(i), Rinnert et al. (1998) 240 6× 103 1500 107 7000 1014 2.5× 1010 1012 0.025
Model input 240 - - - - - - 1012 0.025
Model output (this work) - 2.5× 104 5930 4.3× 107 7190 1014 2.6× 1010 - -
(ii,a), Model input 390(1) - - - - - - 1012 0.001(2)

Model output (this work) - 2.8× 103 1100 3.87× 107 3.5× 104 3× 1012 1.1× 109 - -
(ii,b), Model input 390(1) - - - - - - 1012 0.025
Model output (this work) - 1.24× 104 4850 1.7× 108 3.5× 104 6.6× 1013 2.6× 1010 - -

(1) Average duration of 260 µs and 520 µs from Rinnert et al. (1998).
(2) Optical efficiency from Borucki & McKay (1987). I assume that the radio efficiency is the same.

shows a representative curve. All other curves show the same shape, with a shifted peak depend-

ing on the discharge duration. This suggests that my model, which is based on a simple, vertical

dipole radiation model, with no branches and tortuosity of the channel, does not reproduce the

shape of the power spectrum well. The resulting power spectrum shows a slope of f −3 (n= 3) at

high frequencies, no matter what the input parameters are. Since for Saturn, a flatter spectrum

has been observed, my results may underestimate the power released at these frequencies, and

therefore, overestimate the peak current obtained for each case in this section.

8.4.3 Jupiter

I discussed Jovian lightning in Chapter 4, Sect. 4.1.1, however, just like for Saturn, here I repeat

and discuss the relevant information for my work in more detail. Jovian lightning was observed

by several spacecraft both in the optical and radio bands (e.g. Cook et al., 1979; Borucki et al.,

1982; Borucki & Magalhaes, 1992; Rinnert et al., 1998; Little et al., 1999; Baines et al., 2007). The

Voyagers, Galileo, Cassini, and New Horizons all measured the average optical power of lightning

on Jupiter to be ∼ 109 J, with values between 3.4 × 108 J (Baines et al., 2007) and 2.5 × 1010

J (Rinnert et al., 1998). Borucki & McKay (1987) determined from laboratory experiments that

the optical efficiency of lightning on Jupiter is 0.001. Rinnert et al. (1998) estimated both the

radio energy and total dissipation energy from data gathered by the Galileo probe during its

descent into Jupiter’s atmosphere. Their results suggest that the radio efficiency is 0.025, with

Wrad = 2.5×1010 J, and Wd = 1012 J. The data of the probe provide us with valuable information

on the radio spectrum of lightning on the gas giant. Rinnert et al. (1998) obtained pulse durations

between 266 and 522 µs, with inter-pulse gaps between 680 µs and 1 s. Such slow discharges

have their peak power radiated at∼ 500 Hz (Farrell et al., 1999b). Rinnert et al. (1998) estimated
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Table 8.9: Approach (iii): Testing the model with Jovian values, based on the modelling approach of
Farrell et al. (1999b). The input parameters for my model are: α = 1.5 × 103 s−1, β = 1.75 × 103 s−1

(Farrell et al., 1999b); Wd = 1012 (e.g. Rinnert et al., 1998); k = 0.001. Farrell et al. (1999b) modelled
Jovian discharges with peak frequency, f0 = 500 Hz, and duration of 1 to 2 ms. For further information,
see Sect. 8.4.3.

τ [µs] i0 [kA] |Q| [C] M(t) [C m] h [m] Prad [W] Wrad [J] Wd [J] k f0 [Hz]
(iii) 3800 3.2× 103 1.25× 104 4.37× 109 3.5× 105 2.6× 1011 109 1012 0.001 257

several properties of discharges on Jupiter, which I use as comparison for the model results, and

list them in Table 8.8. I follow two approaches, (i) first, I test the model against the example

given in Rinnert et al. (1998), who deduced lightning parameters from Galileo probe data. For

the sake of comparison, in this approach I use v = 0.1c, like Rinnert et al. (1998), instead of

v = 0.3c, which is used in all other approaches. (ii), next, I apply information of the duration

of the discharge measured by the Galileo probe (Rinnert et al., 1998), and experimental results

from Borucki & McKay (1987), who estimated the optical efficiency of lightning on Jupiter. Here,

I assume this efficiency is the same for radio emission. Finally, Table 8.9 lists my results for the

thirds approach, (iii) when I ran the model with input parameters from Farrell et al. (1999b).

Each time the peak current was iterated to match the dissipation energy with the pre-set limit of

Wd = 1012 J. r = 1000 km in each case (like in Farrell et al., 1999b).

The results of Approach (i), in Table 8.8, show that to reach the desired dissipation energy,

Wd = 1012 J, my model requires ∼ 4 times more charges and more peak current in the channel,

than what was estimated by Rinnert et al. (1998). This suggests that the model underestimates

the released power, and the shape of the power spectrum is flatter than what I obtain. Approach

(ii,a) and (ii,b), in Table 8.8 illustrates the importance of radio efficiency, k, in the model. When

k is lower, a lower amount of radio energy is necessary to obtain the required total dissipation

energy, which results in lower number of necessary charges and amount of peak current in the

channel. Table 8.9 lists the results when the Farrell et al. (1999b) set-up is applied to the model.

In this case a ten times slower discharge is considered than before. Though the necessary peak

current to obtain Wd = 1012 J is not much higher than, e.g., in Approach (ii,a), the resulting

charges and charge moment are orders of magnitude larger. This is because a ten times slower

discharge will create a ten times longer discharge channel with the same velocity, resulting in

very large Q and M(t) values.
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8.4.4 Evaluation

In summary, I find that the model described in this chapter works relatively well considering that

it is a single, dipole model, which does not include the effects of channel tortuosity and branching.

With the help of the three Solar System planet data, I can evaluate the performance of my model.

I find that the shape of the power spectrum is not well reproduced. This is the main cause of the

following inconsistencies between the model and observed values of lightning parameters:

• The tests for Earth lightning show that I underestimate the energy by one order of magni-

tude. This can be because the produced power spectrum has a slope of f −3, instead of the

observed −2 and −3. I suggest that the overall shape of the electric field power spectrum of

lightning is relatively steeper than the observed one, and therefore, result in lower amount

of calculated power and energy.

• The tests for Saturn suggest that Saturnian discharges are indeed super-bolt-like discharges,

with peak currents around 70−130 kA. However, the shape of the spectrum in the model

is not as flat as the observed ones, which likely overestimates the necessary current in the

channel to produce an observed discharge dissipation energy of Wd = 1012 J.

• Finally, the tests for Jupiter help us give a constrain on how different the model is from

observed Jovian and Saturnian like discharges. The measurements of the Galileo probe

(Rinnert et al., 1998; Lanzerotti et al., 1996) provide us with valuable information on the

behaviour of lightning radio emission on Jupiter. It seems, the electric field power spec-

trum of these discharges ( f −1.5 − f 2, Farrell et al., 1999b) is much flatter than what is

known from Earth ( f −2 − f −4, Rakov & Uman, 2003), but not as flat as Saturnian spectra

( f −0.5− f −2, Fischer et al., 2006a; Mylostna et al., 2013). My results suggest that the model

overestimates the necessary peak current to reach Wd = 1012 J by a factor of 4. This means

the produced power is underestimated, due to a modelled power spectrum that is steeper

( f −3) than observations suggest.

• In conclusion, my model seems to underestimate the released power and energy by a factor

of four to ten. I will consider this as source of uncertainty when I discuss the results of

exoplanetary lightning modelling.
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8.5 Results and Discussion

In Sect. 8.2.2, I analysed the differences between the two most commonly used current functions,

the bi-exponential (Eq. 8.6) and the Heidler function (Eq. 8.7). I showed that the bi-exponential

function represent the same current shape as the Heidler function, if the input parameters are

well chosen (see Table 8.2 and Fig. 8.2). I used the bi-exponential function in my model, since it

is easier to implement and it describes the current well. In Sects 8.2.3 and 8.2.3, I analysed the

components of the electric field resulting from the current running in the channel. I showed that

when observing a lightning discharge from large distances (r > 50 km), most of the information

is carried in the induction and radiation fields, and the electrostatic part is negligible (Fig. 8.4).

I tested the model in Sect. 8.4 against data from three Solar System planets, Earth, Jupiter,

and Saturn. The results suggest that the model underestimates the released power and energy

by a factor of four to ten. This is because the shape of the electric field power spectrum does not

change during our modelling approach, as I do not include the effects of channel tortuosity and

branching. As I change τ, the discharge duration, the resulting power spectrum shifts, and its

peak will closely follow the expression in Eq. 8.5.

I analysed the effects of the different input parameters on the energy release and radio power

output of lightning discharges (Fig. 8.8, Table 8.4). These parameters are h the extension of the

discharge, v0 the velocity of the return stroke, and i0 the peak current. h and v0 determine τ,

the duration of the discharge, through Eq. 8.3, therefore, I only discuss the effects of τ. From

Fig. 8.8 I determine that the larger the peak current the more power and energy are released

from a lightning stroke. I also find that the slower the discharge the more energy is radiated from

lightning, even though the power released rather slightly decreases with larger τ.

8.5.1 Energy-release of lightning on exoplanets and brown dwarfs

The radio energy radiated by lightning discharges depends on the peak current, i0, and the du-

ration of the discharge, τ. τ also determines the frequency at which the peak power is released,

while the strength of the electric field is determined by i0. In my model, τ depends on the extra-

solar object’s properties through the extension of the discharge, h, while i0 through the minimum

number of charges, Qmin, necessary to initiate a breakdown (For comparison, the average amount

of charges in a lightning channel on Earth is 30 C, Bruce & Golde, 1941). The number of charges

(Q) in the lightning channel is unknown, therefore Bailey et al. (2014) considered two cases:
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Figure 8.10: Discharge duration, τ, calculated for different types of extrasolar bodies based on discharge
lengths obtained by Bailey et al. (2014) and listed in Table 8.3. τ was calculated from Eq. 8.3 using a
current velocity of v0 = 0.3c.

case i) assume that Q is constant in the channel then evaluate the properties of the local electric

field, and case ii) derive Qmin such that Qmin = Q(Eb(p)), where Eb(p) is the pressure-dependent

breakdown field. I used the results of their second approach, as that is connected to the prop-

erties of the atmosphere through the breakdown electric field. The effective temperature, Teff,

metallicity, [M/H], and surface gravity, log(g), of the object determine the local temperature and

pressure profile of the extrasolar atmosphere, as given by the DRIFT-PHOENIX model atmospheres

(Helling et al., 2008b,c; Witte et al., 2011; Bailey et al., 2014). Bailey et al. (2014) found that the

extension of the discharge will be larger in high-pressure atmospheres where the surface gravity

is large or the metallicity is low. They also found that h will decrease with increasing effective

temperature. High-pressure atmospheres require a larger Qmin for lightning to be initiated. How-

ever, Bailey et al. (2014) showed that in brown dwarfs, where clouds form at higher pressures, the

minimum number of charges necessary for breakdown is smaller than in giant gas planets. They

reason this with the extension of the cloud deck in brown dwarfs being shorter than in giant gas

planets, resulting in a larger electric field throughout the cloud, which means that a lower number

of charges is sufficient to initiate the breakdown in those atmospheres (Bailey et al., 2014).

To explore lightning energy and power release on exoplanets and brown dwarfs, I followed

three approaches: (I) Both Qmin (and directly i0) and h are taken from Bailey et al. (2014). This

way I accept their results, and assume that both values are valid for the studied extrasolar objects.
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Figure 8.11: Total radiated energy (top) and total radio power (bottom) released from a lightning dis-
charge estimated using peak currents, i0, obtained from the minimum charges necessary to initiate a dis-
charge (Table 8.3), based on Bailey et al. (2014, their fig. 7), using Eq. 8.26.
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Figure 8.12: Total radiated energy (top) and total radio power (bottom) released from lightning in differ-
ent extrasolar atmospheres with solar metallicity ([M/H]=0.0), for peak currents i0 = 30, 100, 1000 kA
(magenta, cyan, and blue colours, respectively). The different atmospheres are represented in my model
by the extension of the discharge, h, as in Bailey et al. (2014, their fig. 9, right) and Table 8.3.
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Figure 8.13: Total radiated energy (top) and total radio power (bottom) released from lightning in dif-
ferent extrasolar atmospheres with sub-solar metallicity ([M/H]=-3.0), for peak currents i0 = 30, 100,
1000 kA (magenta, cyan, and blue colours, respectively). The different atmospheres are represented in
my model by the extension of the discharge, h, as in Bailey et al. (2014, their fig. 9, right) and Table 8.3.
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(II) h is from Bailey et al. (2014), and i0 is chosen from values observed in the Solar System.

These are: i0 = 1000,100, 30 kA (arbitrary example, arbitrary example Farrell et al., 1999b,

respectively). This approach assumes that charge accumulation in the channel on extrasolar

objects is similar to their Solar System counterparts. (III) Qmin is from Bailey et al. (2014), but

h is chosen from Solar System values: h = 259,7.89, 2 km (Bruning & Thomas, 2015; Rakov &

Uman, 2003; Baba & Rakov, 2007, respectively). Such discharges would have an "extrasolar-like"

current, but Solar System-like discharge channel length. In each case, I used Eq. 8.3 to calculate

the discharge duration from h and the current velocity in the channel, v0 = 0.3c.

(I), h and Qmin in Table 8.3: The discharge durations and peak currents for the different

extrasolar bodies are listed in Table 8.3. Fig. 8.10 further illustrates the obtained τ values. My

results of power and energy release in the investigated exoplanet and brown dwarf atmospheres

are shown in Fig. 8.11. The top panel shows the radiated energy of lightning, and the bottom

panel depicts the total radio power of the discharge. Each figure shows different case studies

based on the three planetary parameters: Teff, [M/H], and log(g). To calculate the power and

energy released from lightning, I used the discharge durations presented in Fig. 8.10, and the

peak current, i0, calculated using Eq. 8.26 from the minimum number of charges, Qmin, necessary

to initiate a breakdown according to Bailey et al. (2014, their fig. 7). These figures indicate that

lightning in giant gas planets, or low-gravity, young, brown dwarfs, with log(g)= 3.0, reaches

higher energies than in brown dwarfs with log(g)= 5.0. Bailey et al. (2014) found h to increase

with decreasing metallicity, therefore I found τ to increase with decreasing metallicity as well.

Though the radiated power of lightning is higher in solar composition atmospheres (Fig. 8.11,

right panel), the energy is higher in sub-solar compositions, because of the way τ acts in these

atmospheres. Finally, the figures also show that the released lightning energy and power are

less dependent on the bodies’ effective temperature, than on the surface gravity or the chemical

composition. The breakdown field that determines whether a lightning discharge will develop or

not, does not strongly depend on the chemical composition (i.e. ionisation energy) of the gas.

However, it depends on the local pressure, which is determined by the opacity in an atmosphere

(Helling et al., 2013b). The very high currents resulting from high Qmin (Table 8.3) produce

an electric field that will release very high energy and power in the radio bands: ∼ 108 − 1010

J and ∼ 1013 − 1015 W in brown dwarf atmospheres, and 1013 − 1014 J and 1019 − 1020 W in

giant gas planet atmospheres. Applying a k = 0.01 radio efficiency (∼ 1% on Earth Volland,

1984), the total dissipation energy for these objects is Wd ∼ 1015 − 1016 J for gas giants and
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Wd ∼ 1010 − 1012 J for brown dwarfs, latter one being comparable to lightning on Jupiter and

Saturn. If I assume that the radio efficiency is 0.001, as was experimentally suggested for Jupiter

by Borucki & McKay (1987), the dissipation energy becomes even higher: Wd ∼ 1016−1017 J for

gas giants and Wd ∼ 1011 − 1013 J for brown dwarfs. If I further consider the factor of 4 to 10

underestimate of the energy, as is suggested by our tests in Sect. 8.4, the resulting energies will

further increase.

(II), h as in Table 8.3, i0 = 1000,100, 30 kA: I tested how the lightning radio power and

energy release behaves assuming a fix peak current for each atmosphere. I note that this way I

disregard the findings of Bailey et al. (2014) about Qmin, however, this study gives us valuable

information on how, Wrad and Prad changes with h and therefore with τ. Figures 8.12 and 8.13

show the results for the three example current peaks. The top panels show the radiated energy,

while the bottom panels demonstrate the total radio power. Figures 8.12 presents the results for

solar metallicity atmospheres, Fig. 8.13 shows results for sub-solar metallicity atmospheres. As

expected, the larger the peak current, the more power and energy is released from lightning. A

more interesting result is that while in solar metallicity atmospheres lightning is more energetic

in giant gas planets, in sub-solar compositions lightning releases more energy in higher gravity

environments (brown dwarfs). With the highest peak current, i0 = 1000 kA, the released radio

energy is Wrad ∼ 106−5×107 J for both gas giants and brown dwarfs, with slightly lower energy

release from the latter type of objects.

(III), Qmin as in Table 8.3, h = 2,7.89, 259 km: Next, I fixed h for each atmosphere, and

use Qmin from Bailey et al. (2014). Again, this way I disregard their findings about the discharge

channel, however, we gain clear information about energy and power behaviour with varying

current peak, i0 (Table 8.3) in the example atmospheres. Figure 8.14 shows our results. The

top panels present the results for solar metallicity, while the bottom ones show lightning radio

energies (left) and powers (right) in sub-solar metallicity atmospheres. It is clear from the figure,

that sub-solar metallicity atmospheres produce lightning with more radio energy and power re-

lease than solar compositions. For the same h, in higher surface gravity environments (i.e. brown

dwarfs) lightning releases less energy than in lower surface gravity objects. The released power

and energy slightly decreases with effective temperature. Also, the shorter the discharge channel

the larger Prad and Wrad J. In this case, giant gas planetary lightning produces higher energy ev-

ery time. The released radio energy for gas giants is Wrad ∼ 108 − 1015 J, and for brown dwarfs

Wrad ∼ 5× 104− 1010 J. Applying various radio efficiencies, the total dissipation energy can be 2
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Table 8.10: Statistical analysis of the changes in the total discharge energy, Wd , and the total radio power
of lightning, Prad due to changes in the α parameter. α is randomly picked for 100 times, for each extrasolar
case study in Table 8.3 (in total 16 cases, as in Approach (I)). The statistical values here are the minimum,
maximum, average and median of the results of the 16 cases. The maximum value suggest that there is
a 200% change in the results, however, that is only valid for one data point, which corresponds to the
outlier data points in Figs 8.11, 8.12, and 8.13 ([M/H]=0.0, log(g)=3.0, Teff = 2000 K). After removing
this outlier, we get a more informative result.

minimum maximum average median
α 8.7% 9.5% 9.3% 9.3%
Wrad 12.5% 200.0% 32.9% 21.4%
Prad 12.5% 200.0% 32.9% 21.4%

After removing the 200% outlier
α 8.7% 9.5% 9.3% 9.3%
Wrad 12.5% 36.2% 21.8% 19.8%
Prad 12.5% 36.2% 21.8% 19.8%

to 3 orders of magnitude larger than Wrad, and further applying the uncertainty factor from our

tests in Sect. 8.4, the results can be even higher by an order of magnitude.

My results suggest that the discharge energy will strongly depend on the process through

which the cloud particles are charged and the processes that cause the electrostatic potential to

build up. A discussion of processes for brown dwarfs and giant gas planets can be found in Helling

et al. (2016a) and in comparison to the Solar System in Helling et al. (2016b). However, no con-

sistent description of large-scale lightning discharges is available for the atmospheres discussed

here, nor for any of the Solar System planets.

8.5.2 The effect of parameter uncertainties

a) α [s−1]: I tested our results against the uncertainty in the only (semi-)randomly chosen

parameter, α, a frequency type constant introduced in the current function (Eq. 8.6). I

randomly choose α from a normal distribution with mean and standard deviation that en-

sures that α is ∼ 1 order of magnitude lower than β , the other frequency type parameter

of the bi-exponential current function (Eq. 8.6). This choice is based on the commonly

used α and β pairs in the literature (Table 8.1). I carried out the numerical experiment

for a hundred runs for each exoplanet and brown dwarf types (Table 8.3). The results are

listed in Table 8.10, and show that a roughly 9.3% change in α as a result of the random

pick throughout the 100 runs for each case, results in a 21.8% average and 19.8% median

variation in both the total power (Prad) and the total discharge energy (Wd). The varia-

tion in both Wd and Prad is between 12.5% and 36.2% depending on the object, and with
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Table 8.11: Effects of changing discharge duration, τ (left), and current peak, i0 (right), compared to a
base value, on the total radio power, Prad, and the radiated discharge energy, Wrad. All other parameters
remain unchanged. The base value for τ was 100 µs, while for i0 it was 30 kA. ∆ sign represents the
change or uncertainty in the value.

∆τ [s] ∆Prad ∆Wrad ∆i0 [A] ∆Prad ∆Wrad
10−6 0.13 % 1.13 % 103 6.8% 6.8%
10−5 1.2 % 11.3 % 104 77.8% 77.8%
10−4 6.6 % 113.3 %

that on the extension of the discharge, h, and the number of charges in the channel, Qmin.

However, the tests did not include the testing of the effects of h and Qmin. These values

are calculated after removing the outlier of the data set, appearing in both Figs 8.11, 8.12,

and 8.13 ([M/H]=0.0, log(g)=3.0, Teff = 2000 K). This atmosphere alone suggests that

the variations caused by α can be up to 200%. However, this data point causes errors in the

calculations, most probably due to numerical effects caused by the combination of a very

short channel and a large Qmin.

b) τ [s] and i0 [A]: The discharge duration, τ, and the peak current, i0, are the two values

that will affect the results the most (Sect. 8.5). Therefore, I tested how much changing

these values compared to a base value will affect the resulting radiated discharge energy,

Wrad, and total radio power, Prad. I gradually increased τ and i0 separately, starting from

a base or comparison value, while all the rest of the input parameters were fixed (i.e α, β ,

see Sect. 8.2.2). The base value for τ was 100 µs, while for i0 it was 30 kA. The results are

shown in Table 8.11. The tests showed, that the energy is fairly sensitive to the changes

in the discharge duration, while the power seems to be less sensitive. A 100 µs change in

τ causes only about a percent change in the energy, and 0.1% change in the power. Two

orders of magnitude change in τ changes the power only by 6.6%, but changes the energy

by more than a 100%. I also point out that increasing τ results in a increasing Prad and

Wrad. Similarly, I tested the sensitivity of the end results to i0. The results show that a 10

kA change in the peak current results in a∼ 77.8% change in both the total radio power, and

the radiation energy. This is twice as much as the uncertainty caused by the α parameter.

The duration of the return stroke is not well determined for different planets. For Earth

it is around 50-100 µs (Rakov & Uman, 2003), while for Saturn the duration of the SEDs

(Saturn Electrostatic Discharges) were measured to be between 30 ms and more than 0.3

s (Zarka et al., 2004). This suggest that the duration of exoplanetary lightning will span
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a fairly large interval, resulting in large variations in the released energy and radio power.

In this study we calculated the peak current based on the obtained charges in Bailey et al.

(2014, case ii)). These currents are of the order of 107 − 109 A, therefore the changes due

to the current in the resulting energies and radio powers are significant.

8.6 Conclusions

It has been shown before that lightning may occur in extrasolar planetary and brown dwarf at-

mospheres (e.g. Helling et al., 2013b,a). However, due to the lack of actual "exo-lightning" obser-

vations, we do not know how similar or different lightning is in extrasolar planetary atmospheres

compared to what is known from the Solar System. In this chapter, I estimated the energy radi-

ated at radio frequencies and dissipated from lightning discharges and the total power emitted at

radio frequencies in order to study the differences and similarities of extrasolar and Solar System

lightning.

In general, the radiated power and emitted energy of a lightning discharge depends on two

properties: the discharge duration, τ, and the peak current, i0. The quicker the lightning dis-

charge, the larger the power and energy released from it when the peak current is constant. Short

lightning channels are the result of high local pressure in the atmosphere (e.g. for large surface

gravity and low metallicity; Bailey et al., 2014). The larger the peak current, the larger the power

and energy released from the lightning discharge, hence, atmospheres that are exposed or intrin-

sically produce high-efficient cloud charging may produce a large current flow, and therefore a

large radio signal. I also found that for a shorter discharge, a smaller peak current is necessary to

obtain the same power density measured at a given radio frequency. Therefore, quick discharges

do not require a large amount of current in order to produce observable radio fluxes at high fre-

quencies. However, what "quick discharge" and "large amount of current" mean, will depend on

the distance of the observed planet, and the surrounding radio noise. Xue et al. (2015) measured

the spectrum of natural cloud-to-ground discharges, and arrived to a similar conclusion that the

structure of the spectrum is mostly affected by the current magnitude and duration.

My results suggest that lightning on extrasolar, planetary objects can be very different from

what we know from the Solar System. I related the model to extrasolar atmospheres through

the extension of the discharge, h, and the charges in the current channel, Qmin, as described in

Sects 8.3 and 8.5.1. I note that the actual number of charges resulting in the potential difference

of a cloud that precedes a lightning discharge, as well as the extension of the discharge channel
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are unknown, therefore I followed three approaches to determine the energy and radio power of

lightning in different extrasolar atmospheres:

• (I), h and Qmin as in Table 8.3 (Bailey et al., 2014): Qmin is obtained for each atmosphere

type so that it is the minimum number of charges necessary to initiate a pressure-dependent

breakdown field in the individual atmospheres (Bailey et al., 2014). h is also determined

based on propagation effects in an extrasolar atmosphere (Bailey et al., 2014). The results

indicate that due to the very short channels, and the large amount of charges in the channel,

very quick discharges occur with very large peak currents in giant gas planets. Moreover,

Figure 8.11 suggests that total dissipated energies can reach as high as 1011 − 1013 J in

brown dwarfs (log(g)=5.0) and 1016 − 1017 J in giant gas planets (log(g)=3.0).

• (II), h as in Table 8.3, i0 = 1000, 100,30 kA: Qmin is obtained from the same peak cur-

rent, i0, for each atmosphere type, which are represented by h from Bailey et al. (2014). I

find that lightning in giant gas planets, or low-gravity, young, brown dwarfs, with log(g)=

3.0, reaches higher energies than in brown dwarfs with log(g)= 5.0, if the metallicity is

sub-solar, however higher surface gravity objects with solar metallicity host more energetic

lightning flashes. In general, atmospheres with sub-solar metallicity host stronger flashes

than in solar compositions. The released lightning energy and power are less dependent on

the bodies’ effective temperature, than on the surface gravity or the chemical composition

of the object (Figs 8.12 and 8.13).

• (III), Qmin as in Table 8.3, h = 2, 7.89,259 km: I apply the results from Bailey et al.

(2014) for Qmin, and an h that is measured for discharges in the Solar System. I estimate

the energy and power for three different extensions. The results (Fig. 8.14) suggest that

sub-solar metallicity atmospheres host more energetic, more powerful lightning flashes. For

the same h, higher surface gravity objects host less powerful and energetic flashes. I also

find, that the shorter the discharge channel the higher the released energy and power are.

Wrad ∼ 108 − 1015 J for gas giant planets, and Wrad ∼ 5× 104 − 1010 J for brown dwarfs.

I further note that our results may underestimate the actual energy-release by a factor of four to

ten, as it is suggested by our tests with Solar System lightning (Sect. 8.4). Uncertainty in the

results is also introduced by the random pick of the α parameter (Sect. 8.5.2), which can be on

average 20%.
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The results suggest that lightning releases more energy and radio power in certain exoplane-

tary and brown dwarf atmospheres than in Solar System planetary atmospheres. The considered

objects are much more different from Earth, Jupiter, and Saturn, where lightning has been ob-

served, therefore such energy release may not be unreasonable.
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9
Summary and Future Research

The presently known ensemble of exoplanets is extremely diverse, including Earth-like planets

and giant gas planets some of which resemble brown dwarfs. A large number of these objects

have atmospheres where clouds form. Our current knowledge of cloud formation on exoplanets

and brown dwarf (e.g. Sing et al., 2015; Helling et al., 2008a, 2011b,a), and lightning activity in

the Solar System (e.g Rakov & Uman, 2003; Yair et al., 2008; Yair, 2012; Helling et al., 2016a)

suggest that lightning occurs in extrasolar atmospheres. The electrostatic field breakdown that is

associated with lightning is relatively independent of the chemical composition of the atmospheric

gas. The local population of thermal electrons provides the seed electrons to initiate such a field

breakdown also in extrasolar atmospheres (Helling et al., 2013b). Cosmic rays will enhance

this population of seed electrons in particular in the upper part of the atmosphere. Therefore,

large-scale discharges in the form of lightning should be expected to occur in the upper, electron-

dominated part of atmospheric clouds (Helling et al., 2013b).

Studying lightning in extrasolar atmospheres, as well as on Solar System planet, is important

to understand atmospheric electrification, convection and cloud dynamics. Lightning discharges
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largely affect the chemistry of the local atmosphere, and it has been shown that they produce

prebiotic molecules Miller (1953); Miller & Urey (1959), species important for the formation

of life. Since "exo-lightning" has not been observed yet, we can only model the properties of

discharges on exoplanets and brown dwarfs based on knowledge obtained from Solar System

lightning. The models, however, can be extended and applied for extrasolar bodies. In this

thesis I presented a first, in-depth study of exoplanetary and brown dwarf lightning properties

and observability. Here, I summarize this work and will present an outlook on future research

prospects.

9.1 Properties of "exo-lightning"

Lightning has not been detected outside the Solar System, therefore, in order to address lightning

activity on extrasolar objects, we have to look around us and see what we already know about

lightning on Earth and on other Solar System planets. In this thesis I studied two major charac-

teristics of lightning: its spatial and temporal distribution, and its energy and power emission.

In Chapter 5 I presented a statistical study of lightning activity on Earth, Jupiter, Saturn,

and Venus, based on optical and/or radio measurements. The obtained information in Sections

5.2 and 5.3 was used to estimate lightning occurrence on example extrasolar planetary objects,

including transiting and directly imaged planets, and brown dwarfs. The results suggest that vol-

canically very active planets, and objects with clouds of similar compositions as volcano plumes,

would show the largest lightning flash densities if lightning occurred at the same rate on these

planets as it does in volcano plumes on Earth.

In Chapter 6 I gave a first estimate of lightning activity on the exoplanet HAT-P-11b based

on observational data. I found that the tentative radio emission detected from the direction of

the exoplanet, could be produced by extremely large lightning activity, if lightning has the same

energetic properties that we know from Saturn. The included parameter study suggests that under

certain conditions lower flash density-storms could produce the observed radio signal, with flash

densities of the order of a few tens of flashes km−2 h−1. This is only ten times larger than what the

average largest storms show in the USA, and is not unprecedented in the Solar System. In Chapter

7, I studied what the optical emission of "exo-lightning" would be, if it had the same statistical

and radiating characteristics that we know from the Solar System. I estimated optical fluxes and

apparent magnitudes of lightning storms on the three closest brown dwarfs, Luhman-16, ε Indi,
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and SCR 1845-6357, in standard I, V, and U bands. The results suggest that lightning will occur

in a large variety of extrasolar objects, with various flash densities, emitted powers and discharge

durations. Some of the parameter combinations with the largest optical power output and largest

flash densities could favour lightning observations in the optical band, since lightning storms on

the investigated brown dwarfs could be as bright us a 13 to 16 magnitude star.

After studying lightning in the Solar System and applying that knowledge to extrasolar plan-

ets, in Chapter 8 I asked how different lightning can be from this picture on exoplanets and brown

dwarfs. Is it possible that discharges release more energy and power outside the Solar System

than on Solar System planets? The energy released from lightning will determine the strength

of the electromagnetic waves emitted from the discharge, and the amount of non-equilibrium

species produced in the atmosphere. Ultimately, it will determine whether "exo-lightning" signa-

tures can be observed from Earth or not. In Chapter 8, I presented a model built from previously

tested lightning models, and extended it so that exoplanetary lightning can be studied as well.

The simple dipole model calculates the energy and total radio power released by lightning, and

connects these estimates to the atmospheric properties through the extension of the discharge

and the peak of the current flowing in the discharge channel. I found that in objects quite dif-

ferent from Solar System planets (log(g)=3.0 and 5.0; Teff = 1500 . . . 2000; [M/H] = 0.0 and

-0.3), lightning may be 2−8 orders of magnitude more energetic than Earth lightning, and up to

5 orders of magnitude more energetic than Saturnian and Jovian lightning.

The results of this PhD project are essential in understanding how atmospheric electricity

may work in exoplanetary and brown dwarf atmospheres, as it provides the community with a

first estimate of "exo-lightning" occurrence rate and energy release. This work shows a new way

of interpreting observational data. It suggests that the source of observed signals may be very

different from the usually accepted interpretations, e.g. what one might think is a radio signal

resulting from magnetosphere-stellar wind interactions, it may actually be lightning induced radio

emission.

9.2 Future research possibilities

There are several open questions related to the scientific field of exoplanetary atmospheric elec-

tricity. A project directly following the study presented in Chapter 8 has already been started. The

results I discussed in the chapter focus on the energy and total radio power released from light-
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ning on the investigated extrasolar objects. However, it does not provide observability estimates.

This new study will apply the results of Chapter 8, and will further analyse the obtained lightning

power spectra in order to estimate the radio flux of lightning at certain frequency bands from

certain exoplanets and brown dwarfs using the methods presented in Chapters 6 and 7. Combin-

ing the obtained radio flux of one lightning flash with lightning climatology studies presented in

Chapter 5, I will be able to estimate the total radio flux of lightning discharges from extrasolar

objects. The study will further explore the implications of possible radio signal detection, e.g. it

will provide estimates of ionospheric plasma frequency.

The already existing predictions can be tested by actual observations. As the results of this

thesis suggest, a multi-wavelength observational campaign could lead to the first detection of

lightning induced signatures on an extrasolar object, most probably a close-by faint brown dwarf.

Radio and optical observations simultaneously could produce yet un-seen and un-explained sig-

nals, which may be the result of lightning activity. Such observations could be followed up by

infrared telescopes, which could detect spectral signatures of enhanced non-equilibrium species

produced by lightning in the atmosphere of the observed object. Low-frequency radio arrays

like LOFAR or LWA (Long Wavelength Array), high-precision optical and NIR telescopes, like the

ones of the Gemini Observatory, and future space missions such as JWST (James Webb Space

Telescope) could all contribute to the future study of extrasolar lightning.

Such project would involve the addressing of the following questions: which objects are the

best candidates for lightning detection with current technology, and what sensitivity would be

needed to observe lightning on an Earth-like planet in the habitable zone? With current radio

facilities, what depths can we hope to reach? What radio bands are the most promising for ob-

servations? How could the observations be improved by potential space radio-arrays? The data

obtained by ground-based telescopes could further provide with information on Earth lightning

as a noise-source in the data of extra-terrestrial observations. The outcome of such observational

research project would be beneficial and significant no matter whether lightning is detected on an

exoplanet or brown dwarf, or not. The detection of "exo-lightning", combined with planetary light-

ning observations with, e.g. the Juno spacecraft, would support theoretical works regarding cloud

formation, convection, ionization, and electricity in extrasolar atmospheres, or would encourage

the further development of such work. Non-detection of lightning would suggest that a better un-

derstanding of exo-climates, cloud patterns and theoretical lightning formation is needed, carving

the path for future studies.
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The modelling work presented in Chapter 8 largely focuses on hot Jupiters and brown dwarfs.

However, there is a large population of extrasolar objects that it does not address, such as super-

Earths, Earth-size planets, directly imaged young planets, etc. Therefore, further modelling work

can improve our current understanding of lightning on exoplanets. The work I presented in

Chapter 8 based on input parameters from Bailey et al. (2014), who estimated several properties

of large-scale discharges in hot exoplanets and brown dwarfs. A coupling between their code

and my energy-estimate code would lead to lightning energy estimates in several exoplanet types

other than what has already been studied.
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Heidler, F., & Cvetić, J. M. 2002, European Transactions on Electrical Power, 12

Helling, C. et al. 2008a, MNRAS, 391, 1854, 0809.3657

Helling, C., & Casewell, S. 2014, A&ARv, 22, 80, 1410.6029

Helling, C., Dehn, M., Woitke, P., & Hauschildt, P. H. 2008b, ApJ, 675, L105, 0801.3733

——. 2008c, ApJ, 677, L157

Helling, C. et al. 2016a, Surveys in Geophysics, 37, 705, 1601.04594

Helling, C., Jardine, M., Diver, D., & Witte, S. 2013a, Planet. Space Sci., 77, 152, 1207.1907

Helling, C., Jardine, M., & Mokler, F. 2011a, ApJ, 737, 38, 1105.4409

Helling, C., Jardine, M., Stark, C., & Diver, D. 2013b, ApJ, 767, 136, 1301.7586

Helling, C., Jardine, M., Witte, S., & Diver, D. A. 2011b, ApJ, 727, 4, 1010.4389

Helling, C. et al. 2016b, MNRAS, 460, 855, 1603.04022

Helling, C., Woitke, P., Rimmer, P. B., Kamp, I., Thi, W.-F., & Meijerink, R. 2014, Life, 4, 142,

1403.4420



Helling, C., Woitke, P., & Thi, W.-F. 2008d, A&A, 485, 547, 0803.4315

Heng, K., & Showman, A. P. 2015, Annual Review of Earth and Planetary Sciences, 43, 509,

1407.4150

Hernandez, S., & et al. 2012, Space Telescope Imaging Spectrograph Instrument Handbook for

Cycle 21 v. 12.0

Herschel, J. 1868, Proceedings of the Royal Society of London Series I, 17, 61

Hesman, B. E. et al. 2011, in EPSC-DPS Joint Meeting 2011, 1222

Hesman, B. E. et al. 2012, ApJ, 760, 24

Hess, V. F. 1912, Physikalische Zeitschrift, 13, 1084

Hill, R. D. 1979, Reviews of Geophysics and Space Physics, 17, 155

Hodosán, G., Helling, C., Asensio-Torres, R., Vorgul, I., & Rimmer, P. B. 2016a, MNRAS, 461,

3927, 1606.09172

Hodosán, G., Helling, C., & Vorgul, I. 2017, MNRAS, submitted

Hodosán, G., Rimmer, P. B., & Helling, C. 2016b, MNRAS, 461, 1222, 1604.07406

Høg, E. et al. 2000, A&A, 355, L27

Holden, D. N., Munson, C. P., & Devenport, J. C. 1995, Geophys. Res. Lett., 22, 889

Hörst, S. M. 2017, ArXiv e-prints, 1702.08611

Horvath, G., Skalny, J. D., Mason, N. J., Klas, M., Zahoran, M., Vladoiu, R., & Manole, M. 2009,

Plasma Sources Science Technology, 18, 034016

Houck, J. R. et al. 2004, ApJS, 154, 18, astro-ph/0406167

Huber, K. F., Czesla, S., & Schmitt, J. H. M. M. 2017, A&A, 597, A113, 1611.00153

Huffines, G. R., & Orville, R. E. 1999, Journal of Applied Meteorology, 38, 1013

Hurley, J., Irwin, P. G. J., Fletcher, L. N., Moses, J. I., Hesman, B., Sinclair, J., & Merlet, C. 2012,

Planet. Space Sci., 65, 21

Hutchins, M. L., Holzworth, R. H., Brundell, J. B., & Rodger, C. J. 2012, Radio Science, 47, 6005



Hutchins, M. L., Holzworth, R. H., Virts, K. S., Wallace, J. M., & Heckman, S. 2013, Geophys. Res.

Lett., 40, 2390

Inan, U. S., Reising, S. C., Fishman, G. J., & Horack, J. M. 1996, Geophys. Res. Lett., 23, 1017

Ingersoll, A. P., Gierasch, P. J., Banfield, D., Vasavada, A. R., & Galileo Imaging Team. 2000, Nature,

403, 630

Ito, Y., Ikoma, M., Kawahara, H., Nagahara, H., Kawashima, Y., & Nakamoto, T. 2015, ApJ, 801,

144, 1501.05393

Jacobson, A. R., Holzworth, R. H., & Shao, X.-M. 2011, Annales Geophysicae, 29, 1587

James, M. R., Lane, S. J., & Gilbert, J. S. 2000, J. Geophys. Res., 105, 16

James, M. R., Wilson, L., Lane, S. J., Gilbert, J. S., Mather, T. A., Harrison, R. G., & Martin, R. S.

2008, Space Sci. Rev., 137, 399

Janson, M. et al. 2013, ApJ, 778, L4, 1310.4183

Johnson, A. P., Cleaves, H. J., Dworkin, J. P., Glavin, D. P., Lazcano, A., & Bada, J. L. 2008, Science,

322, 404

Jose, P. D. 1950, J. Geophys. Res., 55, 39

Joule, J. P. 1872, Nature, 6, 161

Kaeufl, H.-U. et al. 2004, in Society of Photo-Optical Instrumentation Engineers (SPIE) Confer-

ence Series, Vol. 5492, Ground-based Instrumentation for Astronomy, ed. A. F. M. Moorwood

& M. Iye, 1218–1227

Kaiser, M. L., Desch, M. D., Farrell, W. M., & Zarka, P. 1991, J. Geophys. Res., 96, 19043

Kaltenegger, L., Fridlund, M., & Kasting, J. 2002, in ESA Special Publication, Vol. 514, Earth-like

Planets and Moons, ed. B. H. Foing & B. Battrick, 277–282

Kaltenegger, L., Henning, W. G., & Sasselov, D. D. 2010, AJ, 140, 1370, 1009.1355

Kaltenegger, L., Sasselov, D., & Rugheimer, S. 2013, ApJ, 775, L47, 1304.5058

Kaltenegger, L., Traub, W. A., & Jucks, K. W. 2007, ApJ, 658, 598, astro-ph/0609398

Kane, S. R. 2014, ApJ, 782, 111, 1401.3349



Kane, S. R., Barclay, T., & Gelino, D. M. 2013, ApJ, 770, L20, 1305.2933

Kane, S. R., Kopparapu, R. K., & Domagal-Goldman, S. D. 2014, ApJ, 794, L5, 1409.2886

Kao, M. M., Hallinan, G., Pineda, J. S., Escala, I., Burgasser, A., Bourke, S., & Stevenson, D. 2016,

ApJ, 818, 24, 1511.03661

Kassim, N. E. et al. 2005, in Astronomical Society of the Pacific Conference Series, Vol. 345, From

Clark Lake to the Long Wavelength Array: Bill Erickson’s Radio Science, ed. N. Kassim, M. Perez,

W. Junor, & P. Henning, 392

Kasting, J. F. 1993, Science, 259, 920

Kasting, J. F., Kopparapu, R., Ramirez, R. M., & Harman, C. E. 2014, Proceedings of the National

Academy of Science, 111, 12641, 1312.1328

Kasting, J. F., Whitmire, D. P., & Reynolds, R. T. 1993, Icarus, 101, 108

Katz, J. I. 2017, ArXiv e-prints, 1702.02161

Kawahara, H., & Fujii, Y. 2010, ApJ, 720, 1333, 1004.5152

——. 2011, ApJ, 739, L62, 1106.0136

Kempton, E. M.-R., Lupu, R., Owusu-Asare, A., Slough, P., & Cale, B. 2017, PASP, 129, 044402,

1611.03871

Kitzmann, D., Patzer, A. B. C., von Paris, P., Godolt, M., Stracke, B., Gebauer, S., Grenfell, J. L., &

Rauer, H. 2010, A&A, 511, A66, 1002.2927

Knutson, H. A., Charbonneau, D., Allen, L. E., Burrows, A., & Megeath, S. T. 2008, ApJ, 673, 526,

0709.3984

Knutson, H. A. et al. 2012, ApJ, 754, 22, 1206.6887

Kochkin, P., van Deursen, A. P. J., de Boer, A., Bardet, M., & Boissin, J.-F. 2015, Journal of Physics

D Applied Physics, 48, 425202, 1509.00997

Konovalenko, A. A. et al. 2013, Icarus, 224, 14

Kopparapu, R. K. et al. 2013, ApJ, 765, 131, 1301.6674



Kopparapu, R. K., Ramirez, R. M., SchottelKotte, J., Kasting, J. F., Domagal-Goldman, S., & Eymet,

V. 2014, ApJ, 787, L29, 1404.5292

Kovács, T., & Turányi, T. 2010, Icarus, 207, 938

Krasnopolskii, V. A. 1980, Cosmic Research, 18, 429

——. 1983, Planet. Space Sci., 31, 1363

Krasnopolsky, V. A. 2006, Icarus, 182, 80

Krauss, C. E., Horányi, M., & Robertson, S. 2003, New Journal of Physics, 5, 70

Krehbiel, P. R., Thomas, R. J., Rison, W., Hamlin, T., Harlin, J., & Davis, M. 2000, EOS Transactions,

81, 21

Kreidberg, L. et al. 2014, Nature, 505, 69, 1401.0022

——. 2015, ApJ, 814, 66, 1504.05586

Krider, E. P., Dawson, G. A., & Uman, M. A. 1968, J. Geophys. Res., 73, 3335

Ksanfomaliti, L. V. 1980, Nature, 284, 244

Kumar, A. et al. 2012, in Society of Photo-Optical Instrumentation Engineers (SPIE) Conference

Series, Vol. 8443, Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series,

1208.4670

Kuzuhara, M. et al. 2013, ApJ, 774, 11, 1307.2886

Lacy, J. H., Richter, M. J., Greathouse, T. K., Jaffe, D. T., & Zhu, Q. 2002, PASP, 114, 153, astro-

ph/0110521

Lammer, H., Tokano, T., Fischer, G., Stumptner, W., Molina-Cuberos, G. J., Schwingenschuh, K.,

& Rucker, H. O. 2001, Planet. Space Sci., 49, 561

Lane, S. J., & Gilbert, J. S. 1992, Bulletin of Volcanology, 54, 590

Lanzerotti, L. J., Rinnert, K., Dehmel, G., Gliem, F. O., Krider, E. P., Uman, M. A., & Bach, J. 1996,

Science, 272, 858

Lazio, W., T. J., Farrell, W. M., Dietrick, J., Greenlees, E., Hogan, E., Jones, C., & Hennig, L. A.

2004, ApJ, 612, 511



Le Fèvre, O. et al. 2003, in Society of Photo-Optical Instrumentation Engineers (SPIE) Confer-

ence Series, Vol. 4841, Instrument Design and Performance for Optical/Infrared Ground-based

Telescopes, ed. M. Iye & A. F. M. Moorwood, 1670–1681

Le Vine, D. M. 1980, J. Geophys. Res., 85, 4091

Le Vine, D. M., & Willett, J. C. 1995, J. Geophys. Res., 100, 18

Leblanc, F., Aplin, K. L., Yair, Y., Harrison, R. G., Lebreton, J. P., & Blanc, M. 2008, Planetary

Atmospheric Electricity

Lecavelier des Etangs, A. et al. 2012, A&A, 543, L4, 1206.6274

Lecavelier Des Etangs, A., Sirothia, S. K., Gopal-Krishna, & Zarka, P. 2009, A&A, 500, L51,

0906.2783

——. 2011, A&A, 533, A50, 1108.3730

Lecavelier des Etangs, A., Sirothia, S. K., Gopal-Krishna, & Zarka, P. 2013, A&A, 552, A65,

1302.4612

Lee, G., Dobbs-Dixon, I., Helling, C., Bognar, K., & Woitke, P. 2016, ArXiv e-prints, 1603.09098

Lee, G., Helling, C., Dobbs-Dixon, I., & Juncher, D. 2015, A&A, 580, A12, 1505.06576

Lehtinen, N. G., Walt, M., Inan, U. S., Bell, T. F., & Pasko, V. P. 1996, Geophys. Res. Lett., 23, 2645

Levine, D. M., & Meneghini, R. 1978, Radio Science, 13, 801

Lewis, J. S. 1980, Icarus, 43, 85

Lewis, J. S., & Prinn, R. G. 1984, Orlando FL Academic Press Inc International Geophysics Series,

33

Li, C., & Ingersoll, A. P. 2015, Nature Geoscience, 8, 398

Line, M. R., & Parmentier, V. 2016, ApJ, 820, 78, 1511.09443

Little, B., Anger, C. D., Ingersoll, A. P., Vasavada, A. R., Senske, D. A., Breneman, H. H., Borucki,

W. J., & The Galileo SSI Team. 1999, Icarus, 142, 306

Lopez, E. D., & Fortney, J. J. 2014, ApJ, 792, 1, 1311.0329



Lorenz, R. D. 2008, Space Sci. Rev., 137, 295

Lowke, J. J., Smith, D., Nelson, K. E., Crompton, R. W., & Murphy, A. B. 2012, Journal of Geo-

physical Research (Atmospheres), 117, D19107

Lu, G. et al. 2010, Geophys. Res. Lett., 37, L11806

Lu, G., Cummer, S. A., Li, J., Han, F., Smith, D. M., & Grefenstette, B. W. 2011, Journal of Geo-

physical Research (Space Physics), 116, A03316

Lu, W. et al. 2012, Journal of Geophysical Research (Atmospheres), 117, D19211

Luhman, K. L. 2013, ApJ, 767, L1, 1303.2401

Lunine, J. I., Hubbard, W. B., & Marley, M. S. 1986, ApJ, 310, 238

Luque, A., Dubrovin, D., Gordillo-Vázquez, F. J., Ebert, U., Parra-Rojas, F. C., Yair, Y., & Price, C.

2014, Journal of Geophysical Research (Space Physics), 119, 8705

Luque, A., Gordillo-Vázquez, F. J., & Pallé, E. 2015, A&A, 577, A94

MacDonald, R. J., & Madhusudhan, N. 2017, MNRAS, 469, 1979, 1701.01113

Macgorman, D. R., Rust, W. D., & Williams, E. R. 1999, Physics Today, 52, 68

Magalhaes, J. A., & Borucki, W. J. 1991, Nature, 349, 311

Maggio, C. R., Marshall, T. C., & Stolzenburg, M. 2009, Journal of Geophysical Research (Atmo-

spheres), 114, 14203

Marisaldi, M. et al. 2015, Geophys. Res. Lett., 42, 9481, 1605.07886

——. 2010, Journal of Geophysical Research (Space Physics), 115, A00E13

Mather, T. A., & Harrison, R. G. 2006, Surveys in Geophysics, 27, 387

Mayne, N. J. et al. 2014, A&A, 561, A1

Mayor, M. et al. 2003, The Messenger, 114, 20

Mayor, M., & Queloz, D. 1995, Nature, 378, 355

McArthur, B. E. et al. 2004, ApJ, 614, L81, astro-ph/0408585



McCullough, P. R., Crouzet, N., Deming, D., & Madhusudhan, N. 2014, ApJ, 791, 55, 1407.2462

McLean, I. S. et al. 1998, in Society of Photo-Optical Instrumentation Engineers (SPIE) Conference

Series, Vol. 3354, Infrared Astronomical Instrumentation, ed. A. M. Fowler, 566–578

McLean, M., Berger, E., Irwin, J., Forbrich, J., & Reiners, A. 2011, ApJ, 741, 27, 1107.1516

McNutt, S. R., & Davis, C. M. 2000, Journal of Volcanology and Geothermal Research, 102, 45

Meegan, C. et al. 2009, ApJ, 702, 791, 0908.0450

Meyer, C. G., Holland, K. N., & Papastamatiou, Y. P. 2005, J. Royal Society Interface, 2, 129

Michael, M., Tripathi, S. N., Borucki, W. J., & Whitten, R. C. 2009, Journal of Geophysical Research

(Planets), 114, E04008

Miguel, Y., Kaltenegger, L., Fegley, B., & Schaefer, L. 2011, ApJ, 742, L19, 1110.2426

Milikh, G., & Roussel-Dupré, R. 2010, Journal of Geophysical Research (Space Physics), 115,

A00E60

Militzer, B., & Hubbard, W. B. 2013, ApJ, 774, 148, 1302.4691

Miller, S. L. 1953, Science, 117, 528

Miller, S. L., & Urey, H. C. 1959, Science, 130, 245

Mitchell, J. L., & Lora, J. M. 2016, Annual Review of Earth and Planetary Sciences, 44, 353

Montañés-Rodríguez, P., & Pallé Bagó, E. 2010, in Astronomical Society of the Pacific Conference

Series, Vol. 430, Pathways Towards Habitable Planets, ed. V. Coudé du Foresto, D. M. Gelino,

& I. Ribas, 505

Moore, C. B., Eack, K. B., Aulich, G. D., & Rison, W. 2001, Geophys. Res. Lett., 28, 2141

Morales, C. A., Neves, J. R., Moimaz, E. A., & Camara, K. S. 2014, in XV International Conference

on Atmospheric Electricity, 15-20 June 2014, Norman, Oklahoma, U.S.A., 1

Morente, J. A., Portí, J. A., Blanchard, C., Navarro, E. A., & Salinas, A. 2009a, Journal of Geo-

physical Research (Planets), 114, E06002

Morente, J. A., Portí, J. A., Salinas, A., & Navarro, E. A. 2008, Icarus, 195, 802



——. 2009b, Icarus, 204, 352

Morley, C. V., Fortney, J. J., Marley, M. S., Visscher, C., Saumon, D., & Leggett, S. K. 2012, ApJ,

756, 172, 1206.4313

Moses, J. I., Fouchet, T., Bézard, B., Gladstone, G. R., Lellouch, E., & Feuchtgruber, H. 2005,

Journal of Geophysical Research (Planets), 110, E08001

Moses, J. I., Madhusudhan, N., Visscher, C., & Freedman, R. S. 2013, ApJ, 763, 25, 1211.2996

Moss, G. D., Pasko, V. P., Liu, N., & Veronis, G. 2006, Journal of Geophysical Research (Space

Physics), 111, A02307

Moudry, D., Stenbaek-Nielsen, H., Sentman, D., & Wescott, E. 2003, Journal of Atmospheric and

Solar-Terrestrial Physics, 65, 509

Mullayarov, V. A., Karimov, R. R., & Kozlov, V. I. 2007, Journal of Atmospheric and Solar-Terrestrial

Physics, 69, 1513

Mylostna, K. et al. 2013, Odessa Astronomical Publications, 26, 251

Nakamura, M. et al. 2016, Earth, Planets, and Space, 68, 75

——. 2007, Planet. Space Sci., 55, 1831

Navarro-González, R., Ramírez, S. I., de la Rosa, J. G., Coll, P., & Raulin, F. 2001, Advances in

Space Research, 27, 271

Neuhauser, R., & Comeron, F. 1998, Science, 282, 83

Noll, K. S., Geballe, T. R., & Marley, M. S. 1997, ApJ, 489, L87

Noxon, J. F. 1976, Geophys. Res. Lett., 3, 463

Nuth, J. A., Paquette, J. A., & Farquhar, A. 2012, Meteoritics and Planetary Science, 47, 2056

Oparin, A. I. 1938, The Origin of Life (Macmillan, New York)

Orville, R. E. 1980, Journal of Applied Meteorology, 19, 470

Østgaard, N., Albrecthsen, K. H., Gjesteland, T., & Collier, A. 2015, Geophys. Res. Lett., 42, 10,

1605.05465



Ott, L. E. et al. 2010, Journal of Geophysical Research (Atmospheres), 115, D04301

Paiva, G. S., Ferreira, J. V., Bastos, C. C., dos Santos, M. V., & Pavão, A. C. 2010, Physics Uspekhi,

53, 209

Pallé, E., Zapatero Osorio, M. R., Barrena, R., Montañés-Rodríguez, P., & Martín, E. L. 2009,

Nature, 459, 814, 0906.2958

Paolone, M. 2001, PhD Thesis, University of Bologna

Pasko, V. P. 2003, Nature, 423, 927

——. 2007, Plasma Sources Science Technology, 16, 13

——. 2010, Journal of Geophysical Research (Space Physics), 115, 0

Pasko, V. P., Yair, Y., & Kuo, C.-L. 2012, Space Sci. Rev., 168, 475

Patel, B. H., Percivalle, C., Ritson, D. J., Duffy, C. D., & Sutherland, J. D. 2015, Nature Chemistry,

7, 301

Perryman, M. 2011, The Exoplanet Handbook

Petrov, N. I., & Petrova, G. N. 1999, Journal of Technical Physics, 44, 472

Pillitteri, I., Maggio, A., Micela, G., Sciortino, S., Wolk, S. J., & Matsakos, T. 2015, ApJ, 805, 52,

1503.05590

Pillitteri, I., Wolk, S. J., Lopez-Santiago, J., Günther, H. M., Sciortino, S., Cohen, O., Kashyap, V.,

& Drake, J. J. 2014, ApJ, 785, 145, 1403.1029

Pinto Neto, O., Pinto, I. R. C. A., & Pinto, O. 2013, Journal of Atmospheric and Solar-Terrestrial

Physics, 98, 12

Plooster, M. N. 1971, Physics of Fluids, 14, 2124

Podolak, M., & Bar-Nun, A. 1988, Icarus, 75, 566

Pont, F., Knutson, H., Gilliland, R. L., Moutou, C., & Charbonneau, D. 2008, MNRAS, 385, 109,

0712.1374

Pont, F., Sing, D. K., Gibson, N. P., Aigrain, S., Henry, G., & Husnoo, N. 2013, MNRAS, 432, 2917,

1210.4163



Pounder, C. 1980, Weather, 35, 357

Procter, H. R. 1872, Nature, 6, 220

Pudovkin, M. I., & Veretenenko, S. V. 1995, Journal of Atmospheric and Terrestrial Physics, 57,

1349

Quintana, E. V. et al. 2014, Science, 344, 277, 1404.5667

Rakov, V. A., & Uman, M. A. 2003, Lightning (Cambridge University Press, Cambridge)

Raymond, S. N., Quinn, T., & Lunine, J. I. 2005, Icarus, 177, 256, astro-ph/0407620

Read, P. 2011, Nature, 475, 44

Rimmer, P., Ardaseva, A., Hodosan, G., & Helling, C. 2016, in COSPAR Meeting, Vol. 41, 41st

COSPAR Scientific Assembly

Rimmer, P. B., & Helling, C. 2013, ApJ, 774, 108, 1307.3257

——. 2016, ApJS, 224, 9, 1510.07052

Rinnert, K., Lanzerotti, L. J., Uman, M. A., Dehmel, G., Gliem, F. O., Krider, E. P., & Bach, J. 1998,

J. Geophys. Res., 103, 22979

Rison, W., Thomas, R. J., Krehbiel, P. R., Hamlin, T., & Harlin, J. 1999, Geophys. Res. Lett., 26,

3573

Rodriguez, S. et al. 2007, in Lunar and Planetary Science Conference, Vol. 38, Lunar and Planetary

Science Conference, 1689

Rodríguez-Barrera, M. I., Helling, C., Stark, C. R., & Rice, A. M. 2015, MNRAS, 454, 3977,

1509.02769

Roming, P. W. A. et al. 2005, Space Sci. Rev., 120, 95, astro-ph/0507413

Romps, D. M., Seeley, J. T., Vollaro, D., & Molinari, J. 2014, Science, 346, 851

Roussel-Dupré, R., Colman, J. J., Symbalisty, E., Sentman, D., & Pasko, V. P. 2008, Space Sci. Rev.,

137, 51

Route, M., & Wolszczan, A. 2012, ApJ, 747, L22, 1202.1287



——. 2016, ApJ, 821, L21, 1604.04543

Rudlosky, S. D., & Shea, D. T. 2013, Geophys. Res. Lett., 40, 2344

Ruf, C., Renno, N. O., Kok, J. F., Bandelier, E., Sander, M. J., Gross, S., Skjerve, L., & Cantor, B.

2009, Geophys. Res. Lett., 36, L13202

Russell, C. T. 1993, Reports on Progress in Physics, 56, 687

Russell, C. T., Leinweber, H., Hart, R. A., Wei, H. Y., Strangeway, R. J., & Zhang, T. L. 2013, Icarus,

226, 1527

Russell, C. T., Strangeway, R. J., Daniels, J. T. M., Zhang, T. L., & Wei, H. Y. 2011, Planet. Space Sci.,

59, 965

Russell, C. T., Zhang, T., & Hart, R. 2014, in COSPAR Meeting, Vol. 40, 40th COSPAR Scientific

Assembly

Russell, C. T., Zhang, T. L., & Wei, H. Y. 2008, Journal of Geophysical Research (Space Physics),

113, 0

Russell, C. T., Zuelsdorf, R. S., Strangeway, R. J., & Franz, R. 1998, Geophys. Res. Lett., 25, 2645

Salanave, L. E. 1961, Science, 134, 1395

Sánchez-Lavega, A., Fischer, G., Fletcher, L. N., García-Melendo, E., Hesman, B., Pérez-Hoyos,

S., Sayanagi, K. M., & Sromovsky, L. A. 2016, ArXiv e-prints, 1611.07669

Sanz-Forcada, J., Micela, G., Ribas, I., Pollock, A. M. T., Eiroa, C., Velasco, A., Solano, E., &

García-Álvarez, D. 2011, A&A, 532, A6, 1105.0550

Sátori, G., Williams, E., & Lemperger, I. 2009, Atmospheric Research, 91, 500

Saumon, D., Geballe, T. R., Leggett, S. K., Marley, M. S., Freedman, R. S., Lodders, K., Fegley, Jr.,

B., & Sengupta, S. K. 2000, ApJ, 541, 374, astro-ph/0003353

Saumon, D., Marley, M. S., Cushing, M. C., Leggett, S. K., Roellig, T. L., Lodders, K., & Freedman,

R. S. 2006, ApJ, 647, 552, astro-ph/0605563

Saunders, C. P. R. 1993, Journal of Applied Meteorology, 32, 642

Saunders, C. P. R., Keith, W. D., & Mitzeva, R. P. 1991, J. Geophys. Res., 96, 11



Scarf, F. L., Gurnett, D. A., & Kurth, W. S. 1979, Science, 204, 991

Scarf, F. L., Taylor, W. W. L., Russell, C. T., & Brace, L. H. 1980, J. Geophys. Res., 85, 8158

Schaal, M. M., Dwyer, J. R., Saleh, Z. H., Rassoul, H. K., Hill, J. D., Jordan, D. M., & Uman, M. A.

2012, Journal of Geophysical Research (Atmospheres), 117, D15201

Schaefer, L., & Fegley, B. 2009, ApJ, 703, L113, 0906.1204

Schaller, E. L., Roe, H. G., Schneider, T., & Brown, M. E. 2009, Nature, 460, 873

Scholz, R.-D., McCaughrean, M. J., Lodieu, N., & Kuhlbrodt, B. 2003, A&A, 398, L29, astro-

ph/0212487

Schumann, W. O. 1952, Zeitschrift Naturforschung Teil A, 7, 149

Schuster, A. 1880, Proc. Phys. Soc. (London), 3, 46

Scott, C. J., Harrison, R. G., Owens, M. J., Lockwood, M., & Barnard, L. 2014, Environmental

Research Letters, 9, 055004

Seager, S. 2010a, Exoplanet Atmospheres: Physical Processes

——. 2010b, Exoplanets

——. 2013, Science, 340, 577

Seager, S., Kuchner, M., Hier-Majumder, C. A., & Militzer, B. 2007, ApJ, 669, 1279, 0707.2895

See, V., Jardine, M., Fares, R., Donati, J.-F., & Moutou, C. 2015, MNRAS, 450, 4323

See, V., Jardine, M., Vidotto, A. A., Petit, P., Marsden, S. C., Jeffers, S. V., & do Nascimento, J. D.

2014, A&A, 570, A99, 1409.1237

Sentman, D. D. 2004, ISUAL workshop publication, National Cheng-Kunf Univ. Taiwan, 08-013-

0016

Sentman, D. D., Wescott, E. M., Osborne, D. L., Hampton, D. L., & Heavner, M. J. 1995, Geophys.

Res. Lett., 22, 1205

Showman, A. P., & Kaspi, Y. 2013, ApJ, 776, 85, 1210.7573



Shumilov, O. I., Kasatkina, E. A., Henriksen, K., & Vashenyuk, E. V. 1996, Annales Geophysicae,

14, 1119

Siingh, D., Singh, R. P., Kumar, S., Dharmaraj, T., Singh, A. K., Singh, A. K., Patil, M. N., & Singh,

S. 2015, Journal of Atmospheric and Solar-Terrestrial Physics, 134, 78

Siingh, D., Singh, R. P., Singh, A. K., Kulkarni, M. N., Gautam, A. S., & Singh, A. K. 2011, Surveys

in Geophysics, 32, 659

Siingh, D., Singh, R. P., Singh, A. K., Kumar, S., Kulkarni, M. N., & Singh, A. K. 2012, Space Sci.

Rev., 169, 73

Simões, F. et al. 2007, Planet. Space Sci., 55, 1978

Simões, F., Pfaff, R., & Freudenreich, H. 2011, Geophys. Res. Lett., 38, 22101

Simões, F., Rycroft, M., Renno, N., Yair, Y., Aplin, K. L., & Takahashi, Y. 2008, Space Sci. Rev., 137,

455

Simoes, F. et al. 2012, LPI Contributions, 1683, 1052

Sing, D. K., Désert, J.-M., Lecavelier Des Etangs, A., Ballester, G. E., Vidal-Madjar, A., Parmentier,

V., Hebrard, G., & Henry, G. W. 2009, A&A, 505, 891, 0907.4991

Sing, D. K. et al. 2013, MNRAS, 436, 2956, 1309.5261

——. 2011, MNRAS, 416, 1443, 1103.0026

——. 2015, MNRAS, 446, 2428, 1410.7611

Slipher, V. M. 1917, Lowell Observatory Bulletin, 3, 55

Smith, D. M., Buzbee, P., Kelley, N. A., Infanger, A., Holzworth, R. H., & Dwyer, J. R. 2016,

Journal of Geophysical Research (Atmospheres), 121, 11

Smith, D. M. et al. 2011, Geophys. Res. Lett., 38, L08807

Smith, D. M., Lopez, L. I., Lin, R. P., & Barrington-Leigh, C. P. 2005, Science, 307, 1085

Smyth, J. B., & Smyth, D. C. 1976, Radio Science, 11, 977

Sprangle, P., Granatstein, V. L., & Drobot, A. 1977, Journal de Physique, 38, C6



Staehelin, J., Harris, N. R. P., Appenzeller, C., & Eberhard, J. 2001, Reviews of Geophysics, 39,

231

Stanley, M. A., Shao, X.-M., Smith, D. M., Lopez, L. I., Pongratz, M. B., Harlin, J. D., Stock, M., &

Regan, A. 2006, Geophys. Res. Lett., 33, L06803

Stark, C. R., Helling, C., Diver, D. A., & Rimmer, P. B. 2013, ApJ, 776, 11, 1308.2991

Sterzik, M. F., & Bagnulo, S. 2009, in Astronomical Society of the Pacific Conference Series, Vol.

420, Bioastronomy 2007: Molecules, Microbes and Extraterrestrial Life, ed. K. J. Meech, J. V.

Keane, M. J. Mumma, J. L. Siefert, & D. J. Werthimer, 371

Stozhkov, Y. I. 2003, Journal of Physics G Nuclear Physics, 29, 913

Surkov, V. V., & Hayakawa, M. 2012, Annales Geophysicae, 30, 1185

Symons, G. J., ed. 1888, The eruption of Krakatoa, and subsequent phenomena (Trübner & Co.,

London)

Takahashi, Y., Sato, M., Imai, M., Yair, Y., Fischer, G., & Aplin, K. 2016, in EGU General Assembly

Conference Abstracts, Vol. 18, EGU General Assembly Conference Abstracts, 18251

Takahashi, Y., Yoshida, J., Yair, Y., Imamura, T., & Nakamura, M. 2008, Space Sci. Rev., 137, 317

Tavani, M. et al. 2006, in Society of Photo-Optical Instrumentation Engineers (SPIE) Conference

Series, Vol. 6266, Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series

Taylor, H. A., Cloutier, P. A., & Zheng, Z. 1987, J. Geophys. Res., 92, 9907

Tessenyi, M., Tinetti, G., Savini, G., & Pascale, E. 2013, Icarus, 226, 1654, 1308.4986

Thompson, D. J., Bertsch, D. L., Morris, D. J., & Mukherjee, R. 1997, J. Geophys. Res., 102, 14735

Tian, F., Toon, O. B., Pavlov, A. A., & De Sterck, H. 2005, Science, 308, 1014

Tokano, T., Molina-Cuberos, G. J., Lammer, H., & Stumptner, W. 2001, Planet. Space Sci., 49, 539

Torres, G. et al. 2015, ApJ, 800, 99, 1501.01101

Torres, G., Winn, J. N., & Holman, M. J. 2008, ApJ, 677, 1324, 0801.1841

Tran, M. D., & Rakov, V. A. 2015a, Journal of Geophysical Research (Atmospheres), 120, 12



——. 2015b, Journal of Geophysical Research (Atmospheres), 120, 6922

Turtle, E. P., Del Genio, A. D., Barbara, J. M., Perry, J. E., Schaller, E. L., McEwen, A. S., West,

R. A., & Ray, T. L. 2011, Geophys. Res. Lett., 38, L03203

Uman, M. A. 1987, The Lightning Discharge (Academic Press, London)

Uman, M. A., & McLain, D. K. 1969, J. Geophys. Res., 74, 6899

van Haarlem, M. P. et al. 2013, A&A, 556, A2, 1305.3550

Vernet, J. et al. 2011, A&A, 536, A105, 1110.1944

Viana, A., Wiklind, T., Koekem, A., & et al. 2009, Near Infrared Camera and Multi-Object Spec-

trometer Instrument Handbook for Cycle 17 v. 11.0

Vidotto, A. A., Jardine, M., Morin, J., Donati, J.-F., Lang, P., & Russell, A. J. B. 2013, A&A, 557,

A67, 1306.4789

Volk, K., Blum, R., Walker, G., & Puxley, P. 2003, IAU Circ., 8188

Volland, H. 1984, Atmospheric electrodynamics.

von Braun, K. et al. 2011, ApJ, 740, 49, 1106.1152

Vorgul, I., & Helling, C. 2016, MNRAS, 458, 1041, 1601.07474

Wallace, L. 1964, ApJ, 139, 994

Wang, D., Takagi, N., Gamerota, W. R., Uman, M. A., & Jordan, D. M. 2015, Journal of Geophysical

Research (Atmospheres), 120, 10

Warwick, J. W. et al. 1981, Science, 212, 239

Weibel, E. S. 1959, Physical Review Letters, 2, 83

Wenger, M. et al. 2000, A&AS, 143, 9, astro-ph/0002110

Wescott, E. M., Stenbaek-Nielsen, H. C., Sentman, D. D., Heavner, M. J., Moudry, D. R., & Sabbas,

F. T. S. 2001, J. Geophys. Res., 106, 10467

West, A. A., Hawley, S. L., Bochanski, J. J., Covey, K. R., Reid, I. N., Dhital, S., Hilton, E. J., &

Masuda, M. 2008, AJ, 135, 785, 0712.1590



Williams, P. K. G., & Berger, E. 2015, ApJ, 808, 189, 1502.06610

Williams, P. K. G., Gizis, J. E., & Berger, E. 2017, ApJ, 834, 117, 1608.04390

Wilson, C. T. R. 1921, Philosophical Transactions of the Royal Society of London Series A, 221,

73

——. 1925, Proceedings of the Cambridge Philosophical Society, 22, 534

Witte, S., Helling, C., Barman, T., Heidrich, N., & Hauschildt, P. H. 2011, A&A, 529, A44

Woitke, P., & Helling, C. 2003, A&A, 399, 297

Wolszczan, A., & Frail, D. A. 1992, Nature, 355, 145

Wright, J. T., Marcy, G. W., Butler, R. P., & Vogt, S. S. 2004, ApJS, 152, 261, astro-ph/0402582

Wu, T., Takayanagi, Y., Funaki, T., Yoshida, S., Ushio, T., Kawasaki, Z.-I., Morimoto, T., & Shimizu,

M. 2013, Journal of Atmospheric and Solar-Terrestrial Physics, 102, 91

Xu, W., Celestin, S., & Pasko, V. P. 2014, Geophys. Res. Lett., 41, 7406

Xue, S., Yuan, P., Cen, J., Li, Y., & Wang, X. 2015, Journal of Geophysical Research (Atmospheres),

120, 1972

Yair, Y. 2006, IEEJ Transactions on Fundamentals and Materials, 126, 244

——. 2012, Advances in Space Research, 50, 293

Yair, Y., Fischer, G., Simões, F., Renno, N., & Zarka, P. 2008, Space Sci. Rev., 137, 29

Yair, Y. et al. 2004, Journal of Geophysical Research (Atmospheres), 109, D15201

Yair, Y., Katz, S., Yaniv, R., Ziv, B., & Price, C. 2016, Atmospheric Research, 181, 63

Yair, Y., Levin, Z., & Tzivion, S. 1995, Icarus, 115, 421

——. 1998, J. Geophys. Res., 103, 14157

Yair, Y. et al. 2009a, Atmospheric Research, 91, 529

——. 2003, Journal of Atmospheric and Solar-Terrestrial Physics, 65, 635

——. 2013, Journal of Atmospheric and Solar-Terrestrial Physics, 102, 140



Yair, Y., Takahashi, Y., Yaniv, R., Ebert, U., & Goto, Y. 2009b, Journal of Geophysical Research

(Planets), 114, E09002, 0812.0258

Zakharenko, V. et al. 2012, Planet. Space Sci., 61, 53

Zarka, P. 1998, J. Geophys. Res., 103, 20159

——. 2007, Planet. Space Sci., 55, 598

Zarka, P. et al. 2012, Planet. Space Sci., 74, 156

Zarka, P., Cecconi, B., Denis, L., Farrell, W. M., Fischer, G., Hospodarsky, G. B., Kaiser, M. L., &

Kurth, W. S. 2006, in Planetary Radio Emissions VI, ed. H. O. Rucker, W. Kurth, & G. Mann, 111

Zarka, P., Farrell, W., Fischer, G., & Konovalenko, A. 2008, Space Sci. Rev., 137, 257

Zarka, P., Farrell, W. M., Kaiser, M. L., Blanc, E., & Kurth, W. S. 2004, Planet. Space Sci., 52, 1435

Zarka, P., & Pedersen, B. M. 1983, J. Geophys. Res., 88, 9007

——. 1986, Nature, 323, 605

Zarka, P., Treumann, R. A., Ryabov, B. P., & Ryabov, V. B. 2001, Ap&SS, 277, 293

Zhang, R., Tie, X., & Bond, D. W. 2003, Proceedings of the National Academy of Science, 100,

1505

Zhang, X., & Showman, A. P. 2014, ApJ, 788, L6, 1403.2143

Zheng, X. J. 2013, Europena Physical J. E, 36, 138

Zuchowski, L. C., Yamazaki, Y. H., & Read, P. L. 2009, Icarus, 200, 548

Zuelsdorf, R. S., Franz, R. C., Strangeway, R. J., & Russell, C. T. 2000, J. Geophys. Res., 105,

20725


	Declaration
	Copyright Agreement
	Collaboration Statement
	Abstract
	Acknowledgements
	Introduction
	Motivation
	Thesis outline

	The theory of lightning formation
	Ionization processes and charge generation
	Charge accumulation and separation
	Breakdown field and lightning propagation
	Basic physical properties of a cloud-to-ground discharge
	Types of lightning discharges and lightning hosting environments

	Signatures of lightning
	Direct lightning emission
	High-energy emission from lightning
	Optical emission and, visible, and IR spectral signatures
	Radio signatures

	Effects of lightning discharges on the local chemistry
	Emission caused by secondary events

	Lightning inside and outside the Solar System
	Extraterrestrial lightning in the Solar System
	Jupiter
	Saturn
	Uranus and Neptune
	Venus
	Mars and Titan

	Lightning beyond the Solar System - exoplanets and brown dwarfs
	Summary

	Lightning statistics and climatology
	Introduction
	Lightning data from Earth
	Detection efficiency
	Lightning climatology on Earth
	Lightning in volcano plumes

	Lightning on other Solar System planets
	Lightning on Venus?
	Giant gas planets
	Energy distribution

	Discussing lightning on exoplanets and brown dwarfs
	Case-study categories
	Flash densities for extrasolar objects
	Observational challenges: Effects of stellar activity

	Summary

	Lightning on HAT-P-11b? - A case study
	Introduction
	Radio signal strength and lightning frequency
	Lightning radio emission and flash density model
	Flash density for representative parameters - _fl,1
	Parameter study
	Comparison of flash density results

	Lightning detection in the optical range
	Lightning Chemistry
	Summary

	Looking for lightning on the closest brown dwarfs
	Introduction
	Method
	Input parameters
	Total optical flux of lightning and apparent magnitudes

	Results and Discussion
	Conclusions

	Modelling lightning radio energy and testing for Solar System planets
	Introduction
	Model Description
	Dipole radiation of lightning
	Current wave function
	Electric field
	Frequency and power spectra
	Radiated discharge energy and radiated power density

	Computational approach
	Model performance
	Earth
	Saturn
	Jupiter
	Evaluation

	Results and Discussion
	Energy-release of lightning on exoplanets and brown dwarfs
	The effect of parameter uncertainties

	Conclusions

	Summary and Future Research
	Properties of "exo-lightning"
	Future research possibilities

	Bibliography

