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Sprites are short-lived, a few to a few 100 ms, optical emissions in the mesosphere caused by
thunderstorm activity in the troposphere. They are highly dynamic with streamers moving at
velocities up to half the speed of light. To resolve their spatial and temporal behaviour requires high
speed imaging. Our group has over the last decade made sprite observations at up to 20,000 frames
per second with down to 20 m spatial resolution. But even at 20,000 fps there are sprite features, for
example splitting of streamer heads, which requires even higher framing rates to be resolved. The
presentation will focus on examples of our high frame rate observations, our imaging capabilities,

and what we can learn from such observations.

1. Sprites

Sprites occur in the mesosphere caused by
transient electric fields associated with
tropospheric  lightning activity. They are
typically observed in the 60-90 km altitude
range, and they last from a few ms to more than
100 ms. The most spectacular and dynamic
sprite features are streamer heads. They are
relatively small, 10 m to a few 100 m, moving up
and down at velocities in the 10° to 5 10" m/s
range. We have observed velocities up to 1.5 10°
m/s (half the speed of light). General reviews of
the observations may be found in references
[1,2].

Sprites have a number of easily identifiable
optical features: Elve, halo, sprite streamers,
sprite glow, and beads. Their occurrence varies
considerably between events and may not all be
observed. The elve is well understood; it is
caused by the electromagnetic pulse radiated
from the lightning strike exiting airglow
emissions at an altitude near 95 km [3]. When
observed, the elve is an excellent parameter for
timing the causal lightning strike. The halo and
sprite follow the elve. Their onset can be many
10s ms after the elve [4,5], and they are triggered
by the quasi-static mesospheric electric field
resulting from the redistribution of electric
charges due to the lightning strike. The halo is a
large, diffuse, pancake-like luminous feature,
while the streamers and glow are the result of
electrical break-down in the local atmosphere
[6]. The onset altitude of the sprite streamer is in
the 65 to 85 km range with prompt streamers
typically at the higher altitude [4,7].

Based on video observations sprites have
been classified as ‘carrot sprites’ or ‘Columnar
sprites’ (C-sprites). Our high speed observations
show that carrots have both down and upward
propagating streamers, while C-sprites only have
downward streamers [1]. The streamer activity
typically lasts up to 10 ms, while the glow can
remain visible for 100s ms. Finally, sprite beads
are small, largely stationary optical features
often, but not always, associated with streamer
activity. They may be associated with
mesospheric inhomogeneities [8]. We have also
observed beads at low altitudes, ~30 km.

The sprites are very bright which is fortunate
as this makes high speed optical observations
possible. They often outshine Jupiter and Venus
in our observations [2]. The brightest emissions
are from the 1P molecular nitrogen band emitting
in the in the 600-900 nm wavelength range [9].

Propagating streamers are often observed to
suddenly split into many smaller streamers [2]. It
is interesting to note that in laboratory
discharges streamers rarely split into more than 2
whereas in sprites we see up to 10 sub streamers.
The splitting process is very fast. While 10,000
fps is adequate to resolve streamer formation and
movement, we estimate that a frame rate of
50,000 fps is needed to resolve splitting.
Fortunately, streamers are bright enough to allow
such observations using our current imagers.

Sprite streamer activity always starts with
one or more downward propagating streamer.
This is illustrated in Figure 1, where we have
created an image time series from a from a carrot
sprite event recorded at 10,000 fps. The initial
downward streamer starts at 82 km and the
upward streamer, about 2.5 ms later, at 73 km.
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Image time series shows the initial

Figure 1.
downward streamer and a later upward streamer. Time
series covers 4.5 ms. Recording speed is 10,000 fps.
The image strips cover the altitude range 65 to 95 km.
The maximum downward and upward streamer head
velocities are 1.3 10" m/s and 2.3 10" m/s respectively.
(Figure adapted from [1]).

The initial downward streamer may form near
the steep increase in electron density at the
bottom of the ionosphere where a screening
charge will effectively prevent the formation of
an upward streamer. Streamer onset at lower
altitudes may be initiated in naturally occurring
electron density irregularities [10,11,12], but
then, if the causal field is large, also upward
streamers might form [5], which, as mentioned
above, we have never observed. This issue
appears to have been resolved in recent 3-D
streamer simulations [13]. If the causal electric
field is above the local electric field break-down
value, Ey, break-down will occur throughout the
volume. This effectively prevents streamer
formation, and only a halo will be observed. The
conditions for the formation of positive
(downward) streamers are less stringent that for
negative (upward) streamers, and consequently,
for an ambient initial field strength near or below
Ex only the downward streamer will appear.

Much progress has been made in
understanding the processes involved in sprites,
but the role of sprites within the larger
atmospheric system, in particular the impact of
chemical processes initiated by the sprites, and
the contribution from sprites to the global
electric field is still little understood.
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This is a tutorial talk about the modeling of Transient Luminous Events (TLE). We will take a walk
from the micro- to the macro-physics of TLEs and review the most relevant models for each of the

processes that take part in them. We start by briefly reviewing the physics of free electrons in a gas

and then we move to kinetic models for atmospheric plasmas. Next, we study electromagnetic prop-

agation models for elves, drift-reaction models for sprites and halos and streamer-to-leader transition

models for jets. Finally we will talk about large-scale conductor models for fully branched streamer

trees in sprites.

1. Transient Luminous Events

Transient Luminous Events are brief light emis-
sions in the upper atmosphere produced by the electri-
cal activity of a thunderstorm. The quasi-electrostatic
field created at high altitudes by an uncompensated
charge in the cloud is responsible for sprites and
halos. Sprites are filamentary discharges composed
by tens or hundreds of streamers and spanning al-
titudes from about 50 to 80km; halos are diffuse,
pancake-like emissions around 80 km of altitude and
with diameters of about 100 km. The electromagnetic
pulse (EMP) radiated from an impulsive lightning dis-
charge produces elves: expanding, doughnut-shaped
emissions at about 90km. Closer to the ground, a
thundercloud sometimes discharges with an upward-
propagating jet, sometimes called giant blue jet or
simply giant if it reaches all the way up to the iono-
sphere.

2. Modeling TLEs

The physics of transient luminous events is de-
scribed by the acceleration and multiplication of free
electrons in air at different pressures. These processes
are coupled to electromagnetic fields created by space
charges inside or close to the TLE and by the remote
lightning discharge. In this tutorial talk, we will re-
view the models of TLEs currently in use. Here we
offer a few selected examples.

2.1 Sprites and halos

Usually sprite and halos are modelled using drift-
reaction models coupled with quasi-static fields [[1-3]].
Figure |1| provides an example of a drift-reaction sim-
ulation used to investigate the origin of the persistent
spots of luminosity in a streamer channel called beads.
Since halos can be considered almost planar, neglect-
ing their convexity leads to simpler, zero-dimensional

models that have been suceesfully applied to investi-
gate their chemical impact [4].
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Fig. 1: Drift-reaction models are used both for the

propagation of individual streamers inside a sprite and for
the study of halos. Here a drift-reaction model was used to
explain the existence of beads: small, persistent bright dots
inside a streamer channel [5]].

2.2 Elves

The most widely used tool for the modeling of elves
is the solution of the Maxwell equations with a Finite-
Differences, Time-Domain solver [6,(7]]. The electro-
magnetic solver is usually coupled with an integrator
for the time evolution of species densities. Figure [2]
shows a the simulated electromagnetic pulse that pro-
duces an elve as it interacts with the lower ionosphere.
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Fig. 2:

FDTD models are widely used for elves. Here we show the propagation of a lightning-generated electromagnetic

pulse (EMP) as it impinges on the ionosphere. This figure was generated using the open-source GREMPY code (GRanada
Electro-Magnetic PYthon simulator, http://www.iaa.es/~aluque/grempy/usage.html).

2.3 Large-scale charge transport models

The full dynamics of a sprite, including its hundreds
or thousands of filaments cannot be realistically cap-
tured by drift-diffusion streamer models, which are
presently limited to one or at most a few streamer
channels. This problem calls for the construction of
large-scale models where streamer channels are rep-
resented as interacting, one-dimensional objects [§].
We show an example of this kind of model in figure 3]
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Fig. 3: Large-scale transport models represent
a streamer tree by a set of interacting 1D conductors.
Here we represent the electrostatic potential created by a
streamer tree at atmospheric pressure. The simulation was
performed with the open-source strees code available at
https://github.com/aluque/strees|

3. Outlook

The final part of the talk will be devoted to a look at
the future of TLE simulations. We will discuss issues
such as the standarization of computer codes and the

coupling between different models.
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Transient Luminous Events are short-lasting electrical phenomena in the stratosphere and
mesosphere related to lightning. The phenomena can be separated into glow-like phenomena as
elves and halos; high-altitude initiated streamer discharges named sprites; and various sizes of
upward streamer discharges originating inside thundercloud tops, collectively called jets.
Additionally, secondary jet-like phenomena may occur during some sprites, known as trolls and
palm trees. This topical talk will provide an overview of observations of the jet-like phenomena,
their occurrence, their association with lightning and the thundercloud and will highlight models of

their origins as well as their dynamics.

1. Jet types

After isolated eye-witness reports over almost a
century, and possible recordings from space, jets
have first been recorded and described in detail by
Wescott et al. in 1996 [1]. The recording was made
from two aircraft making it possible to see clearly
the top of thunderstorm clouds without interfering
dense air. The events were conically shaped blue
emissions reaching altitudes of 30-40 kilometers and
have been named “blue jets” by the authors. The
luminosity decreases with height. A population of
similar second jet-like phenomenon was named
“blue starters”, these reached distinctly lower
altitudes of about 25 km [2].

Only in 2002, thirteen years after the discovery of
sprites and numerous observation campaigns in the
central United States, new jets were discovered in
the Caribbean and the Chinese Sea which bridged
the entire gap between the cloud and the ionosphere
[3][4] at 80-90 km altitude. These “gigantic jets” or
“giants” (GJ) often look like narrow shafts with
visible tree-like branching at the altitudes where
sprites normally appear (60-90 km). Some gigantic
jets have a carrot-sprite-like upper body with the
rounded patches at the top [4]. A unique
characteristic of gigantic jets which accounts for
much of its lifespan are the luminous beads slowly
moving up between 40 and 65 km altitude. It gives
the jet the appearance of a fountain and may last
hundreds of milliseconds. The ISUAL satellite has
been used to analyze optical emissions in detail (e.g.
[5] and [6]), suggesting there may be hybrid forms
and mechanisms of gigantic jets.

2. Occurrence

Compared to elves, halos and sprites, which may
be observed tens to hundreds of times per year from

a single location frequented by thunderstorms, jet
phenomena have been reported very infrequently.
There has been just one published study of blue jets
since the publication of their discovery: [7]. Its
rareness may be in part due to the fact that blue color
is not perceptible over distances over some 150-200
km at ground level. Gigantic jets have been reported
a couple of dozens of times by ground-based
cameras since their discovery. From space, the
ISUAL satellite had mapped about 60 of them by
2008 [8], mainly in the tropical regions where storm
clouds tend to be very tall (17-20 km). However,
shallow winter thunderstorms have been reported to
produce gigantic jets as well (one positive polarity
event discussed by [9] and three events on the forum
of Japanese observers). The tropical airmass GJ
events tended to occur during the growing stage of a
storm [10][11].

3. Association with lightning

Unlike sprites and elves, jets are not directly
associated with cloud-to-ground (CG) strokes but
appear to evolve from lightning leaders inside the
cloud, as proposed by [12]. [13] and [14] detected
the negative leader of a gigantic jet and blue starter,
respectively, with lightning mapping arrays. The two
observational studies of blue jets [15] and [7] found
blue jets to be triggered in storms with high flash
rates shortly after the occurrence of bursts of -CG
strokes. This behaviour has been reproduced by
models [16]. Unlike blue jets, [5] did not find blue
starters associated with CGs, rather with a strong
intracloud flash activity around their emission time.
Gigantic jets may prefer the lulls between CG
flashes and do not necessarily occur during very
high flash rates [10]. In fact, the winter GJ [9] was
preceded by a half-hour long relative absence of CG
lightning. The charge moment changes produced by
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GlJs vary between less than a few hundred [5][18] to
more than 10,000 C-km [9][17].

4. Mechanisms and models

Krehbiel et al. [19] defined a framework based on
the magnitudes of positive and negative
thunderstorm charges and their effect on
bidirectional leader growth. An imbalance is
required to propagate a lightning leader through the
minor charge region out of the cloud. The gigantic
jet was suggested to initiate similarly to an
intracloud flash, whereas the blue jet would be a
discharge developing between a strong screening
layer and the upper thunderstorm charge.

A discussion of models of jets will be included in
the topical talk. The references below are not
exhaustive.
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Energetic electrons in transient luminescent evémtsEs) drive ionisation, dissociation and
excitation of air molecules and atoms. The releassgttive species initiate rapid ion-neutral
reactions, and can cause chemical perturbationga®ifcular interest is the liberation of atomic
oxygen which can lead to a formation of ozone a#i a® the production of ozone depleting
radicals such as nitric oxide. Due to the compjerit air plasma reactions, in general detailed
models are required to assess the chemical impadtes. While the chemistry of TLEs on short
time scales has been investigated in some detdilnoch is known about atmospheric effects on
longer and larger scales.

We try to give an overview of the current underditag of the plasma chemistry of TLEs. The
focus will be on model studies of sprite eventse Tifferent approaches to model streamer and
diffuse TLE discharges will be discussed. Recendehoesults, uncertainties, and open questions
will be outlined.
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Atmospheric electricity and associated explosiveermmena have a direct impact on the Earth upper
environment even far from the lower atmospheriefay The radiation belts are perturbed by atmospktarms
as whistler waves associated with lightnings leadatsink of the radiation belt energetic electronte the
atmosphere. Transient luminous Events (TLE) andiquéarly Terrestrial Gamma Flashes (TGF) are lthke
the production of flashes of relativistic electrgysssible escaping from the atmosphere/ionosphysters and
populating the radiation belt. These electronshitasare produced inside the atmosphere by theatien of the
propagating gamma beam with the constituents catimsphere and move up to altitudes where theguaded
by the magnetic field lines. Both kind of electiomams have profound effects on the ionospheriadage they
modify the physical and chemical properties ofriredium, particularly the composition and temperataading
for example to the escape of heavy ions from theetoionosphere. We will review these processeshén t
framework of ongoing projects for the study of tigihg induced electron precipitation and of Temasgamma
flashes and related runaway relativistic electrons.
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Transient discharges in technology:
from electricity networks to plasma medicine

U. Ebert'?, S. Nijdam?

! Centrum Wiskunde & Informatica (CW1), Group Multiscale Dynamics, Amsterdam, The Netherlands,
?Eindhoven University of Technology, Eindhoven, The Netherlands.

Streamers, leaders, sparks and arcs are common phenomena in thunderstorms, and equally in
plasma and high voltage technology. Within the talk 1 will review recent research directions in
these application fields that are relevant or inspiring for thunderstorm researchers.

1. Evolution of pulsed discharges
1.1. The general dynamical mechanisms

When a high electric voltage is suddenly applied
to lowly ionized media, the breakdown follows a
sequence of physical mechanisms.

Uniform or streamer breakdown: First,
depending on (i) the local electron density or the
electron detachment processes from negative ions,
and on (ii) the local electric field values, electric
breakdown will occur in a more uniform manner [1],
e.g., in the form of an inception cloud around some
electrode [2], or in the form of streamers. Streamers
will always be the mode of primary breakdown in
fields below the breakdown value (where attachment
and recombination are stronger than impact
ionization), because they can propagate only by
enhancing the electric field at their tips to values
above breakdown. (For a generalization to the non-
attaching atmospheres of Jupiter and Saturn, see
[3].) At the streamer tips electrons can reach high
energies and even enter the run-away regime. This is
particularly the case for negative streamers that
propagate in the same direction as the electrons.
Streamers can form complex trees with hundred
thousands of channels, as visualized in recent
measurements of meter long discharges [4,5].
Streamer trees are modelled for 30 years by so-
called dielectric break-down models [6,7]. A recent
extension of such models with consistent charge
transport can be found in [8].

Heating: As the created ionization is only
transient, the electron density will decrease
eventually due to attachment or recombination, if it
is not maintained either by sufficiently high electric
fields or by heating. Heat can be supplied by the
excitations and decompositions of molecules in the
discharge itself after thermal equilibration [9]. For
short discharges, heating determines the spark
formation after the discharge has crossed the gap in
a streamer-like mode, while in long gaps the
streamer-to-leader transition determines the growth

mode of the discharge, as can be seen in [3,4].
Heating has two effects: first it decreases the gas
density N and increases the reduced electric field
E/N (that determines the ionization efficiency), and
second it excites the molecules, up to thermal break-
up in the arc or return stroke phase.

Plasma fluid interaction: The arc has its name
from its form, and the form is created by the thermal
rise of the hot air of the arc channel. It is one
example of the interaction of discharge and gas
dynamics where the low gas density guides the
discharge, while the discharge has made the gas
expand. Discharges can also be guided by gas
composition, as they propagate easier, e.g., in He
than in air. Surprisingly, the discharge can also
guide the He flow in air through space charge effects
[10].

Chemistry is initiated in the streamer ionization
front under strongly non-equilibrium conditions, and
continues throughout the discharge and in the
afterglow.

1.2. Particular materials for applications

Air is the most relevant medium in geophysics. It
is particular in two respects: free electrons are lost
rapidly due attachment to oxygen, and there is a
strong nonlocal photo-ionization mechanism in
nitrogen oxygen mixtures that helps the steady
propagation of positive streamers against the
electron drift direction. Positive streamers, e.g., in
high purity nitrogen propagate much more
erratically, but persist longer [11]. How the electron
persistence depends on the gas composition, has
recently been investigated experimentally and
theoretically in [12].

In noble gases discharges propagate even easier,
as there are less inelastic processes leading to
electron energy losses: no vibrations or rotations and
only a limited number of electronically excited
states. Positive discharges in Argon are as erratic as
in nitrogen, but the transition to spark is even easier
[11].
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SFe. The opposite effect occurs in SFs, a standard
gas for insulation and switching in high voltage
technology. It has many internal degrees of freedom,
and it attaches electrons so rapidly that researchers
assume that there are no streamers at all, but that
discharge propagation directly requires heating and
the leader mechanism at standard temperature and
pressure [13]. SFs is a very strong greenhouse gas,
and it creates toxic products during discharges.
Therefore replacements are now searched for.

An easy way to increase break-down strength is
to increase density. Presently there are studies
whether SFg could be replaced (at least in fractions)
by CO; or N, at higher pressure. In particular, one of
the authors is involved in studies of discharges in
supercritical nitrogen [14] at up to 100 bar.

However, discharge mechanisms at (almost)
liquid densities are not well understood. E.g., direct
field ionization can become important in solids as a
replacement of impact ionization, and recently the
Zener mechanism of solid state physics has been
applied to transformer oil [15] and to supercritical
nitrogen [16]. However, how to transfer the Zener
mechanism precisely from solid state lattices to
fluids is not quite investigated. In any case, a direct
field ionization mechanism does not require free
electrons for streamer growth, and it would be
interesting to further compare these different
streamer growth mechanisms due to impact
ionization or field ionization in the future.

Discharges in and near liquids are now studied in
a dedicated EU-COST action [17].

2. Application areas

Application areas are numerous. The authors are
particularly interested in the following major fields:

2.1. Gas chemistry, nanosecond pulsed discharges

Streamer corona discharges in air are used for
more than 150 years to create O; which in turn is
used for disinfection [18,19]. Corona reactors can
break up organic molecules and hence bad odour,
treat biofuels, surfaces etc. The O* radicals in the
early stage of the discharge are even more efficient
than O3, but form O; rapidly.

Recent research has shown that the faster the
voltage rises and decreases the more electric energy
is converted into fast electrons and then into O*
radicals [20]: electrons are accelerated to high
energies while the gas stays cold. Electrical
engineers are now in a race to create powerful
electric circuits for nanosecond pulses and shorter.

2.2. Plasma medicine and plasma jets

A particular interest is presently in so-called
plasma jets. These are so-called guided streamers
propagating in a plastic tube filled with a noble gas.
Electron energies are high in such media. Where the
gas flow exits the tube, the energetic electrons hit air
molecules and create molecular excitations and
(V)UV radiation. These species are explored for
wound and cancer treatment.

Plasma medicine has its own EU-COST action
[21], special issues and even an own journal [22].

2.3 Plasma actuators for aviation and wind
turbines

Plasmas can stir the air through several
mechanisms [23]: momentum transfer from electric
fields to charged species, and expansion due to
discharge heating, or even electrostatic repulsion
between streamers that changes the gas flow [10],
see end of section 1.1. Plasma actuators inducing gas
motion are currently being developed for aircraft and
wind turbines, as a surface discharge at the front
edge of a wing can keep the air flow over the foil
laminar under extreme conditions [24, 25]. Plasma
flow interaction is now also considered as a
replacement of mechanical fans and blowers [26].

2.4 Plasma assisted ignition and combustion

Plasma assisted combustion builds on the
combination of chemical and gas flow effects
[23,27,28]. The plasma might break up oxygen
molecules into O* radicals which allows combustion
of leaner mixtures. At the same time the plasma
induced gas motion helps mixing the fuel air
mixture.

2.5 Electrical switches

Electric switches first replace a metal contact by
an arc discharge and then extinguish the arc. This is
how they interrupt, e.g., the current of a power plant,
if need be. To remove the arc, both heat and
conductivity need to be removed. DC electricity nets
have lower energetic losses over long distances than
50 Hz nets and are presently under development
both in China and in Germany to connect regions
with sustainable energy sources with industrialized
regions. DC switches are particularly challenging as
the electric current never passes through zero.

Studies on arc formation and extinction in SF, or
in supercritical N, or CO, for electric switches were
already mentioned above, see also [29].
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High Energy Atmospheric Physics
Joseph R. Dwyer
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Until very recently, lightning was thought to be emtirely conventional discharge, involving only
low-energy (a few eV) electrons. This picture doh with the discovery of intense x-ray and
gamma-ray emissions from natural cloud-to-grourghthiing, rocket-triggered lightning and
thunderstorms. Indeed, the gamma-rays generatéltbgerstorms may reach many tens of MeV
and are so intense that bright bursts of these garags are observed from space, 600 km above
the storms, as Terrestrial Gamma-ray Flashes (T.GIgs)addition, it has been found that
thunderstorms launch beams of electrons and positrio the inner magnetosphere, where they
are observed by spacecraft thousands of kilometees). These energetic emissions cannot be
produced by conventional discharges in air, anthegresence of x-rays and gamma-rays strongly
implies that relativistic runaway electrons, accatied in air by strong electric fields, play a role
thunderstorm and lightning processes. In this tialld)l give an overview of the x-ray and gamma-
ray observations of thunderstorms and lightningnglwith new results on terrestrial gamma-ray
flashes. Finally, the physics of relativistic rureawelectrons will be presented, including some very
recent theoretical advances.
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TGF observations

N. Dstgaard
! Birkeland Centre for Space Science, Department of Physics and Technology, University of Bergen, Norway

In this paper recent results from the researcleméstrial gamma flashes (TGFs) will be reviewed.
In order to be seen from space these flashes heam found to require about @0 electrons
accelerated to relativistic energies (up to ~40 Me\even above) in less than a few hundred of
microseconds. This paper will cover the latest pla@nal results that can help us understand
how these flashes are produced: the altitude ofiymtion, the connection to IC+ lightning, the
duration of TGFs, do TGFs occure before or after tiptical lightning, electron beams and
positrons, and how common are TGFs? The obsergtidihbe discussed in the context of the
two theories that have been suggested to explaipribduction of TGFs: the feedback-mechanism
[34] and the streamer-leader electric field mo@él |

1. Introduction with electromagnetic characteristics of lightning
[11, 12, 13, 14, 15, 36].

With the discovery of terrestrial gamma flashes When first discovered TGFs were estimated to
(TGFs) above thunderstorms [1] by the Burst angave ~1 ms duration [1]. More recent results
Transient Source Experiment (BATSE) a nevindicate an average duration of 200-3@0[9, 16,
mechanism of the coupling between the lowe38] but can be as short as|®[17, 37].
atmosphere and space was discovered. The Several studies indicate that TGFs are observed
phenomenon involves gamma photons, relativistia the initial stage of an IC lightning [13, 14,135,
electrons and positrons. Charged particles a#d]. New studies based on Fermi detection of TGF
accelerated in extremely strong electric field8@® [15, 19] may indicate that TGFs occur
kV/m sea level equivalent) associated with lighgninsimultaneously with the sferics, and that the VLF
discharges and initiate a relativistic run-awagignal is produced by the TGF itself [37]. Detentio
process [2]. Through interaction with the neutrabf X-rays from cloud-to-ground (IC-) [e.g., 20] and
atmosphere bremsstrahlung is produced, resultingfrom laboratory discharges [22, 41] show that X-ra
the escape of electrons [3], positrons [4] and gamrbursts occur before the return stroke.
photons into space. There are still many open Some studies have estimated the spatial
questions related to TGFs. In this paper recedistribution of photons in a TGF and found thatythe

results of TGF observations will be reviewed. are spread over a half cone-angle of about 30°-40°
[23,24], which might be an indication of fairly
2. Observed characteristics of TGFs vertical electric fields.

While BATSE identified energies >1MeV [1],
From the first observations it was believed thaRHESSI measured ~20 MeV [25] and Agile
the TGFs are produced above 40 km and that thegergies above 40 MeV [26] and even at 100 MeV
were related to transient luminous events [1]27]. From CG- lightning energies >1MeV [21] has
However, results from Reuvan Ramaty High Energyeen measured.
Solar Spectroscopic Imager (RHESSI) ten years Recent studies have found that TGFs are more
later indicated that their production altitude issh common [29, 38] than previously believed [16]. As
likely around 15-21 km [6]. Reanalyses of théC lightning accounts for about 75% of all the
BATSE data [7, 8, 9] and AGILE data [39] havdightning and most of these are IC+ lightning
also confirmed a production altitude of TGFs belowringing negative charges upward, this may imply
20 km [7, 8, 9]. Consistent with this productiorthat TGFs are a rather common phenomenon. On the
altitude and general lightning physics, Williams etther hand, Smith et al. [30] reported only one TGF
al., [10] speculated that TGFs are related to pasit from more than 1000 discharges. However, by
intracloud lightning (IC+), a suggestion that hasomparing TGF distributions by RHESSI and Fermi
been supported by several studies comparing TG&sd taking into account the instruments different
sensitivity, @stgaard et al., [31], despite the -non
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detection by ADELE, found that from TGF [15] Cummer, S. A. etal., (2011), Geophys. Res.
observations so far, we can not rule out that dllett., 38, L14810, doi:10.1029/2011GL048099.
lightning may produce TGFs. The fluence [16] Grefenstette, B. et al., J. Geophys. Res. A—
distribution of TGFs as seen from space has be8pace Physics, 114(A2).

found by several studies to have a power index [17] Fishman, G. J. (2011), J. Geophys. Res 116,
between 2.2 and 2.6 [31, 39, 40]. AQ07304, doi:10.1029/2010JA016084.

In this paper we will also discuss the recent TGF [18] Collier, A. et al. (2011) J. Geophys. Res,
observations in the context of the two mosvol. 116, A10320, doi:10.1029/2011JA016612.
compelling theories for explaining the TGF [19] Connaughton, V., et al. (2010), J. Geophys.
production. 1) The feed-back theory [34]: The seeles., 115, A12307, doi:10.1029/2010JA015681
electrons are provided by cosmic rays or streamer [20] Dwyer, J. R. et al. (2005), Geophys. Res.
electric fields and a large ambient electric field.ett., 32, LO1803, d0i:10.1029/2004GL021782.
provides a potential of ~100 MV, and the [22] Nguyen, C.V. Etal., J. Phys. D: Appl. Phys.
positron/gamma-ray feedback mechanisml, 234012
contributes to the RREA process by producing [23] Hazelton, B. et al., Geophys. Res. Lett.,
sufficient relativistic electrons to account foreth 36(1), L01,108.
observed flux of photons. 2) The leader/streamer [24] Gjesteland, T. et al., J. Geophys. Res, 116,
theory [35]: The seed electrons are produced in td1313, doi:10.1029/2011JA016716
steamer electric fields and further acceleratetthén [25] Smith, D. M. et al., Science, 307(5712),
stepped leader electric field. Modelling efforts 01085-1088, doi:10.1126/science.1107466.
radio signals [42] or electric field configurations [26] Marisaldi, M. et al. (2010), J. Geophys. Res,
[43] have tried to relate observations of TGFs t@l5, AOOE13, doi:10.1029/2009JA014502.
these theories. [27] Tavani M.et al. (2011), Phys. Rev. Lett.,

106, 1,018501
[29] Gjesteland, T., et al., (2012) Geophys. Res.
3. References Lett., Vol. 39, L05102, doi:10.1029/2012GL050899
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Theory and modeling of X- and gamma-ray emission from lightning

S. Celestin'

'LPC2E, University of Orleans / CNRS, Orleans, France

This topical lecture will focus on a recently uncovered field of study that belongs to the area of high-energy
atmospheric physics, namely the production of high-energy radiation from lightning discharges. In the present
abstract, we outline some important concepts that will be developed during the lecture, along with some relevant

references.

1. Introduction

X-rays emissions have been recently discovered
in correlation with natural [1, 2] and rocket-triggered
lightning discharges [3, 4]. More specifically,
negative cloud-to-ground lightning is known to
produce copious amounts of X- and gamma-rays
observed from the ground during the propagation
stage of lightning leaders through air and during
subsequent strokes (e.g., [2, 5, 6]).

Terrestrial Gamma ray Flashes are very brief
intense bursts of gamma-rays detected by space-
borne (and recently air-borne [7]) instruments that
could be directly produced by high-potential
intracloud negative lightning leaders [8-11].

Additionally, X-ray emissions from discharges in
laboratory  experiments have been  widely
documented and new physical processes put forward
(e.g., [12-17] and references therein).

2. Theoretical description of the production of
high-energy electrons by atmospheric discharges

2.1. Thermal runaway electrons

A key concept in the production of X-rays by
atmpospheric discharges is that of the “runaway”
electron acceleration. Runaway electrons are
electrons with high energy and therefore low
probability of collision with gas molecules,
propagating in an applied electric field so that the
energy they acquire from the field is higher than the
energy losses due to collisions. These electrons are
therefore capable of efficiently gaining energy from
an electric field in air. One can distinguish between
thermal runaway processes, for which a very high
electric field (>E, = 240 kV/cm in air at ground
pressure) exceeds the friction force at low-energy
(~100 eV) and brings electrons to regimes where
they continuously accelerate, and relativistic
runaway processes [ 18] for which initial high-energy

electrons are already present (e.g., cosmic ray
secondary electrons) and can initiate relativistic
runaway electron avalanches (RREAs) in electric

fields higher than E; =~ 2.8 kV/cm in air at ground
pressure (e.g., see [19]).

X-ray bursts from lightning discharges have been
clearly identified to stem from the production of
thermal runaway electrons [20].

2.2. Atmospheric discharges

Streamers represent a common electrical
breakdown process at ground-level atmospheric
pressure. They are filamentary  discharges
propagating as ionizing waves. The enhancement of
electric fields around streamer fronts is one of the
unique naturally occurring circumstances in which
the electric field in air can approach one order of
magnitude above the conventional breakdown
threshold field defined by the equality of the
ionization and dissociative attachment coefficients in
air (~30 kV/cm at ground level). In streamer fronts,
these extreme electric fields can be dynamically
produced and sustained for relatively extended
periods of time. Thus, streamers represent solid
candidates for the production of thermal runaway
electrons. Moreover, laboratory experiments have
demonstrated that streamers do indeed emit X-rays
(see Introduction section). However, streamers
usually possess potential drops limited to a few tens
of kilovolts, and although they are key to seeding
runaway electrons, other acceleration processes need
to be involved to explain observations of photons
with energies in the MeV range [9].

Streamers play a very important role in lightning
leader propagation (e.g., [21]). Leader tips are
usually shielded by a high number of streamers in
regions named “streamer zones.” Additionally, is
recognized that negative leaders propagate by steps.
With the occurrence of each new step, the leader tip
is left uncovered and high electric fields can extend
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over significant lengths in front of the leader tip.
This gives rise to a highly transient process named
“negative corona flash,” in which newly produced
streamers are building up a new streamer zone.
Initiated in this leader field, runaway electrons
injected from streamer tips near the leader tip can
further accelerate to energies on the order of several
tens of MeVs, depending on the particular
magnitude of the potential drop in the vicinity of the
leader tip [8-11]. Indeed, X-ray bursts are associated
in time with the stepping processes in lightning
leaders [2].

3. Modeling the propagation of high-energy
electrons and photons through air

When propagating in molecular gases, electrons
are involved in various kinds of collisions (elastic
and inelastic, including vibrational, rotational, and
electronic excitations, and ionization) that modify
their propagation dynamics. To quantitatively
characterize the production and dynamics of thermal
runaway electrons accelerated through an electric
field in a dense medium, like ground-level air, one
needs to develop a model that is relativistic, spans
over a very broad range of energy (sub-eV to several
tens of MeVs), and contains a careful description of
the various collision types over this energy range
(e.g., [9, 22]).

Energetic electrons produce X- and gamma-rays
when propagating through air via bremsstrahlung
processes.

Once high-energy photons are produced, their
propagation through air can be modeled by taking
into account three types of collisions: Photoelectric
absorption, Compton scattering, and electron-
positron pair production.

The production and transport of electrons and
photons can be modeled using Monte Carlo codes
(8,9,23].
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The acceleration of electrons results in observable electromagnetic waves which can be used for
remote sensing. Here, we make use of ~4 Hz—-66 MHz radio waves emitted by two consecutive
intense positive lightning discharges to investigate their impact on the atmosphere above a
thundercloud. It is found that the first positive lightning discharge initiates a sprite where electrons
are accelerated during the exponential growth and branching of the sprite streamers. This
preconditioned plasma above the thundercloud is subsequently exposed to a second positive
lightning discharge associated with a bouncing-wave discharge. This discharge process causes a re-
brightening of the existing sprite streamers above the thundercloud and initiates a subsequent

relativistic electron beam.

Transient  energetic  charged particle
populations occur in association with thunderstorms
where the lightning electromagnetic field can
release electrons from the radiation belts
precipitating into the atmosphere (Voss et al 1998,
1984). These electrons have typical kinetic energies
~100-250 keV in addition to their rest mass ~511
keV and occur ~0.1-1 s after the causative lightning
discharge (Gemelos et al 2009). The electrons are
decelerated when penetrating the neutral atmosphere
and deposit their energy in ~100-2000 km large
ionization patches north/south of a lightning
discharge in the northern/southern hemisphere (Inan
et al 2007). Electrons are accelerated to very high
energies ~10-100 MeV inside thunderclouds, either
in lightning leader tips (Celestin and Pasko 2011)
and/or in large scale thunderstorm electric fields
(Dwyer and Cummer 2013, Gurevich and Karashtin
2013, Dwyer 2012, Gurevich et al 1992). The
acceleration of the electrons is accompanied by
gamma rays emanating from thunderstorms
(QDstgaard et al 2013, Tavani et al 2011, Smith et al
2005, Fishman et al 1994) which can be used a
diagnostic tool. When the gamma rays interact with
air molecules and exceed an energy ~1.022 MeV,
i.e.,, two times the rest mass of an electron, the
gamma rays can disintegrate into an electron-
positron pair around ~40-60 km height such that
magnetized positrons and electrons are observed on
board of satellites in near-Earth space (Briggs et al
2011, Carlson et al 2009, Dwyer et al 2008).
Similarly, it was proposed that the lightning
electromagnetic field can accelerate electrons above
thunderclouds from the cosmic ray layer upwards to
produce avalanching relativistic electron beams
(Roussel-Dupre et al 1998, Roussel-Dupre and
Gurevich 1996). Experimental evidence for such

electron beams was reported by remote sensing with
low frequency radio waves (Fullekrug et al 2011b,
2010). The lightning electromagnetic field also
causes Joule heating above thunderclouds which
results in electrical breakdown of air such that sprite
streamers develop (Pasko 2010). The exponential
growth and splitting of streamers results in an
electron multiplication associated with the acceler-
ation of electrons to a few eV. The accelerated
electrons radiate a small amount of electromagnetic
energy and the incoherent superposition of many
streamers causes low frequency radio noise
(Fullekrug et al 2013a, Qin et al 2012a). As a result,
the remote sensing with radio waves can be used to
investigate the acceleration of electrons above a
thundercloud during a sprite followed by a consecu-
tive electron beam. It is speculated that the
occasional occurrence of such electron beams can be
explained with mesospheric irregularities which
assist the initiation of sprites. Here we report the
experimental detection of a ~3-19 km® large
mesospheric irregularity at ~80-85 km height which
is illuminated by the electromagnetic field of an
intense positive cloud-to-ground lightning discharge.
While the lightning discharge causes a prompt group
of four sprites above the lightning discharge, the
mesospheric irregularity is found at a horizontal
distance at least ~15-20 km away from the sprite
group and it rebrightens ~40-60 ms after the sprite
group occurrence. This rebrightening is driven by a
local quasi-static electric field enhancement with a
charge moment ~4-20 C km which causes the
irregularity to develop a downward descending
luminous column from ~75-85 km height. The
guasi-static electric field enhancement is caused by
the reorganization of residual charge inside the
thundercloud during a high-level activity of
intracloud discharges with ~10-20 pulses per ms.
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Forcing of the middle atmosphere by thunderstorm activity
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The thunderstorm activity is one of the main mechanisms involved in the coupling between the
troposphere and the middle atmosphere. Convective overshoots across the equatorial tropopause
contribute to the transport and dehydration of air from the troposphere to the stratosphere. Gravity
waves emitted at the top of convective clouds play an important role in the control of the general
circulation up to the mesopause. Multi-technique observations preformed within the frame of the
European project ARISE will help to better understand these phenomena and to improve their
representation in numerical weather forecast models.

1. Role on troposphere to stratosphere transport

The thunderstorm activity plays an important
role in the coupling between the troposphere and the
middle atmosphere (stratosphere + mesosphere).
Very high ascending winds are observed in the core
of large convective clouds. Due to this strong
vertical motion, the top of the clouds may reach
altitudes higher than the tropopause and transport
some air across the tropopause. This phenomenon,
called overshooting, is one of the main mechanisms
explaining the injection of air in the tropical lower
stratosphere. Air is adiabatically cooled. In the
ascending motion and temperatures lower than
-85°C may be reached in equatorial convective
regions. This cooling is associated with a strong
dehydration, explaining the dryness of the
stratosphere.

2. Gravity wave generation and forcing of the
general circulation

Convective clouds are a source of gravity
waves that can propagate up to the stratosphere and
the mesosphere depending of the condition of their
propagation (wind and temperature vertical profiles).
The amplitude of these gravity waves increases with
height due to the exponential decrease of
atmospheric density until they reach a critical level,
where the wind speed is equal to the phase speed, or
a level of instability due to a too large amplitude,
and break, transferring their momentum flux to the
mean flow. The breaking of gravity waves is the
main driver of the general circulation in the upper
mesosphere. The land convection play also a role in
the generation of thermal tides and in the diurnal
cycle of temperature in the lower stratosphere [1]

3. Observations

Gravity waves are observed by different
techniques, including ground-based lidars [2],
radiosondes and satellite radio-occultation. A clear
correlation is detected between the regions of deep
convection and the energy of these waves in the
middle atmosphere. These observations are essential
to provide quantitative information for the
parameterization of gravity waves in numerical
weather forecast and climate models. These studies
are made in the frame of the EU-FP7 Design Study
project ARISE.
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VLF radio wave studies of lighting effects in the lower ionosphere
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Tropospheric lightning may couple electrical energy through the action of quasi-electrostatic (QE)
and/or electromagnetic pulses (EMP) into the upper atmosphere and lower ionosphere. This energy
coupling is best manifested by the transient luminous events (TLEs), which are momentary luminous
phenomena of various types, such as sprites, sprite halos, elves, blue and gigantic jets [1], all caused
by ligthing. On the other hand, lightning discharges may also cause invisible effects on the medium,
such as heating and ionization of the overlying D-region ionosphere, therefore leading to conductivity
perturbations. These may affect the propagation of very low frequency (VLF) transmissions that
travel long distances in the Earth-ionosphere waveguide, therefore causing perturbations in amplitude
and/or phase of a VLF signal received at a proper location. These VLF perturbations, their properties
and types, have been studied extensively in the last several years [2]. The scope of this talk is to
review and update the topic of VLF radio wave studies of lighting effects in the lower ionosphere.

1. Description

This is an overview presentation dealing
with irregular phenomena in the D region
ionosphere caused by tropospheric lightning.
They are detected with narrowband VLF
receivers as sudden perturbations in VLF
transmissions  propagating in the earth
ionosphere waveguide. In this presentation, first
the basic properties of the medium will be
summarized, placing the emphasis on electrical
conductivity and the mechanisms by which it
can be perturbed directly or indirectly by energy
released from lightning discharges. Then key
observations, their implications and theoretical
interpretations will be presented and discussed.

By indirect ionospheric perturbations we
refer here to the effects of whistler waves, which
originate in lightning-induced atmospherics
peaking in the lower VLF band. They may
penetrate into the upper ionosphere and then
propagate along closed magnetic field lines in
the magnetosphere. The whistler waves interact
near the equatorial plane with radiation belt
(Van Allen) energetic electrons which may be
forced into the loss cone in either hemisphere
and thus precipitate into the lower ionosphere
causing secondary electron density perturbations
in the upper D region. This lightning-induced
electron precipitation (LEP) phenomenon, its

basic production mechanism, as well as its VLF
perturbation signature and properties, will be
introduced and discussed here in brief.

The emphasis of the talk will be placed
on the direct lightning effects onto the D region
ionosphere detected with VLF radio waves, a
topic on which members of TEA-IS community
have done research the last several years [3].
The direct lightning effects in the ionosphere
alter the plasma properties and thus initiate VLF
perturbations known as early VLF events; they
are characterized by an abrupt onset that is
almost coincident with a causative cloud to
ground (CG) lightning discharge, and a signal
recovery which depends on the ionizing process
and the properties of the hosting medium.
Optical and VLF correlative studies in Europe
[4] established a close relation between sprites
and their causative -CG lighting discharges, and
early/fast events, that is, a, early VLF signature
characterized by a relatively short recovery of
about < 100 s. This recommended that lightning
QE fields is the causative mechanism of early
VLF events at sprite altitudes.

Recently [5], a small subclass of early
VLF events, named LORESs, has been identified
to be caused by very intense peak currents of
either positive or negative lightning discharges,
which are also known to generate elves. LOREs
is an acronym for long recovery early VLF
events, since the VLF signatures have unusually
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long signal recoveries, ranging from a few
minutes to many minutes, and up to about half
an hour or even more. Since LORE onsets
coincide with powerful *CG lightning
discharges, it is inferred they are due to long-
lasting ionization changes in the uppermost D
region ionosphere caused by the impact of EM
pulsed fields emitted from strong lighting peak
currents, of typically > 200 to 250 kA. The
evidence suggests LORE:s is a distinct signature
repre-senting the VLF fingerprint of elves, a fact
which, although has been predicted by theory, it
escaped identification in the long-going VLF
research of lighting effects in the ionosphere.

In this topical review, LORE will be
discussed in as much detail as the time permits.
This includes the presentation/discussion of key
observational evidence followed by some new,
modelling results, from collaboration within the
TEA-IS framework, which provides reasonable
physical insight and understanding.

2. Figures

NRK = Tunis VLF recordings. 2009, Dec. 12, 23:30 - Dec. 13, 00:20 UT
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Here, the LORE VLF signature is illustrated and
documented. Shown in the upper part are time
series of signal amplitude and phase for the VLF
link between NRK transmitter in Island and a
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narrowband receiver in Tunis, recorded during
an active maritime storm over the sea west of
Corsica, from 23:30 to 00:20 UT of Dec. 12-13,
2009. During this time, 9 sprites were observed
(red count numbers) which  occurred
concurrently with the onsets of early/fast VLF
events, as anticipated [4]. Shown also are two
LORE events which are triggered by the intense
+CG peak currents of 406.3 kA and 284.8 kA,
marked in the figure with black arrows in
coincidence with the LORE onsets. The huge
+406.3 kA discharge triggered both an upper
altitude sprite and a red elve. The latter was
immense, illuminating momentarily a large area
of the ionosphere. Actually the elve acted as a
snapshot revealing wave-like striations in the
medium, most likely caused by the downward
(phase) propagating gravity waves. The LORE
caused by the 406 kA EMP had a long recovery,
which most likely exceeded 20 to 25 minutes.
This implies that the perturbation in ionization,
in relation with the LORE signature, is very
long-lasting, and thus it must have occurred in
the uppermost D region near 85 to 90 km.
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The global atmospheric electric circuit (GEC) is a simplified description of the global electrical
properties of the lower atmosphere (below 100km). The currents and fields we measure in the
atmosphere are regulated and modulated by global thunderstorm activity, where thunderstorms are
regarded as the batteries of the GEC. There is both a direct current (DC) and alternating current
(AC) part of the GEC, and both of these are influenced by changes in the Earth's climate. While
the overall driving force of thunderstorms and the GEC is solar heating at the surface, today
changes in greenhouse gases may also be impacting the GEC. One interesting aspect of this
interaction is whether the GEC feeds back on the climate system itself. We will discuss some of

these issues in the talk.

1. DC Global Circuit

For more than 200 years it has been known that
in fair weather regions of the globe there exists a
surface electric field with a value around -130 V/m.
This electric field pointed downward toward the
Earth implies the Earth is negatively charged with a
charge of ~500,000 Coulombs. This DC electric
field is more or less constant in time, with small
variations with the hour of the day, and day of the
year. But the field never disappears.

Due to ions that exist in the atmosphere, this
electric field drives a fair weather conduction
current (Jz) or approximately 2 pA/m* towards the
Earth. Given the resistance of the atmosphere (~300
ohms), the current should neutralise the Earth's
negative charge within a few minutes! But this
never happens.

To explain this, we need to provide a "generator"
of current in the system that is constantly charging
the GEC. In the 1920s it was suggested that the
"batteries" in the circuit were global thunderstorms,
that number 1000-2000 at any moment, discharging
50-100 lightning flashes every second. These
storms produce rising currents above them of ~I1
Ampere per storm, or 1000 Amperes in total, with
the return flow of this current in fair weather regions
far from the thunderstorms.

2. AC Global Circuit

In addition to the DC components of the circuit
described above, lightning itself generates
electromagnetic (EM) radio waves that are trapped
between the ionosphere and the Earth's surface,
allowing the radio waves to travel a number of times
around the globe before decaying into the

background noise. This happens only for radio
waves in the extremely low frequency (ELF) range,
producing constructive interference on each trip
around the globe, or resonances, at specific
frequencies (8, 14, 20....Hz). We call these the
Schumann resonances, and they represent the AC
part of the GEC since we can detect them anywhere
on the planet. The intensity of these radio waves
varies also according to time of day, and day of
year.

3. GEC and climate

While thunderstorms drive the GEC, the climate
of the Earth drives the thunderstorms, primarily as a
result of solar radiation heating the surface. Global
thunderstorms track the Sun during the day (with
maximum tropical thunderstorms in the late
afternoon) and the season (most thunderstorms in
the summer season). Today we are changing our
climate due to increases in greenhouse gases, and
hence we may see impacts on the GEC. Can we
therefore use the GEC to monitor future changes in
the Earth's climate, for whatever reason?

However, perhaps more intriguing is if changes
in the GEC impact the climate in return? We know
global lightning impacts atmospheric chemistry
through NOx production, but maybe the currents
also impact clouds, that impact the Earth's albedo?
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Small scale atmospheric waves, usually referrechtesnal Gravity Waves (GW), represent an
efficient transport mechanism of energy and monmarttwrough the atmosphere. They propagate
upward from their sources in the lower atmosphémv(over topography, convection and jet
adjustment) to the middle and upper atmosphere.

Depending on the horizontal wind shear, they casipate at different altitudes and force the
atmospheric circulation of the stratosphere andosm®ere. The deposition of momentum
associated with the dissipation, or wave breakéxgrts acceleration to the mean flow, which can
significantly alter the thermal and dynamical stawe of the atmosphere.

GW may have spatial scales that range from fewutwlheds of kilometres and range from minutes
to hours. For that reason, General Circulation M@@EM) used in climate studies have generally
a coarse resolution, of approximately 2-5 horiziyntnd 3 km vertically, in the stratosphere. This
resolution is fine enough to resolve Rossby-waugsnbt the small-scale GW activity. Hence, to
calculate the momentum-forcing generated by theesgived waves, they use a drag
parameterization which mainly consists in somertgrparameters, constrained by observations of
wind circulation and temperature in the upper tsgiere and middle atmosphere (Alexander et
al., 2010). Traditionally, the GW Drag (GWD) paraer&ation is used in climate and forecasting
models to adjust the structure of winter jets drelhorizontal temperature gradient. It was firstly
based on the parameterization of orographic wawdsch represent zero-phase-speed waves
generated by sub-grid topography. Regional modeéth, horizontal resolutions that can reach few
tens or hundreds of meters, are able to directhplve small-scale GW and may represent a
valuable addition to direct observations.

In the framework of the ARISE (Atmospheric dynamiResearch InfraStructure in Europe)
project, the mesoscale meteorological model WRFaWar Research and Forecasting) has been
used to generate and propagate GW forced by ctiomeand orography, without any GW
parameterization. Results from model simulations eompared with in-situ observations of
potential energy vertical profiles in the stratommh measured by a LIDAR located at the
“Observatoire de Haute Provence” (OHP) in Soutl&ance.

Such comparisons allow, to a certain extent, tadagt numerical results and quantify some of
those wave parameters (e.g., GW drag force, imtrinsquency, breaking level altitude, etc..) that
are fundamental for a deeper understanding of GM/inoatmospheric dynamics, but that are not
easily measurable by ground- or space-based syglienited to specific region or certain latitude
band).
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Past and Future Challenges of Space Observations
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Space offers a unique vantage point for observing lightning and transient luminous events. Indeed,
orbiting detectors on satellites such as the ISUAL on-board FORMOSAT were able to identify and
map the global distributions of TLEs and their geographical and seasonal dependence. The
RHESSI and AGILE satellites offer a similar, nearly global coverage for TGFs. During short
duration, targeted campaign-mode observations, astronauts on board the Space Shuttle and the
International Space Station were able to acquire excellent images of TLEs in nadir and limb
viewing angles. This paper reviews results of past missions and on-going ones, and delineates the
advantages and shortcomings of different observation modes. Future challenges for upcoming

space missions are briefly described.
1. Introduction

Soon after their discovery in 1989, TLE
observations were also attempted from space. The
impetus was clear: a space-based platform
overcomes many limitations of ground-based
measurements, especially those arising from line-of-
sight and cloud obscuration issues. Observations of
the upper atmosphere from orbit enable the
continuous monitoring and large scale coverage of
these atmospheric phenomena [1]. Furthermore, top-
side observations of TLEs can reveal details that
may be partly or completely obscured in ground-
based imaging, such as the 3D structure, the spectral
features and the relations to other high-altitude
phenomena such as meteors, gravity waves and
airglow.

2.1. The Space Shuttle

Analog video footage taken by payload-bay
cameras during the Mesoscale Lightning
Experiment (1989-1991) yielded a harvest of 17
images identified as sprites and Elves [2]. Although
of limited quality, these images became instrumental
in identifying limb viewing as optimal for TLE
imaging. Directed observations were also conducted
in 2003 during the MEIDEX [3]. A calibrated multi-
spectral camera (Xybion IMC-201) was commanded
by the astronauts towards pre-determined regions
where the likelihood of lightning activity was
forecasted 24h in advance [4], maximizing the time
allocated for TLE research. In 381 minutes of useful
data from 21 orbits, a total of 18 events were found:
10 Elves, 7 sprites and one presumed conjugate
event. The calibrated camera enabled computing
absolute sprite radiance values of ~ few MR.

2.2. The International Space Station

Nadir observations were done during the LSO
experiment by European astronauts in 2001-2002
[5]. The LSO used two cameras, one with a very
narrow spectral filter, centered at 761+10 nm, which
allowed the detection of intense sprite emission
from the N,1P (3-1) line at 767.2 nm. The filter was
found to be useful in reducing the contamination of
sprite observations by lightning light from IC and
CG flashes, which are a major constraint for nadir
observations. The results from 3.5 hours of data
contained 10 sprites in 280 lightning flashes.

Targeted attempts were resumed in 2011 during
the NHK "Cosmic Shore" campaign. An EMCCD
TV camera was pointed manually by an astronaut in
the Earth-pointing Copula module [6].

TCR17:41:19;,07

Fig. 1. A color image of a sprite halo in oblique view
obtained from the ISS during the "Cosmic Shore" campaign in
2011 (red hazy oval). The computed volume occupied by the
halo is 5.93-10° km® [6].

Results contained 8 sprites, 1 sprite halo (Fig.1)
and 1 gigantic jet, in < 2 hours of video. A different
usage of the ISS was reported [7], and during 20
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hours of undirected observations 15 sprites were
detected in still images taken by the crew at
different viewing angles with a Nikon D3S camera

(Fig. 2).

Fig. 2. Carrot sprites in limb view obtained from the ISS.
The airglow layer is clearly visible (image courtesy T. Farges).

2.3 Satellite Observations

By far, the most successful TLE satellite mission
to date is the ISUAL on-board the FORMOSAT-2
satellite (launched 2004) in a polar, sun-
synchronized orbit at 891 km. It carries a CCD
imager, a 6-channel spectrophotometer and a 2-
channel array photometer. The satellite operates in
trigger-mode and is able to detect over-the-limb
events from ranges > 3000 km. After a decade of
successful observations, by May 2013 sprite
climatology was obtained from a total of 31,361
TLEs, with a deduced global rate of 24 min™ [8].

For TGF research, there are presently 3 active
satellites: RHESSI (since 2002), AGILE (2007; ~10
TGFs per month) and Fermi-GBM (2008; 2 TGFs
per week, 415 as of 1/2014). The different sensors
and energy level detection thresholds of these
platforms do not readily produce a global
distribution of these elusive events, yet the clear
connection to thunderstorms is a well accepted fact,
while the mechanism is still being debated [9].

3. Future Challenges

The challenges facing new space missions are
many. A desired high frame-rate camera necessitates
large memory and fast downlink capability of
detected events. Getting the finer details of sprite
structure or of Gigantic-Jet propagation requires
telescopic lenses, because of the huge range to the
limb. Fixed or moveable detectors limit the coverage
or require commanding, and pointing accuracy is

essential. To maximize the yield, coordination with
ground-based optical observations is needed in
various geographic locations, preferably those with
a dense lightning detection network. The next
decade of research from space will undoubtedly
bring new and exciting discoveries and increase our
understanding of these beautiful phenomena.
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The Gamma-ray Burst Monitor (GBM) on Fermi is a highly capable TGF detector. Several
improvements since the launch of Fermi have enhanced its sensitivity to TGFs. Ground-based
searches of individual photon data uncovered fainter and shorter TGFs, leading to a yearly TGF
rate of 841 compared to 12 in the first year of Fermi operations. Some TGFs consist of
overlapping pulses with separations as short as 1/4 ms, while 20% of bright GBM TGFs have
multiple, isolated pulses. A strong TGF duration / radio-detection anti-correlation shows that the
radio detections that are within tens of us of a TGF are due to the TGF itself rather than from
lightning. GBM also detects a few Terrestrial Electron Bursts (TEBs) per year; in many of these
TEBs, positrons are detected via the 511 keV annihilation line. The Large Area Telescope (LAT)
on Fermi also detects TGFs and is able to geolocate TGFs in gamma-rays to ~100 km accuracy.
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In this topical lecture I will review the results on the science of Terrestrial Gamma-ray Flashes
(TGFs) obtained by the AGILE satellite. AGILE is one of the few operating missions capable of
TGF observation from space. Each of these missions has peculiar characteristics (orbit inclination,
operative modes, detector and electronics design) that influence the characteristics of the observed
TGF samples. In this lecture I will describe the AGILE payload and its potential for TGF
detection, then focus on AGILE results in TGF science, in the context of the current observational
framework. The properties of TGFs collected in the 1* AGILE TGF catalog will be reviewed,
including duration, intensity, cumulative spectrum, multiple peaks and correlation with sferics
detected by ground-based lightning detection networks.

1. The AGILE mission

Astrorivelatore Gamma a Immagini Leggero
(AGILE) is a space mission of the Italian Space
Agency (ASI) devoted to astrophysics in the gamma
ray energy range from 30 MeV to 30 GeV, with a
monitor in the X-ray band 18-60 keV [1] AGILE
was launched on 23 April 2007 in a low-Earth orbit
at 550 km altitude with 2.5° inclination and it is still
operating. The main AGILE instruments suitable for
TGF observation are: (1) the Gamma-Ray Imaging
Detector (GRID), based on a tungsten-silicon tracker
(ST) [2] , with imaging capabilities in the 30 MeV -
30 GeV range; (2) the minicalorimeter (MCAL) [3]
, a CsI(T1) scintillator detector sensitive in the range
300 keV - 100 MeV, without imaging capabilities.
MCAL can work as an independent gamma-ray
transient detector, equipped with a dedicated trigger
logic [4] acting on several time scales spanning four
orders of magnitude between 290 us and 8 s.

2. AGILE TGF detection capabilities

The AGILE payload is well suited for TGF
detection thanks to the following strength points [5]

1. MCAL effective area peaks in the MeV range,
where most of the TGF energy is radiated.

2. MCAL energy range is extended up to 100
MeV, allowing to probe the high energy tail of
the TGF spectrum.

3. The MCAL trigger logic acts on time scales as
short as 1 ms and 290 us, well matching the
TGF typical time scale.

4. Time-tagged event data with 2 us timing
accuracy are available for triggered events.

5. Absolute timing accuracy better than 100 us
allows precise timing for correlation with on-
ground observation of sferic waves associated to
lightning.

6. The AGILE-GRID trigger logic is sufficiently
flexible to collect also high-energy photons
coming from the Earth.

7. The AGILE orbit with 2.5° inclination is optimal
for mapping the equatorial region, where most
of the TGFs take place, with exposure larger
than other missions.

All detectors that observed TGFs up to now are
substantially affected by dead time, i.e., the time
during which a detector is not responsive to input
pulses because busy in processing previous events.
Dead time is a specific characteristic of each
instrument, mostly depending on design choices,
therefore it affects observations differently for each
detector. In the case of MCAL the dead time
contribution is mostly due to the anti-coincidence
(AC) shield surrounding the instrument and
designed for charged particle rejection. The effects
of dead time on MCAL, described in details in [6] ,
substantially limit the detection of short (<100 ws)
TGFs and affects the observed intensity distribution.

3. Contribution to TGF science

The main AGILE contributions to TGF science are

the following:

a. In [7] it was first reported that the TGF spectrum
extends at least up to 40 MeV, with a spectral
shape compatible with that of RHESSI, but with
a maximum energy well above the previous 20
MeV limit set by that experiment.

b. In [8] we report that the high-energy tail of the
observed TGF spectrum is harder than expected
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and cannot be easily explained by previous
theoretical models.

In [9] we report the first direct TGF localization
from space in gamma-rays, using high-energy
photons detected by the AGILE silicon tracker.
In [10] we show that TGFs are not a random
sub-sample of global lightning activity as
detected from space; moreover, significant
regional differences exist, both in the degree of
correlation and in the TGF/flash ratio, as
confirmed both by RHESSI and, recently, by
Fermi data.

In [11] we show that the high-energy photons in
TGF spectrum can potentially affect the avionics
of aircrafts flying close to the TGF production
region.

In [6] we describe and discuss the properties of a
sample of 308 TGFs with maximum photon
energy < 30 MeV, which constitutes the 1%
AGILE TGF catalog. An online version of the
catalog is accessible as an interactive web table
from the ASI Science Data Center website
http://www.asdc.asi.it/mcaltgfcat/.

4. Properties of AGILE TGFs

The main properties of AGILE TGFs, as reported in
[6] , are the following:

A.

The average detection rate is ~0.3 TGFs/day,
when the AGILE exposure is properly accounted
for.

. The AC-induced dead time is a key factor to

understand important TGF properties such as
duration and intensity distributions. The dead
time model explains also why no Terrestrial
Electron Beam has been detected by AGILE.

. The duration distribution is biased toward larger

values than RHESSI and Fermi-GBM because
of the AC-induced dead time, which prevents
the detection of TGFs shorter than = 100 ps.

The intensity distribution is consistent with a
power law fluence distribution with index A4 =
2.4 for large fluences, compatible with previous
studies based on RHESSI and Fermi data.
Remarkably, all three operating TGF detectors,

with different characteristics and different
analysis methods, point toward consistent
results.

The number of AGILE TGFs made of multiple
peaks separated by a few milliseconds is about
2% of the sample. This fraction may be even
larger if low-intensity peaks, not recognized as
independent TGFs by the selection algorithm,
are considered.
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The cumulative spectrum can be fit with a power
law with exponential cutoff model and is quite
in agreement with RHESSI results, further
supporting, with an independent data set, the
scenario of low-altitude production. However,
the spectrum is harder than RHESSI-simulated
spectrum, suggesting a possible selection bias
toward harder events.

sferics detected by the World Wide
Lightning Location Network (WWLLN)
simultaneous to TGFs were detected. This is
consistent with the fact that the detection of
TGFs shorter than = 100 ps, for which the
probability of a simultaneous sferic is larger, is
suppressed by dead time effects.

Despite the lack of simultaneous sferics, we
used the number of WWLLN sferics detected in
a spatial region and temporal interval centered at
the subsatellite point and TGF time as an
estimator of the overall lightning activity of the
thunderstorm  system conducive to TGF
production. As far as this parameter is
concerned, AGILE and RHESSI TGF samples
are compatible with the same parent distribution.
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JEM-GLIMS is a space mission to observe lightning and TLEs with a nadir view from the
international space station, and it consists of two optical instruments and two radio wave receivers.
JEM-GLIMS was successfully launched and installed at the exposed facility of the Japanese
experiment module (JEM) and started continuous observation from Nov. 20, 2012. So far, it
succeeded in detecting 3,130 transient optical emissions originated in cloud-to-ground (CG) and
intra-cloud (IC) discharges. It is identified that some of these events are clearly related with TLEs.
Global distribution of the lightning events detected by JEM-GLIMS shows clear seasonal variation,
which is comparable to the lightning distribution derived from OTD and LIS observations.
JEM-GLIMS also succeeded in detecting fireball emissions by camera and photometers.
Examples of the observed lightning, TLEs and fireball events will be introduced.

1. Introduction

One of the issues to be solved in the sprite studies
is the mechanism determining the horizontal spatial
distribution of sprite bodies, which 1is the
“occurrence condition” of sprites. Up to now,
various possibilities to answer this are introduced
and discussed [1][2][3][4][5], but it still remains an
unsolved problem. Though it is essential to estimate
the horizontal distribution of sprites observationally
and to identify the relation to the parent lightning
discharges, it is not easy to do because of the low
feasibility to carry out the multipoint simultaneous
observation of sprites due to the limitation of the
geographical and weather conditions and to perform
triangulation analysis. Thus, it is essential to carry
out the nadir observation of sprites from space
globally and to identify the spatial distribution and
temporal evolution of sprites. For this purpose, we
planned a space mission to observe lightning and
TLEs from the international space station (ISS),
which is named as JEM-GLIMS (Global Lightning
and sprite MeasurementS on Japanese Experiment
Module) [6].

2. JEM-GLIMS Instruments

JEM-GLIMS instruments consist of two types of
optical instruments (LSI, and PH), two types of
radio wave receivers (VLFR and VITF) and an
onboard data processing unit (SHU) [7][8][9][10].
LSI (lightning and sprite imager) has 33 ms time
resolution and 28.3°x28.3° field-of-view (FOV),

which becomes 400mx400m and 320x320m spatial
resolution at the ground surface and 80 km altitude,
respectively. LSI-1 and LSI-2 equip a wide band
(766-832 nm) and narrow band (762 + 7 nm) optical
filter. PH (spectrophotometer) consists of six
channel photometers measuring the emission of N,
1P, 2P, LBH and N," IN bands. Five of six PH
channels have 42.7° FOV, and the other PH channel
has 86.8° FOV. The absolute intensities of the
emission are recorded with 20 kHz sampling
frequency with a 12-bit resolution. VLFR (VLF
receiver) consists of a 15 cm monopole antenna and
an electronics unit recoding waveform data with 100
kHz sampling rate with 14-bit resolution. VITF
(VHF interferometer) consists of two patch-type
antennas and an electronics unit recording VHF
waveform with 200 MHz sampling frequency with
8-bit resolution. JEM-GLIMS was successfully
launched on June 2012 and installed at the JEM
exposed facility. After the initial checkout operation,
we started the continuous observation of lightning
and TLESs since Nov. 20, 2012.

3. Summary of JEM-GLIMS Lightning Events

In the period from Nov. 20, 2012 to Jan. 31, 2014,
totally 3,131 lightning events including TLEs were
detected by JEM-GLIMS. From a global map of
these events it is clear that most of the events were
detected over Central America, Africa, and
South-East Asia. We have estimated the seasonal
distribution of the detected events and found that the
most of the lightning events were detected in the
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local summer hemisphere. All these facts are well
comparable to the lightning distributions derived
from OTD and LIS measurements.

4. Optical Properties of CG, IC Discharges

JEM-GLIMS detected the optical flashes emitted
by not only IC discharges but also CG discharges. It
is found that the optical properties of these flashes
are quite different according to the LSI image data
and PH light-curve data. In the CG events, optical
emission starts weak glow emission lasting for a few
tens of ms, which may be related with the
preliminary breakdown (PB) in the cloud [11][12].
Then, intense flash with a following exponential
decay occurs, which is related with the return stroke.
In some cases, gradual glow emission with a few
tens of ms follows the return stroke flash, which
may be related with in-cloud discharges. On the
other hand, in the IC discharge events multiple
flashes occurring within 10 ms are measured
typically. The light-curve of these multiple flashes
closely resembles the waveforms measured by
electric field antenna, such as fast antenna.

In this analysis, ELF waveform data are used to
identify the discharge type (i.e., CG or IC) for the
GLIMS lightning events. However, the estimation
of the intensity ratio between GLIMS PH channels
enables us to distinguish the discharge type by itself
as suggested by T. Adach [13]. This analysis will
lead detailed latitudinal

5. Optical Properties of TLEs

As reported in the previous papers, TLEs can
radiate strong FUV emission (N, LBH) [14][15].
Though lightning discharge may also radiate FUV
emission, such emission will be perfectly absorbed

by the atmosphere and will not reach the ISS altitude.

Thus, the optical signal at GLIMS PH1 (150-280
nm) is a good proxy of the occurrence of TLEs. In
addition to this, intensity ratio between PH channels,
differences of the optical shapes between LSI-1 and
LSI-2 images, CMC values estimated by using ELF
waveform data are the good materials to judge the
occurrences of TLEs.

Transient optical event detected at 19:50:40.306
UT on Sep. 28, 2013 over central Africa is an
example of a sprite event. In this event, diffuse and
somewhat structured emission was confirmed in
LSI-2 images, which shows different spatial and
time evolution from that in LSI-1 image. The
intensity ratio of (PH2(37 um) / PH4 00900 nm) and
(PH6:307 umy / PH4600.900 nm)) becomes x26 and x28,
respectively. CMC value is estimated to be +1843
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C-km. All these facts suggest the occurrence of
sprite.

On the other hand, in the transient optical event
detected at 16:26:32.807 UT on Oct. 15, 2013 over
South-East Asia strong PH1 signal was detected but
no emission was detected by LSI-2. This result
suggests the occurrence of elves. Since elves rapidly
expands in the lateral direction and has thin optical
depth, it is not possible capture elves image by LSI.
But, PH has enough high sensitivity rather than LSI,
and it seems to be possible to detect FUV emission
of elves.

6. Fireball Event

At 09:20:48.222 UT on Feb. 2, 2014, transient
optical signal emitted by a fireball was detected. In
the LSI image, clear trail of the fireball was
confirmed, and only FUV signal was detected by
PHI1. Assuming that the fireball moves horizontal
direction, the speed was estimated to be about 30
km/s, which is comparable to the typical meteor
speed. Not only this event but also other events that
seems to be related with the meteors are confirmed
in the JEM-GLIMS events.
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TARANIS is a French satellite dedicated to the study of Transient Luminous Events (TLEs) and
Terrestrial Gamma-ray Flashes (TGFs). By the end of 2016, TARANIS will be operating in space
and will provide: combined Nadir observations of TLEs and TGFs, high resolution measurements
of energetic electron beams, and high resolution wave field measurements from DC up to 35 MHz.
The measured data will be distributed to the atmospheric electricity community through the
TARANIS Scientific Mission Center (CMST). The TARANIS payload, the strategy adopted to
maximize the scientific return of the mission, and the main functionalities of the future CMST will

be presented and discussed.

1. Introduction

In Celtic mythology Taranis is the god of
thunder. The mission TARANIS is funded and
operated by the French space agency CNES. This is
a low altitude satellite project dedicated to the study
of impulsive transfers of energy between the Earth
atmosphere and the space environment. Such
phenomena, evidenced by the observation at ground
and on satellite (FORMOSAT 2) of Transient
Luminous Events (TLES) and the detection on
satellites (CGRO, RHESSI, Fermi, AGILE) of
Terrestrial Gamma ray Flashes (TGFs), are observed
above active thunderstorms and appear to be
correlated to lightning activity. To answer the
numerous remaining questions about the physics of
TLEs and TGFs, the TARANIS mission will
provide a set of unprecedented and complementary
measurements. Specific examples include:

e« Combined images of TLEs and TGFs
(through fast micro-cameras and photometers, nadir-
viewing and X-ray and Gamma-ray measurements)
and the associated measurements of relativistic
electrons and wave fields;

* High resolution measurement of energetic
electrons in energy, pitch angle and time allowing to
detect runaway electrons as well as Lightning-
induced Electron Precipitation (LEP) and to track
natural and man-made controlled variability of the
radiation belts;

* Onboard wave field measurements in a
frequency range running from DC to 30 MHz
allowing to record radio signatures of optical and
particle transient phenomena and to detect the
presence of quasi-electrostatic thundercloud fields.

2. Scientific objectives

TARANIS aims at providing a sufficiently complete
package of novel instrumentation to answer specific
questions raised by the many ground-based
campaigns to observe TLEs, and by the highly
successful FORMOSAT 2 and RHESSI missions.
The science objectives of the TARANIS mission are
into three broad categories:

»  Advance physical understanding of the links
between TLEs and TGFs, in their source regions,
and the environmental conditions;

» Identify the generation mechanisms for
TLEs and TGFs and, in particular, the particle and
wave field events which are involved in the
generation processes or which are produced by the
generation processes;

» Evaluate the potential effects of TLEs,
TGFs, and bursts of precipitated and accelerated
electrons (in particular lightning induced electron
precipitation and runaway electron beams) on the
atmosphere of the Earth and/or on the radiation
belts.

3. Scientific Mission Center

The main goals of the TARANIS Scientific Mission
Center (CMST) are: to deliver the TARANIS data,
and to provide on-line tools for their interactive
plotting and data processing. Depending on their
login classes, users of the CMST will have the
possibility to access the functionalities of the
following services: data selection and downloading,
QuickLook/QuickView selection and downloading,
interactive plotting and data processing of
TARANIS data. The CMST web site will be located
at LPC2E (Orléans, France).
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ASIM is a payload for the International Space Station for observations of Terrestrial Gamma-ray
Flashes (TGFs), Transient Luminous Events (TLEs) and lightning. The scientific payload is
composed of two instrument suites. One is the Modular X- and Gamma-ray Sensor (MXGS)
measuring photons with energies from 10 keV — 20 MeV the other is the Miniature Multispectral
Imaging Array (MMIA) which carries three photometers two cameras. The instruments are
mounted external to the ESA Columbus payload, viewing towards the nadir. ASIM is developed by
ESA and is expected to be launched in May 2016. The presentation will give an overview of the
ASIM mission and its status. We present the payload instruments and their measurements, the

mission scenario and the status of the mission.

1. Historical background

The  Atmosphere-Space Interactions  Monitor
(ASIM) is in ESA’s research cornerstone of
Fundamental Sciences (Dust and Atmospheres). The
ASIM instrument concept was first submitted in
2003 to an ESA call for external payloads on
Columbus issued to national delegates. ASIM
entered an Instrument Pre-Phase A study with the
Danish National Space Centre in December 2003.
The study was completed in June 2004 with the
recommendation to enlarge to a broader European
mission, including European partners such as
Norway and Spain, in charge of co-developing the
upgraded version of the X and Gamma-ray Sensor
(MXGS). A Payload Pre-Phase A study was
performed in October 2004 at ESA/ESTEC, a
Payload Phase A study took place in 2005-2006.
Phase B was performed during 2007-2009 and Phase
C started in August 2010.

2. Research objectives

ASIM is an Earth observation facility to be located
on the external payload platform on the Columbus
module of the International Space Station for the
study of severe thunderstorms and their role in the
Earth’s atmosphere and climate. The following
scientific objectives are to be addressed by ASIM:

Research objectives related to the Atmosphere:

e Provide the most comprehensive global survey
of Transient Luminous Emissions (TLEs) and
Terrestrial Gamma-ray Flashes (TGFs)

e Study the physics of TLEs and TGFs

o Determine the perturbation of the high-altitude
atmosphere by thunderstorms

Research objectives related to Space Science:

o Study effects of thunderstorms on the
ionosphere and the radiation belts

e Study meteors in the Earth's environment and
quantify their effect on the atmosphere

e Lightning-induced electron precipitation and
relativistic electron precipitation

e Aurora borealis

Research objectives related to Earth Observation:
o Effects of mega-cities, dust storms, forest fires
and volcanoes on cloud electrification
e Intensification of hurricanes and its relation to
eye-wall lightning activity

3. The Payload

The observations use a set of pre-defined wave-
lengths in the optical band and in the X- and Gamma
bands. The optical band is covered by the Modular
Multi-spectral Imaging Array (MMIA) and the X-
and Gamma band by the Modular X-ray and
Gamma-ray Sensor (MXGS) (Fig. 1). ASIM will be
installed as an external payload on the ISS
Columbus Module, looking downward at the Earth’s
atmosphere (nadir direction) (Fig.2). The MMIA
must be able to detect the relatively faint emission
from TLEs against a strong background of
illuminating lightning. Observations in several
optical bands are necessary to achieve this. The
MXGS has a coded mask that allows identification
of the location of the TGF source.
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ASIM Payload

Columbus Module \\b

Fig. 2: ASIM on the Columbus module of the ISS.

Observations will be performed either in
triggering or in a time tagged mode. In the triggered
mode, data are continuously recoded into a circular
buffer, and erased again unless the observed photon
flux fulfils certain criteria (e.g. intensity, duration).
In such cases, all data are saved and transmitted to
ground. This cross-triggering of instruments will
increase the sensitivity by allowing retaining data
even if a module by itself does not trigger. Cross-
triggering and identification of TGF location have
never been done before and are particularly crucial
for understanding the origin and physics of TGFs.
The instruments are shows in Fig.3-4, and their
specifications in Table 1.

MXGS Lower Housing

\ | Lateral Radiator Interface RAM Support

| Structure / Radiator

Lower Cover | Shielding

Coded Mask and C.M.
Support Structure

oy
DAU Assembly
DPU Box

Fig. 3: The MXGS instruments.

WAKE Support
Structure

Silvered Teflon

Fig. 4: The MMIA instruments and the MMIA computer.

Table 1: ASIM instrument specifications.

MXGS LED HED

Geometric area 1024 cm® 900 cm”

Energy range 15-400 keV 0.2-20 MeV

Energy resolution <10% /60 keV | <15%/662 keV

Relat. time resolution | <5 pus <5 ps

Angular resolution Point < 0.7° NA

(source) Diff <2°

MMIA Cameras Photometers

FOV (Nadir) 61.4°x61.4° | 61.4°x61.4°

Pixels 1024 x 1024

Pixel resolution (km) | 0.4-0.5

Time resolution (ms) | 83 0.01-0.1

Spectral bands (nm) | NC1:337.0/5 NP1:337.0/5

(center/width) NC2:777.4/5 NP2:180-230
NP3:777.4/5

4. The consortium

The ASIM consortium is led by Terma A/S, Space
Division. Terma is also leading the MMIA
consortium and delivers the cameras (heritage from
star cameras), with DTU Space as a partner
(photometers, power supply, and instrument
computer). DTU Space is leading the MXGS
consortium and delivers the instrument computer
and harness, with University of Bergen (high-and
low-voltage sensors), Space Research Center,
Poland (power supply), and University of Valencia
(mechanical structure and coded mask) as partners.
Carlo Gavazzi, Milano, provides the payload
computer, interfacing with the ISS.

5. The timeline

Delivery of instrument flight models is expected in
February 2015 and the payload acceptance review in
September 2015. Shipment to the carrier integrator
(Space X) follows in January 2016 with launch in
May 2016. The end of the commissioning phase is
expected in July 2016 followed by a 2-year science
phase.







2" TEA — IS Summer School, June 23" — June 27" 2014, Collioure, France

Ground Based Observations of Optical Emissions from
Transient Luminous Events above Thunderstorms

O. Chanrion, F. Christiansen, T. Neubert

National Space Institute (DTU Space)
Technical University of Denmark, Denmark.

In this presentation we give the opportunity for young scientist to learn how to use ground based
systems to perform Transient Luminous Event observations assisted by lightning and satellite data.
The first part of the presentation will be theoretical with an introduction of TLEs and of systems
one can use to perform observations. The second part will be dedicated to a training session where
student can perform their own observations on real or artificial data.

1. Transient Luminous Events.

During the last 25 years interest in atmospheric
electricity has increased because of the discovery of
electric discharges in the atmosphere and
mesosphere above thunderstorms, the so-called
sprites, first observed in 1989 [1].

The sprite is a large streamer discharge in the
mesosphere made up of either single streamers or
clusters of streamers that together can measure
several tens of km horizontally and reaching from
50-80 km altitude. It is now known as the sprite: a
giant discharges in the mesosphere at 50-80 km
altitude. Following this evidence many other
transient luminous events had been observed, they
include elves, a 300-400 km wide pancake-shaped
glow that occurs in the ionosphere at an altitude of
100 km, sprite halos, a 50 km wide ellipsoidal glow
that occurs in the mesosphere at an altitude of 70
km, blue jets, a narrow cone of light emerging from
the top of a thundercloud and reaching the lowest
part of the ionosphere at 40 km altitude, and the
biggest TLE: the gigantic jet. (e.g. [1-6]).

— >
a
Red Sprite ‘ ’
f

Blue Jet

Mesosphere
lonosphere

Electron
Density

E
=
o
°
2
=<

Stratosphere

Temperature

Figure 1: Diagram illustrating TLEs, reprinted from
Science [7].

2. Ground based systems.
2.1. Instruments.

In this section, we will address only the
measurements of optical emissions from TLEs. A
TLE optical ground based system is usually built up
around low-light cameras and/or photometers that
measure the light coming from the atmosphere after
it has been excited by the TLE. The instruments can
be installed still or be mounted on a pointing system
motorized or not.

2.2. Computer.

Usually, a standard PC is used to control the
instruments and trigger the interesting data for
storage and further analysis. The operating system
can be either Linux or Windows which can use
home-made triggering software (Spritewatch) or the
popular UFOCapture.

| receiver

3

Figure 2: A camera system.

It is crucial to have good time stamping of the data,
which is usually achieved by the use of a GPS. The
most advanced systems can be entirely controlled
remotely over the Internet to allow their operation
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from home or a regular office desk and even be
entirely automated.

2.3. Power and Internet access.

The system has to be powered by either standard
electricity network or battery charged by solar
panels. Systems installed far from standard internet
access can use BGAN satellite access or mobile
network.

e e GPS Solar Panels
2 low-light receiver (150 W)
cameras ;
Pan-Tilt BGAN
Computer ] unit antenna
Battery
Charge controller - !

Figure 3: An autonomous camera s

2.4. Support for observations.

In order to decide if it is worth performing
observations, an operator or a software algorithm
has to decide if there is some chance of
thunderstorm in the field of view of the instruments.
It is also good to know with a relative precision
where to point at. It can be done using
meteorological data from satellite like Meteosat, or
lightning data from lightning detection network like
EUCLID, LINET or WWWLN.

Figure 4: A meteosat image.
3. Coordinated observations.

For a complete analysis of the observations, it is
usually interesting to have concurrent observations
of the same event. For instance, one can obtain the
exact position of the event by triangulation if other
cameras had observed it. It can also be interesting to

have other sort of measurements of the event
simultaneously, like for instance radio wave
measurements from ground or space. (eg. [8-11]).

Most probable position
given by the color regions

' i PO ‘
Figure 5: A lightning map computed for automated
camera pointing.

4. Training session

During the training session the interested
students will have the opportunity to perform
observations on their own. Students will work by
small groups on a computer and have access to a
remote ground base system. The training will start
with the analysis of Meteosat and Meteorage data
and ends on an observation period based on realtime
or simulated data.
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Using space mission data (DEMETER)

M. Parrot!

L LPC2E, University of Orléans, CNRS, Orléans, France

DEMETER was a low earth orbiting satellite in operation between 2004 and 2010. Its main
scientific objectives were the studies of the ionospheric perturbations as function of the seismic
activity and as function of the man-made activities. Its payload consists of experiments to measure
electromagnetic waves and plasma densities. Therefore DEMETER was able to record a lot of
events related to the thunderstorm activity. The training lesson about DEMETER will start by a
short presentation of the satellite, its operations, its experiments and the corresponding data. Then
it will be possible to perform analysis of data recorded during interesting events at the time of
thunderstorm activity. This will be done with a specific software named SWAN specially
developed by LPC2E to analyze electromagnetic waves.

1. Introduction

During this training lesson specific events
recorded by the low altitude satellite DEMETER
during thunderstorm activity will be studied with a
software named SWAN.

2. The satellite DEMETER

DEMETER was a 3-axis stabilized Earth-
pointing spacecraft launched on June 29, 2004
into a low altitude (~710 km) polar and circular
orbit that was subsequently lowered to 650 km
till the end of the mission in December 2010
[1]. The orbit is nearly sun-synchronous with an
ascending node at ~22.30 LT in the night sector
and a descending node at ~10.30 LT during day-
time. The payload was nearly continuously
operated at invariant latitudes below 65° but
dedicated operations were also programmed at
higher latitudes when the satellite was flying
over ground-based facilities such as EISCAT or
HAARP. Data studied in this lesson were
acquired by the Electric Field Instrument (ICE)
which measures electric components of plasma
waves in the frequency range from DC to 3.25
MHz. The Very Low Frequency (VLF) range of
ICE extends from 70 Hz to 20 kHz. There are
two scientific modes, survey and burst, the latter
being mainly activated when the satellite is
above active seismic regions or for specific
purposes. In both modes power spectra of one
electric component were calculated onboard
with a time resolution of 2.048 s and a

frequency resolution of 19.53 Hz. In the burst
mode waveforms of one electric component
with a sampling frequency of 40 kHz were
downloaded, which allows spectra with a better
time and frequency resolution than in survey
mode. In the burst mode it is also possible to
achieve a wave propagation analysis using the
six components of the wave field up to 1.25
kHz.

A detailed description of ICE can be found in
[2]. All events to be studied in this lesson have
been recorded during the burst mode of the
experiment.

3. SWAN

SWAN (Software for Waveform ANalysis ) is
a fully interactive software designed for the
visualization and analysis of scientific and
engineering data. The main objective is to
facilitate the satellite data processing providing
with a package of analysis tools. The data
processing tools can be classified according to
the type of analysis:

(i) Pre-processing;

Basic data pre-processing can be done with the
data customizer tool. Data selection and
cleaning are available. IDL commands and user
programs can be executed over the data set.

(ii) Data viewer;

The more basic function corresponds to a quick
display of the signal waveform.

(iii) Data characteristics;
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The characteristics of the signal are determined
after tests on probability distribution,
stationarity, normality and moments.

(iv) Classical spectral analysis;

The "classical” spectral analysis of a time signal
contains the filtering, the estimations of
autocovariance, autospectrum. When at least
two different input signals are loaded, the cross-
covariance and the cross-spectrum can be
estimated. For large sample data inputs, auto
and cross spectrograms are computed.

(v) Higher order spectral analysis;

The higher order spectral analysis consists in
the analysis of the higher moments, bispectrum
(order 3) and trispectrum (order 4) and the
estimation of mutual information and
derivatives.

(vi) Wavelet analysis;

Auto and cross wavelet analysis (Morlet
wavelet) are available with derivative functions
as wavelet “spectrogram” (amplitude and phase)
or integrated spectrum; bispectrum estimation
can also be calculated from wavelet coefficients.
(vii) Wave field characteristics;

When at least three components of the analyzed
wave field are available simultaneously, the
propagation and polarization characteristics can
be estimated.

SWAN's primary task is to provide
researchers in geophysics with a set of basic
signal processing tools and thus to save them a
programmation time of these common
functions.

Another important task is to simplify the
plotting and display of data coming from space
experiments. Finally, SWAN permits to make a
first high level data analysis with display
facilities. The only condition is that the input
data are discrete time-history signals as
waveforms.

The reference manuals, User’s Guide [3] and
Analysis Tools [4], are meant to give a
comprehensive picture of what the SWAN
software does, and how it does it.

3. The events

The events to be studied concern whistlers [6, 9],
proton whistlers [5, 8], multi-hop whistlers, pulses in
HF [7], and data recorded at the time of sprites [10].
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Terrestrial Gamma-Ray Flashes and associated electron emissions at
satellite altitude : some properties and modelling using Monte-Carlo
simulations.

D. Sarria', P.L. Blelly', F. Forme'

' IRAP, Université Paul Sabatier, CNRS, OMP, Toulouse, France

Terrestrial gamma-ray flashes are natural bursts of X and gamma-rays that are likely to be emitted
at an altitude of about 10 to 20 km, and correlated to thunderstorms. Once produced, the flux of
gamma-rays is altered by the filtering of the atmosphere and can eventually be detected by a
satellite. We first present a home Monte-Carlo model for Terrestrial Gamma-Ray flashes particles
transport in Earth's atmosphere, and we validate it by comparison with a benchmark GEANT4
simulation with similar settings. Then, using our home model, we discuss some properties of the
photons and electrons/positrons at the altitude of the satellite, focusing on spatial dispersion,
From all the gathered information, we finally propose a semi-analytical model to describe the final
spatial photon dispersion at satellite altitude, depending on source properties.

1. General presentation

Terrestrial gamma-ray flashes are natural bursts
of X and gamma-rays that are likely to be emitted at
an altitude of about 10 to 20 km, and correlated to
thunderstorms. Once produced, the flux of
gamma-rays is altered by the filtering of the
atmosphere and can eventually be detected by a
satellite. This last can only measure a residual of the
initial burst, constituted of scattered (or not
scattered) primary photons and secondary emitted
electrons, positrons and photons. One way to
approach this problem is to build a numerical model
of the transport of the high energy particles
involved. For this purpose, we developed a
numerical Monte Carlo model which solves the
transport in the atmosphere of both relativistic
electrons/positrons and gamma-rays. This model
makes it possible to track all particles (photons,
electrons and positrons) in the whole earth
environment (considering the atmosphere and the
geomagnetic field) to get any information about
everything happening in the transport of the
particles from source to satellite altitude.
Particularly, we discuss the story of the particles,
from emission to escape, their energies and their

spatial dispersion, depending on the source properties.

We first present our home model and validate it
by comparison with a benchmark GEANT4
simulation with similar settings.

A comparison is shown in figure 1. Then, using our
model, we discuss some properties of the photons
and electrons/positrons at the altitude of the
satellite, focusing spatial dispersion at satellite
altitude (600 km). From all the gathered

information, we build a semi-analytical model to
describe this photon dispersion, depending on
source properties. This model is build with help of
the geometry presented in figure 2.
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Figure 1: Comparison between GEANTA4 et our Figure 2: Simple geometry of a photon emitted
home model. The initial simulation settings are 4t an altitude h interacting only once at an
similar. The resulting photon spectra at h =100 altitude h; and reaching the final altitude h. The
km altitude are presented, as well as the detection sphere is defined as a sphere centred

diametric distance (d) distribution (d is defined ~ ©n Earth’s centre, of radius of R . + hy. A is the
in Figure 2). projection of the local vertical of the initial

position of the photon over the detection sphere.
P is the position of the photon when it reaches
the surface of the same sphere. The diametric
distance d is defined as the distance between
points A and P over the surface of the detection
sphere.
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High-Energetic Radiation from Lightning and Laboratory Spark Discharge

L. Sorokin®

! Peoples’ Friendship University of Russia, Moscow, Russia

The pinch effect and the plasma focus conditions can be responsible for nuclear fusion reactions
related with lightning phenomenon. The neutrons (2.45MeV) and high energy protons
(3.02 MeV) from lightning and thunderstorm can be produced in D-D nuclear fusion reactions.
The high-energetic radiation from lightning and thunderstorm can be associated bought with
proton capture and neutron capture. The photon energies in lightning gamma-ray spectrum can
rise up to 19.8 MeV. The X-ray and gamma-ray signatures from lightning can be explained due to
the Compton scattering effect. The collision of relativistic electrons with Krypton (Kr) and Xenon
(Xe) as with metal vapor in the plasma discharge can intensify the X-ray emission due to their
bigger atomic charge. The observation of the long period gamma ray radiation during the

thunderstorm can be due to the decay of isotopes.

1. X-ray emission from laboratory spark
discharge and rocket-triggered lightning

The laboratory spark discharge producing the X-
ray radiation was done at the Technical University
of Eindhoven in the Netherlands [1].

From the video (Fig. 1) one can see the plasma
turbulence in the spark discharge and the very hot
point on the grounded electrode visible for more
then 5 ms. This overheated point can be the emitter
of the metal vapor and the electron beam due to the
thermo-electron emission. The role of the thermo-
electron emission for formation of fast electrons
flow was experimentally investigated and X-ray
radiation was found at the initial stage of the spark
discharge in the atmospheric air [2]. So the X-ray
radiation with the source close to the grounded
electrode can be due to the collision of fast electrons

flow with atoms and ions [3].
I (3,98 I

Figure 1. Plasma turbulence in the Spark discharge
1MV with 1m channel. Author’s color video at 1200 fps
taken on the camera Casio Exlim EX-F1 in the High-
voltage laboratory at the Technical University of
Eindhoven in the Netherlands (28 October 2010).
Courtesy to A.P.J. van Deursen and C.V. Nguyen

That can explain that the X-ray bursts from
rocket-triggered lightning done by Dwyer, J. R., et
al. was from the altitude ~ 50 m from the ground [4].
The evaporation of the metal rocket trailing wire in
spark discharge decrees the ionization potential and
produces the heavy ions. The metal vapor and the
atoms with bigger atomic charges are more effective
for X-ray production [3].

2. Pinch effect and plasma focus conditions

The gamma-ray bursts with neutrons [5, 6, 7]
appear not in every lightning discharge, they are rare
in CG lightning and usually associated with
intracloud lightning [8]. It is possible to explain this
phenomenon by pinch effect or hot plasma
instability with the plasma focus conditions in the
compact area of plasma channel. The conditions for
the pinch effect can be only in the case when the
next lightning discharge goes in the same channel
during the continuous current stage [3]. For the
intracloud lightning the repetition rate can go up to
some hundreds within ~ 100 ps, so the pinch effect
can be common for them.

The CG lightning usually goes with lower rate of
some events per second and choosing the new
channel for the next stroke. But it can happen that
CG lightning goes in the same channel within some
ms twice. So for the CG lightning the probability of
pinch effect is lower then for intracloud lightning.
This fact can explain that a few CG lightning can
produce X-rays and gamma-rays with neutrons and
for the intracloud lightning the high energy photons
and neutrons are common.

The lightning discharge consists from a big
number of brunching dischargers. Each stroke enter
the main plasma channel inject in it huge current
(10-100 kA) within some nanoseconds. This is a
well-known pinch effect that will significantly
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increase the current density and the plasma
temperature within some nanoseconds, so the
possibility of the nuclear fusion reactions will appear
[3]. The pinch effect can create instability of
continuous gas discharge; it can be due to the current
oscillations that lead to the plasma density variation,
or turbulence in the hot plasma. The shock waives
can appear cased by the pinch effect that can
interrupt the current (within some nanoseconds) and
the local breakdown will follow after that. The new
strokes will enter the main plasma channel and this
pinch sequence generation can follow for hundreds
of times. This kind of hot plasma instability can
create the plasma focus conditions in the compact
area of plasma channel. The electric and magnetic
fields in plasma focus are so huge that nuclear fusion
reactions can go [3].

3. High-Energetic radiation from gas discharge

The first public announcement on the
thermonuclear reactions in gas discharge was done
by I. V. Kurchatov in his Speech at AERE/Harwell
on 25th April 1956 [9].

The D-T, D-D and D-°He reactions can go with
the resulting energy barrier approximately from
100 KeV. We consider the D-D reactions going with
the equal probability. The main outputs from the D-
D Fusion reaction are proton 3.02 MeV and neutron
2.45 MeV. On the next stage the nuclear reaction
can go in two different ways. The first one is the
proton capture and the second is the neutron capture
reactions.

The proton capture reaction is well known
nuclear reactions of type (p, ) and (p, o), so it can
affect the chemical element and isotope structure of
air gas mixture. The isotopes of Cl, K, F, Na, Br, Rb,
I, Cs can appear in the proton capture reactions with
Ar, Ne, Kr, Xe.

The neutron capture can go in reactions of type
(n, n), (n, y), (0, p), (n, @), (n, 2n). The absorption
cross section is often highly dependent on neutron
energy. So the fast neutrons (2.45 MeV) should be
slowdown to the thermal neutrons in the reaction. In
the wet air it is possible due to the reaction of type
(n, n) on the atoms of *H, *C, “N, and *°O. After
that for the thermal neutrons are used, the process is
called thermal capture. This reaction of type (n, y)
can go on *He, Kr, Xe and others isotopes with huge
absorption cross section. Xenon-135 is a perfect
neutron absorber due to its huge cross section for
thermal neutrons 2.65 10" barns.

The production of protons 3.02 MeV and
neutrons 2.45 MeV in D-D Fusion reaction together
with proton capture and neutron capture reactions
can explain the production of the radioactive

materials, gamma-ray radiation and the air ionization
during the lightning discharges within the
thunderstorm [3]. The observation of the long period
gamma-ray radiation during the thunderstorm can be
due to the decay of isotopes [3]. The role of *He, Kr,
Xe and others isotopes with huge absorption cross
section is significant for the thermal neutrons
capture [3]. The photon energies in gamma-ray
spectrum can rise up to 19.8 MeV and the thermal
neutrons will observed [3]. The X-ray and gamma-
ray signatures from lightning can be explained due
to the Compton scattering effect [3].
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Classification of Terrestrial Electron Beamsusing Mirrored Pulses
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Terrestrial Electron Beams (TEBSs) are the chargetighe form of Terrestrial Gamma-ray Flashes
(TGFs). GBM events are classified as TEBs on thghteof evidence: lightning activity (nadir
versus magnetic footprints), 511 keV lines, andatian. Another criteria for TEBs is the presence
of a mirror pulse. We present eight potential THEsn Fermi GBM data with ~1 ms duration
where such data is inconclusive. These eight examtselected such that Fermi was located close
to the weaker magnetic footprint. This criteria liap that if the event is a TEB there should be a
long delay between initial and mirror pulse. We miloithe expected delay of a mirrored pulse in
order to better detect the mirrored pulses. Ifghise is present, it is then classified as a TEB.






2" TEA — IS Summer School, June 23™ — June 27" 2014, Collioure, France
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Gamma-Ray Burst Monitor data archive
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Up to now, Terrestrial Gamma-ray Flashes (TGFs) have been observed by several spacecraft
devoted to astrophysics, such as CGRO, RHESSI, AGILE and Fermi. The Italian/Dutch satellite
BeppoSAX (1996-2002) was one of the most important missions in the field of high-energy
astrophysics: its payload housed the Gamma-Ray Burst Monitor (GRBM), a segmented detector
that could, in principle, have observed TGFs as well. Motivated by this possibility, we carried out
for the first time a systematic quest of possibly observed TGFs throughout the BeppoSAX GRBM
data archive. Our search ended up with a sample of 12 TGF candidates. Among these events, we
also found a peculiar candidate, whose features may represenent the signature of a mirrored

electron TGF.
1. Introduction

Terrestrial Gamma-ray Flashes (TGFs) are brief
(<ms) and intense gamma-ray (few+tens MeV)
emissions coming from the lowest part of the
terrestrial stratosphere (~15 km a.s.l.), strictly
correlated with  thunderstorms. Unexpectedly
discovered in the early ‘90s by the Burst And
Transient Source Experiment (BATSE) on-board the
Compton Gamma-Ray Observatory (CGRO) [1],
TGFs have been further investigated by several
satellites devoted to high-energy astrophysics like
RHESSI [3], AGILE [4] and the Fermi Space
Telescope [5].

2. The BeppoSAX Gamma-Ray Burst Monitor

The Satellite for X-ray Astronomy (BeppoSAX)
was a project of the Italian Space Agency (ASI),
with participation of the Netherlands Agency for
Aerospace Programs (NIVR), operational from 1996
to 2002. On its payload, BeppoSAX housed the
Gamma-Ray Burst Monitor (GRBM), a segmented
detector with four independent 1136 cm® wide
Csl(Na) scintillator units [2] (Fig. 1).

GRBM data are available in two energy channels:
the GRBM band (40+700 keV) and the AC band
(>100 keV). The first kind of data is acquired
whenever an excess of counts over the background
rate is detected, in at least two units out of four, with
a 7.8 ms time resolution. The second kind of data is
continuously acquired with a 1 s time resolution.

From simulations we found out that a TGF with a
typical 0.1 ph/cm” fluence would release about 1+11
counts within a single 7.8 ms temporal bin, into a

single detector unit, that are just few counts above
the typical background rate of 6+7 cts/bin.

From an accurate overview of the GRBM main
technical characteristics, three major drawbacks
concerning TGF detection, are pointed out: such
issues represent basic limitations to our analysis.
First, the integration times upon which the on-board
trigger condition is set turn out to be too long to be
sensitive to TGFs: as simulations show that typical
TGFs would not release a large amount of counts in
the detector, we expect that these events would not
trigger the GRBM. Hence, possibly detected TGFs
should be searched into the available data acquired
at random times. Second, the GRBM time resolution
(7.8 ms) is not optimized for TGF studies: counts
due to TGFs would be integrated all within a single
time bin, not providing information about the time
profile of the burst. Third, data acquired in the AC
band have a too rough time resolution (1 s) to be
suitable for TGF analysis and the only useful data
are those acquired in the GRBM band. The absence
of more than one useful energy channel prevents us
from performing spectral studies.

3. The search algorithm

Due to the GRBM coarse time resolution, TGF
light curves would appear just as simple spikes
above the background rate. In this perspective,
statistical fluctuations of the background and
high-energy charged particles could mimic the
expected light curve of a TGF: a discrimination
against these sources of fake spikes is necessary.
Such a discrimination is performed by selecting the
spikes exceeding a certain settable threshold level in





2" TEA — IS Summer School, June 23™ — June 27" 2014, Collioure, France

at least three units out of four: this ensures that the
detected spikes are not caused by either statistical
fluctuations (within a certain confidence level,
depending on the threshold value), or by
high-energy charged particles crossing the detector
slabs. Thresholds are chosen in order to select spikes
simultaneously observed in three (or four) units,
with a global probability to be statistical fluctuations
within a 5o (or 40) confidence level. We label as noy
the different selection criteria, with confidence level
k and a number of units #» in which the spike is
observed. The 403 and the 5o04 selection criteria
therefore represent the loosest and the tightest
selection criterion, respectively.

Before starting our search, we estimated the
expected number of TGFs detected by our selection
criteria, during the whole mission lifetime. We took
in consideration the actual exposure time of the
BeppoSAX GRBM (~24 days), the geographic
region spanned by the spacecraft (within a +3.9°
inclination orbit) and the minimum detectable
threshold for the different selection criteria. We
obtained that the 405 criterion would allow us to find
throughout the data archive <10 TGFs, while the 5o4
criterion would allow us to find <4 TGFs, in six
years activity.

4. Results

As expected, the 405 selection criterion produced
the largest sample, consisting in 12 TGF candidates
(Fig. 1). Among them, 5 events satisfy also the 5o4
selection criterion.

The evaluation of the payload configuration with
respect to Earth at the time each candidate took
place shows that, for all 12 candidates, at least one
GRBM unit was directly pointing towards the Earth
(within £30° from the nadir). Moreover, the TGF
candidate sample exhibits an evident clustering over
the continental regions, reflecting the common
behavior of a genuine TGF geographic distribution.
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Fig. 1: Geographic distribution of the 12 TGF candidates
satisfying the 43 selection criterion

Among the 504 events, TGF candidate 000308,
occurring over central Africa, exhibits a peculiar
double-peaked time profile: the first brighter pulse is
compatible with a sky incoming direction and the
second fainter pulse is compatible with a terrestrial

incoming direction. The pulses are (46+4) ms apart.
The second pulse is available with both 7.8 ms and
0.5 ms time resolution and exhibits a rather long
duration (4+5 ms) and an asymmetric time profile
(Fig. 2), differently from typical TGFs.

Given the temporal and directional features of
this event, we suggest this could be the signature of
a mirrored electron TGF [6].
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Fig. 2: Light curve of TGF candidate 000308, with
7.8 ms (blue) and 0.5 ms (red) time resolutions
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5. Conclusions

Motivated by the possibility that the BeppoSAX
GRBM did observe TGFs, we developed a search
algorithm to look for events throughout its data
archive. However, the low time resolution and the
absence of useful spectral data severely hampered
this search: the 12 TGF candidates selected by our
algorithm cannot be solidly confirmed as TGFs.
Nevertheless, such events are consistent with some
typical properties of TGFs, as the geographic
distribution and the terrestrial incoming direction.
Moreover, the number of candidates we ended up
with is totally consistent with the expected number
of TGFs that would be detected by the GRBM in six
years activity.
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We investigate changes that impact the global electrical circuit and present preliminary results
showing the diurnal changes of Ez and Jz in fair weather days that are used for establishing a
background diurnal spectrum for the Jz and a Carnegie style curve for the Ez. We show the
different impacts of local meteorological parameters on the Jz and Ez values near ground, as well
as several special cases of severe weather including dust storms.

1. General

The global electric circuit (GEC) on earth is driven
by electrified shower clouds and thunderstorms that
act as current generators. The current flows up to the
ionosphere and returns back to earth far away from
the severe weather in areas known as fair weather
regions. The vertical conduction current density (Jz)
is of typical value of ~2 pA m-2 pointed downward
and is one of the parameters that are measured,
along with the vertical electrical field (Ez) and the
atmospheric conductivity, to investigate the GEC.
The Ez was found to be of typical value between
100-300 V/m near ground and shows a behavior that
correlates with the diurnal global thunderstorm
activity in what known to be the Carnegie curve [1].
The GDACCS developed by the University of
Reading, UK, for measuring the various types of
currents (vertical conduction current density and the
displacement current density) is using two charge-
collecting plates of different geometry [2]. An
identical system was installed at the Wise
observatory in Mitzpe Ramon, Israel (30.6N,
34.76E) to measure the Jz and detect the impact of
solar events (e.g CMEs, solar proton events) on the
global electric circuit. Additionally, a new CS110
electric field meter instrument (Campbell Scinetific)
was installed to measure the vertical changes in the
Ez near the ground.
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A correct description of conductivity of the atmosphere is of major importance for cloud
microphysical processes [1] and in particular in the research of atmospheric discharges, such as
thunderstorms in which the observed electric fields are too weak [2] to produce convention break-
down. The most important ionization generators in the atmosphere are radioactive decay up to a
few km, galactic cosmic rays (CR) from 3 to 15 km [3] and solar UV & CR above 15 km [4, 5].
Free electrons are rapidly attached to oxygen molecules forming negative oxygen ions [6]. The
positive and negative ions collect water vapour and form charged droplets efficiently [7, 8]
causing the electrical mobility to drop significantly.

We will present our latest results of the ionization produced by extensive air showers, in dry and in

particular in humid air.

1. Extensive air showers

Ultra-high-energy cosmic particles penetrate the
atmosphere of the Earth at the speed of light, where
they create extensive air showers of secondary
particles.

The evolution of the extensive air shower can be
simulated with the Monto Carlo code, CORSKA [9].

In figure 1 we see the number of high energy
secondary particles (>1 MeV) created by a primary
proton of 10'7 eV with inclination of 23°.

Altitude(km)
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Fig 1: From left to right: hadrons, muons,
electrons/positrons and gamma-rays at given
altitude.
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Air heating and infrasound radiation in sprites
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Sprites are large-scale electrical discharges occurring between 40 and 90 km altitude [1]. They are
generated by strong quasi-electrostatic fields produced by cloud-to-ground lightning discharges in
an underlying thunderstorm. Sprites have been extensively studied through measurements of their
optical emissions (e.g., [2]) and remote sensing of their electromagnetic fields (e.g., [3]). In recent
years, a new possibility for sprite remote sensing has been realized: infrasound signatures recorded
on the ground have been unambiguously associated with sprites [4]. In this presentation, we
discuss the physical basis of air heating in sprites and the mechanism of infrasonic acoustic wave

radiation.

1. Motivation

The possibility of infrasound generation by
sprites was first proposed by Bedard et al. [5].
Liszka [6] reported the detection of infrasound
signatures that were associated with sources at
mesospheric altitudes during times of intense
thunderstorm  activity. These findings were
confirmed by Farges et al. [4], whose authors have
correlated the infrasound recordings (in the
frequency range of 0.1-9 Hz) with optical sprite
observations. Typical sprite infrasound amplitudes
are 0.01-0.1 Pa, as measured on the ground, at

distances ~100-400 km from the source [4,7]. Long-
range sprite infrasound signatures have a chirp-like
feature, with low frequencies arriving at the detector
before high frequencies [4].

Farges et al. [4] estimated that energies on the
order of 0.4-40 GJ have to be locally deposited by
sprites to generate the observed infrasound
amplitudes on the ground, far away from the source.
These values for energy deposition are well above
the ones estimated from optical emissions. For
instance, Kuo et al. [8] deduced, from the spatially-
averaged brightness of the first positive band system
of molecular nitrogen (1PN2), that the average
energy deposition in sprites is 22 MJ, which is
consistent with previous theoretical calculation by
Sentman et al. [9], of 1-10 MJ.

2. Modeling of the sprite infrasonic source

In order to properly describe the sprite infrasonic
source, we have developed a model for analysis of
air heating in electrical discharges [10] and we have
applied this model to quantify the levels of air

heating in sprites [11]. Figure 1 shows a schematic
representation of the sprite infrasonic source. The
inset in Figure 1 illustrates the waveform of the
current flowing in the sprite core, which generates
mesospheric air heating and expansion in the form
of infrasonic acoustic waves. A key feature of
the proposed physical model 1is the detailed
description of fast air heating due to quenching of
excited electronic states of nitrogen molecules (e.g.,
[12]). Our results indicate that >0.01 Pa pressure
perturbations on the ground, observed in association
with sprites, can only be produced by exceptionally
strong currents in sprite cores, exceeding 2 kA. We
also point out that infrasound amplitudes are more
closely related to peak currents in sprites rather than
total energy deposited per sprite event. This
modeling study is the first step towards connecting
the well-known optical (e.g., [2]) and electrical (e.g.,
[3]) properties of sprites to their infrasound
signatures (e.g., [4,7,13]).
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Figure 1. Schematics of air heating in a sprite core leading to generation of infrasonic acoustic waves observed on
the ground, far away from the source. The figure highlights the geometry of the simulated region, which describes a
cross section of the sprite core at 70 km altitude. The inset shows the waveform of the current flowing through the
sprite core. Reprinted from Figure 1a of [11] by permission from American Geophysical Union.
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The wavenumber-4 (WN-4) structure appears both in the thermosphere (neutral) and ionosphere
parameters observed around the Earth above the near-equatorial zone. The WN-4 structure is
attributed to latent heat release in deep tropospheric convection in the equatorial region where the
three main tropical lightning chimneys are found. In addition to the three known chimneys (Africa,
America, Maritime Continent), a smaller fourth chimney can be identified near Tahiti, in the
Pacific Ocean. Some common features between the thermospheric/ionospheric WN-4  structure
and the global tropical lightning characteristics have been identified.

1. Wavenumber-4 structures

The WN-4 structure in the thermosphere/
ionosphere in the equatorial belt (20°S — 20°N) is
attributed to latent heat release in deep tropospheric
convection in the equatorial region [1] just where
the three main tropical lightning chimneys are found
(see Fig.2.) spaced in longitude by roughly 90°.
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Figure 1 WN-4 structure in the thermosphere as shown in
the O(1S) green line emission by the WINDII satellite [1].

One of the main questions is whether the 4"
chimney exists in the Pacific (see Fig.2) where the
lightning is rather sparse. The Schumann-resonance
(SR) records at Tahiti show two maxima in the Hys
magnetic field component indicating the maximum
lightning activity of Asia and America and two
other maxima in the Hgy field component: one of
them at around 16 UT when the African lightning
activity maximizes, and another at around 3 UT
evidently associated with the 4" lightning

maximum at the local time of lightning activity in
the Pacific (see Fig.3)
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Figure 2 Sketch of the WN-4 structure.
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Map of the terrestrial gamma flashes (TGFs) also
indicates WN-4 like structure [2].

Figure 4. Location of TGFs by RHESSI satellite [2].

2. Semiannual variations

Semiannual variations with quasi equinoxial
maxima appear both in the total electron content
(TEC) [3] and in the tropical lightning activity, as
shown by SR records [4]
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Figure 5. Monthly variations of the amplitude of the WN-
4 component computed from TECs within + 5~20°
MLAT along the longitude around the Earth in the 10-18
local time sector [3].
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Figure 6. Semiannual variations of SR intensity with
April, October maxima at Nagycenk, Observatory,
Hungary.

3. Variations on the ENSO time scale

Both the ionospheric F2 layer and the global
lightning activity show variations related to the
ENSO phenomenon [5],[6].
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Figure 7. Yearly extreme value of ONI (Oceanic Nino Index)
(grey) and the extreme value of the f,F, ratio anomalies between
the ionosondes at Maui and Yamagawa (black) [5].
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The TARANIS microsatellite is dedicated to the stuof the impulsive transfers of energy
between the Earth atmosphere and the space enwerdnmcluding transient phenomena such as
Transient Luminous Events (TLES) and TerrestriaimBe-ray Flashes (TGFs). It observes from
above thunderstorm areas. Part of the payload,’NMieroCameras and Photometers” (MCP)
instrument is in charge of the remote sensing dEF In terms of optical imaging and waveforms.
Its objectives are to identify and characterizehtining flashes and TLEs in different optical
wavelengths, to determine spectral properties argidvide an alert to all TARANIS instruments
for common TLE observations at high resolution. Pphepose of this paper is to describe the MCP
scientific objectives and the instrumentation.

1. Introduction » To trigger other TARANIS instruments which
TARANIS (Tool for the Analysis of RAdiations  may point out associated events.

from lightNIng and Sprites) is a CNES satelliteMCP is composed of two MicroCameras (MCP-
project dedicated to the study of impulsive trarssfeMC) and four photometers (MCP-PH). MCP-MC
of energy between the Earth's atmosphere and thi#l be used to locate lightning flashes and TLEBd a
space environment. Objectives more precisely focus classify TLEs in their different categories. MCP
on the determination of the mechanisms at therorigPH will be used to detect on board TLEs and strong
of Transient Luminous Events (TLEs), Terrestridlightning flashes and to characterize them
Gamma-ray Flashes (TGFs) and on their effects e@mporally and spectrally.

the Earth environment [1]. Its scientific payload i

composed of six scientific instruments covering 8. Instrument description

very broadband: from few Hertz to gamma-rag.1. MCP-MC

range, through optical range (from UV to NIR). MicroCameras instrument is constituted of the
The MCP originality is to observe at the nadir adovfollowing subparts: an optical module MC-U and an
the thunderstorms for comparison of light emissiorsectronic module, MC-A, which is deported 1m
with corresponding X, gamma, radio emissiongway from MC-U.

instead of at the horizon as previous observations. MC-U contains (Figure 1): two optical heads, each
TARANIS is presently in construction and foreseenne dedicated to a specific wavelength (762nm for
for a launch in the end of 2016. It is expecteldam sprite detection and 777nm, for lightning detection
two-year mission. It will fly in a 98° sun-with 10nm FWHM), two detection sub-assemblies,
synchronous orbit at altitudes of about 700 km, fdsased on a cooled CCD 4720 CCD from E2V, a

operations around 13:30 LT. CCD proximity electronic board, used for
binarisation of the signals, and a mechanical
2. MCP scientific objectives structure.

The MCP (Micro-Cameras and Photometersjhe frame transfer CCD produces pictures at a
instrument has been fully described by [2]: it$rame rate of 10 per second. The optical headseof t
scientific  objectives, the nadir measurementvo cameras are nearly identical with a circulafdi
methodology, the TLE lightning identification of view of around 46°. The chosen aperture number
processing, and the instrument. This paper briefly 1.6. A telecentric combination is used to avaid
recalls the objectives, describes and updates thleift of the central filtered wavelength and the
instrumentation. spectral filter is placed near the sensor. The
The scientific objectives of the MCP experiment argesolution is 1.1 km at the center and 1.4 km at th
* To identify and characterize the TLEs and thedge of the field of view (due to distortion) atth

strongest lightning flashes, altitude of the thunderclouds. For TLE
e To locate the source regions of TLEs over thiglentification, a very good mutual covering of
world, camera field of view, the knowledge of the camera

misalignment (within few arc seconds), the
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synchronization of observation start between botbrovide the necessary power lines and switching

cameras and lossless image compression dem ON and OFF, to acquire (including

necessary. digitalizing) signals from the sensor, to process i
real time the 4 channel data to rise an “eventftale

MC-A includes an electronic board for dataand to format and send the data (with compression

compression and data formatting inside #or the survey mode).

mechanical structure allowing racking with other

electronic modules of the payload. The PH-U volume is 215 mm long, 160 mm large
and 202 mm high, with a mass of 2.85 kg. The

The MC-U volume is 130 mm wide, 180mm longypical MCP-PH power consumption is ~5.6 W.

and 190 mm high with a mass of ~2.4kg. The typical

MCP-MC power consumption is ~8W.

Figure 2: MCP photometers CAD drawing.

Figure 1: MCP cameras CAD drawing. 4. Current status
MCP instrument is currently in Phase D.
3.2.MCP-PH Engineering models for Microcameras and

As for the MicroCameras, the Photometerphotometers have been manufactured and underwent

instrument is composed of a sensor module PH-bupled tests with their analyzers. Manufacturifig o

and an electronic module, PH-A. PH-U is composeffight models is now in progress. Radiometric and

of four optical and electronic chains (Figure 2):  geometric characterization of the sensors and

 PH1: inside the N2 Lyman-Birge-Hopfieldenvironmental tests are planned before delivery.
(LBH) UV band system from 160 to 260 nm, MCP-PH and MC-A delivery are expected in

e PH2: the most intense line of the N2 secon@ctober 2014 while MC-U delivery is planned in

positive band at 337 + 5 nm for TLEs, January 2015. Payload integration will start in
» PHS3: the most intense line of the N2 first positivé-ebruary 2015. Characterization of integrated
band at 762 £ 5 nm for TLEs, instruments with the payload is as well planned.

* and PH4: from 600 to 900 nm. This last spectral

band will be dedicated to lightning flash5. References

measurements. [1] Lefeuvre F., E. Blanc, J.L. Pingon, R.
Hamamatsu photomultipliers and photodiode havgoussel-Dupré, D. Lawrence, J.A. Sauvaud, J.L.
been chosen with respect to the spectr&auch, H. de Feraudy, and D. Lagoutte, TARANIS -
performances. The field of view of PH1, PH2 and Satellite Project Dedicated to the Physics of $LE
PH3 will be the same as the camera one. The mut@&ld TGFs, Space Sci. Rev., 137, 301-315, 2008.
covering of photometer and camera field of view [2] Hébert P, Le Mer-Dachard F, Blanc E, Farges
must be more than 95%. PH4 will have a much, Jehl A, Binet R, Ravel K, and Sato M, Taranis
larger field of view (disk of 700 km radius) thanMCP: a joint instrument for accurate monitoring of
other photometers to be similar to the field ofwie Transient Luminous Event in the upper atmosphere,
of other TARANIS instruments. The samplingeaper number 134 of 9th ICSO International
frequency is 20 kHz. The four photometers must Beonference proceedings, October 9th-12th 2012,
synchronized to be able to perform TLE detection. Ajaccio, France

The electronic module, PH-A, is in charge to drive
the High Voltages of the photomultipliers, to
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A set of scientific instruments RELEC was prepared for space experiment onboard a small satellite
by Moscow State University and several other organizations from Russia, Hungary, Ukraine,
Poland and South Korea. The RELEC experiment was specially developed for study of relativistic
electrons in near-Earth space together with TLEs in order to test possible connection between
these two phenomena. RELEC mission includes x-ray and gamma-ray spectrometer, 3-axis
detector for electrons, UV and red-light flash detector, fast optical imager, low-frequency and
radio-frequency analyzers of electromagnetic field and waves. Data from RELEC mission will be
processed for testing TLE models, studying of TGFs light curves and spectra, testing possible
connection between electron precipitations and low-frequency electromagnetic waves. The launch

of RELEC mission is scheduled on summer, 2014.

1. RELEC space mission

A small satellite with RELEC payload will be
launched in summer, 2014 to quasi-circular solar-
synchronous orbit with about 700 km height. The
payload with mass ~40 kg is specialized for studying
of near-Earth electrons and TLE phenomena [1].
Simultaneous measurement of electromagnetic,
optical, x-ray, gamma radiation and charged
particles will be provided by a number of
instruments designed in Moscow State University
and its collaborators. The collaboration members of
RELEC are:

- Skobel’tsyn Institute of Nuclear Physics,
Moscow State University. Moscow, Russia (project
header company, x-ray, gamma and electron
spectrometers, UV and optical flash detector)

- Space Research Institute, Russian Academy of
Science, Moscow, Russia (electromagnetic field
measurements)

- Institute of Space Research, Ukrainian
Academy of Science and National Space Agency,
Lviv, Ukraina (electromagnetic field sensors)

- Etvos University, Budapest, Hungary (low
frequency electromagnetic field spectrum analyzer)

- Space Research Centrum, Poland Academy of
Science, Warsaw, Poland (radiofrequency analyzer)

- Department of Physics, Sungkyunkwan
University, Suwon, Korea (imaging UV and optical
fast telescope)

- Aerospace Instrument Research Laboratory,
Kaluga, Russia (control and information unit)

- Lavochkin Space Corporation, Hymki, Russia
(spacecraft)

2. Scientific goals of RELEC

The main goal of RELEC mission is studying of
magnetosphere relativistic electron precipitations
and their acting on the upper Atmosphere as well as
transient luminous events (TLE) observation in wide
range of electromagnetic spectrum.





2" TEA — IS Summer School, June 23" — June 27" 2014, Collioure, France

During the RELEC  mission
experiments will be provided:

- simultaneous observations of energetic electron
and proton flux (energy range ~0.1-15.0 MeV for
electrons) and low-frequency (~0.1-10 kHz)
electromagnetic wave field intensity variations with
high temporal resolution (~1 ms);

- fine time structure (~20 mcs) measurements of
transient atmospheric events in UV, X- and gamma
rays together with optical imaging with spatial
resolution of ~5 km in wide FOV;

- measurements of electron flux pitch-angle
distribution in dynamical range from ~0.1 up to 10°
part/cm?s;

- monitoring of charged and neutral background
particles in different areas of near-Earth space.

following

3. Instrumentation

The RELEC set of instruments includes a wide
number of detectors and sensors for various particles
and radiation:

- DRGE-1 and DRGE-2 are two identical
spectrometers for x-rays and gammas. Each of them
includes two independent scintillator phosvich X-
and gamma-ray detectors of high temporal resolution
(~15 mcs in event mode) and sensitivity. Total
effective area is ~500cm? (for 100 keV). Energy
range is 10-3000keV.

- DRGE-3 is a spectrometer of charged particles.
It contains three axe directed complex scintillator
detectors of energetic particles. Energy range of
DRGE-3 for electrons is 0.1-15 meV, sensitive area
of each detector is ~3 cm?.

- DUV is a detector of fast UV (300-400 nm) and
red-light flashes. Time resolution in standard mode
is 1 ms. FOV of DUV is ~  Similar instruments
successfully  worked onboard  microsatellites
Tatyana, Tatyana-2 and Chibis [2][3].

- UV and optical pin-hole like imager
Telescope-T (MTEL-2) is designed for fast imaging
and spectral analysis of TLE light flashes. Space
resolution of the instrument with ~11° FOV looking
at the atmosphere from the orbit is 5 km x 5 km.
Similar instrument named MTEL successfully
worked onboard microsatellite Tatyana-2.

- low-frequency analyzer NChA (LFA) consists
of two orthogonal Sensors measuring
electromagnetic ~ field, two  magnetometers
(ferrozond and induction) and unit of spectral
analysis. The instrument can measure the electric
field in ULF range (from DC to 100 Hz) and in VLF
one (from 10 Hz to 40 kHz) as well as 3-components
of magnetic field (from DC to 40 kHz) and plasma

current. Sensors are placed on a boom ~2m far from
the satellite body. Instrument similar with
NChA/RELEC successfully works onboard Chibis
microsatellite [3].

- radio-frequency analyzer RFA measures 3
components of electric field in frequency range from
50 kHz to 15 MHz. Frequency resolution is 10 kHz,
time resolution is 25 ns. Data can be collected in
spectral or wave-form mode.

- module of electronics intended for commands
and data collection BE.

4. Mission status

Now all of RELEC instruments are installed on-
board small spacecraft manufactured by Lavochkin
space corporation. The launch is scheduled on
summer, 2014. Ground facilities are ready to control
the satellite and its payload during spaceflight as
well as to receive, to store and to process the
scientific data. Total amount of transmitted data
from RELEC mission is about 1.2 Ghyte per day.
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B.USOC role in the ASIM operations on the ISS.

D. Moreau, C. Muller and the B.USOC GC/OPS team.

Belgian Users Support and Operation Centre (B.USOC),
Brussels,Belgium

B.USOC is one of the distributed operation centres managing European scientific payloads on the
International Space Station. B.USOC, beside pressurised payloads, is Facility Responsible Centre
(FRC) for the SOLAR package, a set of instruments monitoring solar spectral irradiance operating
since the Columbus module launch in February 2008. ESA has assigned the same role to B.USOC
for ASIM external payload operations. B.USOC was already active during the LSO operations
performed during the ODISSEA taxi-flight in 2002 and managed the operations of the CNES

PICARD Mpyriade satellite monitoring solar activity.

In this respect, B.USOC is ideally

positioned to coordinate possible synergies between ASIM, TARANIS other space instruments and

ground based networks.

B.USOC and the USOC’s network.

When ESA decided to participate to the
International Space Station, the national delegations
choose a distributed operation centre concept to
operate scientific payloads. B.USOC is one of these
centres.

B.USOC is currently a services centre of the
Belgian Science Policy (BELSPO)/R&S division. Its
mission is to provide operational services for
Belgian scientific institutions and space agencies.

Its dedicated engineering and operations teams
carry out experiments on board the International
Space Station (ISS) and Satellite ranging from the
integration of payloads to their in-orbit operation,
astronaut training, processing, archiving and
dissemination of the scientific data obtained.

The current activities of B.USOC are:  Ground
Control Segment Design support, Installation and
Validation, satellite commissioning and operations,
decentralized Science Operations Centre for CNES
PICARD micro-satellite, ESA Facility Responsible
Centre for ISS/SOLAR, Fluid Science Laboratory
(FSL), METERON and ASIM.

B.USOC has also non-operational activities as
in knowledge management where it studies both the
optimal data distribution and data long term
preservation.

B.USOC and ASIM

The ASIM mission [1,2] constitutes of a
package of two nadir instruments : one for the
visible and another for the X ray and radio

frequencies, the normal operating mode is a
trigger mode where both instruments are
continuously measuring but do not record data
below thresholds to be determined by the
science team. Another mode is a “timed mode”
where at a certain time and at a certain location
on earth, the observations are recorded even in
the absence of triggers.

Fig.1: the ASIM payload on the ISS COLUMBUS
module, the SOLAR payload is presently on the empty
platform on top of COLUMBUS. (ESA artist
representation).

The timed mode demands from both the science
team and the USOC a lot of flexibility, ASIM main
target: sprites and elves are related to intense
thunderstorms and  thus  request reliable
meteorological forecasts in the entire range of ISS
latitudes. Auroras and other luminous phenomena
have a direct relation to solar activity and thus
would need a link with the ESA/SSA Space Weather
Coordination Centre (SSCC) which is localised on
the same campus as B.USOC at the Royal
Observatory of Belgium.
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ASIM is also sensitive to a large number of optical
phenomena which have been studied for a long time
without being subject to the systematic observations
allowed by a space platform. These are noctilucent
clouds, earth observations including man made
lights, volcanic eruptions, large fires and even the
evasive earthquake lights.

Filter:S Exp:33.337300ms Gain: 89.0%

Fig.3: image obtained from the space shuttle
COLUMBIA during its last mission using the MEIDEX
optical package over North Africa [4], the upper part
shows a sprite on top of a thunderstorm cloud, below, the
lights come from moonlit clouds and two meteors.

Fig.4:

image obtained from
COLUMBIA during its last mission using the MEIDEX
optical package [4], the upper part shows a transient
luminous event, the middle is thunderstorm lights and
surface dots are city lights in Brazil and Uruguay. These
two images show the difficulty of separating the different
natural and anthropogenic light phenomena.

the space shuttle

B.USOC was operating during the taxi flights
ODISSEA and Cervantes where earth observation
payloads were active as well as the CNES led
experiment LSO [3]. These flights showed the
difficulty of observing time dependent or even
geolocalised earth targets. During the last
COLUMBIA flight in January 2003, the MEIDEX
Israeli optical package could observe a large number
of targets due to the skill of the astronauts on this

peculiar flight. [4]. It will be impossible for us to get
such an extended support from the crew during a
long duration flight. As FRC, it is thus intended to
develop new procedures in agreement with ESA and
the ASIM science team in order to optimise the
ASIM operations

Another important role of the operation centre
will be to organise timed operations at the times of
coincidence with other space payloads as TARANIS
and ground based networks.

Conclusions

The ASIM payload due to the diverse nature
of possible targets constitutes a real exploratory
payload as a lot of the phenomena observed will
be inventoried systematically for the first time.

It is the duty of B.USOC to optimise the
operations maximising the use of instrument
flexibility so that the science teams obtain a
coherent data set validated through synergies
with as many ground and space observations as
possible.
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The main objective of the TARANIS (Tool for the Analysis of RAdiation from ligntNing and
Sprites) satellite is to understand transient energetic event mechanisms that generate transient
luminous emissions (TLEs) and emitted gamma ray flashes (TGFs) in atmosphere above
thunderstorm areas. These emissions highlight the coupling between atmosphere, ionosphere and
magnetosphere. TARANIS microsatellite will observe from nadir. TLEs identification is
impossible using images on board because TLEs and lightning are superposed. On board triggering
using photometers is set up to further TLEs recording. It is necessary to take into account the
temporal and spectral characteristics of lightning and TLEs. For this purpose, a dataset from a
previous space mission called ISUAL is used. The main objective of the presented work is to show
a new approach for a better knowledge about lightning and TLES recognition.

1. Introduction

TLEs were discovered in the early 1990s. These
events appear above thunderstorm areas all around
the Earth [1, and all references there in]. Previous
observations have shown that these emissions
covered a broadband spectrum including radio
wave, infrared (IR), far ultraviolet (FUV) [1]. The
TARANIS mission will attempt among others to
better understand the physical mechanisms at the
origin of TLEs [2]. Their mechanisms are as diverse
as the emissions are different from each other [1].

The new feature of the Micro Camera and
Photometers instrument (MCP) aboard TARANIS is
the spectral differentiation of light emissions
produced by lightning and TLEs from nadir
viewing. However, lightning and TLEs signals are
superposed in  this  observation  direction.
Consequently, the identification is complex [2,3].
These, it is essential to characterize better lightning
signal to make easier recognition with TLEs. For
this purpose, we used a dataset from a previous
space mission.

2. ISUAL’s dataset

The ISUAL (Imager of Sprites and Upper
Atmospheric  Lightning) experiment on the
FORMOSAT-2 satellite has recorded over 90000
events between 2004 and 2010. This mission has
found nearly 7000 elves, 800 sprites, 800 halos, 20

gigantic jets during 2004 and 2010 [4,5]. Using
ISUAL data is very convenient because MCP
Photometers bandwidths are very similar to the
ISUAL spectrophotometers ones. The main
difference between the two missions is the direction
of the observation. ISUAL observed lightning and
TLE from limb. ISUAL can differentiate temporally
and spatially the lightning and TLE signals. A
dataset includes events that are not listed by the
ISUAL team like sprites, halos, elves or gigantic jets
have been built. The purpose of our study is to
validate that all these events are lightning or if some
of them are dim TLEs.

3. Data analysis

We adapted two chemometrics approaches to
analyse our dataset. Chemometrics is a research
topic in physics and chemistry which emerged in the
early 1970s [6]. This subject develops and applies
mathematical and statistical methods to select
optimal experimental procedures and to extract the
maximum information about data from chemical
analysis. The aim of this technic is to decrease the
instrumental limits in order to understand system
reactions or complex samples [7,8].

Two types of chemometric tools can get more
information about TLEs and lightning without a
priori consideration. The Principal Component
Analysis [9] (PCA) was first used. It aims to express
the structure of variation of a set of descriptive
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variables of a data matrix. The photometer signals
help us to characterize all the events of our database.
Successive PCAs enabled us to locate and identify
two types of events in our database, Figure 1. We
used several PCAs like a hierarchical approach on
time and photonic variables. We show that we have
some lightning and dim elves without ambiguities.
Representation of scores with time variables
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Figure 1: PCA result.

Nevertheless, it is impossible to deduce a model on
photometric waveform of lightning and dim elves
with this methodology. We needed to use a more
complex chemometric tool.

We thus used a soft-modelling approach called
PARAFAC [10] (PARAIllel FACtor Analysis) to
confirm those results. This algorithm works on 3-
way data. We reorganize also our photometric
signals from our dataset in a cube matrix. Then, it
was possible to model our two main signal events,
Figure 2. A dim elve signal is really hard to identify
because this event is not visible in the image.
Furthermore, their photometric signals are close
correlated with lightning.

Modelled signals from PARAFAC
0.7 : . ‘ .

08 — Dim elve
——Lightning
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L]
%" 04l
®
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Figure 2: Result from PARAFAC study.

Our results confirm and complete those shown by
Chang et al. [11].

4, Outlook

The presented work is the first step of
implementation a classification methodology. The
used of chemometrics tools demonstrate the
feasibility of recognition dim elves in ISUAL
dataset without bias.
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ESA’s Atmosphere-Space Interactions Monitor (ASIM)for the ISS

A. Orr*, on behalf of: ESA's Science, Project and Operatieam, ASIM Science Team and
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The Atmosphere-Space Interaction Monitor (ASIMaisEarth observation facility on the external
platform on the Columbus module of the Internatidace Station. It will mainly study the giant
electrical discharges (lightning) in the high-aitie atmosphere above thunderstorms. The
discharges are seen as optical-, X- and Gammdaslyefs in the stratosphere and mesosphere. The
optical emissions are called "red sprites”, "bleis'j, and "elves" or "Transient Luminous Events"
(TLESs). The X- and Gamma ray emissions are refetoeds "Terrestrial Gamma-Ray flashes"
(TGFs). ASIM is part of ESA’s “European Programme Eife and Physical Sciences” (ELIPS).
This poster describes the science goals of ASIBpthyload and current status of the project.

1. The ASIM mission 2. ASIM science payload

ASIM is part of ESA’s EuropeanProgramme for The ASIM Science payload is composed of nadir-

Life andPhysicalSciences” (ELIPS). looking detectors which cover the optical waveband
and the X to Gamma-ray waveband:

The ASIM instrument concept was first submitted in

2003 to an ESA call for external payloads issued fthe Modular Multi-Spectral Imaging Array

national delegates. (MMIA) composed of:

e 2 cameras (C1: 337.0/5nm; C2: 777.4/5nm)
ASIM was submitted again to ESA’s announcement and
of opportunity AO-2004 by part of the team. The « 3 photometers (P1: 337.0/5nm; P2: 180-
scientific merit in the peer review was judged 230nm; P3: 777.4/5nm)
“excellent”.

The Modular X- and Gamma-ray Sensor (MXGS).
ASIM entered an Instrument Pre-Phase A study witIXGS is a soft gamma-ray imager with extended
the Danish National Space Centre in Decembegpectroscopic capabilities up to 20 MeV. It inaad
2003. The study was completed in June 2004 withdetector planes:
the recommendation to enlarge to a broader
European mission including European partners such « 1024 cm2 CdzZnTe detector plane

as Norway and Spain, in charge of co-developing multiplexed by a coded mask: 15-400 keV
the upgraded version of the X and Gamma-ray « 900 cm2 BGO detector assembly: 200 keV-
sensor MXGS. 20MeV

A Payload Pre-Phase A study using ESA's CDB. ASIM Science Objectives
(Concurrent Design Facility) was performed in

October 2004 at ESA/ESTEC. Research objectives related to climate:

* Provide the most comprehensive global
A PayloadPhase A study took place in 2005-2006. survey of TLEs and TGFs
the Phase B from 2007-2009. Phase C/D started in , Study the physics of TLEs, TGFs and
August 2010, with TERMA A/S (DK) as prime lightening
contractor. .

Study high-altitude cloud formation

. .  Determine the characteristics of
The main funding comes from ESA and from thunderstorms that make them effective in

Denmark, Spain, Norway and Italy. the perturbation of the high-altitude
atmosphere
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Research objectives related to Space Science:

e Study of Aurora

e Study effects of thunderstorms on the
ionosphere and the radiation belts

» Determine the distribution of meteors in the
Earth's environment and quantify their
effect on the atmosphere

e Lightening-induced electron precipitation
and relativistic electron precipitation.

Research objectives related to Earth Observation:

e Dust storms and their effect on cloud
formation and electrification

« Mega-cities and the effect of pollutants on
cloud formation and electrification

+ Forest fires and volcanoes and the relation
to cloud formation and electrification

* Intensification of hurricanes and its relation
to eye-wall lightning activity

4. ASIM Science Team

As part of its ELIPS programme ESA supports the
scientific community by sponsoring scientific
meetings in order to promote dialogue, coordination
and synergies among the science community in
various research topics related to microgravity
research and ISS utilization. This is done by setti
up so-called “Topical Teams”.

The Topical Team related to ASIM is composed
of more than 100 scientists from Europe and
beyond.
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Ground based support for ASIM and TARANIS space missions over
Indian region
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'KSK Geomagnetic Research Laboratory, 11G, Chamanganj, Allahabad, India
%Indian Institutes of Geomagnetism, New Panvel, Navi Mumbai, India
*Department of Solar System Physics, DTU Space, Denmark

Indian region is the part of tropical regions in the world, where two of every three lightning flashes
occurs and make this region an important location for TLEs observations. In spite of being
lightning active region, TLE observations in this region were lacking mainly because of two main
reasons (1) thunder clouds over Indian region do not form Mesoscale Convective Systems (MCSs)
which are proposed to produce TLEs (sprite) events (2) Absence of proper observation facilities.
With the collaboration between Indian Institute of Geomagnetism (11G) and DTU space, Denmark
in the year 2010 led to the setup of TLEs observation system at I1G centre in India. During last two
years observations of several TLEs events over Indo-gagantic plains started new interest in this
filed in Indian region. The Indian observation stations are the part of ground based support
facilities to ASIM and TARANIS space mission to be flown in the year 2015-2016. 11G operates
several geomagnetic observatories and several experiments related to ionosphere studies at various
locations covering full Indian region. It provides excellent place for setup of TLEs observation
system to cover lightning activity over full Indian region along the coast and Indian mainland. The
lightning activity over Indian region is significant from March to November with first occurrence
maximum during April to June (pre-monsoon) and second occurrence maxima during August to
June (post-monsoon) seasons (Kandalgaonkar et al., 2003). There are three most lightning active
centres in India: north-west, north-east and south-west regions and it will be our prime motto to
setup TLE observation systems in these regions to provide ground based support for future space
mission to cover these regions.
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Analysis of a Convective Event Using Different Sensors

N. Roberto !, E. Adirosi >, D. Casella’, S. Dietrich !, G. Panegrossi *, M.
Petracca’, P. Sano !, L. Baldini®

LInstitute of Atmospheric Sciences and Climate (ISAC), Italian National Research Council (CNR), Rome, Italy
% Dipartimento di Ingegneria Civile, Edile e Ambientale, Sapienza Universita di Roma, Rome, Italy.

A multisensor analysis of the convective precipitation event occurred over Rome is presented. For
investigating this event, used are the 3-D lightning data provided by the LINET network, the CNR
ISAC dual-pol C-band radar (Polar 55C), located in Rome, the Drop Size Distributions (DSD)
collected by a 2D Video Disdrometer (2DVD) and a collocated Micro Rain Radar (MRR). Using
the polarimetric data a relation between microphysical structure of a convective cloud and
electrical activity during the convective phase was pointed out. Properties of DSDs measured by
the 2DVD and vertical DSD profiles estimated by MRR and their relation with the lighting activity
registered by LINET were investigated with specific focus on the transition from convective to

stratiform regimes.
1. Introduction

In this study a multisensor analysis of the
convective precipitation event occurred over Rome
during the I0P13 (October 15", 2012) of the
HyMeX (Hydrological cycle in the Mediterranean
eXperiment) Special Observation Period (SOP) 1 is
performed.

During IOP13 a weather warning was issued for
the Rome area. The precipitation event was
associated with a trough deepened significantly over
northern Tyrrhenian Sea and with a frontal system
moved eastward, causing moist air advection over
the Tyrrhenian Sea and a consequent deep
convection on the Tyrrhenian coast, West of Rome.
Considering the Lazio region, almost all of the
precipitation occurred in the late afternoon on the
western slopes and on the Apennines.

Thanks to the cooperation among Italian
meteorological services and scientific community
and a specific agreement with NASA-GSFC,
different types of devices for meteorological
measurements were made available during the
HyMeX SOP.1 in Central Italy. Among all the
available instruments, for this study we use the 3-D
lightning data provided by the LINET network, the
CNR ISAC dual-pol C-band radar (Polar 55C),
located in Rome, at ISAC premises, the Drop Size
Distributions collected by the 2DVD and the
collocated K-band micro rain radar (MRR),
vertically pointed, installed at “Sapienza” University
of Rome, located 14 km from the Polar 55C radar.

The main objectives of this study are i) to
investigate the relationship between microphysical
structure and electrical activity during the
convective phase of the event with dual-polarization

weather radar data and LINET data, and ii) to study
transition from convective to stratiform regimes
using DSD properties measured by 2DVD and MRR
in relation to the lighting activity registered by
LINET data.

2. Case study
2.1. Radar and lighting data

The Polar 55C is a research C-band Doppler
Dual-Polarization radar and during [10P13
supervised scanning, adding vertical sections to a
volume scanning strategy based on PPIs, was
performed. The scanning strategy is composed of i)
volume scan studied to obtain regular spaced level
of 1 km over the University of Rome Sapienza
instrumented site, where the 2DVD and the MRR
were installed ii) Plan Position Indicators (PPI) at
vertical incidence and iii) (RHI) along Sapienza site.
In order to detect graupel, the Fuzzy Logic
Hydrometeor [1] classification algorithm, trained
using the result of T-matrix simulations, was applied
to the dual polarization radar data, namely the
reflectivity factor (Z,), the differential reflectivity
(Zq4r), the specific differential propagation phase
shift (Kg,) and the differential propagation phase
shift (¢g). Then using a relation between the Ice
Water Content (IWC) and the reflectivity factor,
obtained with T-matrix simulations, the estimation
of the graupel IWC profile was performed. Finally a
relation between the total amount and extension of
graupel above the melting layer (ML) and the
number of LINET strokes registered in the area
covered by the Polar 55C radar is obtained (Fig.1).
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Figure 1: Scatterplot between the total amount of graupel
above the ML and the number of strokes registered by the
LINET network in the radar coverage. The colors
represent the extension of the area covered by graupel.

2.2. Disdrometer and lighting data

On October 15" 2012 the 2DVD collected
233700 drops. The maximum raindrop diameter
measured during the event was 7.49. In order to
remove the spurious drops due to splashing or wind
effect the filter criterion of [2] was adopted, while
we assumed a threshold equal to 10 drops to identify
a rainy minute. The observed diameters were
partitioned into 50 bins with a constant width of 0.2
mm and 250 1-min DSDs were obtained. For each
measured DSD the  corresponding  radar
measurements (Zn, Zar, Kgp) Were computed using the
T-matrix method. Then, the latter were represented
in a 2D space (Fig. 2) where on the x-axis there is
the differential reflectivity and on the y-axis there is
the logarithm of Kgy, minus Z, (dBz) [3; 4]. In the
figure, the colors of the dots are based on the C/S
classification proposed in [5]. Two distinct clusters
of points are clearly identified: the blue one for the
convective rain and the red one for the stratiform
rain. Therefore we were able to identify a threshold
(reported in Fig. 2), based on polarimetric variables
computed from disdrometer data, that allows to
distinguish the stratiform and the convective phase
of a rain event. A comparison between the output of
the latter classification and the number of strokes
measured in one minute in a circular area of radius
20 km surrounding the 2DVD was performed (Fig.
3). A good agreement between detected convection
and number of strokes detected by LINET was
found.

Finally the DSDs measured by the MRR were
analysed. Due to the presence of a strong updraft
during the convection, the MRR data need to be

corrected. The preliminary results shown a
difference in the vertical profile of the DSD during
the convective and the stratiform phases of the
event.
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Figure 2: The dots are the radar measurements computed
using the T-matrix method. The colors are based on the
C/S classification of [5].
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Figure 3: Time series of the rain rate and the number of
LINET strokes.
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Acoustic characterization of lightning dischar ges
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The goal is to study the transformation of the tremduring its propagation from the return stroke

towards a sensor, using two complementary appreaétiest, the analysis of the acoustic records
obtained during the HyMeX-SOP1 campaign (Fall 20i@duces 3D maps of infrasound sources
present in the return strokes and in the intraelaischarges. We show they are perfectly
correlated to precise results obtained from eleaignetic detection tools. Acoustic spectra can be
associated to the different phase of the dischargegpagation effects introduce errors in the

localizations for distances greater than 20km. Uibe of a nonlinear propagation software with

realistic wind and sound speed profiles help toeustdnd the misfits.

network was composed of four microbarometers
1. Introduction placed at the corners of a triangle of 500m side, t

fourth sensor was installed on the barycentre ef th

Intensively studied during the early Eightiedriangle. The signals were digitized with a sangplin

natural shock wave propagation are nowadays fsequency of 50Hz. A second network of four
great interest through the design of the Intermatio microphones placed as a triangle of same oriemtatio
Monitoring System for the respect of theas the first one was deployed. The triangle side wa
Comprehensive Nuclear-Test-Ban Treaty (CTBTOROm, and the last sensor was at its barycentre, co-
Acoustic shock waves generated by lightningpcalized with the central microbarometer. The
discharges are the most common explosion-likégnals were digitized with a sampling frequency of
sources. Their acoustic content in the frequen&00Hz. In the HyMeX framework, the operational
range from 1Hz to 20Hz produces importantletection network EUCLID provides reports of
background noise at the CTBTO infrasound statiotightning  strokes localizations. Météo-France
located in regions where lightning activity isprovides results produced by the operational
important. But on the other hand, the greatomputing code AROME-WMED [4] for the
variability of lightning discharges make them good/editerranean basin, the resolution is 2.5km for
candidates to test the networks detection capiglsilit latitudes and longitudes. Wind and temperature
for propagation distances less than 100km. profiles are provided up to 16km in altitude. The

HyMeX database url is
2. The acoustic and electromagnetic field http://mistrals.sedoo.fr/fHyMeX/, a registration is
observation campaign deployed in South-East of required to access the data
Franceduring Fall 2012

3. Exploration of the October 26 2012

A field campaign named HyMeX-SOP1, anqnhunderstorm

devoted to the observation of intense rain fieldd a

thunderstorms took place from September 6 2012 to 1,4 study of EUCLID detections shows that a

November 6 2012 [1]. It was part of the Europea ,nqerstorm cell passed over the acoustic station
HyMeX  project [2] which aims at betteryha october 26 2012 between 18h UTC and 22h
understanding the water cycle in the medlterranegﬂ-cl The cell is not too active, lightning stokesic
region. _ _ , be clearly differentiated. There is little wind sei

For the field observation campaign an LMA [Slrpe acoustic records are post-processed with the
was deployed for the first time in Europe. It'S @, a40nal PMCC method [5]. It constructs a set of

research network of small size able to map in 3D thyq, stic detections coherent through the network.
detailed structure of lightning discharges withagre g e for each detection the azimuth, the elenatio
resolution in space and time. It works in the 60MH ngle, the frequency and the amplitudé the

66MHz electromagnetic range. The CEA deployegiential acoustic source in the lightning disclarg
two acoustic networks in South-East of France neadkich induced the detection.

city of Uzes, inside the covering area of the LMA. .. o given discharge, the LMA gives a date of

The acoustic networks were operational frofq a5k t's then possible to construct from FRBC
August 27 2012 to November 20 2012. The first
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detections associated to the discharge the 3D 5. Acknowledgements
geometry of the acoustic sources.

4. Acoustic reconstruction example

The HyMeX special observation period
atmospheric electricity field campaign was
sponsorised by grants MISTRALS/HYMEX and

As an example the case of a lightning stroke t 11 : )
the ground produced at 20h35m00s UTC is give'rél.NR 11-BS56-0005 IODA-MED.

We see that PMMC perfectly followed the retur

stroke, the

. References

reconstructed points are clearly
associated with EUCLID detections.
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Acoustic  reconstruction of 20h35m00s UTC [4] Y. Seity, P. Brousseau, S. Malardel, G. Hello
discharge. Red squares: PMCC. Gray circles: LMA. ot al. The AROME-France convective scale
Blue symbols: EUCLID. operational model. Mon. Wea. Rev., 139 :976-999,

A statistic was established based on the excellddgrch 2011,
reconstructions of 56 lightning flashes. Several [5] Y. Cansi. An automatic seismic event
results on the acoustic frequency content of tH¥ocessing for detection and location : The
discharges were also obtained. P.M.C.C. Method. Geophys. Res. Lett., 22(9)
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5. Conclusion

The acoustic records show that thunder spectra
associated to return strokes extends from the
infrasounds (about 1Hz to 20Hz) to the higher
frequencies. The lower parts of the return strokes,
between Okm and 2km in altitude are perfectly
reconstructed by the acoustic method, for disclsarge
nearby the acoustic networks. Misfits in the
reconstructed altitude appear for distant acoustic
sources. These errors are interpreted with a
nonlinear propagation software [6] for point sosrce
at different altitudes. It shows that propagatisn i
greatly affected by the wind profiles near the gibu
for sources at lower altitudes.
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Detecting lightning signatures on extrasolar planets and brown dwarfs
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The study of lightning activity on extrasolar bodies is a new field in extrasolar sciences. In 2010
the LEAP Group (www.leap-2010.cu) was founded with one of its goals being to study the physics
of lightning and the impact on its environment mainly on exoplanets and brown dwarfs (BDs).
One of the topics our group is working on is collecting and analysing the potential observable
signatures of lightning discharges coming from cool, extrasolar bodies. The main purpose of this
PhD project is to investigate potentially observable lightning signatures depending on the specifics
of the extrasolar object of interest. The signatures investigated so far are in the radio band
although, because of the nature of lightning a great variety of other wavelength signatures can be

studied in the future.

1. Introduction

Electrostatic discharges of planetary atmospheres
have been observed in the Solar System, most
notably on Earth. With the latest announcement of
the Kepler Team, the number of confirmed
exoplanets has almost reached the 2000 [1][2]. This
enormous number of planets leads to the possibility
of investigating their atmospheres and comparing
the results with Solar System bodies’.

However, lightning can appear not only on
planets but on brown dwarfs (BDs) as well. BDs are
a few ten times more massive objects than Jupiter.
They are suggested to link the planetary and stellar
regime. The most common theory about their
formation says that BDs form like stars but they
didn’t have the optimal conditions to fuse Hydrogen
in their core. The characterization of BD
atmospheres, based on observations and theoretical
work, has made considerable progress [3][4].

We may argue that both exoplanets and BDs host
optimal conditions for lightning to initiate and
indications for lightning may have already been
detected in such atmospheres [3]. Both X-ray and
radio emission was detected from BDs, which could
be seen as first indication for lightning activity in the
atmosphere of these objects. Exoplanets and BDs are
suitable for investigating which ionization processes
occur in cool atmospheres [5][6][7], what role dust
particles play for the electrification of such
atmospheres [8][9], and last but not least, what are
the observable signatures that are the result of
lightning discharges originated in them [3].

We summarize different signatures that can be
the result of lightning activity on Earth and Solar
System bodies and argue if they could be observed

on extrasolar bodies. Space instruments will be
introduced which can potentially observe extrasolar
lightning signatures.

2. Examples of lightning signatures

Lightning related signatures can be found in the
whole spectral range from radio to gamma-rays.
Lightning activity is known mainly from Earth, but
it was also detected on other Solar System planets
like Jupiter [10], Saturn [11] or Uranus [12].

2.1. Radio frequencies

Lightning induced radio signatures have three
main types. Sferics emit in the low-frequency (LF)
range with a power density peak at 10 kHz on Earth
[13]. Whistlers are electromagnetic waves
propagating along magnetic field lines and emitting
in the very low-frequency (VLF) range [14]. While
Schumann-resonances are VLF lightning discharge-
induced electromagnetic oscillations of the earth-
ionosphere cavity [15].

Due to the low cutoff frequency of Earth’s
ionosphere and other limiting factors, radio
signatures with frequency below 10 MHz might only
be observable from space and waves below 30 kHz
would not reach the inner Solar System [16].

2.2. Effects on the local chemistry

Depending on the original composition of the
atmosphere, the temporary increase, decrease or
appearance of certain key molecules could be
observed in the spectrum of the planet if lightning
occurs. Such examples on Earth are nitrogen-oxyds,
like NO or NO, which are usually denoted as NO.
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Nitric acid, a result of NO, precipitation, is an
important source of nitrogen for living creatures.
Especially on early Earth lightning played a main
role in producing such acids [17]. Laboratory
experiments showed that HCN and C,H, may occur
on Jupiter [14] and on Titan [18] as a result of
lightning discharges. While lightning was observed
on the first body, it is yet to be found in the latter
one’s atmosphere.

2.3. Emission from lightning related phenomena

Terrestrial Luminous Events (TLEs) are widely
varying emissions (sprites, elves, halos, blue jets
etc.), which occur in the upper terrestrial atmosphere
above thunderstorms [19]. They have typical
emissions in the blue and red range of the spectrum.
The emission of these events also depends on the
chemical composition of the atmosphere. This is the
reason why mainly nitrogen-based signatures, such
as the first and the second positive band systems of
N,, are found in the spectra of Earth’s sprites. [20]

3. Volcano lightning

Besides  atmospheric  electrical  discharge
processes, lightning occurs in volcano plums as well.
These spectacular phenomena usually appear during
(or following) an explosive eruption [21]. The
conditions inside the volcano plume are remarkably
similar to the dusty atmospheres of the investigated
extrasolar bodies (exoplanets and BDs). The
knowledge from such eruptions helps us as useful
analogon for our extrasolar studies.

4. Conclusions

Lightning produces a wide range of signatures
through the whole spectral range. Apart from the
obvious detection on Earth, lightning was detected
on the giant planets and was also discussed as a
possible phenomenon on Mars, Venus and Titan.

In Bailey et al. (2014), we summarize
instruments that are in operation for astrophysical
observations and would potentially be able to detect
lightning signatures based on their wavelength
ranges [3]. Some of these instruments, especially in
the radio band, would probably be able to detect
extrasolar lightning signatures, while others might
not reach the optimal signal-to-noise ratio. This
question requires further investigations.

Future space missions (e.g. JWST) would
possibly be able to detect lightning signatures on
exoplanets and BDs. Missions like TARANIS [22]
will give an exceptional tool to characterize TLEs

from outside Earth’s atmosphere, which would lead
to a comparable data that exoplanetary scientists
could use to detect such events from outside the
Solar System.
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Correlation of pre-stroke magnetic-field pulses measured by a broad-band

receiver with the sources of VHF radiation recorded by LMA
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We analyze broadband magnetic-field measurements of pulse sequences occurring prior to first
return strokes of negative cloud-to-ground lightning flashes. We compare our measurements with
narrow-band (60-66 MHz) Lightning Mapping Array (LMA) data. We observe an unusually short
duration of the pre-stroke activity (1-7 ms) reported for the first time during a summer
thunderstorm, with a low height of initiation (3-4 km). A very fast propagation speed (~10° m/s) is
probably maintained for the entire pre-stroke process. We analyze the time correlation of
magnetic-field pulses measured by a broad-band receiver with the sources of VHF radiation
recorded by LMA. Our preliminary results show that only a few magnetic-field pulses are
accompanied by VHF radiation recorded by LMA and that, on the other hand, some LMA sources

cannot be linked to any particular magnetic-field pulse. These results indicate that

current-

producing processes are only weakly related to the VHF radiation sources.

1. Introduction

A sequence of electromagnetic pulses lasting
from a few milliseconds to several tens of
milliseconds is often observed prior to the first
return stroke of negative cloud-to-ground lightning
flashes [1]. This sequence is composed of three
parts. It begins with a pulse train whose duration is
on the order of 1 ms. These initial pulses are
believed to be connected with preliminary
breakdown processes. They are usually followed by
a relatively low and irregular pulse activity, which
lasts from several tens to hundreds of milliseconds.
The sequence ends with another short train of
smaller pulses which lasts from several tens of
microseconds to several hundreds of microseconds,
being attributed to the last stages of the stepped
leader.

Clarence and Malan [2] believed that the
preliminary breakdown pulses (PBPs) are produced
by a vertical discharge between the main negative
charge centre and the lower positive charge centre
inside the thundercloud. Stolzenburg et al. [3]
introduced a new hypothesis for the generation of
PBPs based on the time-correlated high-speed video
and electric field measurements. They found that
bursts of light recorded by the high-speed video
(50000 frames/s) are coincident with the largest
PBPs in the electric-field data. Stolzenburg et al. [3]
hypothesized that each large PBP which is
accompanied by a visible light pulse can be caused
by a current surge that is a few hundreds of meters
long.

In the present study we analyze 15 pulse
sequences occurring prior to the first return strokes
(RSs) of negative lightning flashes during a
thunderstorm on the 11"™ of October 2012. We
analyze the time correlation of magnetic-field pulses
measured by a broad-band receiver with the sources
of VHF radiation recorded by the Lightning
Mapping Array (LMA) [4].

2. Instrumentation

For the broadband measurements we use a
magnetic-field loop antenna coupled with a ground-
based version of a broadband high-frequency
analyzer (5 kHz — 36 MHz) which is developed for
the TARANIS spacecraft. The instrumentation is
described in detail by Kolmasova and Santolik [5].
The analyzer is placed in a quiet electromagnetic
environment of an external measurement site of the
Laboratoire Souterrain a Bas Bruit (LSBB) on the
summit of La Grande Montagne (1028 m, 43.94N,
5.48E) close to Rustrel, France. We compare our
measurements with narrow-band (60-66 MHz)
LMA data. LMA was deployed in France in spring
2012 in the frame of the HyMeX Special
Observation Period campaign. The LMA system was
located about 100 km westward from the flashes
discussed in this paper. The time assignment is done
by GPS receivers.

3. Results and discussion

Using the broad-band magnetic-field
waveforms we have estimated the maximum time
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separation of the first pulse and the dominant peak
of the corresponding RS for all 15 sequences. The
results show that time separation of the first PBP and
the corresponding RS varies from 0.9 ms to 7.1 ms
with the mean value of 2.5 ms.

The LMA detected pre-stroke activity for 14
out of the 15 RSs. The return stroke carries ground
potential to the top of the leader channel, which
results in very strong electric fields at the top of the
channel, and leads to additional electrical breakdown
a few microseconds after the RS. The LMA detected
sources associated with this subsequent breakdown
in 11 out of the 15 original RSs. Fig. 1 shows the
LMA sources for one of the 15 RSs, with an
expanded view of the initial pre-stroke activity and
the subsequent breakdown at the top of the channel.
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Fig. 1 LMA data from 11" of October 2012, (19:32:10.45
—19:32:11.50); the triangles are the times of the
METEORAGE detected -CG strokes.

The LMA data shows that the pre-stroke
activity in all cases started at an altitude of 3 to 4 km
and had durations of 2 to 4 milliseconds. By
combining the height of the initiation of pre-stroke
activity obtained from LMA data (~3-4 km) and the
average duration of the PBP-RS time separation
(25 ms) we get very fast average speed of
propagation of the pre-stroke discharges in the
analyzed thunderstorm, starting by in-cloud PBPs
and ending by the stepped leader. The duration of
these processes (~ 2-4 ms) obtained from LMA data
is consistent with the duration of the pre-stroke pulse
sequences from broadband records. This confirms
that the propagation velocities of the pre-stroke
processes were 1x10° to 2x10° m/s, much faster than
typical velocities of stepped leaders prior to a typical
CG flash which are on the order of 10° m/s [6].

Fig. 2 shows a part of the magnetic-field
pre-stroke sequence belonging to the flash from
Fig.1. Blue dots represent sources of VHF radiation
recorded by LMA. This example demonstrates that
only a few magnetic-field pulses are accompanied
by VHF radiation recorded by LMA. On the other
hand we can find LMA sources which cannot be
linked to any particular magnetic-field pulse. These
preliminary results show a very weak relation

between current-producing processes radiating
magnetic-field pulses and the VHF radiation
detected by LMA. Investigation of properties of
pulses which are linked to the LMA sources can lead
us to a better characterization of this relation.

Integrated waveform (nT)
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Time (ms) from 2012-10-11T719:32:10.477.122.000

Fig. 2 Part of the sequence belonging to the flash from
Fig.1; blue dots represent sources of VHF radiation
recorded by LMA.
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AN OVERVIEW OF LF PERTURBATIONSAT LOW LATITUDE IN
THE SOUTH PACIFIC REGION
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To study short-time scale (~ 1-100 s) early VLFtpdrations on Very Low Frequency (VLF)
transmitter signals we use SoftPAL and AWESOME \dzfa recording systems installed at Suva
(18.10 S, 178.50 E, L=1.16) in the year 2006 an@920espectively. Typical records showing
simultaneous occurrence of VLF events recordeddbly the systems show SoftPAL as an equally
reliable data recorder. Daytime early/fast evemtdNOVC transmission are associated with only
negative amplitude perturbations and have compatgtiower recovery times as compared to
most nighttime events. The observations of eadwstvents in the daylight propagation will be
presented. The unusually long recoverke$ (min) with strong perturbationg (L dB) are mainly
observed on the transmissions from NPM and NLKhia nighttime only. Such unusually long
recovery early/fast events may be associated aitfelionic conductivity perturbations associated
with gigantic jets or with the combination of spriand gigantic jets. World-Wide Lightning
Location Network detected lightning show that 73%early VLF events were due to narrow-
angle scattering and 27% lightning due to wide-arsglattering under the current literature criteria
of size of D-region perturbations of about 100-k&® associated with TLE producing discharges.
Recent results on early VLF perturbations indidhtg intense lightning ( > 200 kA) can disturb
VLF transmitter signals as far as 400 km away ftbenlightning stroke thus producing early VLF
event by forward scattering. Strong perturbatioanés were examined for infrasound and gravity
waves signatures associated with strong lightning.
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Effects of Solar Flux on VLF Lightning Sferic Propagation
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Lightning strokes release intense bursts of Very Low Frequency (VLF, 3-30 kHz) radio energy,
known as ‘sferics’. Accurate and efficient geolocation of global lightning using sferics and a
network of VLF receivers has recently become possible [1]. This advance allows us to address a
fundamental problem: an accurate picture of sferic propagation. In particular, summing the shapes
of many sferics with the same propagation path provides a useful measurement of VLF propagation
conditions [2]. Sferic propagation is affected by many different environmental conditions,
including solar flares. We utilize global lightning data from the GLD360 network [3], combined
with VLF sferics observed by the AWESOME instrument [4], and x-ray flux data from the GOES
satellite, to track the magnitude, shape, and propagation velocity, of a VLF sferic in the presence of

solar flares.

1. Summary

GOES X-ray Flux Time Averaged Sferic
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Figure 1. The plot compares the x-ray flux taken
by the GOES satellite during the daylight hours to
the VLF sferic propagation. Two intense solar
events occur which affect sferic propagation
throughout the day which are shown by the dashed
lines. Along the y-axis of both plots is the UT hour.
The plot on the left shows the x-ray flux in W/m?,
while the plot on the right shows time after the
speed of light arrival of the sferic. On the right plot,
blue indicates a positive magnetic field portion of
the sferic, while red indicates a negative.
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Figure 2. This figure is a zoomed in portion of
the solar event from 20:00-21:00. Along the x-axis
of the top two plots is one hour of time during a
solar event. The y-axis of top plot is time in
microseconds after speed of light arrival of the
sferic. The middle plot’s y-axis is the x-ray flux in
W/m? as recorded by the GOES satellite. The
bottom plot is the sferic shown by the cross section
drawn in the top two plots with a dashed line. The
green sferic is before the solar flare occurred, and
the orange is after the solar flare occurred.
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Lightning detection networks and Thunderstorm Ground Enhancements
H. Mkrtchyan, A. Reymers

Yerevan Physics Institute, Yerevan, Armenia

The Cosmic Ray Division (CRD) of the Yerevan Physics Institute operates a unique geophysical
network of environmental monitors. This network is instrumented with electric field strength
meters, lightning monitors, meteorological stations, and advanced cosmic ray particle detectors
designed in Armenia, which are installed at 3 sites located on 1000, 2000 and 3200 m above sea
level at slopes of Mt. Aragats and at Yerevan CRD headquarters. Boltek firm Lightning monitors
determine location and types of the atmospheric discharges (intracloud or ground to cloud,
negative or positive) around 1200 km from their location.

In the fall of 2013 CRD have joined the World Wide Lightning Location Network (WWLLN).
This network detects very low frequency (VLF) radio waves emitted by lightning strikes.

1. Introduction

Cosmic Ray Division (CRD) of the Yerevan
Physics Institute operates high mountain research
station on slopes of Mt. Aragats and in Yerevan.
Various particle detectors, electric field and
lightning monitors, as well as automotive weather
station are installed at 3 stations located on 1000,
2000 and 3200m above sea level. Main station is
located on Mt. Aragats in higher point than other
stations (latitude: 40°28'N; longitude: 44°10'E).

Starting from 2008 during very quiet 24-th solar
activity cycle the CRD turns to investigations of the
high-energy phenomena in the atmosphere. Existing
and new designed particle detectors and unique
geographical location of Aragats station allow to
observe in 5 years more than 300 particle bursts,
which were called TGEs— thunderstorm ground
enhancements. TGEs observed on Aragats are not
only gamma rays, but also sizable enhancements of
electrons [1] and rarely also neutrons, usually
lasting 10 min or more. Aragats physicists enlarge
the possibilities for TGE research by coherent
detection of the electrical and geomagnetic fields,
atmospheric discharges, rain rate, temperature,
relative  humidity and other meteorological
parameters. Adopted multivariate approach of
investigations allows connecting different fluxes,
fields and lightning occurrences and finally
establishing comprehensive model of the TGE. TGE
particle flux was often accompanied with
disturbances of near surface electric field and
intracloud lightning occurrences (IC-) and
suppression of  cloud-to-ground  lightning
occurrences (CG-). This temporal structure of
lightning occurrences supports hypothesis of
creation of developed lower positive charge region
(LPCR) as a fundamental condition of TGE

origination [2]. Large fluxes of electrons and gamma
rays detected on the Earth's surface are only possible
when LPCR is well developed and, consequently,
electric field emerged between main negative
charged layer in the middle of thundercloud and
LPCR accelerates electrons downward. Lower
dipole as well can initiate negative intraclaud
lightning; however TGEs and lightning are not
obligatory correlated. Simultaneous measurements
of the particle fluxes, electrical field disturbances
and lightning occurrences at Aragats in the seasons
of 2011-2013 do not give any evidence on causative
relation of lightning occurrences to TGEs. However,
we notice that TGEs were accompanied usually by
rain or high humidity. Consequently, we can deduce
that charge is resided on the rain droplets. The
positive and negative ions can be separated in the
droplet under the action of the ambient electric field,
thus forming two residual stretched charged clusters.
Therefore, the upper part of droplet forms with main
negative layer of the thundercloud the lower dipole
accelerated electrons downward; and the negatively
charged bottom of the droplet is responsible for the
large negative near surface electric field. The TGE
amplitude should be proportional to the total
positive charge in LPCR; and, therefore—to the
amount of rain droplets (water) in the bottom of
cloud [3]. Stretched charged clusters residing on the
rain droplets in the bottom of the thundercloud
(LPCR) are also sources of atmospheric discharges
and radio emission.

Therefore, detection of radio emissions from
lightning discharge, from TGE and from LPCR can
shed light on high energy processes in atmosphere
and help to develop comprehensive model of
lightning itself and of electron acceleration in
thunderstorm atmosphere. We need broadband radio
emission detection and plan to use for it existent
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lightning detection networks and plan as well new
sensitive devices for radio wave detection.

2. Networks detecting atmospheric discharges

Commercial lightning detecting networks are in
operation in many regions of the world, using
multiple stations to locate the source of lightning
electromagnetic radiation pulses . Generally, multi-
station lightning location systems consist of a
number of spatially separated receiver stations
positioned on the surface of the Earth. Only
information collected from several sensors of
stations enables to determine location of discharge.
Moreover, multi-station networks could offer higher
location accuracy and detection efficiency [4] than
single-station techniques. World Wide Lightning
Location Network (WWLLN; see http://wwlin.net/),
managed by the Department of Earth and Space
Sciences at the University of Washington in Seattle,
Washington. [5] This network detects very low
frequency (VLF) radio waves emitted by lightning
strikes. WWLLN currently have over 50 sensors
around the globe; least 5 sensors give lightning
location data simultaneously. WWLLN stations
registered very strong CG lightning.

Boltek firm Lightning monitors (StormTracker
Lightning Detection System) was installed in three
location on slopes of Mt. Aragats and in Yerevan.
Boltek's StormTracker for each lightning stroke
analyses a signal waveform in real time. The
discrimination between IC and CG discharges is
based on the shape and amplitude of the waveform,
i.e., the rise and decline times. The direction is
determined by looking at the magnetic field ratios
for each stroke. The initial distance is determined by
looking at the signal strength.

Comparison between Boltek and WWLLN
networks has significant importance for our
measurements.

3. Comparison between WWLLN and our
stations.

We investigate relation between WWLLN and
Boltek networks started from November 2013.
WWLLN sensors give latitudes and longitudes of
lightning and detection time with millisecond
accuracy; also the sensors, which simultaneously
detected the discharge, are stored. Much more
detailed information from Boltek Network is
available. The shape and amplitude of radio pulses
with microsecond accuracy as well as decision made
on distance and discharge type are stored for future
analysis.

I Lightning Networks in Armenia

On January 30, 2014 huge thunderstorm has

passed over our region and our stations
simultaneously registered significant lightning
activity.

'WWLLN
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Figure 1. Lightning activity was registered by Aragats
(3200m) and Nor Amberd (2000m) stations and by
WWLLN, which data were depicted by red, green and
blue accordingly.

4. Conclusion

We made first simultaneous measurements of
atmospheric discharges by 2 lightning detection
networks: worldwide WWLLN network and
Armenian Boltek network. Broadband detection of
radio emission emerging in  thunderstorm
atmosphere  will  allow  development  of
comprehensive models of lightning initiation and
high energy phenomena in atmosphere.
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On the connexion between Early VLF signal perturbationsand lightning
current amplitude.

S. NaitAmor, H. GhelilZ Y. Bouderba

! Centre de Recherche en Astronomie AstrophysigGéephysique,Algeria
Z Laboratoire LSAMA, Département de Physique, Féctéts Science, Université d’Elmanar, Tunis, Tunisie

The VLF signal perturbations dues to lightningdttiwere widely studied. It appears as
a modification in amplitude and phase of the sigkabwn as Early events. The
association between these perturbations and lighptparameters (peak current and
polarity) still unclear. We used the LWPC code tetedmine the electron density
increases due to different CG peak current andrippldt is also possible with the

LWPC code to follow the propagation of the perttidraat different distances from the
disturbed region. The results showed that the #taad signal perturbation amplitude
and phase where positives at some distances amdivesgat others. These explain the
different shape of the recorded signal at differeetteivers’ locations. The electron
density reached fom* at 80 km.

perturbation amplitude that the receiver measured.
1. Introduction From these parameter, the electron density incsease
is determined using the Wait formula.
Early Very Low Frequency (VLF) signal
perturbations due to the Transient Luminous Even®s Results and discussion:
(TLES) have been widely studied [1]. Recently,
optical observations of TLEs made during In September 2, 2009 a large sprite was cagture
EuroSprite campaigns were found to be associatédthe Mediterranean Sea as shown in figure 1. From
with Early signal perturbations when the Gredhe map in the top of the figure, several paths to
Circle Paths (GCPs) of the VLF signals crossed thfdgiers receiver passes near the sprite regionrmFro
TLE's region [2] and that the perturbatiorthe VLF data, only NAA and ICV paths showed
characteristics were a function of the TLESsignal perturbations. Moreover, the DHO-Algiers
transmitter distance, TL-Eeceiver distance and thepath crossed the sprite region but only the ligigni
scattering angle [3] emission was recorded. Another example concern
the signal perturbations recorded on December 12,
During the nighttime, the reflexion of the2009 in association with the Gigantic Jet (GJ) éven
propagating VLF signal happens at the bottom limiince the NRK and GQD paths to Tunis and Sebha
of the E region (around 87 km). Thereforeare in the same line and crossed the GJ disturbed
supplementary ionisation of the mesosphere due negion, a comparative analysis is presented irrdigu
TLE formation reduces the reflexion height to lowe2. From this figure, some perturbations appeared as
altitudes. Thus, a perturbation in the VLF signakn increase in the Tunis data were a decreasein th
amplitude and phase is then recorded. The netwdskbha one. To understand the signal behaviour, we
observation of the TLE-VLF association showedised the LWPC code to generate the theoretical
that the recorded perturbations vary from receivémplitude that the receiver record with and without
location to other. Effectively, positive (orthe disturbance. The figure 3 shows the perturbed
increasing) perturbation amplitude recorded at unaind unperturbed signal amplitude of the NRK
(Tunisia) receiver was negative (or decreasingjansmitter as function of the distance associated
signal amplitude recorded at Sebha (Lybia) receivewith the event recorded on December 12, 2009 at
23:41. From the plot, and as predicted, at shorter
To understand the propagating signal behavimurdistance from the disturbed region the perturbed
well  known Long-Wavelength  Propagationsignal is sometimes higher than the ordinary signal
Capability (LWPC) code is used. In the region & thsometimes lower and some null point where both
occurred TLE, the propagation parameters (h’ argmplitudes are equals. At longer distance from the
B) of the GCP were modified in order to get thdlisturbed region, the propagation is stable dubéo
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evanescence of higher modes that were generatedliatances, higher modes are rapidly evanesced and
the disturbed region. only the fundamental mode is important.
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Figure (1): Signal perturbations dues to the sprite
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3. Conclusion:

The results shown above confirm clearly that th
Early VLF signal perturbations are strongly
dependent on the distance between the disturbed
region and both the transmitter and the receivers
locations. Effectively, close to the disturbed oeyi
several propagating modes are generated and thus
the resulting signal is the sum of all of themlakig
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Diurnal patternsin lightning activity over South America
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Satellite and ground network observations of lightning flash distribution data are used to examine
the diurnal cycle of lightning activity over the tropical and subtropical regions of South America.
The results show in the subtropical South America, particularly the area limited by [-25°; -40°] of
latitude and [-70°; -50°] of longitude, the time of maximum lightning activity was shifted to
nocturna hours, extending from close to midnight to early morning hours. This behavior can be
associated to the peak in MCSs in the morning hours in the region. A close connection between
peak time of lightning activity and peak time of precipitation events have been observed by
comparing the current results with other published studies. On the other hand, storms over
northern Argentina are known as leading Transient Luminous Events (TLE) generators on Earth

(Thomas et al., 2007).

1. Introduction

Numerous studies show that convective cloud
systems produce most of the precipitation and severe
weather in the tropica and subtropical part of the
continent of South America. Particularly, Zipser et
al. (2006) [1] and Romatschke and Houze (2010) [2]
found a maximum of extremely deep convective
cores in the continental subtropics of South
America. The conditions leading to the development
of mesoscae convective systems (MCSs) and
mesoscale convective complexes (MCCs) in
different regions of South America have been
studied by Salio et a. 2007 [3], Romatschke and
Houze (2013) [4], among others.

2. Methodology and Data

The lightning data used in this study came from
two independent lightning detection systems LIS
OTD and WWLLN.

In order to characterize and quantify the loca
diurna cycle on lightning activity, a harmonic
anelysis was performed in each grid cell. The diurnal
cycle was fitted using a sinusoidal function with a 24
hours period as follow,

FRpc(t) = a+bsin(=t + c)

where FRse is the mean diumel flash rate
(flashes km? h?), a is the mean value of the
lightning activity during the 24 hours period (flashes
km? h%), b is the amplitude of the lightning activity
oscillation on the period considered (flashes km™ h

) and ¢ the phase of the diurna cycle (radians)
which is an indicator of the time when the maximum
lightning activity occurs. To obtain information on
the shape of the diurnd distribution, the ratio
between the amplitude and the mean value (NA=b/a)
was calculated for each grid cell and the following
criteriawere used,

NA < 0.5indicates alack of awell-defined peak

on lightning activity or adouble maximum,

0.5 < NA< 1.0 indicates a diurna trend with a

clear peak, and

1< NA indicate a well developed diurnal cycle

with a clear peak in the diurnal lightning

activity.

These criteria are consistent with those proposed
by Easterly and Robinson (1985).

Figure 1 shows a map of South America along
with the loca time of maximum lightning activity
(vector plot) and the NA values (color plot) during
the 24 h daily cycle derived from LIS-OTD data and
Figure 2 shows the same information but derived
from WWLLN data. The arrows pointing indicate
time of maximum at 0:00 LT (north), at 6:00 LT
(east), at 12:00 LT (south), 18:00 LT (west).

Theresults of both data set are in good agreement
and show that in north and center regions of South
America, the time of maxima for lightning activity
was mainly concentrated in the late afternoon to
evening hours (between 17:00 and 19:00 LT) which
can be associated with the peaking of the local
convective activity associated with heating of the
surface in the interiors of the landmasses and display
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amarked diurna cycle of lightning activity with NA
values around or higher than 1

In the area limited by [-25°; -40°] of latitude and
[-70°; -50°] of longitude, which includes Paraguay,
northeastern Argentina, south Brazil and Uruguay,
including La Plata basin, the time of maximum
lightning activity is more variable and it is mainly
shifted to nocturna hours, extending from close to
midnight to early morning hours and show NA
values lower than 0.5 indicating a lack of a well-
defined peak on lightning activity or a double
maximum.

,
I

,
H

1L i
I
\"“
\\
ANENEN
L
IAVAIALFS
e
i

By
Wardy

o |

E ok o 8 & 3

™ 86 40 5 B 45 40 a5 0
Langituda

W45 B TS

| R
W os<na<io
B na=10

Figure 1 local time of maximum lightning activity
(vector plot) and the NA values (color plot) during the 24
h daily cycle for datafrom LIS-OTD
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Figure 2 local time of maximum lightning activity
(vector plot) and the NA values (color plat) during the 24
h daily cycle for datafrom WWLLN

3. Conclusions

A close connection between peak time of
lightning activity and peak time of precipitation
events have been observed by comparing the current
results with other published studies.

Generdly, in the north and center regions of
South Americathe time of maxima lightning activity
was concentrated in the late afternoon to evening
hours, which may be associated with the pesking of
the loca convective activity. While, in the
subtropical South America, particularly the area
limited by [-25°; -40°] of latitude and [-70°; -50°] of
longitude, the time of maximum lightning activity
was shifted to nocturnal hours. This behavior can be
associated to the peak in MCSsin the morning hours
over the region. A significant portion of
precipitation in the area is contributed mainly by
large MCCs, which tend to develop initially from
convective cells triggered in the afternoon in the
region of southern foothills of the Central Andes.

On the other hand, the storms over this regions
are known as leading Transient Luminous Events
(TLE) generators on Earth (Thomas et al., 2007) [5],
Therefore the results of this study provide valuable
information about convective processes in tropical
South America and could help in future studies of
generating TLE storms over northern Argentina.
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A two-point direction finding method for impulsive
electromagnetic signals produced by lightning
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We describe a new experimental method for locatimabf impulsive electromagnetic signals
produced by lightning return strokes, stepped leadacesses, and preliminary breakdown pulses.
We use a system of two perpendicular SLAVIA seng8tgelded Loop Antenna with a Versatile
Integrated Amplifier) to detect horizontal compot®enf the magnetic field fluctuations in a
frequency interval from 5 kHz to 90 MHz. The maximsensitivity of the recording system is
6 nT/shHz, corresponding to 1 ffHz at 1 MHz. The direction to sources of broadbeauiation

is derived from a combination of the amplitudeaatnd time delay of signals arriving at the two
sensors placed at a distance of 89m.

We show examples of the first results obtained fitbie system installed on the summit of La
Grande Montagne (1028 m, 43.9410N, 5.4836E), Riatalbion. We compare our results with
lightning localization data from the METEORAGE netlk. We successfully determine the
direction to the source return strokes and our “négolution broadband records show the
corresponding trains of preliminary breakdown psilaed stepped leaders.

Azimuth [deg]
o
*
*
*
*
*

Elevation [deg]

-10

52.60 52.62 52.64 52.66 52.68
Time (ms} from 2013-11-08T20:57:35.212.845.056

20 kHz around 216 kHz excluded
Integrated data [nT]
o
}l

An example of localization of preliminary breakdowalses. The pulses correspond to a +CG
return stroke detected during a thunderstorm oro@elhber 2013 and localized to the North of
the receiving system. Integrated magnetic field @fanms from two SLAVIA sensors (black and
red lines) are shown on the bottom.
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Thunderstorm geometry & morphology suggested from Cassini/RPWS
Saturn lightning flashrate data and comparative terrestrial meteorology
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Lightning on gas planets like Saturn can be understood in terms of lightning on Earth. Like
terrestrial lightning, Saturn Electrostatic Discharges (SEDs) are most likely dependent on the
change of the planet’s season. In August 2009, Saturn's northern (southern) hemisphere entered
spring (autumn), a 7-year-long season. Years before and after this (pre/post) equinox period, the
Cassini/RPWS (Radio and Plasma Wave Science) instrument, since its orbital insertion in 2004 till
now, has so far recorded several storms; few of them lasted for several months. In this contribution,
we suggest underlying mechanisms based on Earth-analogues regarding how the lightning storms
in Saturn’s atmosphere could have sustained for long periods of time. By using ‘rule-of-thumb’ or
single-parameter relationships derived from terrestrial lightning observations, we speculate the
thunderstorm geometry and its evolution in time from distance-normalized SED flashrates;
considering only the SED records taken from the same instrument mode during the Cassini equinox
mission 2008-2010. Then by applying comparative terrestrial meteorology, we further speculate

the most likely dominant thunderstorm morphology as lightning generator for each storm.

1. Preliminaries

Whenever the atmospheric structure and
dynamics of a planet share common features
with the Earth’s atmosphere, comparative

terrestrial meteorology can be applied. In this
respect, SEDs (Saturn Electrostatic Discharges)
on gas planets like Saturn can be understood in
terms of lightning on Earth. In principle, if
Saturnian flashrate data are available and
terrestrial flashrate relationships are established;
then we can extrapolate the thunderstorm
geometry and morphology of each SED storm.

Among the common features shared by the
two planets are (a) large tilts of rotation axes
w.r.t. their orbital plane, causing the planet’s
season to change over time; and (b) water
clouds in the troposphere, allowing a similar
charge separation mechanism to produce
lightning in the planet’s atmosphere [1].

The large axial tilt of Saturn may trigger
effects that can couple with the change of
season; yet unexplained is the way the internal
heat flux 1is transported at the water
condensation layer [2], depositing a sufficient
CAPE, bringing instability hence convective
clouds. If distinct, lateral and localized updrafts
and downdrafts co-exist, organized convective
storms can be sustained for a long period of
time, including episodic SEDs storms.

2. Cassini equinox mission 2008-2010

After having completed its prime mission to
explore the Saturn system in 2008, the Cassini
spacecraft continued its exploration until 2010
in the so-called equinox mission. Even before
the equinox mission, one of the Cassini
instruments, the RPWS (Radio and Plasma
Wave Science) instrument has so far recorded
several lightning storms [1,3]. Towards the
spring (autumn) equinox in northern (southern)
hemisphere, the duration and strength of these
SED storms that raged at 35° South, dubbed as
the ‘storm alley’, reached their peak, which is
most probably modulated by seasonal effects
[2].

Below, we use SED records from the end of
the year 2007 to the middle of the year 2010.
The same algorithm as in [4] was used to extract
the SED from the dynamic spectra. For
convenience, we consider only SED data
measured from the same mode of the
Cassini/RPWS instrument. This mode happens
to be the most dominant mode of recording
SEDs. In this mode, we assume that the number
of flashes is absolute. The selected SED records
are then normalized with respect to spacecraft
distance to Saturn using half-orbit parameters.
The details of the procedure used in normalizing
the SED quantities are described elsewhere [5].
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3. Thunderstorm geometry and morphology

A terrestrial thunderstorm is a cumulonimbus
cloud vertically extending from the lower
troposphere up to the tropopause. It has a
complex charge distribution, but here we
assume the thunderstorm to be dipolar, a
parallel-plate capacitor with the cloud-top
(cloud-base) having a positively (negatively)
charged plate. The thunderstorm or the capacitor
is charged as a result of collisions between
upward moving ice-crystals and the falling
riming-graupel, the so-called non-inductive
graupel-ice mechanism. From this picture, the
distance from the top to the bottom of the cloud
is the height or the ice-water path and the space-
charge region occupied by the capacitor at the
plate separation defines the graupel volume.

From the normalized lightning flashrates, we
can use a ‘rule-of-thumb’ relationship to deduce
the thunderstorm geometry. They are single-
parameter relationships deduced from terrestrial
lightning observations, which state that
flashrates increase linearly (la) with the
horizontal area of the charge region [6] and (1b)
with updraft surges [7,8]; and further, correlate
strongly (2a) to the graupel volume in vigorous
updraft in upper cloud levels [9] and (2b) to the
ice-water path [10]. As only the horizontal area
of the thunderstorm geometry can be measured,
we can find, as an illustration, the best-fit line
on the relationship (la) during the 14-day
growth in area of the Great-White-Spot’s head
during its early phase in December 2011.

Based on the SED storm duration and
intensity, we can speculate the most likely
dominant thunderstorm morphology. Taking
into consideration the thunderstorm geometry
(relationships (1a-b) and (2a-b)) & its evolution
described earlier, we can further speculate, i.e.,
whether the dominant convective mode [11] of
the thunderstorm is (i) uni-cellular (single-cell),
(i1) multi-cellular, or (iii) a supercell.

In Figure 1, a structure (ii), for example, is
suggested for the SED storm F when flashrates
show a large variability within one storm. Most
likely in between the periods when flashrates
decrease and then followed by an increase, a
new cell may have been activated.

Storm G:
single cell

Storm |:
supercell
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Figure 1: Normalized Saturn flashrates (green) during
the time interval 600 days before and 400 days after
spring equinox (11th of August 2009) their maxima
envelope (blue) for each storm, and their most likely
corresponding thunderstorm morphology as lightning
generator; the latter dominant convective mode is
suggested based on terrestrial comparative meteorology.
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Streamer-to-leader transition in gigantic jets
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Streamer-to-leader transition is the name given to a sequence of events occurring in a thin plasma
channel through which a relatively strong current is forced through, culminating in heating of
ambient gas and increase of the electrical conductivity of the channel. This process occurs during
the inception of leaders (from sharp metallic structures, from hydrometeors inside the
thundercloud, or in virgin air) and during their propagation (at the leader head or during the growth
of a space leader). In this presentation, we describe the physics of streamer-to-leader transition at
reduced air densities (upper altitudes in the Earth’s atmosphere), and its role in the dynamics of

gigantic jets.

1. Motivation

Gigantic jets (GJs) are large-scale electrical
discharges between the thundercloud tops and the
lower ionosphere [1,2]. It is estimated that an
individual GJ can contribute as much as cloud-to-
ground lightning in discharging a thunderstorm
system, transferring hundreds of coulombs from
thundercloud to the ionosphere [3]. Moreover, due to
the lengthening of time scales at upper altitudes in
the Earth's atmosphere (inversely proportional to the
decreasing air density), GJs represent a unique
opportunity to study the physics of lightning leaders.
Recent observations by Chou et al. [4] report
observation of positive- and negative-polarity GJ
leaders, while Lu et al. [5] report VHF recordings of
a negative GJ leader stepping up to 35 km altitude in
the atmosphere above the thundercloud.

Since the discovery of GJs [1,2], several
theoretical works were dedicated to the clarification
of their physical mechanisms (e.g., [6-11]). The
current understanding of the GJ process is that
they are initiated deep inside the thundercloud as
intracloud lightning discharges. Owing to a charge
imbalance, meaning the upper charge center is
depleted with respect to the midlevel charge center,
the upward-directed lightning leaders manage to
escape through the thundercloud top to form GlJs
[8,9]. As a GJ leader crosses the stratosphere its
streamer zone becomes longer and longer, due to the
dynamics of streamer growth in a medium with
exponentially-decreasing air density, such as in
the Earth's atmosphere [7]. The speed at which a
leader propagates is limited by the air heating of
every newly formed leader section, rate of which is
slower at upper altitudes in the Earth's atmosphere
[11]. Despite the expected deceleration of an

upward-directed leader, GJs are observed to
accelerate as they approach the ionosphere, as
depicted in Figure 1.

2. Modeling of streamer-to-leader transition at
gigantic jet altitudes

In order to investigate the mechanisms of GJ
formation and propagation and to consistently
estimate GJ speeds at stratospheric altitudes, we
have developed a first-principles model do describe
the interaction of the GJ currents with atmospheric
air and formation of a hot and highly-conducting
plasma channel, i.e., a leader. The physical model
consists of four main blocks: (1) a set of nonlinear
neutral gas dynamics equations; (2) a detailed
kinetic scheme accounting for the most important
processes in a gas discharge plasma; (3) energy
exchange between charged and neutral particles
accounting for the partitioning of the electronic
power between elastic collisions, excitation of
vibrations, and excitation of electronic states; and
(4) delayed vibrational energy relaxation of nitrogen
molecules [11]. We show that the interplay of the air
heating rate and the rates of channel expansion and
cooling set a limiting altitude in the Earth’s
atmosphere = above  which  streamer-to-leader
transition cannot occur.

We also introduce a simple time-dynamic model
for GJ propagation that simulates the upward
propagation of a leader discharge accounting for the
effects of the expansion of its streamer zone. We
propose that the GJ acceleration is a consequence of
its vertical structuring, i.e., speeds of <10° m/s
observed in the early stages of GJs are consistent
with a leader escaping from the thundercloud and its
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Figure 1. Experimentally registered acceleration in the upward propagation of two GJs, observed by (a) Pasko et al.
[1] and (b) Soula et al. [12]. Reprinted from Figure 18 of [11] by permission from American Geophysical Union.

Images in panel (b) are courtesy of Serge Soula.

acceleration is related to the growth of its streamer
zone as the leader reaches higher altitudes in the
Earth’s atmosphere [13].

3. References

[1] Pasko, V. P., M. A. Stanley, J. D. Mathews,
U. S. Inan, and T. G. Wood (2002), Electrical
discharge from a thundercloud top to the lower
ionosphere, Nature, 416(6877), 152-154, doi:
10.1038/416152a.

[2] Su, H. T., R. R. Hsu, A. B. Chen, Y. C.
Wang, W. S. Hsiao, W. C. Lai, L. C. Lee, M. Sato,
and H. Fukunishi (2003), Gigantic jets between a
thundercloud and the ionosphere, Nature, 423, 974—
976, doi:10.1038/nature01759.

[3] Cummer, S. A., J. Li, F. Han, G. Lu, N.
Jaugey, W. A. Lyons, and T. E. Nelson (2009),
Quantification of the troposphere-to-ionosphere
charge transfer in a gigantic jet, Nat. Geosci., 2(9),
617-620, doi:10.1038/ngeo607.

[4] Chou, J. K., et al. (2010), Gigantic jets with
negative and positive polarity streamers, J. Geophys.
Res., 115, AOOE45, doi:10.1029/2009JA014831.

[5] Lu, G., et al. (2011), Lightning development
associated with two negative gigantic jets, Geophys.
Res. Lett., 38, 112801, doi:10.1029/2011GL047662.

[6] Pasko, V. P., and J. J. George (2002), Three-
dimensional modeling of blue jets and blue starters,
J. Geophys. Res., 107(A12), 1458, doi:10.1029/
2002JA009473.

[7] Raizer, Y. P., G. M. Milikh, and M. N.
Shneider (2006), On the mechanism of blue jet

formation and propagation, Geophys. Res. Lett., 33,
L23801, doi:10.1029/2006GL027697.

[8] Krehbiel, P. R., J. A. Riousset, V. P. Pasko,
R. J. Thomas, W. Rison, M. A. Stanley, and H. E.
Edens (2008), Upward electrical discharges from
thunderstorms, Nat. Geosci., 1, 233-237, doi:
10.1038/ngeo162.

[9] Riousset, J. A., V. P. Pasko, P. R. Krehbiel,
W. Rison, and M. A. Stanley (2010), Modeling of
thundercloud screening charges: Implications for
blue and gigantic jets, J. Geophys. Res., 115,
A00E10, doi:10.1029/2009JA014286.

[10] Neubert, T., O. Chanrion, E. Arnone, F.
Zanotti, S. Cummer, J. Li, M. Fiillekrug, S. Soula,
and O. van der Velde (2011), The properties of a
gigantic jet reflected in a simultaneous sprite:
Observations interpreted by a model, J. Geophys.
Res., 116, A12329, doi:10.1029/2011JA016928.

[11] da Silva, C. L., and V. P. Pasko (2013),
Dynamics of streamer-to-leader transition at reduced
air densities and its implications for propagation of
lightning leaders and gigantic jets, J. Geophys. Res.,
118,13,561-13,590, doi:10.1002/2013JD020618.

[12] Soula, S., O. A. van der Velde, J. Montanya,
P. Huet, C. Barthe, and J. Bor (2011), Gigantic jets
produced by an isolated tropical thunderstorm near
Réunion Island, J. Geophys. Res., 116, D19103,
doi:10.1029/2010JD015581.

[13] da Silva, C. L., and V. P. Pasko (2013),
Vertical structuring of gigantic jets, Geophys. Res.
Lett., 40,3315-3319, doi:10.1002/gr1.50596.




http://doi.org/10.1002/2013JD020618

http://doi.org/10.1002/grl.50596




2" TEA — IS Summer School, June 23™

June 27™ 2014, Collioure, France

GRASSP Instrument: Status and First Results
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GRanada Sprite Spectrograph and Polarimeter instrument is being designed and developed by
TRAPPA Group (IAA-CSIC, Spain) and consists of a medium-high resolution spectrograph and a
polarimeter (currently under development) both installed on a telescope mount to study the
influence of TLE over the Earth mesosphere by analyzing the emitted spectrum. This mount
moves automatically by consulting lightning databases and aims to the region where TLE are most
likely to appear. It is currently installed at CAHA Observatory, in Almeria, Spain, place from
where we can observe the west Mediterranean Sea zone (37°-45°N; 2°W-14°E) with an elevation of
10°-35° above the horizon. In this abstract we report GRASSP main characteristics, several TLE
images recorded from CAHA Observatory and a lightning spectra recently captured by GRASSP

instrument.

1. Introduction

Transient luminous events (TLE) were observed
accidentally for the first time in 1989 [1] and since
then, several spectroscopic measurements have been
performed [2]-[4] to understand the influence of
them over the Earth mesosphere. However, so far,
the best spectral resolution used is R = AAA = 215
(AN =3 nm) [4].

Granada Sprite Spectrograph and Polarimeter
(GRASSP) is being designed and developed by
TRAPPA Group at IAA — CSIC, Spain. It is thought
to record TLE optical emissions spectrum with high
spectral resolution and to characterize TLE
polarization, if there is any. We attempt to combine
theoretical models predictions [5]-[8] with the data
collected by GRASSP to study the kinetics and
electrodynamics of the air plasmas generated by
TLEs.

GRASSP instrument is currently installed at
CAHA Observatory 2.2 m dome since 2lst
November 2012 and since then several TLE and
lightning images have been recorded.

2. GRASSP Spectrograph Main Characteristics

GRASSP Spectrograph uses a 1440-lines/mm
grating and presents a variable free spectral range of
110 nm (655 nm to 765 nm), with a spectral
resolution of R = AM/Ak = 1500; AL = 0.45 nm. It uses
an ICCD camera of 1360 x 1024 pixels with a FOV
of 4° x 0.03° and 0.01 mm/px. The entrance slit
(~100 microns) is oriented parallel to the horizon to
optimize the likelihood of TLE detection. GRASSP
conversion factor spectral sensitivity has been

calculated according to [9] and it is shown in figure
1. After calibration and regarding to check the
instrument reliability, we have compared the
spectrum of the same air plasma obtained with
different measurement systems: GRASSP and
commercial Jobin Yvon - HORIBA FHR1000
spectrometer at 0.45 nm. Comparison is shown in
figure 2.
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Figure 1: GRASSP conversion factor spectral
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3. First results

The night of 9th July 2013 there were up to 1065
positive and 1430 negative lightning strokes in the
area between 37°-45°N and 2°W-14°E (figure 3), and
GRASSP instrument captured 49 spectra of them
(figures 4 and 5). We also present in figure 6 a
sample of TLE images captured with GRASSP in
2013.

Lightning activity from 20130709T20:00:00 to 20130710T04:00:00
T T T

40

Figure 6: TLE images captured with GRASSP in 2013.

3 Carrot sprites (a), elve (b), column sprites (c) and carrot

S sprites with halo (d).
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Similarities in appearance between natural sprites and pilot systems in the
lab.
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Detailed nanosecond-fast high-resolution photography of negative meter-scale laboratory discharge
unveiled similarities between pilot systems and high-altitude sprites. Both phenomena have similar
development behaviour and possess unique features like bright isolated dots and reconnection.

1. Introduction

Sprites are  high-altitude  kilometre-scale
electrical ~ discharges that happen  above
thundercloud. It is generally assumed that sprites are
triggered by positive lightning [1].

In Eindhoven University of Technology we
investigate  meter-scale laboratory discharges
looking for similarities with natural lightning and
lightning-related phenomena. Negative lightning
possesses step-like propagation behaviour which is
associated with space leader formation in front of its
main leader. Meter-scale laboratory sparks also
develop via formation of a space stem that
transforms into a pilot system that finally develops
into a space leader in longer gaps. With ns-fast
photography we investigated the pilot system
formation and found striking similarities with high-
altitude sprites. But sprites are different in size,
environment and polarity. Laboratory pilot barely
reaches 70 cm and develops in STP air, while high-
altitude sprites reaches ionosphere stretching for
dozens of kilometres. Also sprites are assumed to be
of opposite to the pilot system polarity.

During the TEA-IS summer school we want to
discuss differences and similarities between high-
altitude sprites and pilot systems in negative
laboratory discharges.

2. Experiments

We use 1 MV Marx generator to create meter-scale
laboratory sparks between two cone-shaped
electrodes. A ns-fast ICCD camera is located at 4 m
distance from the spark and it takes pictures of the
discharge at various time slots. For better visibility
we applied a linear colour-coding scheme to black

and white images from the camera. In more detail
the experimental setup is described in [2] and [3].

2.1. Pilot system formation and development

The formation and development of a pilot system is
shown in Figure 1. Negative streamers (ns) leave
isolated dots behind during its propagation (image
(a)). Later, the dots become starting points for
positive streamers (ps). The positive streamers move
upwards and connect to negative streamer/leader.
The amount of dots and positive streamers can be
different. The entire bipolar structure — negative
streamers — dots — positive streamers is the pilot
system. The free space in between negative and
positive streamers is the space stem.

4 o [ Ry
dots )}.f

(a) 50-ns J0cm (b)

Figure 1. Pictures of six different discharges. (a)
Negative streamers (ns) leave isolated dots behind
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which then give rise to positive streamers (ps) that
move towards the HV cathode (located above and
not shown here). (¢) Exposure time is 50 ns.

Often the dots are branching points of negative
streamers. According to [4], the sprites possesses
the similar developing process. An original black
and white image of 100 ns exposure time is shown
in Figure 2.

Figure 2. Pilot systems captured with 100 ns
exposure. The image can be compared with those
represented in [4]. Original black and white image,
no colour coding is applied.

Remarkably, the upper part of the pilot system
(including the isolated dots) is brighter than its
bottom part. The same is valid for sprites. It is also
clear that the pilots are directed towards the point-
like HV electrode, whereas the ionosphere acts as a
diffuse electrode for natural sprites.

2.2. Pilots reconnection

One of the unique and important features of the
sprites is their reconnection. The phenomenon is
described in detail in [4]. Laboratory pilots show
the similar reconnection. Even though the image is
only a 2D representation of the phenomenon, the

uncharacteristic curvature of the negative streamer
allow us to claim that the reconnection between the
pilot systems occurs as well. Detailed pictures of the
process will be presented in the workshop.

3. Discussion and conclusions

With detailed ns-fast photography we
investigated a formation and development of
pilot systems in negative long laboratory
discharge. It is shown that the pilot formation
begins with a negative streamer propagation,
which leaves isolated periodic bright dots
behind. Sometimes, the dots are splitting points
of the negative streamer. Later, the dots behave
as starting points for positive streamers that
move in opposite direction. A similar
development process was observed in high-
altitude sprites. Moreover, the laboratory pilots
can reconnect with each other in the same way
as sprites do. Although the polarity of the sprites
known to be opposite to the observed pilots,
striking visual similarities between two
phenomena must be discussed within scientific
community.
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The plasma-chemical self-consistent model for halo/sprite formation in the
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We have developed a plasma-chemical model which describes perturbation dynamics of the
chemical composition of the mesosphere at altitudes between 60 and 90 km due to sprite/halo
generation for night conditions and apply it for the self-consistent radial-symmetry modeling of the
perturbation region [1]. We apply this set of reactions to study vertical distribution of chemical
species using a simple electric field representation, where the electric field is related to the flash
current in dipole approach and depends on the conductivity perturbation. The perturbed
concentrations of electrons, neutrals, ions, cluster ions, excited atoms, and molecules have been
estimated for typical flash parameters as altitude dependent. For the model development we take
into account results for electric field from lightning discharge [2]. Also we are preparing
laboratory experiment in the long vacuum camera with pressure gradient to model sprites.

Sprites are high-altitude discharges occurring in
the mesosphere and lower thermosphere at altitudes
from 60 to 90 km, which correspond to the
ionospheric D-layer. An optical flash usually
appears in a few milliseconds after a positive cloud-
to-ground discharge, sometimes at a horizontal
distance of up to ten kilometers or more from the
bottom of the lightning-flash channel. Statistical
analysis shows that the sprites are quite frequently
observed, namely, such events are several thousand
per day all over the globe. The rates of the plasma
chemical reactions depend strongly on the electron
temperature and electric field. Thus, the sprites
could strongly influence the chemical composition
of the atmosphere, at least locally.

Due to the complicated nature of the numerous
physical processes involved in the sprite appearance,
comprehensive modeling of sprite chemistry is very
difficult and employs different (necessarily
simplified) approaches. Sprites often exhibit an
amorphous unstructured glow at their tops which
converts to highly structured (predominantly
vertical) breakdown regions at lower altitudes.
Namely, we generalize the plasma-chemical model
suggested in [3], and apply it to a large-scale
perturbation region of the mesosphere with certain
effective values of the electric field intensity and
electron temperature. We speculate that our
approach could be applied to the diffuse and
transition regions of sprites, and potentially for the
upper part of the streamer region with some mean
“effective” parameters [1].

Electric field on the mesosphere is determined as
a solution of the differential  equation

OE/ot+oE /e, =0E,, /0t. Taking into account

the high conductivity of the Earth's surface, we
could represent the external electric field Eg from
lightning discharge in dipole approach. To obtain the
electron temperature dependence on the reduced
electric field in self-consistent modeling, we use the
freeware solver of the Boltzmann equation
BOLSIG+. Initial values of the chemical

components are obtained from WACCM.

Concentration of electrons, cm™
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Altitude, km

Time. s
Fig. 1. Concentration of electrons, cm™

We take transferred charge 74 C and the
maximum flash current 110 kA. The maximum
value of normalized electric field 0 is equal to about
200 Td. The discharge begins at a height of about 80
km several hundred microseconds after the
beginning of current flow in a lightning channel in
the troposphere. Discharge reaches a height of 70
km after one millisecond. Electron density
perturbation is about 475 cm on the height 76,2 km
above the lightning discharge and relaxation time is
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about 10 second (Fig. 1). The relaxation time of
electrons and ions is much larger at the top of the
sprite.

In the first stage of the sprite conductivity
decreases practically by 2 orders due to heating of
electrons in the electric field (Fig. 2). This fact could
play significant importance in the initiation of sprite,
especially in the day-time conditions. During the
sprite discharge conductivity increases due to
development of an electron avalanche and after
discharge cooling of electrons.

Conduetivity, Sm‘m

10° 10

Time. s

Fig. 2. Perturbation of conductivity, Sm/m

Now we are changing electric field source and
adding axial symmetry in the model. Our colleagues
have a model for electric field formation after
lightning discharge [2]. An isolated cloud-to-ground
discharge is considered as a source of the
electromagnetic field on the heights of mesosphere.
A temporal profile of the discharge current consists
of the return stroke and continuous current
components, so both the slow transient (quasistatic)
electric field caused by the Maxwell relaxation of
the charge density disturbance and fast transient
(electromagnetic pulse) are calculated. Dependence
of the disturbance in mesospheric composition on
the distance to the discharge, value of the electric
conductivity inside the thundercloud, altitude and
lateral scale of the charge region, temporal profile of
the discharge current, and velocity of the return
stroke are considered.

Fig. 3. Vacuum camera for laboratory modeling of sprite

Vacuum camera 1.9 m long and 1.6 m diameter
was taken for sprite/halo modeling in our laboratory
(Fig. 3). We are planning to create pressure
differential more than one order by magnitude and
model diffuse and streamer part of sprite in the same
time. Necessary instruments for diagnostics and
measurements are in the process of installing now.
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We present results obtained through a kinetic model of air plasmas generated in the presence of
sprite streamer channels. The model includes a sophisticated chemical scheme as well as the
resolution, in a self-consistent way, of the energy conservation equation to investigate the thermal
impact of sprite streamers in the surrounding gas. We have identified the main kinetic mechanisms
responsible of the gas heating as well as the evolution of the chemical species in the air plasma. We
have found that the activity of sprite streamers in the mesosphere considerably affects not only the
electron density but also the concentration of neutral key species such as NO and N,O, both
responsible of the mesospheric ozone balance. Our results also show an increase, of about 1 K at
65 km, in the gas temperature that becomes less important as altitude grows

1. Introduction

Sprites are huge electrical discharges in the Earth
mesosphere due to positive cloud to ground
lightning strokes in the troposphere. The chemical
evolution of the mesospheric species due to the
action of sprite streamers is still being studied.
Sentman et al. [1] and Gordillo-Vazquez [2], both in
2008, proposed two different kinetic models which
can explain the important chemical evolution of a
great set of atmospheric components, i.e. neutral
species like NO or N,O.

The possibility of the gas heating in sprite
streamer channels is still a subject of ongoing
research. In 1998, Pasko et al. [3] estimated a gas
heating between 2 — 0.2 % of the gas temperature at
altitudes from 50 km to 60 km and in a time scale of
10 ms under the action of sprite streamers. Later, in
2014, da Silva and Pasko [4] proposed that fast
heating could be the mechanism responsible of the
gas heating in the first stages of the sprite streamer.

2. Variation of the concentration of nitrogen
oxides (N,O and NO,, x = 1,23) in the
mesosphere due to the action of sprite streamers

Through simulations, we have estimated the
temporal evolution of a large number of chemical
species within the streamer channel [5]. The N,O
concentration increases by more than two orders of
magnitude [Figure 1.] at 65 km of altitude (red solid
line) and almost two orders of magnitude at 75 km
(dashed red line) remaining high in time. On the
other hand, the NO concentration has an increase of
four orders of magnitude (solid black line) at 65 km

of altitude and, in the case of 75 km of altitude this
increase is negligible. Another important issue is
that the temporal evolution of NO; at 65 km and 75
km has a different behaviour for long times (> 10 s).
Namely, at 65 km and for long times, the
concentration of NOs has a decreasing trend while at
75 km, this trend is growing.

Density, em®
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Figure 1: Calculated nighttime N>O and NOx
(x=1,2,3) density variation under the action of a
sprite streamer in the Earth mesosphere. The solid
line refers to 65 km of altitude and the dashed line
refers to 75 km of altitude.

The main production mechanism of N,O, under
the action of a sprite streamer electric field, is the
associative detachment (AD) of the O" by N,, which
has an important dependence with the electric field
[6]. In the case of NO and NOs, the different
behaviour at different altitudes could be explained
by the great difference in the initial background
densities of these species since their production and
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destruction mechanisms are the same for the two
altitudes considered.

3. Gas heating within the streamer channel

We have estimated the variation of the gas
temperature within the streamer channel solving the
gas energy conservation equation [7] in a self-
consistent way. We can see [Figure 2.] how the gas
temperature variation changes with the altitude. At
65 km, the variation from the background value is
almost 1 K for large times while, at 70 km, the
increase in the gas temperature is a little higher than
0.2 K. The more substantial increase occurs at the
low reduced electric field stage of the streamer,
mainly due to the energetic balance of the
vibrational-translational (V-T) reactions which
involve vibrationally excited CO, and N, species.
However, at the moment of the sprite streamer head,
we have a negligible increase in the gas temperature
(a few mK) caused by the rotational deexcitation of
N, and the fast quenching processes (fast heating) of
electronically excited species (mainly metastable
species). Finally, at the time in which the gas
temperature begins to grow (between 1 ms and 100
ms), the mechanisms responsible of this increase are
a mix between V-T and fast quenching processes
together with rotational deexcitation of N..
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Figure 2: Calculated nighttime reduced electric field
(solid line) and gas temperature variation (dashed
line) in the sprite streamer channel.

We have obtained these results through
simulations, in an array of 20 altitudes (between 65
km and 85 km) using a sophisticated kinetics model
[8] based in Gordillo-Vazquez’s scheme [2,9], that
allowed us to obtain the reduced electric field and
the plasma gas temperature of sprite streamers in a
self-consistent way.
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Electron Precipitation Events Associated with Lightning Activity During the
2013/2014 BARREL Campaigns
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Broadband VLF emissions from lightning can propagate along the Earth's magnetic field lines as

whistler mode waves and alter the pitch angle of electrons trapped in the radiation belts.

These

scattered electrons can precipitate into the Earth's atmosphere creating regions of increased
ionization and x-ray bremsstrahlung [1]. Here we present direct x-ray detector observations of
lightning-induced electron precipitation (LEP) made during the 2013/2014 BARREL [2]

(Balloon Array for Radiation Belt Relativistic Electron Losses) campaigns.

The time profile

characteristics of observed x-ray events are presented and comparisons are made to simple LEP
Models.

Figure 1. BARREL Payload, field line, and conjugate
foot-point poleward of electrically active Arctic storm

1. Background (2013 Event)

During the 2013 BARREL (Balloon Array for
Radiation Belt Relativistic Electron Losses)
campaign, 20 high altitude balloon payloads
equipped with sodium iodide scintillator detectors
were launched over several weeks to high altitude (up

to 35km) over Antarctica to observe bremsstrahlung
from radiation belt electron precipitation.

On a solar-quiet day in January, a payload
magnetically conjugate to an electrically active Arctic
storm in the North Atlantic (fig 1) saw several
isolated bursts of high x-ray counts with energies >
30 keV (fig 2).
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Figure 2. Observed spikes in BARREL x-ray count
coincident with Arctic storm

Though the observed spikes are associated with
lightning strokes detected by the World-Wide
Lightning Location Network (WWLLN), more
definitive evidence is sought to establish the cause of
these x-ray events.
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Numerical Modeling of the Global Electric Circuit
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The theory behind the global electric circuit and atmospheric electricity has been around for nearly
a century. Previous studies over this period have modeled the influence of individual physical
perturbations to the global electric circuit by modeling equivalent circuits or making other
simplifying assumptions on the distributions. These individual parametrizations have included
galactic cosmic rays, clouds and aerosols, as well as thunderstorm distributions. With recent
computing and modeling advancements the global electric circuit is able to be modeled with higher
spatial and temporal resolution than ever before. Recently published results of global conductivity
distributions and a new parametrizaton of source currents will be utilized within a new 3D numeric
solver for the current continuity equation to determine the global distribution of currents.

1. Introduction

Aspects of the Global Electric Circuit (GEC)
connections with the physical world have been
investigated for the past century, since the
Carnegie's famous voyage relating fair weather
electric field measurements to storm activity across
the globe. The original work of Hays and Roble [1]
on modeling the GEC yielded new insights into how
thunderstorm current sources affect global current
distributions depending on their strength and
location. Since this work, further models have been
created to understand specific aspects of the circuit,
such as conductivity [2], or creating an equivalent
circuit model to incorporate specific
parametrizations into a global simulation [3, 4].

The work discussed here will present a new GEC
model that solves Poisson's equation throughout the
atmosphere to get a global understanding of
electrical coupling, with new high-fidelity
conductivity and source models incorporated. The
newly published conductivity data incorporates
many related phenomena, such as realistic radon
transport, cloud and aerosol distributions, and
galactic cosmic ray fluxes, into an Earth System
Model to obtain a global representation of currents,
potentials and electric fields. The current source
distribution is derived from TRMM satellite
observations. Temporal and spatial variability of
currents and electric fields due to these new source
and conductivity distributions will be presented and
discussed.

2. Model Inputs
2.1 Conductivity

Using a global circulation model to represent
ionization and attachment processes in the
atmosphere has allowed for a high fidelity
representation of conductivity across the globe [2].
The incorporation of these processes allows one to
see the temporal and spatial evolution of
conductivity. Conductivity is one of the major
parameters of the global electric circuit to identify
where the currents will flow. Figure 1 shows the
importance of using a high-fidelity model to obtain a
conductivity distribution throughout the globe, due
to localized features that can’t be represented in
more simplistic models.
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Figure 1: Mean model column resistance (PQm?) from the
new conductivity module within CESM1(WACCM). The
top image is without clouds, while the bottom image
includes clouds [2].

2.2 Source Distribution

Utilizing the TRMM satellite with optical and
radar measurements, a quantification of electrical
currents above thunderstorms can be obtained. The
strength of the storm current is correlated to aircraft
overflight measurements that were done. The
combination of these two measurement techniques
allows for a global distribution of current sources to
be incorporated into the global numeric model, as
well as a temporal variability due to the repetitious
satellite coverage. Figure 2 shows a one month
average of the current generators in thunderstorms.
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Figure 2: Mean current distribution derived from TRMM
in May at Universal Time 17 hours.

3. Numerical Model

A new numeric model was developed to solve
the quasi-static continuity equation with high
resolution across the globe. The previously
discussed conductivity, and source distribution, are

the input parameters for the solver. The newly
developed model utilizes radial basis functions to
solve for potentials and currents throughout the
atmosphere. The method was verified with test cases
to known analytic solutions and a simplified finite
element scheme.

4, Conclusions

Utilizing the newly developed conductivity and
source distributions, and solving for the potential
and currents throughout the atmosphere with the
numeric model allows for the analysis of current
distributions throughout the atmosphere with higher
fidelity than before. This allows one to analyze how
the GEC is changing temporally, as well as
determine how different physical mechanisms affect
the current distributions. The coupling between the
physical and electrical connections within the
atmosphere with higher temporal and spatial
resolutions than any previous studies will be
presented.
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Thunderstorm — ionosphere coupling have been studied by ionograms obtained from the Digisonde
DPS4D at Pruhonice, Czech Republic and using a five-point continuous Doppler sounding system
operating at 3.59 MHz during two campaigns in summer, 2013. Thunderstorms passed through the
Czech Republic on 29th of May (09:50 - 15:25) and on 20th of June (18:00 - 24:00). The
corresponding lightning activity was recorded by the LINET and BlitzOrtung lightning detection
networks. In the second case, numerous sprites were captured above the thunderstorm in the region
of the ionosonde from Sopron, Hungary. During that period, ionograms were recorded in every
minute. Peaks of ionospheric f, values occurred much more frequently and with higher
amplitudes characteristically in the period of sprites occurrences. Moreover the lack of the

sporadic E layer has been found in those hours.
1. Introduction

Thunderstorms generated in the troposphere can
affect the ionosphere through electrodynamic and
mechanical processes.

Lightning discharges may deposit
electromagnetic energy in the middle atmosphere
and lower ionosphere through quasi-electrostatic and
electromagnetic  fields. These fields above
thunderstorms can accelerate electrons which
produce additional energetic charged particles and
Transient Luminous Events (TLEs, i.e. sprites, blue
jets, etc.). Intense lightning discharges and TLEs
(especially sprites and elves) may also cause heating
and extreme long-lasting changes in ionization in the
upper D and lower E-region ionosphere [1], [2].
Theoretical simulations predicted that impulsive
lightning electric field changes reduce the electron
density at 75-85 km owing to electron attachment to
O, and increase the electron density at 85-95 km
owing to ionization of N, and O, [3]. Shao et al. [4]
found that electron density in the lower ionosphere
is decreased in response to lightning activity and
they suggest that the enhanced electron attachment is
responsible for the reduction.

Mechanical coupling can be produced through
upward propagating waves in the neutral atmosphere
generated by the thunderstorm [5]. These waves may
be of different types including infrasonic waves [6],
planetary waves and internal atmospheric gravity
waves (AGWSs). Using the continuous HF Doppler
sounder the wave activity in the ionosphere during
tropospheric convective storms in Central Europe
was studied [7]. Infrasonic waves with the period of

2-5 min were found in the case of exceptionally
intense meteorological activity in the troposphere
[7].

The fnn values obtained from ionosonde were
studied, which depends, apart from other factors, on
the absorption from D-region ionosphere and
therefore is a fairly good indicator of the changes in
the electron density in D-region. The absorption
level varies with period between 8 and 12 days,
which could be related planetary waves [8].

Davis and Johnson [9] showed a statistically
significant increase in the critical frequency of the
sporadic E layer (foEs) 6 hours after the time of a
thunderstorm. Barta et. al [10] have found a
statistically significant decrease in the foEs after the
time of lightning flashes, indicating a decrease in the
electron density associated with lightning in the
vicinity of Rome.

2. Data analysis

In this study, an analysis concerning the
parameters of the lower ionosphere (fyi,, fOES, fhES),
Doppler sounder data and thunderstorm activity
observations (lightning, sprites) in the vicinity of
Pruhonice, Czech Republic is performed to disclose
troposphere -  lower ionosphere  coupling
mechanisms. LINET as well as, BIlitzOrtung
lightning data, sprite events observed by a Watec
902H2 Ultimate camera from Sopron, Hungary, data
of a five-point continuous Doppler sounding system
operating at 3.59 MHz developed at the Institute of
Atmospheric  Physics AS CR, and manually
evaluated ionograms obtained from the Digisonde
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Figure 1. The variation of the f.,;, parameter during the campaign and the time of the sprites on 20th of June. The
arrows show the time of the observed sprites.

DPS-4D at Pruhonice are used in this work.
lonograms were recorded in every minute during the
two campaigns: 29th of May (09:50 - 15:25) and
20th of June (18:00 - 24:00).

3. Results

30 sprite events were observed from Sopron over
the region of Czech Republic during the campaign
period on 20th of June. Peaks in ionospheric fyi,
values occurred much more frequently and with
higher amplitudes only in that time window which
the sprite events grouped in (Figure 1.). The sprite
observation started at around 20:15 and continued
during the whole campaign period. After the time of
the last observed sprite (at 22:02), the peaks in the
fmin Variations became smaller and less frequent. The
changes in the f.;, values indicate variations in the
electron density of D region which are likely related
to energetic lightning strokes and sprite activity
below the region probed by the Digisonde DPS-4D.
The sporadic E layer disappeared in the period,
when the sprites as well as the higher and more
frequent peaks of the f., were observed (~ from
20:15 to 22:00).

The character of Doppler shift record on 20 June,
2013 - short period GW and probably also
infrasound observation in some cases - suggests that
the source could be relatively local. The time
interval 20:30-22:00 was selected for the analysis,
because clear traces could be seen in Doppler shift
spectrograms. The analysis showed that the AGWSs
propagated to the North-East (azimuth ~45°). This
might support that the source was the thunderstorm
which was coming from the South - West and passed
through the western part of the Czech Republic.

There are some peaks in the variation of the fy,
parameter during the campaign on 29th of May too
but these peaks are smaller than in the other case.

According to the HF Doppler shift records on 29
May 2013 at the afternoon and evening, the GWs
propagated roughly to the North-West (typical
azimuths from ~290° to ~345°), consequently the
source could be located in South from Czech
Republic. In this case, the thunderstorm was in the
centre and northern part of the country so it cannot
be related with these GWs.

The thunderstorm characteristics and lightning
parameters (location, type, polarity, peak current)
during the two campaigns has also been considered.
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We investigate the Runaway Relativistic Electron Avalanche (RREA) and the feedback process as
well as the production of Bremsstrahlung photons from Runaway Electrons (REs). These processes are
important to understand the production of Terrestrial Gamma-Ray Flashes (TGFs). Results are
obtained from Monte Carlo (MC) simulations using the GEometry ANd Tracking 4 (GEANT4)
programming toolkit, version 9.6. Our results indicate that the multiplication of electrons during the
development of RREAs and under the influence of feedback, are consistent with previous estimates.

1. Introduction

Terrestrial gamma-ray flashes(TGFs) were first
discovered in the early 1990'ies by the Burst And
Transient Source Experiment(BATSE) on board
NASA's Compton Gamma-Ray Observatory [1].
Since then, the observation of these sub-millisecond
bursts of up to several tens of MeV photons has been
confirmed in multiple studies [2,3,4].

Although the exact production mechanism is not
yet fully understood, the strong electric fields
generated inside thunderclouds are capable of
accelerating electrons to the intensities and energies
required [5]. Two leading theories have been
presented to explain the multiplication of energetic
electrons and  subsequent  production  of
Bremsstrahlung  photons. 1) The  thermal
acceleration of electrons in the tips of streamers and
the subsequent acceleration during the stepping of
lightning leaders [6]. 2) The initiation of Runaway
Relativistic Electron Avalanches (RREAs) by
cosmic-ray seed particles and the feedback
mechanism during the charging of the ambient
electric field [8,9,10]. We will discuss the latter
theory. This thoery is constrained by the available
potential in the cloud as well as the strength, size
and location of the electric field.

2. Results
2.1. The RREA and the feedback mechanism

The electron energy spectrum of RREAs is expected
to reach a steady state after a few e-folding
(avalanche lengths) and follow the exponential cut-
off «exp(-e/7300 keV) [9]. The electron energy
spectrum we obtained corresponds well with
previous studies and follows the cut-off exp(-&/7700
keV). This can be seen in figure 1.
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Figure 1: The average electron energy distribution of
RREAs propagating in electric fields, 310 kV/m < E <
2500 kV/m.

We also present the first study of the feedback
mechanism using GEANT4. Our results confirm
previous estimates of the potential required for the
feedback mechanism to become unstable, y>1.0,
where vy is the feedback factor. The feedback factor
describes the relation between the amount of
electrons produced in a RREA, Ny, and the number
of secondary avalanches initiated, Ngrpa by
backscattering photons and positrons inside the
electric field. These results are shown in Figure 2 as
the red line. The blue line indicates previous results
by Dwyer [8], including the maximum electric field
possible before feedback become untable,
Enax=2550 kV/m. We also indicate the maximum
potential and  electric  field available in
thunderclouds (dashed lines). These parameters are
the important constraints necessary to validate
feedback as an important mechanism for electron
multiplication.
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We have not taken into account the location
of the electric field. Due to the density of the
atmosphere, the electric field scale with altitude. As
a result weaker electric fields is required at higher
altitudes. However, as the required potential does
not scale, the vertical extention of the electric field
become correspondingly larger. At 15km altitude the
sea-level threshold at 2500kV/m is ~19m, which
corresponds to a scaled field of E=E, exp(-h/H)
=320kV/m, where h is the altitude and H is the scale
height ~7.3km. The scaled vertical extention the
become ~148m. Such large field over relatively
large distances may be an unlikely scenario.
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Figure 2. The graphs show the conditions required

to for the feedback factor, y, to be 1.0. The figure also
shows the constraints in which feedback is unstable

(y>1.0). These constraints are the maximum potential
available in thunderclouds (130 MV was found from
measurements by [11]), and the conventional breakdown
electric field, E,,=3200 kV/m.

3. Summary

1) We have validated GEANT4 as a toolkit to

study the RREA and the feedback
mechanism.

2) We present the first study of the feedback
mechanism using GEANTA4. Our

simulations confirm previous estimates for
the potential required for feedback to
become unstable.
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We study the effects of atmospheric electric fields on air showers and their radio emission. We find
that an electric field of the order of 100kV/m significantly changes the number of electrons and
positrons in showers. In fair-weather conditions, the dominant strength of radio emission from
cosmic ray air showers is driven by the geomagnetic field. However, when showers pass through
strong electric fields, the charge excess radiation, which under fair-weather conditions gives only a
contribution of secondary importance to the radiated intensity, may be strongly enhanced. Studying
the effects of electric fields on showers and their radio emission will thus contribute to a better
understanding not only of the shower mechanism but also of the atmospheric electric field.

1. Introduction

When a high-energy cosmic ray impinges on
the atmosphere of the earth a particle cascade is
produced with copious amounts of electrons and
positrons. These particles are concentrated at the
front of the shower, forming a so-called pancake
that moves to the ground with the speed of light.
These electrons and positrons are deflected in
opposite directions by the magnetic field of the
Earth which results in a macroscopic electric current
which will emit radio waves. In addition, due to the
knock-out of electrons from air molecules, there is
an excess of electrons. This charge excess also
contributes to emission of radio waves but is, in fair
weather conditions, of secondary importance as
compared to the geomagnetic radiation. The two can
be distinguished on the basis of the polarization of
the emission as well as the structure of the footprint
[1,2].

When showers pass through strong electric
fields, such as may be found in thunderstorm
conditions, the amount of charge excess in the
shower is strongly affected [3]. This will result in
large changes in the footprint of the emitted radio
emission. The study and understanding of the effects
of atmospheric electric fields is thus of importance
for a correct interpretation of the radio footprint in
terms of shower parameters. Alternatively the radio
footprint from cosmic rays may be used to learn
about atmospheric electric fields. In the present
work these effects are investigated using numerical
simulations.

2. Radio emissions simulation

The CORSIKA and CoREAS [4, 5] codes are
used for performing the numerical simulations. The
CORSIKA code performs a Monte Carlo simulation
of the air shower development. The radio emission
is calculated in CoREAS by tracing individual
particles.

3. Effects of the atmospheric electric field
3.1. Effects on shower charges

Fig.1 shows simulation results for a vertical
shower generated by a proton with an energy of 10"’
eV with and without an electric field. The electric
field points vertically upward and it thus accelerates
electrons and decelerates positrons in the shower. In
the present calculation the magnitude is taken as 100
kV/m from the ground up to 10 km for simplicity. A
more realistic electric field that depends on the air
density will be studied in the future.
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Fig 1: Number of electrons and positrons

as a function of atmospheric depth
The numbers of electrons and positrons (on a
logarithmic scale) are plotted as a function of depth.
At the point where the electric field is switched on,
the number of electrons grows strongly while the





number of positrons decreases lightly. This figure
also shows that the net charge remains almost the
same in the region where the electric field is present.

In addition to causing a change in the number of
charged particles the presence of an electric field
affects their energy distribution. When the electric
field is applied, the shower electrons gain energy
while the positrons lose energy. On the other hand,
the charged particles lose their energy through the
radiation process. The change in energy U of a
particle with charge g per unit of atmospheric depth
X is[6]:

E
du--—Tax+950qx
X, X
where the radiation length X, is 36.7 g/cm® and

Z, =8.4km. The particle obtains an equilibrium
energy when dU =0 or
qEz X,
=070 2
X (2)
Particles which have energies below U, will be

accelerated, while above this energy the energy loss
due to radiation is dominant.
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Fig 2: Kinetic energy distribution on the ground
with and without electric field

Fig.2 shows the kinetic energy distribution of
electrons and positrons on the ground in the
presence of an electric field (solid lines) and without
(dash lines). At very large energies, there is no
significant effect of the electric field as follows
from the discussion above. At lower energy regions,
electrons are accelerated and gain energy from the
field. These accelerated electrons generate more
charged particles thus causing a strong enhancement
in number. In contrast, positrons lose energy due to
radiation as well as the electric field, and hence the
number of positrons on the ground decreases.

3.2. Effects on radio pattern
Fig.3a shows the radio pattern of an inclined
shower with a zenith angle of 25 degrees in the

absence of an electric field. The core of the shower
is in the center and the small circles mark the
positions of antennas put in COREAS. An
interpolation is done to get signal strength at other
positions. This figure shows that the maximum
value of signal lies on vxB axis where the
geomagnetic and charge excess radiations are added
constructively. The minimum lies on the opposite
direction when these components are subtracted.
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Fig 3: Radio pattern with and without electric field

When the electric field is switched on, since the
net charge rises significantly, the contribution of
charge excess in the radio pattern increases
considerably. However, the total number of charges
does not change much resulting an almost
unchanged geomagnetic contribution. Fig.3b shows
the radio pattern of the same shower in the presence
of the electric field. There is a clear circle in the
pattern visible which presents the charge excess
radiation. The strength of signals also increases
dramatically.

4. Conclusion and outlook

A 100 kV/m field has a significant effect on the
number of charge particles in the shower, their
energy distribution and the radio pattern. We are
presently investigating the quantitative relation
between the electric field and the charge excess as
this is essential for the change in the radio pattern.
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New class of RHESSI TGF's
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The frequency of terrestrial gamma-ray flashes (TGFs) is still unknown. It is possible that there are many
weaker TGFs that cannot escape to space to be detected by gamma-ray satellites or that the events are
difficult to find in the satellite data because of deadtime and saturation issues. New events found in the
Ramaty High-Energy Solar Spectroscopic Imager (RHESSI) satellite data may give some insight into this
question. We will present a new class of super-bright terrestrial gamma-ray flashes (TGFs) that has been
found in the RHESSI data. In this class of events, the instrument is completely saturated and using the
Compton tail of these events the intrinsic brightness can be found. We shall present detailed analysis of
specific events when the distance or source altitude is known.

1. Introduction

Terrestrial gamma-ray flashes (TGFs) were first
discovered in 1994 by the BATSE instrument aboard
the Compton Gamma-ray Observatory (CGRO) [1].
TGFs are bright, millisecond bursts of gamma rays
that are seen coming from thunderstorms. Since
BATSE observations, RHESSI, Fermi, and AGILE
have observed thousands of TGFs from space [2].
The Airborne Detector for Energetic Emissions
(ADELE) observed one TGF from an airplane [3]
and two TGFs have been observed from the ground
at Camp Blanding, FL [4].

Relativistic Runaway Electron Avalanches
(RREA) best explain the TGF spectrum that extends
up to 40 MeV, and possibly 100 MeV [5]. Wilson
first proposed that electrons could runaway to
relativistic energies from the electric fields inside
thunderclouds [6]. When Mpller scattering is
included, the runaway electrons can scatter with
other electrons, causing them to runaway as well as
causing an avalanche of electrons [7]. TGFs are the
gamma rays produced from the bremsstrahlung of
those electrons. To explain the brightness of
observed TGFs, Dywer proposed the relativistic
feedback model [8] which builds upon RREA by
including the physics of backscattered photons and
positrons and following their creation of new
avalanches that allows for an exponential growth in
avalanches.

Another model proposed by Celestin and Pasko
that can explain the brightness of TGFs without
feedback is one in which lightning stepped leaders
provide a large energetic seed population. RREA
can then amplify the electron population to generate
the brightness of observed TGFs [9]. This model
also can explain the AGILE results of TGFs that
extend up to 100 MeV [10].

TGFs can be as common as lightning [11] or as
rare as one in a thousand lightning flashes [12].
Since TGFs are not observed as frequently as either
of those limits, we must assume that most TGFs are
unable to escape to space to be observed from
satellites or are normally too attenuated to be
measurable from the ground. The fluence
distribution of TGFs follows a power law with index
between 2.1 and 2.5 [13][14]. We shall present a
new class of super bright RHESSI TGFs that cause
the RHESSI instrument to saturate for the majority
of the event.

2. Instrument

The RHESSI satellite is a NASA Small Explorer
spacecraft that has been in operation since 2002. It
consists of nine germanium detectors with the upper
and lower portion of the detectors read-out separatly.
When two counts arrive at the detector within 800
ns, they are piled up. When too much charge builds
up in one segment, that segment resets and is
inactive for a short period of time. The TGFs
presented here are all indicative of high count rates,
they saturate and reset during the middle of the
event. Figure 1 shows an example of a saturating
TGF.

3. Data

During the middle of these TGFs, the total energy
cannot be known because of pileup and resets.
However, the Compton tail that arises from gamma
rays that have been Compton scattered on their way
to the detector can be used to find the intrinsic
brightness of the event. These gamma rays arrive
later because they have travelled a farther distance to
reach the detector.
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Figure 1. Saturated TGF above Spratley Islands in the
South China Sea, WWLLN sferic match is 240 km away

Events are selected when the event is saturating
and has a distinct Compton tail. If there is a
WWLLN match, that distance is used when
modelling the TGF.

3. Modelling

To model these events, a four stage Monte Carlo
model is used. The first stage is a TGF modeled
using the relativisitic feedback model [8]. The TGF
is then propogated through the atmosphere and then
through the RHESSI detector using GEANTS3
simulations. Finally, the RHESSI electronics are
simulated to simulate vetos, resets and pileup. Since
the electronics are so complicated, these results are
approximate during the middle of the TGF. The
results during the Compton tail are valid.

Figure 2 shows a good match of the TGF shown
in Figure 1. It was a Gaussian time-convolved TGF
at 15 km altitude, 240 radial km away. While 400
counts hit the RHESSI detectors, only 27 normal
counts are registered. This flux corresponds to 1.33
photons/cm? in the detector. This is brighter than any
other RHESSI TGF. Figure 3 shows the intrinisic
brightness of the TGF at different source altitudes.
These are an order of magnitude brighter than
previously observed TGFs but still agree with
theoretical brightness distributions [13][14].
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Figure 2. Modelled gaussian time-convolved TGF at 15
km altitude, 240 km radial distance through atmosphere,
RHESSI detectors and electronics
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Figure 3. Instinsic brightness of the saturated TGF
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Comparison of global RHESSI and AGILE TGFs distributions and
analysis of all AGILE satellite passes over South America. 2009-2012
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RHESSI and AGILE TGFs distributions in the period 2009-2012 are compared. Analysis of
differences in geographical, hourly, monthly distributions of the three main TGF production
regions in Earth due to differences in lightning production and ITCZ movement is presented. A
fourth region producing TGFs over Pacific not reported before is also analysed. Second analysis
has been performed in order to identify preferable meteorological conditions for TGF production.
Some publications suggested that regional differences in lightning/TGF ratio may be due to
differences in meteorological thunderstorm and lightning production. All AGILE passes over South
America (SA) in 2009-2012 has been studied. No special meteorological features characteristic of
SA has been identified. TGFs are detected in situations with many lightning, thunderstorms, high
CAPEs and high Top Clouds. TGFs are more probable to be detected in active situations.

1. Introduction

Since their discovery TGFs have been related
with thunderstorm and lightning, firstly because
they are mainly produced over land-ocean and land
regions on tropic were lightning production is the
highest, the so-called three lightning chimneys[1],
and secondly because direct link between individual
lightning and TGFs has been established. Analysis
between lightning and TGF diurnal cycles and Inter
Tropical Convergence Zone (ITCZ) and TGF
production seasonal migrations reinforce this
correlation [2].

Williams suggested in 2006 [3] that TGF were
more observed on tropics because they were
produced by Intra Cloud lightning more high in the
troposphere, were atmospheric absorption is lower
making to escape and reach satellites. However,
other publications that reports thunderstorms
producing TGFs of 13-14km [2] and less TGF
production than expected in some regions compared
to others [4,5], suggested that other meteorological
variables may play an important role on TGF
production than only tropopause altitude.

In order to analyse this differences and try to find
out preferences for TGF production we present first
a comparative of RHESSI[6] and AGILE TGFs and
WWLLN  lighting  monthly,  diurnal  and
geographical differences in the 2009-2012 period.
Secondly, different meteorological variables during
all AGILE[7,8] passes detecting and non-detecting a
TGF in 2009-2012 period has been analysed. On

this report only part of the results are presented
(Complete results, data acquisition and methodology
will be presented at 2@ TEA — IS Summer School)

2. Results
2.1. Global TGF distributions

Longitudinal distribution of RHESSI and AGILE
TGFs for 2009-2012 period is plotted in figure 1. A
significant forth TGF production region has been
identified over the Pacific, oceanic region unlike the
other 3, although not so active as the other three
previously reported. Although AGILE inclination is
quite lower, total number of TGFs detected are
similar, 351 RHESSI and 308 AGILE, showing that
TGFs are more frequent or easier to detect on
tropics.
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Figure 1. Longitudinal distribution of AGILE and
RHESSI TGFs. 2009-2012.

On figure 2 is plotted the diurnal cycle for the
same TGFs for each TGF production region shown
in figure 1. Maximum and minimum reported by
Splitt (2010) at 17 LST and 12 LST can be
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identified. Other maximum is identified in all
regions around 5 LST, although its magnitude varies
depending on the region
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Figure 2 Diurnal Cycle of AGILE and RESSI TGF for the
4 regions with more TGF production. 2009-2012.

2.2. AGILE passes over South America

The objective of this second part is to compare
real situations conducing and non-conducing to
TGFs. All AGILE passes over SA in 2009-2012
period have been divided in 3 squares, covering
satellite field of view, to be studied.

Longitude
e et e

W Latitude 45°

Figure 3 Random AGILE pass over South America. The 3
squares of 1200 km side (AGILE field of view) are the
three regions analysed for each case. Left square is
considered land-ocean region and the other 2 land region.

Number of strokes, storms, Top Cloud coverage,
Top Cloud temperature and CAPE for each square
have been analysed. Figure 3 shows 3 squares
analysed for a random pass. For each variable, 4
different ranges have been analysed plotting
monthly and diurnal distributions for 4 situations:
land-ocean TGF, land-ocean no TGF, land TGF and
land no TGF. Figure 4 shows the diurnal cycle for
CAPE only on 2011, with 7 TGFs. It is clear on this
graphic that TGFs are produced in situations with
high CAPE, although these kind of situations
suppose only 20-30% of the total. This high CAPE
situations also follows same diurnal cycle seen in
section 2.1, with high peak around 15LST. Situation
with low CAPE are more probable at first hours of
the day.
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Figure 4. Diurnal Cycle of 4 ranges of CAPE of all Passes
over SA on 2011 of cases over lamd-ocean region with
and without TGF and over land with and without TGF.

3. Conclusions

Diurnal Cycle is different for each region,
especially for the peak at first hours of the day. That
agrees with previous studies suggesting that regional
meteorological differences may differentiate TGF
production.

For passes study, we show on this report that
TGFs tend to occur at situations with high CAPE
(only 7 TGFs on 2011 over SA). Although AGILE
covers many situations with low CAPE and
lightning and thunderstorms occurring, no TGFs are
detected

More conclusions will be presented at 2 TEA —
IS Summer School; point 2.2 extended to 2009,
2010 and 2012 what will permit to obtain more
conclusive results because of the increase of TGF
cases.
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When it is launched in 2016, the TARANIS satellite, having a mission to study transient luminous
events (TLEs), terrestrial gamma-ray flashes (TGFs), and other lightning-related phenomena, will
carry an instrument developed by the Stanford VLF Group to automatically detect and classify 0*
whistlers. The instrument operates by decimating the electric or magnetic field data input from 2
MHz down to a sampling frequency of 31.25 kHz, constructing spectrograms, and looking for the
distinctive dispersive shape that a 0" whistler has. Data from the instrument, which is limited to
approximately 6 kbits/second, will be useful specifically in drawing comparisons between lightning
that do and do not cause TLEs and TGFs and more generally as a supplement to any other study on

the occurrence of global lightning.

1 Introduction

Lightning discharges radiate broadband electro-
magnetic pulses known as sferics. The surface of the
Earth and the ionosphere form a waveguide through
which sferics efficiently propagate over long dis-
tances. A small fraction of the sferic energy escapes
the waveguide and travels upward in the whistler
mode enabled by Earth’s magnetic field through the
ionosphere [1], and the resulting waves, known as
whistlers (specifically, 0* or fractional hop whistlers
in this case), have been observed in low Earth orbit
at lateral distances of up to 1500 km from their parent
lightning stroke [2]. In addition to the electromagnetic
radiation emitted, lightning has been shown to cause
a number of optical phenomena directly above light-
ning known generally as transient luminous events
(TLESs), with sprites, elves, and jets being specific ex-
amples. Moreover, bursts of gamma rays from the
Earth known as terrestrial gamma-ray flashes (TGFs)
have been observed to coincide with lightning and are
possibly related to TLEs.

The TARANIS satellite, expected to be launched
at the end of 2016, has been commissioned by CNES
to provide a single platform for the study of a num-
ber of lightning related phenomena, including TLEs
and TGFs in particular, over a mission lifetime of
two to three years. It is important to note that not
all lightning generates TLEs or TGFs, and TLEs and
TGFs often have widely different measurable prop-
erties (see, for example, [3] for the case of sprites).
Lightning itself is also highly variable, and measure-
ment of a lightning stroke’s electromagnetic radiation
can reveal important information about the lightning’s
properties. While TARANIS will collect high resolu-
tion data upon detecting a TLE or TGEF, it is also de-

sirable to have data on the electromagnetic emissions
from lightning that do not cause TLEs or TGFs.

Therefore, TARANIS will carry an automatic 0*
whistler detector, also called the sferic detector (SD),
that will operate continuously and characterize the
0* whistlers measured on the satellite. In particu-
lar, the Stanford VLF Group has devised an algorithm
to identify O* whistlers in electromagnetic field mea-
surements on a low earth orbiting satellite, and imple-
mented the design on an FPGA to be integrated into
the TARANIS hardware. Because the bandwidth al-
lotted to the sferic detector is about 6 kbits/second,
the instrument will toggle between four different out-
put modes that will provide less and less information
for each 0" whistler as the occurrence rate increases.
Not only will data from the sferic detector be useful
in providing context to TARANIS’s primary mission
of studying TLEs and TGFs as previously described,
it will likely find application as well in comparisons
with global lightning detection networks. Further-
more, data from the instrument could be used to mea-
sure the amount of lightning energy input into the
magnetosphere.

2 Algorithm Details

It can be shown from the Appleton-Hartree equa-
tion that the instantaneous frequency of a whistler is
inversely proportional to the square of the time after
the whistler is first recorded [4, ch. 2]. That is, when
plotted as a spectrogram, the whistler should follow a

shape given by
vai

where D, known as the dispersion constant of the
whistler, represents the degree to which the whistler
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Figure 1: (top) Spectrogram of electric field data from DEMETER resampled to the the sampling frequency used by the
automatic 0% whistler detector on board TARANIS. (bottom) Algorithm output when applied to the spectrogram above.

is dispersed. The SD detects 0" whistlers by making
spectrograms of either the electric or magnetic fields
as measured by the satellite and looking for shapes
in those spectrograms given by (1). First, the analog
wave field data are digitzed and input to the FPGA.
Next, the data are decimated by a factor of 64, re-
sulting in a sampling frequency of 31.25 kHz, and
then spectrograms are computed. Finally, the spec-
trograms are input into the detection algorithm, and
when the algorithm detects a 0" whistler, information
on the event is output to the an external FIFO memory
that is uploaded to the ground.

The algorithm decides whether or not a partic-
ular spectrogram is a 0" whistler by first normaliz-
ing the spectrograms by the background noise, which
is done by taking the mean and standard deviation
of the previous 16 spectrogram bins for each fre-
quency and checking whether or not the bins in the
current spectrogram exceed the computed mean by at
least Ny standard deviations, where Ny is adjustable
with the input command provided at the beginning of
each half-orbit. Then, the SD computes the cross-
correlation of the spectrogram with a matrix with 1
in pixels that follow a curve given by (1), —1 imme-
diately surrounding that curve, and O elsewhere. Be-
cause the dispersion of the 0* whistlers is known a
priori, a total of 8 different matrices are compared
against each spectrogram, and the maximum across
those 8 computations is used. Finally, a spectrogram
is considered to be a 0* whistler if the result is a local
maximum and exceeds an adjustable threshold.

Figure 1 shows the algorithm applied to an elec-

tric field measurement from the DEMETER satellite,
which had a similar orbit to TARANIS’s. Note the
peaks in the algorithm output on the bottom plot coin-
cide with the 0" whistlers in the spectrogram above.
We have found that peaks in the algorithm output
greater than or equal to about 20 are sufficient to indi-
cate the presence of a 0* whistler in the corresponding
spectrogram. There is also a whistler with dispersion
larger than a 0" whistler, and the algorithm correctly
does not show a peak for it; however, the whistler’s
presence does not prevent the 0" whistler at about 0.84
seconds from being identified.
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Great number of VHF and VLF/ELF emissions were observed during two years of the Chibis-M mission operation.
Spectral analysis has revealed a variety of time-frequency patterns of signals, many of which are to be interpreted. About
300 VHF events were classified as compact intercloud discharges (CID). Along with other types of emissions, those with
unusually long duration (~150 ups) were detected. VHF measurements were accompanied by whistler mode waves
recordings, showing strong correlation of VHF events with lightning discharges. In this paper we present classification of
events, their characteristics and geographical and diurnal variations.

1. Chibis-M mission

The Chibis-M microsatellite was launched into a
circular orbit on January 25, 2012 by means of
International Space Station facilities. The main goal of
the mission is to study lightning activity via the
recording of electromagnetic signals in broad frequency
band. The microsatellite carries a radio-frequency
analyzer (RFA), ultraviolet and infra-red detectors, a
fast optical camera, VLF detector, and gamma and X-
ray detector. Because of deployment procedure the
Chibis-M satellite has an inclination of 52°, covering
middle and low latitudes, which along with unique
payload makes Chibis-M opportune tool for
comprehensive study of lightning activity.

Lightning discharges known to be the source of VLF
(3-30 kHz), LF (30-300 kHz), MF (0.3-3 MHz), HF (3-
30 MHz), VHF (30-300 MHz) and UHF (>300 MHz)
electromagnetic waves. The most famous lightning
related phenomena at VLF frequency band are
atmospherics, which propagate in the Earth-ionosphere
waveguide, and whistler mode phenomena, which
propagate in magnetospheric plasma. Having VLF
detector onboard Chibis-M and cooperating with
lightning location network on the ground, it might be
possible to indicate the lightning discharge, that causes
detection at other Chibis-M instruments.

As lightning discharges by nature have stochastic
time of occurrence, a trigger system of event
registration onboard the spacecraft was realized. At the
testing stage of the mission it was admitted that the
instrument which initiates trigger for the complex
should be RFA. This instrument measures electric field
in frequency range from 26 MHz to 48 MHz.

2. Observations

A variety of signals were detected onboard Chibis-
M. In this paper we present only those from VHF and
VLF detectors. Preliminary classification of the signals
were made and physical characteristics of signals were
determined. The most common signal at VHF
frequency band are single pulse, double pulses (which
are referred as Trans-lonosheric Pulse Pairs (TIPP) [1],
or Narrow Bipolar Event [2]), trains of pulses with total
duration of dozens or hundreds of microseconds, and
long duration unstructured broadband emission with
peak energy at about 30 MHz (see Fig. 1). One pulse
duration is about 5 us (accuracy is limited by applied
Fourier transform window).

An analysis of signal localization was made. For
example, TIPP shows no significant latitudinal
dependence, having almost equal change to happen at
the middle latitudes and near the equator. On the
contrary, TIPP occurrence strongly depend on longitude
and local time, which is in agreement with previous
experimental data [3]. Longitudes of TIPPs coincide
with longitudes of the regions with high lightning
activity. Local time distribution has two peaks around 3
p.m. and just after midnight. Only half of TIPP
recordings accompanied by ultra-violet and infra-red
emissions. Most of the events were observed over the
west coast of Africa, over Maritime Southeast Asia, and
near the Central America.

VLF detector demonstrates records with well-known
whistler mode waves, including ion-cyclotron whistlers,
along with "swallow-tailed" [4] and "spiky" whistlers

[5].
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bottom) and multiple pulses (right bottom).
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Meteorology of thunderstorms
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For most researchers, meteorologists and offiaighmizations, lightning and thunderstorms are
completely interdependent. Lightning can be describs the result of a series of processes that
occur in a typical thundercloud called “cumulonimmhuThis cloud is the result of air convection
combined with substantial humidity. The convectian initiate when conditional instability is
released, i.e. according the parcel theory, whemamel of air moves in an upward vertical
direction, it reduces its temperature at a ratestavan that of the ambient air. Several mechanisms
can enhance the rise of air, as for example s@urdtecause its temperature decreases more
slowly (‘moist convection’), atmospheric circulat® which can adiabatically cool down (by
lifting) mid-level layers and force parcels fronwler levels to ascend. The atmosphere capability
to produce ‘buoyancy’ can be expressed thanksiterier, for example, the Convective Available
Potential Energy (CAPE), which is a potential egeirgJ kg-1: Thus, thunderstorm activity may
last longer in areas with steeper lapse rates dagheh CAPE. The thundercell, the basic
organizational structure of all thunderstorms, diier about 15-60 minutes and includes three
stages: growth stage as towering cumulus, matage swith both updraft and downdraft, and
dissipation as cool outflow cuts off the base o thpdraft from its supply of warm air. The
interaction of vertical wind shear with buoyant blds is responsible for enhancing updraft and
downdraft velocities, which has a consequence eriahgevity of the convective cell. According
to the environmental conditions of wind and CAPHIea, several types of storm organizations can
be found: “supercellular” when a strong verticagéahis present (>15 m/s shear vector between 0-
6km altitude), “multicellular” when the thunderstorcluster is composed of multiple cells, each at
a different stage of their life cycle, systems oigad linearly including mesoscale convective
systems (MCSs) and squall lines.

To explain the thundercloud charge structure ofteserved as a positive dipole (positive charge
above negative) but also sometimes as an inveipeded tripole, or more complex organizations
with multiple layers, several mechanisms can ta&g m the cloud electrification, either as a
process to initiate and sustain it, or as compleargrprocesses to reinforce it. Of all charging
mechanisms proposed up to now, the non-inductieeice charging mechanism which stages
collisions between ice crystals and graupel pelkethe best able to start the electrification with
the cloud and to reproduce the vertical chargeriageand the amount of charge observed.
Laboratory experiments empirically show the resiiithe mechanism strongly depends on several
parameters (ambient temperature and liquid watateot). The accumulation of charge of both
polarities in different regions of the thundercloptbduces strong ambient electrostatic fields
within the cloud (commonly observed up to about k80m) and the breakdown threshold of the
air may be locally reached to initiate a dischabgéween two regions of opposite charge. The
lightning discharge can also propagate out of thadcand sometimes stroke the ground. Actually
a wide variety of discharge can occur, accordinthéothunderstorm structure, its development, its
severity and its environment. The lightning flastoquces radiations in a very wide range of
frequencies, which allows its detection and lo@dlon with specific systems. Thus, the lightning
monitoring and analysis may inform about severgspal characteristics of the thunderstorm.
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Cloud electrification process
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Abstract

The electrification of clouds is a result of the
relative displacement of positive and negative
electric charge at the molecular scale and the
subsequent macroscopic separation of opposite
charge by air and particle motions.

Observations within thunderstorms reveal the
existence of electric charges carried on
precipitation, cloud particles, aerosol particles
and free ions; these particles are present in
varying concentrations and move with their own
terminal velocities as well as being transported
by the complicated convective air currents of the
thunderstorm. The complexity is further
increased because the charged precipitation and
cloud particles may be present as liquid water or
in many different ice forms. Therefore, it must
be established which of these charges are
responsible for the high electric fields required
to initiate lightning, and then we can consider
how these charges are acquired and separated.

All of the inferred locations for negative
charge are in regions of the cloud colder than
0°C, a result that has been frequently cited as
evidence for a precipitation-based charging
mechanism involving the ice phase [1, 2]. In situ
charge measurements of precipitation are
reviewed in order to assess the contribution of
precipitation particle motions to electrification
(3, 4].

The number of possible processes is large.
For example, the charges on a particular
hydrometeor could have been gained by
collisions with the many other different types of
liquid and frozen particles, or the hydrometeor
could have acquired the charge on melting,
freezing, or by the capture or release of free ions
or charged aerosol particles. A survey of the
literature reveals that nearly all these processes
have been investigated to some degree and

found to result in a finite exchange of charge
[5].

This work is concerned with the many studies
contributing to a description of the main charge
centers in thunderclouds, with the evidence that
cloud temperature is influencing electrical
structure and with the main cloud electrification
mechanisms. Laboratory studies concerning
with the microphysics of charge transfer will be
described and discussed. The experimental
devices used to perform the experiments and the
results obtained in the last years will be also
described in this work.
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Lightning Physics
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Lightning development is split in two main phas&se first one is associated with the leader
propagation, the second to the high pulse curiém. physic of the leader is described in regard
with the laboratory long spark. Negative and pesiteaders have a propagation very different due
to the physic involved. Plasma modelling shows thdbng spark can propagate inside electric
field of few kV/m as soon as its leader reachestéingperature of thermalization. For high pulse
current, the channel evolution is driven by magrstdrodynamic equation. The radiative process
is the main mechanism to quickly transfer heat fitbm channel core to the periphery leading to
the expansion of the radius channel.

The development of atmospheric lightning iseparated by time period of 10 to 20us. Complex
initiated by the formation in virgin air of bi phenomena occur during two steps. Inside this
directional leader, following few tenths ofperiod, the negative discharge is composed of a
millisecond later by the ignition of high currentnegative leader (conductive channel), a space lleade
pulses when, for instance, one of the leaders esaclfa conductive channel) and a negative corona linked
the ground. themselves by high resistive plasma column. The
The lightning leader physics have been extensivesfep occurs when there is a junction between the
investigated from laboratory long sparks which argpace leader and the negative leader. The negative
very similar. In laboratory, two types of leadencaleader quickly expands to the pilot with the
be defined as a function of the electrode voltagermation at its tip of a large negative coronatehf
polarity. When a positive pulse voltage is applied the step, the inter step mechanism restarts upeto t
the electrode, a positive discharge initiates anmkext step. The internal field of the negative ledde
propagates continuously (Figure 1a) in the directicaround 100 kV/m.

of the electric field Eg (Figure 1b). It is compdsa

a leader, a conductive channel, at the tip of which
there is a diffused corona (filaments of streamer)
region (Figure 1b). In this region, the ionization
processes occur which supply the current necessary
to sustain the leader propagation. Conversely, the
advancement of the conductive channel into the air
gap keeps the electric field at the corona froghhi
enough to sustain the ionization processes. This

coupled propagation continues until the corona (a)
reaches the ground and the electric breakdown clectrons
occurs. The temperature of the positive leader iSp i jeader —
from 1500°K to 5000°K. In the channel, the QM’\
electrons from negative ions are completely N
released. The channel internal electric field is \]?\ﬁ
approximately 100 kV/m. On contrary, the I

electrons

temperature of the corona region is low around
300°K and the electrons become attached to oxygen. (b)

Then, the conductivity is low corresponding t0 aRjgyre 1: (a) streak photograph of a laboratorysitive
internal field of 500 kV/m. At the tip of the coran gischarge (10 meter gap, tm=500us, Vmax = 2.5 MV)
the ionization processes occur. from the Group des Renardiéres journal. (b) Positiv
When a negative impulse voltage is applied to atischarge structure

electrode, a negative discharge starts and progmgadoth laboratory positive and negative leaders have
in a non-continuous phenomenon (Figure 2a) in thn internal field of 100 kV/m which is very high in
opposite direction of the electric field Eg (Figurgegards with the ambient electric field inside the
2b). It progresses through regular and discrefesstecloud. With a such internal field, the lightning
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leader propagation will stop as soon as the leadaxguations, the Laplace force and the joule heating
exit the cloud region where the field is higherrthaare added. The time evolution of the channel
100 kV/m. A plasma model has been used texpansion (Figure 3) shows that the main
understand what kind of mechanisms enable tlmechanism which drives the channel expansion is
internal field to highly fall down for lightning the radiative process. It quickly transfers thethea
leaders. In laboratory, the internal field is driviey from the core to the periphery, increasing the
the field inside the channel for temperature lowearonductive channel radius of the lightning.

than 4000 °K. It means that an electron is ,gx10°__ Evolution of temperature
accelerated by the electric field. Its interactith e
an atom produces another electron (Eqg. 1). It is a ¢ 200
feedback process which leads to maintain the 35 —50us

40us
internal field to 100 kv/m. 3 %o

e-+tM2>M* + 2e- Eq. 1 a5
When the temperature exceeds 4000°K, the electron 3
production is driven by thermic ionization. The =R
thermal agitation is high enough to produce electro ‘
when atoms interact. Plasma simulation shows that
the internal field falls down to 0.1 kV/m which
enables the lightning to propagate in very low
ambient field.

M+N 2>M*+ N + e- Eq. 2

Evolution of Pressure

Sus
10us
120t 20us
40us
—50us
100+ —100us
—150us

P(bar)

1

Q
(a) 0 5 o) 10 15
clectrons (b)
Negative Leader Figure 3: (a) Time evolution the temperature peofi
—\_/\/31/\%%% inside the lightning channel; (b) Time evolutione th

— Negati
Iszce szgnje pressure profile inside the lightning channel fopalse
cader | current of 100 kA (Waveform A/2).
Pilot

Eg

—
(b)

Figure 2 : (a) streak photograph of a laboratorygadive

discharge (7 meter gap, tm=6us, Vmax = -2.8 MVjrfro

the Group des Renardiéres journal. (b) Negative

discharge structure

As soon as a lightning leader reaches the ground, a
high intense pulse current (return stroke) goes up
through the channels of the leader producing a
luminous flash and the thunder. The modelling of

the lightning channel during this phase is based on
the resolution of magneto hydrodynamic equations.

The plasma is assumed as a homogenous fluid at
local thermodynamic equilibrium. To the fluid
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Generation, Propagation, and Detection of ELF/VLF Waves

M. B. Cohen
School of Electrical and Computer Engineering, Georgia | nstitute of Technology, Atlanta, GA USA

This tutorial talk will review the basics of Extreiy Low Frequency (ELF, 0.3-3 kHz) and Very
Low Frequency (VLF, 3-30 kHz) radio wave generatipropagation, and detection by lightning
strokes and manmade transmitters. Lightning is dytfie most powerful radiator of ELF/VLF
waves. The return stroke of lightning may reachdnads of kA, and since the timescales for the
pulse is on the order of 10s-100s., intense ELF/VLF waves result. Globally, there an0
lightning flashes per second, or ~3.5 million per,don average. Thanks to efficient reflection
from the D-region of the ionosphere (60-90 km adté€) ELF/VLF waves are guided in the so-
called Earth-ionosphere waveguide, and can be tetemt global distances. Detection of the
ELF/VLF radio pulse from lightning, known as a mditmospheric (or sferic), allows geolocation
of lightning strokes around the world. Furthermdhes sferic itself serves as a diagnostic both for
the lightning stroke at the source, as well asOfregion conditions between source and receiver.
A number of VLF transmitters are also maintainedhia 15-30 kHz range, which can also act as
ionospheric diagnostic tools. A small fraction dfffVLF energy does escape the ionosphere, and
enters the magnetosphere in the form of a ‘whistlave. We will review recent research efforts to
quantify the energy escaping the ionosphere, ubigretical modelling and satellite data.
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Lightning Space Observations for Nowcasting

H. Christian
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The remote sensing of lightning from space has proven to be a valued capability for the monitoring

of convective storms.

Specifically, lightning is one of the few space-based observables that

provide information on physical processes that are occurring in the heart of clouds as opposed to
information from just the top boundary of the cloud. For geostationary satellites, lightning sensors
are the only currently available technology capable of acquiring information from deep in the
cloud. This discussion addresses the physics of how cloud electrification processes are linked to
the energetic processes in the cloud (hydrometeor development) and the consequences of this tight

linkage.

It is widely accepted that thunderstorms
electrification is powered by the ice-ice non-
inductive mechanism. In this process, charge is
exchanged when two ice hydrometers (usually an
ice crystal and a grauple particle) collide.
Typically, these rebounding collisions leave the
grauple particle with a net negative charge and the
ice crystal with a net positive charge. Since this
charging generally occurres at or near the main
updraft, the lighter ice crystal tends to be carried to
higher altitudes by the updraft while the heavy
grauple fall relative to the ice crystal thus providing
the separation needed to produce electric fields.
This charging process is tightly controlled by the
quantity of ice being produced at a given time in
the thundercloud with both ice crystal and grauple
production critical to electrical energy generation.
In a strongly convective cloud, ice production is
controlled by the total quantity of water that is
processed which is the energy source of the
thundercloud. Hence, the amount of electrical
energy generated in a thundercloud is a function of
the total energy generation.

Lightning dissipates most of the electrical energy
generated in the cloud. Hence, the lightning flash
rate tends to be linearly related to the ice
production and the energy generation of the storm.
Since techniques are now available to readily detect
lightning from space, lightning observations can
play an important role in monitoring storm
development, evolution and intensity. Electrical
energy tends to only be generated during the
updraft phase of a storm with subsequently more
energy generated as the storm intensifies.
Consequently, lightning rates also maps the storm
development. The first lightning flash generally
occurs within minutes of the initial ice production

and the flash rate increases a the updraft and storm
intensity increases. When the updraft weakens and
a downdraft forms, the flash rate rapidly decreases.
It is this powerful, quantitative coupling that
potentially makes space based lightning
observations a powerful capability for monitoring
strongly convective storms.

The most powerful application of space-based
lightning  observations is severe  weather
nowcasting. Severe weather is defined as a storm
that produces tornadoes, strong straight-line winds
and / or hail. Basically severe storms are very
intense thunderstorms. The relationships between
severe storms and lightning are basically the as
between regular thunderstorms and lightning with
the most important difference being that serve
storms tend to produce much higher flash rates than
standard airmass storms. They also tend to produce
a preponderance of intercloud flashes.

When a convective clouds starts to go severe it
tends to intensify in a rapid manner. The updraft
velocity jumps, increase water ingestion fuels large
energy releases. The typical response of lightning
is a rapid jump in the flash rate. This “jump
signature” is very discernable and has been used
with ground based lightning networks to monitor
severe weather development with a primary focus
on tornadic storms. Currently in the US, using
Dobbler radars, tornado warning times are on the
order of 10 minutes, with a probability of detection
of 73% and a false alarm rate of 56%. Extensive
studies of lightning “jumps” and severe weather
show lightning can provide lead times in excess of
20 minutes with probability of detection of 79%
and false alarm rates of 36%.
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These results suggest that geostationary-based total
lightning observations have the potential for
providing significant value for severe weather
nowcasting. Other applications include quantitative
ice-phase precipitation estimates, input data
assimilation systems, “pseudo-radar” data in regions
of poor radar coverage and long term climate sets of
lightning variability.
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Search for Terrestrial Electron Beams (TEB) in SAMPEX data
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SAMPEX was a satellite orbiting around the Earth from 1992 to 2012 in an low orbit with an
inclination of 82 degrees. Terrestrial gamma-ray flashes, associated with lightning, are producing
secondary electrons which is gyrating along geomagnetic field lines into space. The point of
interest is where we have the intersection between a geomagnetic field line, where a Terrestrial
Electron Beam is gyrating, and the SAMPEX orbit. If we can find such events, that is significant
something else than background flux, we can follow the field line and predict the position of the
footprint points. Our goal is to detect such terrestrial electrons with the HILT instrument on
SAMPEX and look for some lightning activity in the footprint area.

1. General
1.1. TGF and TEB

Terrestrial gamma-ray flashes (TGF) are
high energy bursts of photons that can be understood
as bremsstrahlung from a source of runaway
relativistic electron avalanche (RREA) in the Earth’s
atmosphere [1]. This source is from an altitude
below 20 km and is closely associated with
lightning. RREA is in most cases not propagating
out of the atmosphere, but secondary electrons
produced by gamma-rays might have been detected
in space and are called Terrestrial Electron Beams
(TEB).

1.2. Search for TEB

TEB are produced by Compton scattering
and pair production [1]. They are gyrating along
geomagnetic field lines into space. It has been
shown that such electrons have been detected by
SAMPEX [1]. SAMPEX is an satellite that was
orbiting around the Earth from 1992 to 2012. On
SAMPEX there was an instrument called Heavy Ion
Large Telescope (HILT) consisting of a drift
chamber, proportional counter, scintillators and solid
state detectors with an geometric factor of 60 cm”2sr
[1]. During the 16 last year of its operational time
(1996-2012), it was switched to a mode with a time
resolution of 20 ms and the opportunity to detect
electrons with energies in excess of 1 MeV.

Data from every 20 ms interval in 16 years
means that there are about 25 billion bins of data. If
we can find some Terrestrial Electron Beams in
SAMPEX data, we can follow the geomagnetic field
line to its footprint and look for lightning activity

that could be the source of the TGF. Terrestrial
Electron Beams is a new way to explore and find out
more about TGF.

2. Preliminary results
2.1. TEB candidates

Figure 1 is a plot of the particle flux of 150
bins of data, 20 ms each. This is from the 29th of
August 2012, at 05:50:52.2 UT. The satellite was
located east of Japan. The peak in the middle of the
plot is a TEB candidate which is significant
something else than background. In the future we
will collect such events and look for lightning
activity by WWLN data.
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Figure 1: This is a TEB candidate from SAMPEX data. The plot is
showing particle flux data from HILT. X-axis represents bins of data, 20
ms each. Y-axis represents counts (N) per bin. The peak in the middle of
the plot is significant something else than the background flux.
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Do all lightning produce TGF’s?
Approaching this question from two angles using data from
RHESSI, TRMM and WWLLN
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The main aim of this project is to get a more accurate estimate of how common terrestrial gamma
ray flashes (TGF's) are. The working hypothesis is that all optical lightning flashes are
accompanied by a TGF [1]. Data about lightning strikes from the Tropical Rainfall Measuring
Mission (TRMM) and World Wide Lightning Location Network (WWLLN) will be compared with
gamma ray data from the Reuven Ramaty High Energy Solar Spectroscopy (RHESSI). We extract
data when both the satellite RHESSI and one of the lightning detection systems, TRMM or
WWLLN, have the lightning in it's field of view. Gamma ray data from hundreds of lightning
events are then superimposed in the hope that a peak will form around the time of the optical flash.

1. The project

Our hypothesis is that all lightning produce
terrestrial gamma ray flashes (TGF's) [1]. In this
project we will test this hypothesis. It is not wildly
improbable that the small number of TGF's detected
in relation to optical flashes is due to the intensity
being too low when the signal reaches the detector.
There might be a gamma signal every time there is a
lightning flash, only that the gamma signal drowns
in the background noise. To search for TGF's we use
data from the satellite RHESSI, as well as data from
two different lightning detection systems; the
satellite TRMM and the ground system WWLLN. To
be more specific, we will approach this problem
using two methods. The first method will use
RHESSI together with WWLLN, while the second
method will use RHESSI together with TRMM. The
methods are similar, but they have some strengths
and weaknesses when compared.

2. The two methods
2.1. Method 1: RHESSI and WWLLN

Using the programming language IDL a program
will be made that searches through the WWLLN
data and singles out the lightning flashes where
RHESSI is close enough to also have the lightning
flash in its footprint. WWLLN does not measure
optical photons, but rather radio wave disturbances
(sferic) in the atmosphere caused by lightning.
Presently there are 40 WWLLN sensors worldwide
[2]. Figure 1 shows the location of WWLLN
Sensors.

Stroke (flash) Lightning Events on 181032014, 40min prior to 13:50:00 UT

Figure 1: The WWLL Network. The red stars inside white
circles show the location of WWLLN sensors. The
colored dots are recent lightning strokes. [3]

The WWLLN data used is for August 2013,
amounting roughly to 17-18 million data sets of
lightning flashes in total.

If we extract the events that are inside RHESSI's
footprint, we'll be left with the datasets we want to
work with. We want to superimpose all the RHESSI
data, with the time of the flash at exactly the same
position, to see if a peak rises up from the noise.

2.2. Method 2: RHESSI and TRMM

The data handling in method two will be the
same as in method one, only that here we will use
the Lightning Imaging Sensor (LIS) on board the
satellite TRMM, instead of the ground based
network WWLLN. Due to this we do not have
worldwide coverage, however in the 600 x 600 km
footprint of LIS the lightning sensitivity is higher
than for WWLLN. Figure 2 is an illustration of LIS’
field of view as it orbits the Earth. Both satellites are
in low Earth orbit, and they circle the Earth fairly
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Figure 2: Illustration of TRMM’s field of view as it
swipes around the planet. [4]

close to the equator. LIS has an inclination of 35°,
and RHESSI an inclination of 38°. This is fortunate
for us since nearly 80% of all lightning occurs
between +30° latitude [5].

Just as for method one, gamma ray data from
RHESSI will be superimposed to see if a peak
emerges from the noise around the time of the
lightning strikes. Figure 3 illustrate how we will
treat the data. Method two will use RHESSI data
from 2002 through 2013.
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Figure 3: Basic illustration of how we will manipulate the
data. RHESSI data from to different lightning events are
placed on top of each other, resulting in an exaggerated
peak. In reality we will superimpose hundreds of events.
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Effect of fast electrons on streamer propagation simulated with
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We present results of beam-bulk model on self-consistent streamer dynamics and electron acceler-
ation. The model combines a Monte Carlo Collision code that simulates the high-energy electrons
(>100 eV) and a fluid code that simulates the bulk of the low-energy electrons and ions. In com-
parison to the results obtained with a classical fluid model for a negative streamers, the beam-bulk
model predicts a decrease of the magnitude of the peak electric field and an increase of the streamer
velocity due to high-energy electrons that move ahead of the streamer where they ionize the neutral
gas. Due to the feedback of runaway electrons on the streamer propagation, production of runaway
electrons by the streamers needs to be simulated including their self-consistent effects. That applies
also to runaway models for justifying TGFs from streamer regions of lightning leaders.

1. Introduction

For last 25 years the atmospheric electricity has
came to increased attention because of the discovery
of electromagnetic and radiative processes occurring
in the atmosphere above thunderstorms. Transient Lu-
minous Events (TLEs) were firstly observed in 1989
[1]. Later, Terrestrial Gamma-ray Flashes (TGFs),
the sub-ms bursts of photons from thunderstorms
with energies reaching above 20 MeV, where discov-
ered above thunderstorms in 1991 by the Compton
Gamma-ray Observatory [2]. It is generally accepted
that TGFs are bremsstrahlung from high-energy elec-
trons accelerated in thunderstorm electric fields (e.g.
[3]), but the mechanism responsible for the accelera-
tion, and its relation with TLEs or lightning, is still
debated. The theoretical models of TGFs build on the
relativistic runaway electron avalanche (RREA) [4]
which requires seed electrons with energies in the run-
away regime. The question arises whether cold elec-
trons could be accelerated into the runaway regime in
the fields of streamers that feed a leader. In this con-
tribution, we use a hybrid approach that couples fluid
and particle models in order to study electron acceler-
ation in streamers and the effect of energetic electrons
on propagation of streamers.

2. Model

Negative streamers are simulated using a 1.5D
model in a point-to-plane geometry. (e.g. [5, 6]).
A beam-bulk approach proposed by Belenguer and
Boeuf [7] is employed: electrons are divided in the
energy space into two groups: a) the low energy elec-
trons described by drift-diffusion equations [8] and

b) the high energy electrons described by particles.
The high-energy electrons are followed using the PIC-
MCC code [9, 10] which is extended in energy with
the relativistic binary-encounter-Bethe (RBEB) elec-
tron impact ionization model of Celestin and Pasko
[11]. The interface in electron energy between the
drift-diffusion and the PIC-MCC models is 100eV.
This value corresponds to the energy of an electron
having approximately the velocity of the streamer.
For electrons with energies below 100eV the elec-
tron mobility, ionization rate, attachment rate and dif-
fusion coefficient for the drift-diffusion model have
been tabulated from pre-computed swarm calculations
using the PIC-MCC code in constant electric fields.
Thus consistency between the two models is secured.
Computer particles that lose energy to below 100eV
leave the PIC-MCC model and are injected into the
fluid model by recalculating their density onto the grid
mesh. The electrons injected into the particle model
are calculated from a table of distribution functions
precomputed in a constant electric field. Thus knowl-
edge of the electric field and the electron density on
the mesh allows to determine the probability that elec-
trons reach energies above 100eV. The coupling of
electrons across the energy interface is repeated at ev-
ery time step.

3. Results

We consider a negative streamer propagation in
point-to-plane electrode geometry for a point of ra-
dius 3.5 pm, a gap of 1 cm, and an applied voltage of
—25kV. The streamer radius is fixed to 0.5 mm at
ground pressure. Simulations are performed without





pre-ionization or photoionization in order to empha-
size the role of high-energy electrons with the time
step of 10~% ns and the mesh size of 5 ym. The dis-
charges are initiated with a neutral gaussian plasma
cloud composed of electrons and ions at rest with a
density 10' cm~3 at maximum and standard devia-
tion 0.5 mm placed in the vicinity of the pointed elec-
trode. The results presented are for different altitudes:
0 km, 10 km and 20 km scaled to sea-level density.
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Figure 1: Streamer speed as a function of time simulated
with the pure drift-diffusion (DD) model and the beam-bulk
(BB) model. The beam-bulk model is shown at 3 different
altitudes, scaled to 0 km altitude.

The streamer propagation velocities in the two
models are shown as functions of time in figure 1.
Once the streamers have developed, the velocity given
by the beam-bulk model is almost twice as large com-
pared to the velocity from the pure drift-diffusion
model.

The peak electric field in the streamer head, Fyy,,
is shown in figure 2. When the streamers are formed,
FEax reaches ~ TEy in the beam-bulk model and
keeps almost constant value whereas the field in the
pure drift-diffusion model reaches values above 9F)
at the end of the simulation, where F is the conven-
tional breakdown field.

w 4 —=DD
=BB (0km)
2 =BB (10km)
—BB (20km)
O0 0.5 1 1.5

t (ns)

Figure 2: Maximum tip electric field, as a function of time
simulated with the pure drift-diffusion (DD) model and the
beam-bulk (BB) model. The beam-bulk model is shown at
3 different altitudes, scaled to 0 km altitude.

4. Conclusions

The results suggest that the effect of high energy
electrons on streamer propagation is important on the
velocity, peak electric field and thus, through dimin-
ished peak electric field, on eventual branching and
on the production rate of runaway electrons. The run-
away source mechanism is an important ingredient for
better understanding of TGF observations expected
from future space missions like TARANIS and ASIM
in 2015/16.
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Just as important is to understand the mechanisms of ignigtion-production of TGFs like
mechanisms of propagation of these through the atmosphere. For this purpose, the University of
Valencia has developed different simulation tools. The analysis is carried out using the Geant4
toolkit. On the one hand it has developed a mass model for its use in Geant4 applications to
characterize the response of the instrument to the incident high-energy radiation, and the effects
of background from backscattered photons from the Columbus module. On the other hand it was
developing a set of atmospheric models to set up Geant4 simulations of electron avalanche and
gamma-ray propagation, with emphasis on the possible residual optical emission due to
interaction with atmospheric components. This simulation tool allows us to test, calculate and
analyze several important variables in the process of ignigtion and TGFs propagation through the
atmosphere, such as different field geometries in and above storm clouds, ionizations, structure of
electron tracks, the time evolution of photon-electron-positron density, flux fields, the influence

of electric fields.

1. Introduction: ASIM mission, a brief overview

The Atmosphere-Space Interactions Monitor (ASIM)
is an ESA mission which will be placed on the
Columbus module on the International Space Station
(ISS). ASIM will study the coupling of
thunderstorms processes to the upper
atmosphere,ionosphere and radiation belts and
energetic space particle precipitation effects in the
mesosphere and thermosphere.

The scientific objectives include inter alia
investigations into sprites, jets, elves and relativistic
electron beams injected into the magnetosphere above
thunderstorms, lightning-induced precipitation of
radiation belt electrons, ozone and NOx
concentrations in the upper atmosphere, and the
characterization of the optical and high-energy
emission related to severe thunderstorms.

In this sense, it is setting up a set of simulations in
order to analyse the expected detections from the
sensors of ASIM , in particular from the Modular X-
ray and Gamma-ray Sensor (MXGS) imager.

There are still no simultaneous observations of
lightning, giant lightning and X- and gamma-
radiation. ASIM will be the first dedicated scientific
mission to try to observe all these at the same time.

2. Lightning field induced perturbations to the
atmosphere

X- and gamma-radiation is a sign of ionisation in
thunderclouds and ions are considered important for
condensation of water vapour into cloud drops. The
formation and development of thunderclouds are then
affected by the electrical processes in the clouds [1].

The upper troposphere, lightning is the major source
of nitrogen oxids (NOy). NO in the troposphere is
important because it modifies the ozone (O;) and
methane  (CH4)  chemistry, increasing the
concentration of the former and lowering that of the
latter. Some important challenges remain, such as
improving the quantification of NO production by
lightning and understanding better the roles of
lightning in global change. Likewise, the local effects
of the TGFs production on upper atmospheric
chemistry are not well understood. Better
observations and kinetic models of the electric
discharge are needed to answer these and other
important questions.

For this purpose, on the one hand it has developed a
mass model for its use in Geant4 applications to
characterize the response of the instrument to the
incident high-energy radiation, and the effects of
background from backscattered photons from the
Columbus module.





2" TEA — IS Summer School, June 23™ — June 27" 2014, Collioure, France

Cumulative photon spectrum from AGILE compared to mean spectrum from TGF simulations at UV
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Figure 1: Some of the results of high-energy radiation
and effects of the background simulated by UV-GEANT4
workspace (images provides by P.H.Connell).

On the other hand it was developing a set of
atmospheric models to set up Geant4 simulations of
electron avalanche and gamma-ray propagation, with
emphasis on the possible residual optical emission
due to interaction with atmospheric components, and
the expected spectral and timing properties of the
resulting high-energy emission towards space
including  comparisons ~ with  other  toolkit
LEPTRACK (under developed at the University of
Valencia, P.H. Connell).
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Figure 2: Profile of diverse pollutants (for study the
possible interacctions with the RREA [2,3].

2. Simulation toolkit : GEANT4

Geant4 (GEometry ANd Tracking) is a toolkit for
the simulation of the passage of particles through
matter. Its areas of application include high energy,

nuclear and accelerator physics, as well as studies in
medical and space science [4], [5]. Geant4 software
is based on Monte Carlo simulations. It includes
facilities for handling geometry, tracking, detector
response, run management, visualization and friendly
user interface. For many physics simulations, this
means less time need be spent on the low level
details.

2.1. Workspace and obtained results

The create workspace allows us to test, calculate and
analyze several important variables in the process of
ignigtion and TGFs propagation through the
atmosphere, such as different field geometries in and
above storm clouds, ionizations, structure of electron
tracks, the time evolution of photon-electron-positron
density, flux fields, the influence of electric fields.

We search a reasonable computer time with a
sufficient accuracy and representationally. For this
reason we try different configurations of simulation
boxes in order to optimize the detail/time simulation.
A box with 1x0.5x0.5 km with air in low density (14-
17 km height) and a small box with 40x40x40 m
within electric field inside seems to produce good
detail/time results.
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The Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI) satellite has been
observing TGFs from satellite orbit since 2002. Here we will present the second RHESSI catalog.
This catalog consists of TGFs, identified by our search algorithm, from 2002 through 2013. This
search has resulted in the largest collection of TGF events so far. Several of the TGFs are matched
with the ground based VLF network World Wide Lightning Location Network (WWLLN) and

DUKES VLF/ULF receivers.

1. Introduction

In 2005 Smith et al. [1] reported that RHESSI
observed TGFs since it was launched in 2002. The
first RHESSI catalog contains TGFs identified from
2002 through 2008 and is presented by Grefenstette
et. al., 2009 [2]. The second RHESSI catalog, which
we present here, contains approximate 3000 TGFs
between 2002 and 2013.

2. The Catalog

Based on TGF properties from the first RHESSI
catalog and other measurements we developed a new
search algorithm that more than doubled the number
of TGF identifications in the raw RHESSI data [3].
This catalog consists of TGFs, identified by our
search algorithm. This search has resulted in the
largest collection of TGF events so far. Several of
the TGFs in our catalog are matched with ground
based VLF network. We have used the algorithm
from Collier et al [4] to find matches with the World
Wide Lightning Location Network (WWLLN).

We have used the TGFs from our catalog and
compared TGFs that occur within 5000 km from the
DUKE receivers. The result is that the vast majority
of our TGFs were matched with a DUKE sferic.
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Gamma-ray flashes with quantum energies up to 40 MeV and beams of electrons and positrons have been
detected by satellites above thunderclouds. We here adopt the model of an upward moving negative stepped
lightning leader by Xu et al. We simulate the generation and dynamics of free electrons, of photons with
energies above 1 MeV, of positrons, neutrons and also protons with a three dimensional, relativistic Monte
Carlo code. For the photons, we include photoionization, Compton scattering, electron-positron pair production
and photonuclear processes. We present the angular distribution and the energy spectrum of positrons and their
temporal evolution. We also present the energy spectra of neutrons and protons and show how their energy
dissipates. The photon number and spectrum depends on the appropriate Bremsstrahlung processes, and we
will show how the inclusion of electron-electron Bremsstrahlung affects the number and energy spectrum of
photons and thus the number and energy spectrum of positrons, neutrons and protons.

1. Sources of electrons and photons for the
modelling of terrestrial gamma-ray flashes

In thunderstorms and laboratory discharges X-
and gamma rays are produced by energetic electrons
scattering at air molecules. To produce those high-
energy photons, a sufficient number of energetic
electrons has to be generated during the discharge
process. We will compare three source processes for
these electrons: Electron impact ionization [1] where
the incident electron ejects a shell electron, electron-
nulceus Bremsstrahlung [2] where the incident
electron interacts with the nuclei of air molecules and
emits a Bremsstrahlung photon, and electron-electron
Bremsstrahlung [3] where the incident -electron
interacts with a shell electron and emits this shell
electron and a photon.
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Figure 1: The energy distribution of electrons after 24 ns
with (circles) and without (crosses) electron-electron
Bremsstrahlung.

In air electron-electron Bremsstrahlung becomes
important of electron energies above 10 MeV and for
photon energies below 100 eV. However, electron-
electron Bremsstrahlung leads to an enrichment of
high-energy electrons as the energy of the two
resulting electrons is split more evenly than for
electron impact ionization. Subsequently the
increased number of high-energy electrons leads to an
enrichment of high-energy photons [4].

100000
10000 }
@
. © @ Q Q [o] (o)
[0]
i 1000 } ° .
£ * ©
4 .
S 100fF @ E
-c +
10 }
) . . .
10° 10! 102 10° 10*

E, [keV]

Figure 2: The energy distribution of photons after 24 ns
with (circles) and without (crosses) electron-electron
Bremsstrahlung.

We have adopted the model of Xu et al [5]. and
simulated the motion of electrons in the electric field
of a negative stepped lightning leader of 4 km length
and 1 cm curvature at 16 km altitude with and
without electron-electron Bremsstrahlung. Figure 1
shows that the number of electrons with energies
above 100 keV is enlarged through electron-electron
Bremsstrahlung; Figure 2 shows the energy
distribution of subsequent photons after 24 ns. It
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shows that due to the enlarged number of high-energy
electrons, also the number of photons with energies
above 100 keV is larger with -electron-electron
Bremsstrahlung. This process dominates the
distribution for energies above 1 MeV.

2. The generation of positrons and hadrons

The photon distribution appears to saturate
after 24 ns. Hence we use the energy distribution
as in Fig. 2 as an initial condition to simulate the
motion of photons upwards above a
thundercloud. If these photons interact with air
molecules, they can either create pairs of
electrons and positrons through pair production
[2] or hadrons (protons and neutrons) [6]
through photonuclear processes if their energy is
above 1 MeV or 8 MeV, resp. The resultant
positron distribution shows kinetic energies from
2 up to 30 MeV. Furthermore, we have
calculated the energy resolved angular
distribution of positrons and seen that positrons
with energies above 1 MeV are mainly emitted in
direction of the incident photon.
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Figure 3: The energy distribution of neutrons after 1 ps,
2 us and 4 ps; all neutrons are distributed between 16 km
and 17.4 km altitude.

Babich [7] has estimated that the average
energy of neutrons produced during an upwards
atmospheric discharge would be 10 MeV using
the relativistic run-away electron avalanche
(RREA) theory. Fig. 3 shows the neutron
distribution created by a negative stepped
lightning leader. The neutron energies reach from
5 MeV up to 24 MeV. The photonuclear cross
section for the generation of neutrons has a
minimum at approximately 24 MeV; considering
a binding energy of 8 MeV per nucleon in

nitrogen, this leads to the minimum at
approximately 16 MeV in the neutron
distribution. The dip at approximatelyl6 MeV
comes from a minimum of photonuclear cross
sections at 24 MeV where 8 MeV is the

Subsequently we model the motion of
positrons and hadrons upwards through air. We
will show that the number of all three species
will not change significantly and also their
energy will not change considerably. Thus they
can be detected above thunderclouds.
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We study the fate of a Relativistic-Runaway Electron Avalanche (RREA) after it becomes intense
enough that their constituent electrons interact with a non-negligible strength. Focusing on a planar-
front case, we find that the RREA saturates into what we call a Relativistic Runaway lonization Front
(RRIF). This is a steady-state, uniformly propagating front with a long-tailed energy distribution.

1. Saturation of a RREA

Relativistic-runaway electron avalanches (RREAs)
[1] are the keystone component of the nascent field
of high-energy atmospheric physics [2]. A RREA
consists of an exponentially growing number of rela-
tivistic electrons that, accelerated by an external elec-
tric field, have overcome the stopping power of their
medium (generally air) and are able to ionize further
molecules.

We implemented a Montecarlo (MC) model for
a Relativistic-Runaway Electron Avalanche (RREA)
with one spatial and three velocity dimensions. The
MC code is coupled with the solution of the 1D elec-
trostatic field.

We used this model to investigate the evolution of a
RREA [3]. We found that when the electron density is
large enough to screen the field behind, the exponen-
tial growth of the avalanche stops and the RREA sat-
urates into an uniformly propagating ionization front
that we name Relativistic Runaway lonization Front
(RRIF). This evolution is summarized in figure

2. Electron energy distribution

The electron energy distribution function of a RRIF
is sharply different from that of a regular RREA. Fig-
ure 2| shows the resulting distribution functions for
several driving electric fields. We also show there the
distribution of photon energies emitted by the RRIF
via electron-nucleus bremsstrahlung.

The most salient feature of figure 2] is the long
tail of the electron distribution function, that ap-
proaches a power-law with exponent = —1 up to
a bremsstrahlung cutoff. This contrasts with the expo-
nential cutoff at about 7.3 MeV in the RREA distribu-
tion function.

3. Analytical model of RRIFs

The distribution function discussed above can be
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Fig. 1: Transition between a relativistic runaway electron
avalanche (RREA) and a relativistic runaway ionization
front (RRIF) under a background field Ep = SkV/cm.
(a) After an phase of exponential growth, the number of
high-energy electrons Nyg saturates when it screens the
background field; the avalanche then transforms into a rel-
ativistic runaway ionization front (RRIF). (b) Location of
high-energy electrons. We plot 7 — ¢t in order to empha-
size small deviations from a propagation at the speed of
light c. The straight segments represent linear fits for the
location of all particles as functions of time for the corre-
sponding intervals. They correspond to velocities of 0.88¢
in the RREA regime and 0.996c¢ in the RRIF regime. The
propagating front (c) screens the upstream electric field, al-
though not completely. The colors in (c) represent different
snapshots in time, as indicated by the colorbar, and colors
in panels (a) and (b).
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Fig. 2: Upper panel: distribution function f(K) of RRIF
electron energies K with different background electric
fields Ep. The vertical bars indicate the bremmstrahlung
cutoff energy. We also show the slope of a power-law spec-
tra with exponent 7 = —1 and the spectrum of a RREA
under a uniform background electric field Eg = 5kV/cm;
the RREA spectrum depends weakly on the driving electric
field. Lower panel: distribution function f(K”) of energies
K’ of bremmstrahlung photons emmitted from a RREA
and a RRIF and aggregate spectrum measured from AG-
ILE [4].

explained by a relatively simple, analytical model of
a RRIF. In this model, each high-energy electron is
assumed to propagate forward until it undergoes an
elastic scattering collision. One finds that the lifetime
of electrons in the high-field region of the front is ap-
proximately proportional to their energy. This is the
underlying reason for the power-law energy tail in fig-
ure 2

This behaviour implies that electrons with higher
energies receive proportionally more energy from the
electric field. RRIFs can thus be seen as efficient par-
ticle accelerators. The power-law tail of a RRIF may
also explain the observations by the AGILE satellite
[4] of energies of up to about 100 MeV, deviating
from the predictions of RREA models. An alterna-
tive explanation, in terms of strongly inhomogeneous
electric fields close to a leader tip, was provided by
Celestin et al. [5].

- June 27Ih_ 2014, Colliure, France
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Cooking TGFs with GEANT4
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In this study we show a preliminary set of simulations carried on with Geant4 [4] [3]. The
main goal of this study is to explore the Terrestrial Gamma-rays Flashes (TGFs) ignition
mechanism using the Geant4 facility and starting with the quasi-electrostatic mechanism theory for
producing a Relativistic Run-away Electron Avalanche (RREA) [9]. To do this simulation we have
used some typical parameters of the discharge and lightning process in the atmosphere [1][5] and
some high energy electrons as seeds that trigger the ignition of the Flash. Results of this study are
expected to been useful for a better understanding of where and in which conditions TGFs are
produced and how will be the signal that we expect to receive in the Atmosphere-Space
Interactions Monitor (ASIM) when it starts to collecting data.

1. Motivation

In recent years, the detection of
surprisingly energetic terrestrial gamma-rays
(TGFs) from space (BATSE and RHESSI)
[2][7] raised interest of the scientific
community regarding their origins. Nowadays,
intra-cloud (IC) lightning flashes seem to be
the leading candidate to TGF production) [8].
Two main mechanisms have been proposed for
TGF generation, the quasi-electrostatic
mechanism and the electromagnetic pulse
mechanism. In this work we will explore the
first of those two mechanisms.

2. The simulation

We use the Geant4 toolkit [1] [2] a Monte
Carlo simulation method. This toolkit is
capable varying the material and the physics
involved in a given phenomena. This is an
open source modular toolkit and has been well
tested in high energy physics.

2.1. Geometrical conditions

Our simulation has to ran in small
computers in a reasonable time. That is why
we try different configurations of electric field
geometry and different sizes of boxes in order
to optimize the detail/time simulation. A box
with size 1x0.5x0.5 km of low density air and
a small box with 40x40x40 m with an electric
field inside seems to produce good detail/time
results.

2.2. Electric field and seeds

For the TGF ignition we are testing several
combinations of electric fields 0-1MV/m,
kinetic energy of electrons seeds 1keV-

500keV and densities of the air depending on
the high of the process.

2.3. Some preliminarily results

A middle kinetic energy electron seed
(50keV) in a high electric field (900kV/m)
recreates the expected bremsstrahlung
spectrum of a TGF.

liofon coun

-

1/2 Km

71

Figure 1 Electrons view; Photon production view; Photon
spectral distribution; Results of one 1eb electron avalanche with
100MeV kinetic energy in a Standard Atmosphere
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An altitude and distance correction to the sour ce fluence
distribution of TGFs
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The initial fluence distribution of Terrestrial Gama-ray flashes (TGFs) has been extensively
discussed in recent years, but few have considevedthe TGF fluence distribution at the source,
as estimated from satellite measurements, depantiseadistance from the satellite footprint and
assumed production altitude. As the absorptiorhef TGF photons increases significantly with
lower altitude and larger distances between theceoand the observation these might be
important factors. We have addressed the issuesimg the tropopause pressure as an upper limit
of the TGF production altitude and WWLLN sferic maeements to determine the distance. The
study is made possible by the increased numbeH&ES$SI TGFs found in the second catalog of
the RHESSI data. One result is that the TGF/ligigratio for the tropics probably has an annual
variability due to an annual variability in the Dsuim-Brewer circulation. The main result is an
indication that the altitude distribution and dista should be considered when investigating the
source fluence distribution of TGFs.

adjusted. Other results regarding the tropopause
1. Aim pressure and TGFs will be presented at the summer
school.
We aim to look at the fluence distribution of
TGFs at the source. This is an important paramet
to establish the production of TGFs. The TGFs a p : :
. L ressure and distance adjusted
produced inside thunderstorms that have an upy  100f Power law index: -3.2 ]
limit at the tropopause. i Not pressure adjusted
Power law index: -2.6

2. Method

Nidn

We use the tropopause pressure provided by t © 10E
NCEP/NCAR 40-year reanalysis, which is a mode
using meteorological data as input. To find th
distance we use sferic measurements from the Wo
Wide Lightning Location Network (WWLLN). Out
of the 2500 TGFs between 2002 and 2011 in tt
second RHESSI catalog, around 300 TGFs have 1 10 100
connected sferic detected by WWLLN. For thes n [arbitrary units]

300 TGFs, we multiply the number of true phOtonI§igure 1: The uncorrected fluence distribution Jred
at the detector (number of photons adjusted for ﬂé

fd the distance and altitude corrected fluence

dead time of RHESSI) with the distance between ﬂEffstribution (black) with best fit power law indige

source and the satellite squared and the relatiye power law index goes from -2.6 to -3.2 when
absorption of the atmosphere. the distribution is corrected.

3. Result

Figure 1 shows the main result. In red is the
number of photons in RHESSI only adjusted for the
dead time, in black is the fluence of photons dfier
distance and altitude are adjusted for. The figure
shows that the power law index change from -2.6 for
the not pressure adjusted to -3.2 for the pressure






2" TEA — IS Summer School, Juné?3 June 27 2014, Collioure, France

Atmospheric disturbancesrelated to thunder storms and possible effects on
weather and climate

Elisabeth Blanc
CEA, DAM, DIF, Arpajon, France

Thunderstorms are an important component of théhBaweather and climate. In parallel to
transient events as lightning such as TLEs and T@¥ey produce atmospheric waves in a broad
frequency range. These waves include infrasounthénlower frequency range associated to
lightning and sprites and gravity waves from comiveccells and frontal systems. Infrasound are
expected to have local or regional impact. At tbetrary, gravity waves characterized by large
wavelengths, reaching several tens to hundredsnkii@s, could have a regional or global
influence. Gravity waves originating in the tropbspe produce a forcing on the stratosphere and
contribute to a general stratospheric circulatiatiom with possible effect on climate. A review of
previous observations of the disturbances relatedhtinderstorm activity will be presented.
Processes at their origin will be discussed. It bél shown that the infrasound network developed
in the frame of the Comprehensive nuclear Test Baaty verification, completed by national and
international stations, presents a large poterftialthunderstorm gravity wave monitoring in
Europe and Africa. Completed by lidars and airgiloeasurements in the mesosphere, it provides a
new image of the dynamical coupling to differenteliss of the atmosphere up to the ionosphere.
The work performed in the frame of the European 2iRproject will be presented. Its links with
the space projects TARANIS and ASIM will be disaass
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Linear mode conversion between cold plasma waves mediated by a density
inhomogeneity in the ionosphere
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An enhancement of wave activity has been often observed by rockets and satellites in the presence
of density depletions (striations) in the upper ionosphere. When a wave packet composed of short
wavelength modes travelling in an homogeneous plasma region encounters such an inhomogeneity,
it can resonantly excite long wavelength waves via a linear mechanism known as mode conversion.
We address here the process of linear mode conversion between lower hybrid and whistler waves,
mediated by a density striation, using a scalar-field formalism (in the limit of cold plasma linear
theory) which we solve numerically. We show that the mode conversion can effectively transfer a
large amount of energy from the short to the long wavelength modes, and we present a general
criterion for the width of the striation that, if fulfilled, maximizes the conversion efficiency [1].
This process is interesting in a space weather perspective because whistler waves can affect the
lifetime of energetic electrons trapped in the geomagnetic field.

Whistler and lower hybrid waves are frequently
observed in all regions of the Earth’s
magnetosphere. They belong to the same branch of
the dispersion relation for waves in a magnetized
plasma. Whistler modes are electromagnetic waves
with frequency between the ion and electron
cyclotron frequencies, whereas lower hybrid waves
are predominantly electrostatic and their frequency
approaches the lower hybrid frequency in the limit
of infinite wavevector for exactly perpendicular
propagation. The close relationship between these
two wave modes suggests that linear mode
conversion can likely  occur  wherever
inhomogeneities are present. In the ionosphere,
enhancement of lower hybrid/whistler wave activity
has been often associated with density depletions,
so-called lower hybrid cavities (LHCs) or lower
hybrid solitary wave structures (LHSS). Both
sounding rockets [2-5] and satellites [6-7] have
observed intense, primarily electrostatic waves in the
presence of density cavities. The depth of the density
depletions measured in the rocket experiments were
as large as 80%, although measurements by the Freja
satellite suggested that the depletions were much
shallower, typically a few per cent. Lower hybrid
cavities were also observed by the Viking and
Cluster satellites at much higher altitudes [8], with
depletions ranging from a few to 30% of the
background density. A statistical survey of Freja
measurements [9] has shown that in a vast majority
of cases the density depletion is well fitted by a
Gaussian shape and the average cavity width is on
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the order of 30 meters, corresponding to few ion
gyroradii. Theoretical studies showed how lower
hybrid waves could be trapped inside such
structures.

In addition, nonlinear theory indicates that the
cavities could collapse due to the ponderomotive
force of the lower hybrid waves trapped inside .
While a complete theory that would explain the
formation of the cavities and the propagation of
waves inside them is still missing, some
observations showing circularly polarized low
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frequency waves support the idea that the density
gradients are pre-formed and that whistler waves
impinging on a density cavity or gradient can mode
convert to lower hybrid waves. This process was
originally studied by Bell and Ngo [10] to explain
observations of electrostatic waves excited by
whistlers  throughout  the ionosphere  and
magnetosphere, and this work was recently
augmented in [11]. Formal solutions of the wave
equations in a cold magnetized plasma showed that
the process involves a transmitted and reflected
whistler wave and two lower hybrid waves. In
addition, linear mode conversion implies that the
inverse process is also possible: an incident LH
wave can mode convert to a whistler mode. Borisov
[12] proposed this mechanism in ionospheric
modification experiments to explain the conversion
of lower hybrid waves that are produced by the
decay of HF radio waves to whistler waves on
density irregularities. He estimated a very small
conversion efficiency (=10°  for typical
experimental ~ parameters. In  addition to
observations, several laboratory experiments have
addressed the physics of linear mode conversion,
mimicking the conditions found in the
magnetosphere. Experiments at the Large Plasma
Device (LAPD) at UCLA have investigated the
conversion of whistler to lower hybrid waves [13],
and of lower hybrid to whistler modes [14] in a
cylindrical field-aligned density depletion. None of
these works, however, have focused on the
conversion efficiency, which is the primary goal of
this paper. Recently, Eliasson and Papadopoulos [15]
have presented a numerical study of the mode
conversion between lower hybrid and whistler
waves on one or more density striations. Their
theory is valid in the cold plasma limit and for
shallow striations, and they have presented an
empirical criterion for the width of the striation that ,
if satisfied, would maximize the efficiency of the
conversion. The same formalism and numerical
method has been used to study the problem of
whistler wave attenuation on density striations (the
so-called *20dB puzzle’) by Shao et al.[16].

In this paper, we address the problem of linear mode
conversion between lower hybrid and whistler
modes on a density striation from a theoretical
standpoint . The problem is set up as the following.
A wave-packet composed of quasi-perpendicular
lower hybrid modes is initialized in a region of
uniform magnetized plasma. The packet propagates
according to its group velocity until it encounters a
depletion in the density, in the direction
perpendicular to the background magnetic field. The
effect of the density striation is to couple linear

modes that would otherwise be uncoupled in the
absence of any inhomogeneities. This is a
completely linear mechanism, that does not need any
non-linear effect. Hence, a fraction of the energy of
the lower hybrid packet is transferred to whistler
waves. The scope of the present paper is to analyze
what is the efficiency of such energy transfer, what
are the variables that affect such efficiency, and
under which conditions the efficiency is maximum
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Lightning strokes frequency homogenization for climatological analysis:
application to LINET data records over Europe
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In any lightning location network the detection efficiency is variable in space and time. This
circumstance inherently limits the quantitative validity of studies relying on the uniformity of the
threshold of the minimum detectable stroke current among different areas of the network and/or at
different times. This difficulty is addressed here by studying the characteristics of the PDF
(probability density function) of the stroke current registered by LINET. These distributions have
shown the same shape for current values higher than the threshold defined by the mode of the
distribution. For this reason, the PDF of the current becomes suited to correct the total amount of
strokes detected in different network areas (having different detection efficiency). As a result we
produce adjusted climatological maps of the total number of strokes over large geographical areas.

1. Introduction

The study of lightning spatial distribution is of
great interest, especially for energy-management and
safety purposes. Moreover, the knowledge of
lightning distribution may be used as a predictor for
very complex weather nowcasting systems, and
lightning climatology expressed in terms of
thunderstorm probability distribution may be used in
warning systems in case of severe weather events,
such as strong thunderstorms. The number of
detected lightning strokes recorded by the network is
affected by the local detection efficiency. The
detection efficiency cannot be the same over the
entire monitored area in spite of any attention being
placed in positioning the sensors. The result is an
objective difficulty in using lightning data in
applications where the number of lightning is related
to other variables that vary over time and space, such
as most of the possible applications in weather and
climate, or comparisons among different lightning
networks [2]. Starting from these considerations the
objective of this study is to analyze the spatial
characteristics of the detection efficiency of the
LINET network especially in the Mediterranean area,
and to propose a method to calibrate the LINET
stroke counts by correcting the detection efficiency
variability.

2. Dataset

The lightning data used in this work were
provided by an European ground-based Lightning
Detection Network for high-precision detection of
total lightning, ground strokes (CG, cloud-to-

ground) and cloud lightning (IC, in-cloud), with
utilization of VLF/LF techniques (in the range
between 1 and 200 KHz) [1]. The network consists
of about 120 sensors (as of 2010) in some 25
European countries with a good coverage of the
central and western Mediterranean (from 10° W to
35° E in longitude and from 30° N to 65° N in
latitude). Lightning locations are determined in 3D,
using a time of arrival (TOA) difference
triangulation technique. VLFLF strokes are detected
with high temporal resolution and a spatial accuracy
of 150 — 250 m, depending on the area and
correction of systematic errors.

The period selected for the present study covers
two years (from October 2010 to November 2012)
and is limited mainly to Italy and the surrounding
Mediterranean area. The dataset contains about 1
million of records containing all relevant lightning
parameters for each single stroke, such as latitude,
longitude, emission altitude (for IC strokes), and the
range-normalized discharge current (in kA).

3. Methodology

The LINET data have been sampled over a
regular grid of 20x20 km? box size. For each grid
box the Probability Density Functions (PDFs) of the
current intensity measured over the whole period has
been calculated. In Figure 1 some examples are
shown for PDFs of current distributions sampled at 1
kA in different grid boxes. The methodology applied
to estimate the correct number of strokes in the
Mediterranean area is described below.

Observing Figure 1 it is evident that the PDFs
have similar behavior for current intensity values
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higher than the mode of the distribution. The
behavior among the PDFs changes for current
intensity lower than the mode.
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Figure 1: Example of PDFs of current distributions for
spatially distant different grid boxes of size 20 x 20 km?.

It is reasonable to assume that the real number of
strokes is underestimated as the mode of the PDFs
moves to higher values (detection efficiency
decreases). Therefore, the maximum in the PDFs
indicates the lowest current value of the strokes
correctly detected, and a certain number of strokes
with current intensity lower than the mode are most
likely missed. The mode of the PDF represents the
current detection threshold (CDT) for each specific
grid box and is directly related to the concept of
detection efficiency. It follows that we can obtain a
spatial representation of the detection efficiency of
the network by simply mapping the above-mentioned
threshold values (without discriminating between
positive and negative stroke polarity). Thus, we
compute the most frequent value of the current
distribution (i.e. the mode of the PDF) of the
detected strokes for each grid box. The result for a
selected area is shown in Figure 2, and the map can
be interpreted as an efficiency map of the network.
The map in Figure 2 highlights areas where the
detection efficiency is higher (blue, even weakest
strokes are detected) and areas where the detection
efficiency is lower (more intense strokes are
detected). In particular, it can be observed that in the
best-covered areas the values of most frequent
current values vary between 1.5 kA and 5 kA. Our
methodology consists in selecting the grid boxes
having CDT less or equal than 5 kA, which are
assumed to have optimum efficidency, to build up a
reference PDF. This PDF is used to adjust the PDFs
of all grid boxes where the CDT is higher than 5 kA.
The total stroke number detected in each grid box is
therefore recomputed.
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Figure 2: Example for the distribution of most frequent
current intensity value (kA) of the strokes detected in each
20x20 km? grid box, using a reduced subset of the data.

4, Results and conclusions

By using the reference PDF we have computed
the correction factor for each grid box, which
corrects the total number of actually detected strokes
to yield the expected number of true strokes,
independent of the detection efficiency differences
among the different areas. The result is shown in
Figure 3. The methodology can be used to generate
climatological maps of calibrated LINET stroke
counts/frequency independent of the spatial detection
efficiency variability.
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Figure 3: Correction factor values obtained for the area
shown in Figure 2.
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Case studies of red sprite producing thunderstorms in Hungary
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Red sprites are streamer-based natural air discharges which develop on millisecond timescales in
the mesosphere. Red sprites usually appear after positive polarity lightning discharges of high
vertical charge moment change. In this work, large-scale meteorological parameters of sprite
producing Central European summer thunderstorms were examined in order to shed some light on
conditions which may characterize the periods of occurrences of such lightning flashes which can
trigger red sprites. Maps of lightning activity, cloud top heights and temperatures, and radar
reflectivities were analyzed for 4 thunderstorm systems which traversed the area of Hungary in
2007, 2010, 2011, and 2012. Occurrences of red sprites above these storms were observed
optically from Hungary and from the Czech Republic. The results support the importance of the
formation of a stratiform cloud region in thunderstorms from the point of view of sprite production.

1. Introduction

Red sprites, a form of transient luminous events
(TLES), are brief emissions with optical lifetimes of
at most a few hundreds of seconds [1]. Sprite
emissions are produced in streamer discharge fronts
which are known to initiate and propagate in the
mesosphere in a background quasi-static electric
field. A background E field between the
thundercloud and the lower ionosphere sufficiently
strong to support sprite streamers can be built up
after intense lightning discharges of high vertical
charge moment change (CMC). The asymmetry of
sufficient conditions for the initiation and
propagation of streamers of different polarity causes
that the majority of sprites are triggered by +CG
lightning strokes of high CMC [2].

Such lightning discharges don’t occur in all
thunderstorms. The parent storm must be capable of
intense charge separation and it needs to support the
accumulation of a large amount of charge before the
sprite triggering +CG breakdown occur. The
existence of these conditions is supposed to be
mirrored by gross meteorological parameters of
thunderstorms, too.

Characterization of sprite producing
thunderstorms on the US high plains [3] as well as
in Western Europe [4,5] in summer, and in the
Eastern Mediterranean region [6] as well as around
Japan [7] in winter can be found in the literature.
Also the general sprite producing potential of
different thunderstorm types (single/multi cell

storm, mesoscale convective system, squall line,
etc.) has been considered [8]. According to the
reports,  sprite-active  thunderstorms  possess
considerable area of cloud coverage including a
stratiform region, high convection, relatively low
cloud top temperatures and correspondingly high
cloud tops (note the higher and lower values of this
parameter found in summer and winter sprite-active
storms, respectively), and generally intense
lightning activity. Additionally, a decrease in the
radar reflectivity values has been noted by more
authors before the main period of sprite production
[4,8].

In this work, sprite-producing thunderstorms are
analyzed in Central Europe in order to characterize
the meteorological properties of sprite-active storms
in this region, and to find such large-scale
meteorological properties which may indicate
periods when sprite production probably occur.

2. Studied thunderstorms and datasets

Four thunderstorms have been considered in this
study. The storms were crossing the area of Hungary
in the summer months of 2007, 2010, 2011, and
2012. Appearances of red sprites were monitored
from Sopron (16.58°E, 47.68°N, 234 m MSL),
Hungary and from Nydek (18.77°E, 49.67°N, 482 m
MSL), Czech Republic with optical detections
systems.

The following meteorological parameters have
been examined for each storm: cloud top height and
cloud top temperature data from METEOSAT IR
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observations (time resolution is 15 min., spatial
resolution is 2 km), radar reflectivity intensities
(vertical composites) from DWSR weather radar
measurements (in the same resolution as the
METEOSAT data), and rate of lightning strokes of
different type (CG/IC) and polarity from the dataset
provided by the LINET lightning detection network.

3. Summary of main results

Cloud tops of the examined sprite producing
thunderstorms reached up to heights of 10-12 km.
The corresponding coldest cloud tops had
temperatures between (-55)°C and (-65)°C.

Sprite producing lightning strokes were selected
from the lightning database via matching the time
points of sprite observations with the occurrence
time of such +CG strokes of relatively high peak
current, which occurred aligned with the direction of
the observed sprites. More of the identified sprite
parent lightning strokes occurred in regions of the
storms where the radar reflectivity was between ~25
dBZ and ~35 dBZ. The maximum reflectivity value,
however, was 48.5 dBZ, so these events were not in
the regions of the highest reflectivities (Figure 1).

The distribution of radar reflectivity values
suggests formation of a trailing stratiform region in
those extended thunderstorms which produce
sprites.

Variations of the examined meteorological
parameters did not show characteristic tendencies
which was commonly and unambiguously present in
all cases and according to which sprite producing
periods and periods without sprites could be clearly
separated in the examined thunderstorms. A worth
noting observation is, however, that the level of
maximum peak current values of +CG strokes raised
near (and even exceeded that of) the —CGs in the
period of sprite production and the two quantities
varied anti-parallelly. A characteristic example for
this is shown in Figure 2.
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Figure 1. Radar reflecities at 00:30 UTC on 13.
August, 2010. The white circle shows the location of
a sprite-parent +CG as detected by LINET Europe.

3000 * " . 160

& 140
2500 + ° -

120

"
=3
<3
<3

100

Peak current [kA]

1500

1000 o
\
‘\
500 i
o i

) PTime 1U;C;o: 12-12. August 2010
Figure 2. Numbers and peak current values of +/-
CG strokes from LINET Europe in a sprite
producing thunderstorm in Central Europe. Red dots
show the time points of observed sprite events.
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Study of Sprite Related Electric Fields using FEMM simulations
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We studied sprite generation performing simple simulations of the electric field established in the
atmosphere by 2 thunderclouds charge configuration models and Cloud-to-Ground (CG) lightning
activity of both polarities. For the simulations we used the Finite Element Method Magnetics —
FEMM in an environment that consisted of a 2-D box with 200 km of width and 90 km of height.
We modeled two distinct charge configurations: (1) a tripolar model; and (2) the same tripolar
model with additional 9 small charge centers of both polarities inside the cloud, such that the total
charge was zero. The CG discharges were simulated as a charge removal of -8 C and 20 C. In both
cases the horizontal component of the electric field had peaks at 50 km away from the parental CG
location. Based on the results we suggest that there is a limited area of possible sprite occurrence
of up to 50 km away from the parental CG discharge, which agrees with the observational data.

1. Introduction

TLEs are atmospheric plasma discharges
occurring in the region between the clouds and the
ionosphere. Discovered in 1989 by [1], they have
been the object of scientific studies since the
Sprites94 campaign [2].

The study of these events are relevant to better
understand the chemistry and energetics  on
stratospheric, mesospheric and ionospheric heights.
However, there are severe experimental limitations
to perform in situ measurements of these phenomena
due to their altitude height, poor knowledge
available about the environment at those altitudes
and their transient nature. So it is of great interest to
gain environment knowledge to improve the
instrumental for observations.

We used the FEMM platform, which is a free
software simulator of electrostatic, magnetostatic,
heat flow and current flow problems, in order to gain
better understanding of the electrical environment of
the region between the ground and the ionosphere.
With this platform we modelled the effects of
thunderclouds on the atmosphere before and after
the Cloud-to-Ground (CG) discharge and found that
there is a region where the electric field peaks. We
speculate that this might be a preferential region for
sprite occurrence. We also observed significant
changes in the electric field pattern caused by
changes in the CG discharge.

2. FEMM Simulations

In the search for a reason why the distribution of
Sprites is centred at 50 km from the CG parental
discharge [3], we simulated the electrical
characteristics of the atmosphere between the
ground and 90 km of altitude in the presence of the
CG discharge.

The FEMM platform is a free software that
simulate electrostatic, magnetostatic, heat and
current flux problems. We simulated two
thundercloud models, one following the tripolar
approximation and the second being the same
tripolar model but with additional small charge
centers spread through the cloud. The tripolar model
consisted of charges of 3 C, - 40 C and 40 C at the
central position of the cloud, at the respective
heights of 2 km, 7 km, 12 km. The second model
had the same charge centers of the tripolar model
plus 9 smaller charge centers of both polarities,
arbitrarily positioned on the cloud, such that the total
charge was zero.

Afterwards we simulated the environment after
the CG discharge of both polarities. The CG
discharges were simulated as a charge removal from
the cloud without going into details about the
removal process. The negative discharge was
considered as a removal of -8C and the positive was
a removal of 20 C.

3. Results
The results of the simulation show that the
horizontal component of the electric field had peaks
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occurred at 63 km and 136 km. After the positive
CG the peaks move to 58 km and 141 km, and after
the negative CG they were located at 64 km and 131
km. On the second model peaks were locate at 71
km and 140 km before the lightning discharges.
After the positive CG they move to 58 km and 135
km, and after the negative CG the peaks moved to
66 km and 128 km. In both models the peaks invert
their polarity after the positive CG.

4. Conclusions

Comparing the results of both models, the results
of the thunderstorm electric field of the tripolar
model were less realistic because of its simpler
symmetry. The peaks of the electric field of the
second model were more significant. In both models,
the positive discharge resulted in higher peaks of
electric field displaced from the lightning discharge,
in agreement with the fact that most sprites are
generated by positive CGs.

The results of the simulations showing a peak in
the horizontal component of the electric field around

50 km from the central position of the clouds agrees
with the distribution of lateral displacement between
triangulated sprites and CG discharges calculated by

[3].
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Figure 1: Result of FEMM simulation for the
thundercloud on tripolar configuration and electric
field before the CG lightning discharge of any
polarity
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Streamers in transient luminous events (TLEs) are not easy to catch in real conditions. Typically
very scarce and spectrally and temporally not well-resolved recordings were obtained so far. In
this contribution, a laboratory experiment for precise spectroscopy investigations was designed
based on volume dielectric barrier discharge arrangement. Positive streamers were operated in air
at pressures and temperatures corresponding to selected altitudes. Nanosecond-resolved spectra
were recorded in the range of 280 to 900 nm and the development of selected bands was analysed.
Furthermore, streamers were scanned radially and axially with sub-nanosecond time resolution for
several spectral wavelengths giving unique information about their development in space. Finally,
an attempt was made to determine electric field development in time and space.

1. Introduction

The red-sprite TLE is driven by the quasi-
electrostatic field in the mesosphere following a
positive cloud-to-ground flash produced below [1,2].
The sprite TLE’s studies performed through imaging
instruments with high frame rates (up to 20 kHz)
provided basic information on the dynamics of the
sprite formation and propagation, as well as on
associated optical emission. Spectral measurements
of TLE radiation have revealed strong emissions
through the NZ(C3Hu-B3Hg) second positive (2.PG)
and Nz(B3Hg-A32u+) first positive (1.PG) systems in
the UV and NIR spectral ranges, respectively and
much weaker contribution by the N2+(B22u+-XzEg+)
first negative (1.NG) system.

Emission spectra of single sprite events are
typically acquired with quite low spectral and spatio-
temporal resolutions. Moreover, signals are
registered with very low signal-to-noise ratio,
therefore their use to advanced analysis which might
provide estimation of important sprite parameters
with reasonable precision (E/n, temperatures or
distributions of electronically excited species) is
rather limited. To this point a suitable laboratory
TLE analogue experiment may be very useful to
understand better both fundamental aspects TLE’s
and associated phenomena (heating effects, NOy
production, key spectroscopic features) [1-3].

The most important characteristic of sprites (the
most common type of TLE) is that they propagate
vertically over large distances surpassing altitudes

(typically from ~35—40 km to ~80—85 km above sea
level) characterised by very different pressures
(between ~8.9 and ~0.16 torr) and gas temperatures
(between -10 and -75 °C). Because it seems quite
difficult to scale-down the whole sprite event
maintaining at the same time such large
pressure/temperature gradients, we performed an
investigation of filamentary streamers propagating in
a DBD gap instead, fixing pressure/temperature
conditions which are characteristic for various
altitudes covering a considerable sprite occurrence
range.

Although a big effort was already focused to the
investigation of the TLE streamer dynamics
theoretically [2] and their overall spectral signatures
experimentally [3] as well as numerically [4],
systematic study of emission spectra produced by
streamers ~ propagating in an  environment
characterized by large pressure and temperature
gradients is missing. The knowledge obtained from
sufficiently spatially and temporally resolved spectra
is currently one of the very few methods to get
closer to the basic TLE inception and dynamic
mechanisms. Especial emphasis is put in this work
in the determination of the reduced electric field
strength from the intensity ratio of selected 1.NG
and 2.PG spectral bands, usually at 391 nm and 337
nm, respectively [5,6].

2. Experimental setup and results

In this work, triggered single streamer events
were produced in dry synthetic air at controlled
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pressure and temperature employing volume DBD
geometry. The pressure range explored during the
first experimental campaign was equivalent to 35-40
km altitudes (corresponding to the lowest levels of
the sprite occurrence). Characteristic emission
fingerprints of such streamers were acquired in the
spectral range between 280 and 900 nm. The
concept is based on a pair of asymmetric metallic
electrodes embedded in dielectric discs placed in a
stainless-steel chamber and powered by repetitive
high-voltage bursts (superimposing two sine-waves,
Jfac=1 kHz, with a positive pulse of a short duration
of 100 ns) at fixed repetition frequency of 30 Hz [4].
Superposition of the HV pulse during a second
positive AC half-cycle (with a suitable phase-shift)
resulted in locking the onset of the streamer event
with respect to the leading edge of the HV pulse.
Trigged production of a stable single streamer
discharge with high reproducibility enables
acquisition of spectrometric data with high statistics,
typically (1+5)x10*, increasing significantly the
signal-to-noise ratio of the registered waveforms
with respect to single-event registered data.
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Figure 1.: Time-development of the emissions of 1.NG
and 2.PG spectral bands around 390 nm at 8.9 torr and
300 K.

Our measurements have revealed strong
emissions via 2.PG and 1.PG systems, and
considerably weaker (0,0) band emission of the
1.NG system at 391 nm. Recording the spectra in the
range of 380 to 400 nm, the key spectral bands of
1.PG and 2.PG were obtained with nanosecond
(exactly: 5 ns step) temporal resolution. These data
are analysed and an attempt is made to estimate the
development of the electric field. Figure 1 shows a
typical time-resolved spectral development of the
above mentioned spectral bands emission intensities
produced by the streamer passing the DBD gap at a
selected axial coordinate.
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Figure 2.: Radially resolved time-development of the
emissions of 2.PG at 337 nm at 8.9 torr (approx. 30 km
altitude) and 300 K.

In Fig. 2., the radially resolved temporal
development of the 2.PG emission is shown. It was
recorded by scanning the streamer channel radially
at a constant axial coordinate with a fast PMT
through a spectral filter for 337 nm. Similar profiles
were obtained for 1.NG at 391 nm in order to
analyse the radial development of the electric field
of propagating streamer at selected pressure. Finally,
in order to wunderstand the whole discharge
development and its streamer velocity, the same sets
of scans were also recorded axially along the
streamer propagation.
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preparation for the TARANIS space mission
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In order to prepare for the TARANIS space mission, which is going to make observations of
transient luminous events (TLEs), in this work, we quantify intensities of optical emissions
produced by sprite streamers. We simulate streamer discharges using a classical plasma fluid
approach. We derive the density of excited species and the corresponding optical emissions.
Results are then used to make quantitative predictions on the signals that will be detected by the

TARANIS-MCP instrument.

1. Introduction

Sprites are luminous discharges taking place
between ~40 and ~90 km altitude. They result from

the high altitude quasi-static electric field
perturbation caused by cloud-to-ground (CG)
lightning discharge.

The French Space Agency (CNES) micro-satellite
TARANIS [1] will be dedicated to the observation
of transient luminous events (TLEs), among which
sprites are a most remarkable phenomenon.
TARANIS will be equipped with micro-cameras and
photometers (MCP instrument [1]) that will detect
optical emissions from TLEs. In preparation for the
TARANIS space mission, we will model the optical
emissions of sprite streamers.

2. Streamer model

The streamer model is based on the drift-diffusion
equations for charged species. These equations are
numerically solved using the finite volume method
in cylindrically symmetric geometry. The drift-
diffusion equations are coupled with Poisson's
equation:

8829 + Vel — DeV?ne = ST — ST (1)
on _
g 4 o
5 =S, (3)
v2g = -2 (np — N — Ne) (4)
€0

where subscripts ‘e’ , ‘p’ and ‘n’ refer to electrons,
positive and negative ions, respectively, n; is
number density of species i, v, is the electron drift
velocity [2], D., q, € are the electron diffusion
coefficient [2], the absolute value of the electron
charge and the permittivity of free space,
respectively. On time scale of interest, ions are
considered to be motionless. The S™ and S terms
stand for the rates of production and loss of charged
particles, respectively.

The photoionization processes are important in
sprite streamers [3]. They are taken into account
using a quasi-neutral background of homogeneous
electron and positive ion density.

2. Optical emissions

In this work, we focus on the study of the optical
emissions of N, molecules [3, 4]. Using the streamer
model described in the previous section, we first
compute the evolution of the number density n; of
excited electronic state k& of the N, molecule. The
quantity n; is described by the following partial
differential equation [3]:

8nk ng
E = _T_k + anAm + VgNe (5)
where T = [Ax +oNyo + 0N, ] is the total

lifetime of the state &, o; and a, are coefficients
related to the quenching of the excited state £ by
molecules N, and O,, respectively, Ny, and No, are
molecular densities of N, and O,, respectively, the
sum over the terms npd, results from cascading
from higher-energy states m, and v, and n. are the
excitation coefficient and electron density,
respectively. Once n; is found, we calculate the
intensity (/) in Rayleighs of the corresponding

optical emission including: first (B’TI, — 4°Z,") and
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second (C’T1, — B3Hg) positive band systems of N,
noted 1PN, and 2PN,, respectively and the first
negative band of N, noted INN," (B°Z," — X °Z,")
through the following integral [3]:

where the quantity 4, [s"] is the Einstein coefficient
for the spontaneous emission and L is the line of
sight.
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Research of transient events in the upper atmosphere measured by
Universitetsky-Tatiana-2 satellite far from lightning activity
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MSU satellite Universitetsky-Tatiana-2 was launched in 2009 and it was aimed to study transient
luminous events (TLE) in the atmosphere. During three months of its operation more than 2000
flashes in UV and IR range of wavelengths were measured. In the earlier research it was found out
that there are some events which occur far away from the cloud cover. This work is devoted to the
research of such events: of their frequency, geographical distribution and possible hypothesis of
their origin. Among all events, measured in November, 2009 it was found 110 flashes which
occurred more than 1000 km from the closest lightning during one minute of measurement. This
events have various temporal structure (from 1 to 128 ms) and photons number (2-10%° — 8-10%).

Some of them have a thunderstorm in the conjugate point of magnetic field.

1. Introduction

All known types of Transient Luminous Events
(TLE) appear in conjunction with regions of
thunderstorm activity.

There are several measurements of unusual TLE
which occur far from thunderstorm regions. The
most recent example of such measurement is
described in [1]. TIGER (Transient lonospheric
Glow Emission in Red) event was observed from
space shuttle during MIEDEX sprite campaign. This
transient (shorter than 33 ms) emission was delayed
by 0.23 seconds to a preceding visual lightning flash
which was horizontally displaced at >1000 km from
the event. There are earlier observations of unusual
atmospheric flashes. Fast atmospheric pulsations (1
ms) were reported by Ogelman in 1973 [2], the
similar events not associated with lightning were
observed by Nemzek and Winkler [3].

Authors discuss three hypothesis of the possible
origin of wunusual TLE: the precipitation of
relativistic electrons from the radiation belts,
acceleration of electrons in the discharge on
conjunction point of magnetic field and their further
precipitation and also scattered light of very distant
lightning. Not one of the hypotheses has sufficient
experimental evidence.

It is also worth noticing that authors of paper [4]
in measurements of gigantic jet found the lack of
lightning preceding events although they occurred
over an area of thunderstorm

During measurements of fast UV and IR flashes
on board Universitetsky-Tatiana-2 (Tatiana-2)
satellite there were found that some events occur far
from cloud coverage and thunderstorm regions. In
this work we report preliminary results of search

and analyses of Tatiana-2 satellite events displaced
more than 1000 km from the nearest lightning.

2. Universitetsky-Tatiana-2 satellite UV and IR
detector

On board Tatiana-2 satellite the detector of UV
and IR radiation was launched in September 2009
and operated during three months on the orbit. The
detector consists of two photomultiplier tubes
(PMT) Hamamatsu R1463 with readout electronics.
Field of view is limited by the collimator and is
~16° for each of the PMT , which corresponds to the
area of observation: 7-10° km® The detector
measure fast flashes in the UV (300 - 400nm ) and
infrared (610 - 800 nm) wavelengths. Direction of
observation - the nadir. The event information is
written in the form of two codes: ADC code (N) and
the code on the photomultiplier high voltage (M),
since device adjusts to background lighting
conditions by changing of high voltage on the
photomultiplier.

For more detailed description of the detectors
electronics and first data analysis see [5].

For the further data analysis it is important to
notice that UV detector on board Tatiana-2 satellite
can record only one the most powerful events during
a minute of observation (waveform length: 128 ms,
time step: 1 ms).

To select events from Tatiana-2 satellite data
which occur far from current lightning activity, we
used data about lightning location of terrestrial
network WWLLN. This study was performed to
search for matches in the databases of Tatiana-2 and
WWLLN for one minute prior to the time of
recording waveform of the flash. It is important to
notice that efficiency of WWLLN was growing
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during the development of a network and depends
from lightning power and type. In 2009 the detection
efficiency of CG lightning was near 10 % [6].

3. Results and discussion

We analyzed all events from November 2009
measurements of Tatiana-2 and found out 110 (12
%) which horizontally displaced more than 10° by
latitude and longitude (1100 km). In such a large
region in case of thunderstorm a detectable for
WWLLN number of lightning should occur. It
means that probability of lightning induced event
measured by Tatiana-2 is very small. So, we
consider these events as “remote from lightning”.
The geographical distribution of these events is
shown on the figure 1. There is no obvious relation
with well known thunderstorm regions. Mostly
events are concentrated near equatorial region and
there is excess between 40° and 60° of latitude.
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Fig. 1. Geographical distribution of UV flashes far from
thunderstorms.

We analyzed the types of waveforms that occur
outside the thunderstorm area. It turned out that they
are quite diverse. The most part constitute the single
short bursts of 1-2 ms duration, but there are also
long waveform (up to 128ms) both single and with a
periodic structure, the events with complex
repetitive impulse structure and series of short (1
ms) pulses. Two examples of events are shown on
the figure 2.

It is important to notice that these events are
relatively powerful. The photons number, produced
in the atmosphere is distributed form 2-10%° to
8-10%.

We started to check existing hypotheses of unusual
TLE origin and we separated events which have
thunderstorms at the same time but in the
conjunction point of magnetic field. We found only
10 candidates and only few of them are sufficiently
faint and short as predicted by [7].1t is interesting to
note that in some experiments aimed directly at the
search of these events was not detected any of them

(8].
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Fig. 2 Examples of waveforms of faint (upper panel) and
bright (bottom) TLEs far from thunderstorm.

3. Conclusions

We started the joint analysis of Tatiana-2 satellite
and WWLLN databases. And found out that 12 % of
measured by satellite transient UV and IR flashes
occur far (>1000 km) from lightning and
thunderstorm regions. The further analysis of the
whole satellite database and origin hypotheses will
be carried out.
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On the spatial scale of streamers
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We calculate the streamer velocity, which is determined by the streamer mechanisms which
include electron drift, electron diffusion and photoionization, in a 1D model that also includes the
curvature of the ionization front. In particular, we show that the electron drift may contribute only
to the propagation of negative streamers, and the effect of photoionization on the streamer velocity
is mostly determined by the photoionization length. The results are used to modify the fractal
model of [1]. The transverse size of streamers, as well as the fractal dimension of the streamer
structure emerges from the front velocity dependence on electric field and the front curvature. In
particular, when the photoionization is the main mechanism which determines the streamer
propagation, the transverse size of the streamers is of the order of the photoionization length.

1. Introduction

Fractal nature of dielectric breakdown was
investigated by [1] for the velocity of the ionization
front (represented in their simulation as the growth
probability P) v oc E™. They pointed out that in the
case n = 1, the streamer growth is described by the
same equations as the diffusion-limited aggregation
(DLA) system which produces a branching fractal
structure.

2. Streamer mechanisms

The following streamer mechanisms are added to
the quasi-electrostatic (QES) equations written in 1D
with the consideration of the curvature of the
ionization front: (1) electron drift; (2) electron
diffusion and (3) photoionization. The velocity of a
propagating ionization front of fixed shape then is
found to be in the interval v > v, where v, =0
when the streamer mechanisms are absent and
vg > 0 when one or more mechanisms are present.
In particular, in the presence of photoionization only
we find

UszAVmaxf(%)r fl@=y1+q*2—q 1)
where A is the photoionization length and v, is
the maximum net ionization rate. The dependence
on curvature k is through the function f(q) which
reduces the speed of a convex front.

3. Fractal simulations

We have modified the fractal model of [1] in
order to include curvature according to function
f(q) given in equation (1). The result of a sample
simulation is presented in Figure 1.

Potential, A=10

50 100 150 200
X

Figure 1. The fractal structures and electrostatic potential
calculated for A = 10 (in the units of the grid step).
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Observations of first TLE's events over Indian Sub-continent
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We are reporting first ever observation of Transient Luminous Events (TLE’s) over Indian Sub-
continent observed during 2012-2013. We are continually operating TLE detection camera system
since April 2012 at Allahabad (Geographic lat.29.36° N, long.79.46° E) India. We observed first
sprite event on 11" April 2012 and since then we have total 15 event days till September 2013. The
observed TLE events are mostly sprite with two events of gigantic jets, one blue jet and two
possible events of halos. Event days mostly correspond to pre to post monsoon season (April to
September months) in north India. The event detection range varies from 210 to 540 km
surrounding Allahabad. Along with optical observations, we have also used ULF, VLF and
GLD360, WWLLN lightning data in order to qualify and quantify parameters of the parent
lightning discharge associated with the TLEs and their effects on lower ionosphere/atmosphere.

1. Details about TLE research in India

Transient Luminous Events (TLEs) are short
lived flash of light observed above large
thunderstorms in the stratosphere and mesosphere
regions of Earth’s atmosphere. These optical
emissions include sprites, elves, blue jets, etc. TLEs
are very energetic and more powerful than lightning.
The possibility of discharges above a thundercloud
at high altitudes was predicted by [1] based on
electric field computations due to the residual
charges of the cloud just after a positive cloud-to-
ground (+CG) discharge. The observations of
spectacular optical flashes of TLEs by [2] initiated
experimental and theoretical studies in this area

TLEs research in India started when, Indian
institute of Geomagnetism (1IG) and DTU space
Denmark, inters into collaboration in 2010 and first
TLEs observation setup installed at 11G HQ Navi
Mumbai in 2011. Due to background light pollution,
TLE observation setup moved to a better location at
Allahabad (north-middle India) in 2012. Since, then
continuous observations started at Allahabad and on
11™ April 2012, first sprite observed there. The
observation of sprits raised new science questions
about the characteristics and types of TLE
producing cloud system and lightning discharged. It
was suggested that TLEs especially sprites are
observed are wusually found over Mesoscale

Convective Systems (MCS) [3], and Indian thunder
clouds do not form MCS system.

The TLEs observation set up in India are the part
of global ground based observational support for the
satellite mission ASIM and TARANIS to be
launched in 2016.

2. Summary

TLEs are newly discovered phenomenon in
atmospheric science and are important in order to
understand electrical coupling between different
regions of earth’s and over all to understand Global
electric circuit (GEC) [4]. Observations of other
TLEs, such as gigantic jet (first observation over
land), Dblue jet and halos has made this site
interesting for TLEs observations and open new
science question about the generation mechanisms,
which is still not well understood.
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A sequence of sprites - an analysis of ELF signals and optical recordings
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A powerful thunderstorm moved across Central Europe in the second week of August 2013. A
large number of sprites were optically registered at an observation site in Nydek, Czech Republic,
and their electromagnetic signatures were recorded at the Hylaty ELF station in Poland. Since the
distance to the thunderstorm was relatively small, we have obtained high quality waveforms. In
some cases the sprite associated discharge current was short and in some cases it lasted a few
hundred milliseconds. Most of the recorded sprites were accompanied by +CG discharges, which
had a wide range of charge moments. We present a case of four sprites that occurred in rapid
succession. We have reconstructed their current moment waveforms and calculated their charge

moment changes.

1. Introduction

Atmospheric discharges generate electromagnetic
waves in a broad frequency range. However, the
sprite associated electrical current changes relatively
slowly, therefore the electromagnetic field it
generates can be observed only in the lowest part of
the radio spectrum (below 100 Hz in most cases).
This makes the ELF (Extremely Low Frequency)
range very useful in sprite studies.

2. The recorded data

During the night from 6 to 7 August 2013,
we have captured a large number of sprites [1].
In this paper we analyze a sequence of four
sprites that occurred in rapid succession within
a 1-second time frame.

2.1. Electromagnetic recordings

The electromagnetic  signatures  were
recorded at the Hylaty station, located in a
sparsely populated area of the Bieszczady
Mountains (49.204°N, 22.544°E) in Poland [2].
In this study we use the data recorded by a
receiver that has the frequency bandwidth of
0.03 to 52 Hz and the sampling frequency of
176 Hz. The receiver measures continuously
two magnetic field components of the ELF
electromagnetic field: NS (North-South) and
EW (East-West).

Figure 1 shows the electromagnetic signature
of a sequence of sprites recorded on August 6,
at 21:56 UT.
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Fig. 1. The electromagnetic signature of a sequence of
sprites recorded at the Hylaty ELF station at 21:56 UT.

2.2. Optical recordings

The optical images were registered from
Nydek, Czech Republic (49.668°N, 18.769°E).
The site is equipped with two Watec 902H2
Ultimate and Watec 910HX cameras. Figure 2
shows the recorded images of the four sprites.

3. Results and discussion

The electromagnetic field recorded by the
receiver depends directly on the current moment of
the discharge and the properties of the radio channel
and receiver. In order to reconstruct a complete
current moment waveform of the sprite associated
discharges we have used the ELF radiowave
propagation model described in [3].
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Fig. 2. The four sprites registered optically in Nydek,
Czech Republic.

Figure 3 shows the current moment waveform of
the first 2 sprites in a sequence of 4, reconstructed
from the recording presented in Figure 1.
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Fig. 3. The current moment waveform of the first two

sprites from the sequence presented in Figure 1.

Both sprites were initiated by +CG discharges
but the first of them had the maximum -current
moment twice as high as the second. The continuing
current associated with the second sprite lasted much
longer (180 ms vs. 50 ms), and had a different
waveform, with a clearly visible maximum about 50
ms after +CG stroke. The calculated charge moment
change in the first case was almost 1900 C km and
in the second case 2800 Ckm (including +CG
discharges).

Figure 4 shows the current moment waveform of
the following two sprites from the recorded
sequence. The third and fourth sprites were also
initiated by +CG discharges. In the first case the
+CG had larger charge moment, the continuing
current was shorter and the sprite was much brighter
than in the second case. However, the calculated
charge moment changes were similar in both cases,
nearly 2900 and 2700 C km, respectively, including
+CG discharges.

The sequence of four sprites was followed by a
relatively strong +CG discharge (+CGs in Figure 4)

at a similar location, but no sprite was registered by
the cameras.
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Fig. 4. The current moment waveform of the third and
fourth sprite from the sequence shown in Figure 1.

As can be seen in Figure 1, all the sprite
associated signals were recorded by the NS
antenna, because the discharges were located
east of our ELF station. Using the data from a
VLF lightning detection network (LINET) we
have found the locations of the five +CG
discharges (Table 1).

Table 1. Distance and azimuth to the five +CG discharges

Distance [km] Azimuth [deg] I..x [kKA] (VLF)

+CG, 684.2 273.4 94.5

+CG, 691.7 269.3 33.1

+CG; 715.6 268.6 76.3

+CGy 747.1 270.8 93.2

+CGs 755.0 268.7 47.3
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Orbital ultra high energy cosmic ray (UHECR) detector TUS (tracking ultraviolet set-up) is prepared for
launching on-board Lomonosov satellite. The TUS space experiment is aimed to study energy spectrum and
arrival distribution of UHECR at energy range above 10%° eV. TUS detector will operate in various UV night
atmosphere background. Fast UV flashes (lightning, transient luminous events) are an important part of
background. These transient events will effect operation of trigger system and decrease duty cycle of UHECR
detectors especially above thunderstorm regions where frequency of lightning could be very high. New
measurements of transient events were performed by UV detector on board Universitetsky-Tatiana-2 satellite.
Influence of transient luminous events on operation of UHECR detector TUS is discussed.

1. Introduction

The TUS detector planning to be lauhched on-
board Lomonosov satellite in 2015 [1]. The main
goal of the TUS experiment is aimed to study
energy spectrum and arrival distribution of UHECR
at energy range above 10% eV. Detector contains a
large Fresnel-type mirror-concentrator (2 m?) that
focuses UV light generated by EAS particle disc to
photo receiver, which consists of 256 PM tubes
(matrix of 16x16 PM tubes with a spatial resolution
in the atmosphere near 5 km) and readout
electronics. Photo receiver placed in its focal plane.
Image of EAS particle disc moves along photo
receiver pixels and produce sequent in time signals
in one or more pixels.

On  October  20th, 2009  microsatellite
Universitetsky-Tatiana-2 (Tatiana-2) was launched
on the solar synchronous orbit with inclination of
98° and altitude of 850 km. The main goal of the
scientific program of this satellite was study of
space near the Earth by measuring charge particle
fluxes at the orbit and radiation from the
atmosphere. Radiation from the atmosphere was
measured by detectors in two ranges of
wavelengths: 240 — 400 nm (UV) and 610 — 800 nm
(red-IR) [2, 3]. Both detectors were photomultiplier
tubes. Detectors were oriented to nadir and covered
the atmosphere area of effective diameter 300 km
(effective area 7-10* km?).

2. Results of UniversitetskyTatiana-2 satellite
mission

During the operation time from October 2009 to
January 2010 detectors of UV and red-IR radiation,
installed on board Tatiana-2 satellite have registered

more than 2000 transient events in the atmosphere
with duration 1-128 ms (average rate 5- 107°
events/lkm? hr) with different temporal profiles and
number of photons produced in the atmosphere.
Selected transient events are distributed in wide
range of photon numbers (10% — 10%°).

The global distribution of all detected by Tatiana-2
events has an evident component concentrated
above continents in equatorial region (America,
Africa, Indo-China). There are some regions which
transients avoid—deserts of Sahara and Australia. In
the most active areas (south America, Africa,
Indonesia, Australia) the transient rate is of about
6-10™ events/km?hr.

Measured ratio of number of photons radiated in
red-IR range to number of photons radiated in UV
related to excitation of molecular nitrogen indicates
a high altitude (> 50 km) of the events [4].

A lot of transients were detected out of
thunderstorm areas, in cloudless region thousands
km away of thunderstorms. This fact allowed us to
assume that transient events are not only direct
consequences of lightning.

There is strong correlation of transient event
temporal profile with number of photons Q, in
transients: events with Q, < 5-10% are mostly short
single pulse (< 5 ms); events with the large photon
numbers Q, > 10% are mostly longer in time, with
duration of tens — hundred ms.

Differential distribution of transients over photon
numbers

Q. shows two ranges with a changing exponent of
power law approximating the differential
distribution: “-1” for 10** < Q, < 10% and “-2” for
Q. > 10%. Cause of the exponent change could be a
possible difference in origin of “small” and “large”
flashes. Events with larger photon numbers may be
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related to Transient Luminous Events (TLE)
recently measured by space video cameras and
spectrometers [5]. Events with small photon
numbers may be related to one of TLE kind events:
“elves”.

Those «smally UV flashes could be important
part of background for UHECR observation.
Number of fluorescent photons initiated by EAS of
energy ~10% eV is ~10' - much less than photon
number in transients (~10%* photons). Measurements
of “small” flashes by TUS detector will be
interesting for physics of the atmosphere as TUS
will be the first instrument capable to look for
space-temporal structure of such small flashes with
very large aperture. TUS detector will register
flashes up to 10** photon without signal
saturation.

3. UV flash modeling

Transient events in the atmosphere measured by
Tatiana-2 detectors are very different from
fluorescence radiating by EAS initiated by UHECR.
EAS fluorescence is much shorter in time (tens of
microseconds against milliseconds of atmospheric
transients) and image of EAS fluorescent source
looks like a point of 1 km size moving through the
atmosphere with velocity of light. Measured
transients are much longer in time and larger in
space scale (from tens to hundreds km).
Nevertheless the rate of atmospheric transients is so
high to compare with UHECR rate 10°® events/km*hr
that triggering by atmospheric flashes may be
dominant for TUS trigger system. Registered
atmospheric UV flashes may imitate the EAS image
if random fluctuations of signals are taken into
account. In this way “small” flashes could be more
dangerous for imitation as they are closer to EAS
events in photon number. Early stage of transients is
of special interest as at early stage its signal being
close to EAS size and duration may imitate EAS.

For analysis of possible EAS imitation by
transients a model of UV flash in the atmosphere
was developed with characteristics (duration,
number of photons, temporal profile) measured in
experiment. The model is close to TLE model of
“elves”. The developed model is based on emission
of nitrogen molecules excited by an electromagnetic
pulse (EMP) with a radial front propagating up in
the ionosphere from parent lightning. The total
number of photons (Q), emitted by such flash is
defined as the integral of the glow over all
coordinates in the ionosphere layer in total glow
time. In our simulation we are interested in glow

expected in a field of view (FOV) of the detector. In
this case the ending of the glow is over when the
area of intersection of the EMP sphere and the
ionosphere layer will go out of the detector FOV.

The temporal profile of the transient glow in the
detector is determined by velocity of EMP sphere
expansion, position of the ionosphere layer, ready to
produce glow, and position of the center of the flash
in the detector’s FOV.

It is important to note that described model was
adjusted to experimental data on temporal
characteristics of small short flashes (signal rise
time ~200 ms, signal fall time ~750 ms) [6].

In contrast to expected EAS image an atmospheric
flash appears simultaneously at large number of
pixels. The flash image changes much slower than
“point-like” EAS image moves through the detector.

4, Conclusion

Data on atmospheric flashes obtained in Tatiana-2
satellite mission have shown existence of UV
flashes less intensive than usual TLE. Their rate is
much higher than the rate of UHECR events. Those
small events may present important background in
measurements of UHECR from space. In the first
approximation the analyzed events could be
distinguished from UHECR events. The simulation
of TUS measurements of TLE is important for
further data analysis.
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South America is one of the most active thunderstorm regions of the world. Up to date, six
campaigns, between 2002 and 2012 have been successfully performed in Brazil to make TLE
observations. More than 700 events, mainly sprites, have been recorded over thunderstorms in
different places in South America. Given the high thunderstorm electrical activity in our region, we
expected to have an extremely high TLE occurrence rate as well as intense emission of High
Energy Emissions from Thunderstorms — HEET. This paper will introduce the LEONA: Transient
Luminous Event and Thunderstorm High Energy Emission Collaborative Network in Latin
America. It will be composed by 21 optical observation sites all over South America, as well as
one neutron detector in southern Brazil. LEONA will provide ground support to several upcoming
satellite and stratospheric balloon missions, such as TARANIS, ASIM and COBRAT.

1. Introduction

South America’s combination of intense
thunderstorm activity and geomagnetic
characteristics creates a unique natural laboratory
for investigating a variety of atmospheric
phenomena and their possible coupling. Its large
latitudinal extent, from ~12° N to ~55° S,
encompass equatorial, tropical and subtropical
regions with conditions that makes South America
the second most active thunderstorm and lightning,
and consequently one of the most active Transient
Luminous Events -TLEs region of the globe.

In Northern South America, the presence of the
magnetic equator allows for the investigation of the
Appleton Anomaly, the Equatorial Electrojet,
ionospheric irregularities and plasma bubbles. In the
subtropics is the South America Magnetic Anomaly
— SAMA, centered ~29° S and ~54° W, over Brazil,
creating a region of enhanced ionospheric plasma
density with serious implication for satellites.

The prolific occurrence of gravity waves and
TLEs, both resulting from the intense thunderstorm
activity in South America, may contribute to
mechanical and electrodynamical coupling of the
atmospheric layers from the troposphere to, at least,
the ionosphere. This characteristic has motivated the
execution of 5 TLE observation campaigns in
different regions of Brazil up to date, with more
than 700 TLEs recorded.

It is within this context that in 2012 the
Atmospheric and Space Electrodynamical Coupling
— ACATMOS group was created at INPE, in Brazil,
and that LEONA Network project was conceived.

2. LEONA Collaborative Network

LEONA is the Transient Luminous Event and
Thunderstorm High Energy Emission Collaborative
Network in Latin America. It’s goal is to study the
electrodynamical coupling of the atmospheric layers
signaled by TLEs and High Energy Emissions from
Thunderstorms — HEET in South and Central
America in a collaborative manner. We are
developing a network of 21 TLE camera stations to
be installed in different locations in South America,
one in Central America, and one neutron detector to
be installed in southern Brazil to measure neutron
bursts from thunderstorms. Each camera will have
an approximate range of 800-1000 km. They will be
remotely operated via internet from any location
worldwide where internet connection is available.

The current team of collaborators is presently
composed by research scientists from:

Brazil:

» National Institute for Space Research — INPE

* Instituto Tecnolégico SIMEPAR

* Center for Radioastronomy and Astrophysics
Mackenzie - CRAAM

* Lebedev Physical Institute — LPI/Russia via
CRAAM collaboration

* Federal University of Mato Grosso do Sul —
UFMS

*  University of Sao Paulo — USP

Argentina:

e Observatorio Astrondmico, Universidad
Nacional de Cérdoba — UNC

* Consejo de Investigaciones Cientificas y

Técnicas — CONICET
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Peru:
» Jicamarca Radio Observatory — JRO

Mexico:
* National Institute of Astrophysics, Optics and
Electronics— INAOE

Figure 1 shows a map of South America with
LEONA initial configuration, the regions of
COBRAT balloon flights (white lines), and
supporting instrumentation sites. Green and yellow
circles represent the 800-1000 km radius of

coverage of the cameras. The smaller red circles are
the ~240 km coverage of meteorological radars. The
dotted black lines are the current coverage of
RINDAT lightning detection network in Brazil.

Figure 1. LEONA initial prototypical configuration.
3. Expected Results

The collaboration network and the data collected

will lead to the following scientific results:

e The determination of the TLE geographic
distribution and occurrence rate in South
America;

e The investigation of possible effects of the
SAMA in TLE morphology and possible
interaction with other geophysical phenomena;

e The measurement and study of thunderstorm
neutron emissions in a region of intense activity;

e The possible simultaneous detection of TLEs
and thunderstorm neutrons for the first time;

e The study of the convective systems producing
the detected TLEs and neutrons;

e The estimate South American TLE contribution
to the local and global atmospheric electrical
budget;

We also plan to have 2 field campaigns to
perform high-speed observations of TLES using our
Phantom camera to investigate details of the
temporal-spatial evolution of the TLEs and gain
extremely valuable insights of the microphysics of
TLE development that may be used to improve the

current  understanding of  their  generation
mechanism and current models. We will also
attempt to make simultaneous high-speed

measurements of TLEs and thunderstorm neutron
emissions for the first time ever.

4. Conclusions

LEONA will nucleate this research in other
institutions in Brazil and other countries in South
America, providing continuity for this important
research in this region. The camera network will
allow for consistent long term TLE observation. In
fact this type of ground network is the only way to
build a TLE climatology of South America. Thus
this project is not only a potential benchmark in
TLE research, by creating a collaborative network in
Latin America and nucleating this research locally,
it is also strategic since LEONA’s camera network
will be able to fill up the gap left by most satellites
in South America.

The network will collaborate with 3 space
missions and have the potential to do that with many
more missions to come. For example, LEONA will
provide ground support for CHIBIS-M satellite
mission. Simultaneous measurements with LEONA
cameras will allow us to unambiguously
discriminate what type of TLEs are being detected
by CHIBIS-M. We will collaborate with the project
COBRAT to detect TLEs and HEETs with
instrumentation onboard long and short duration
stratospheric balloons to be launched from French
Guiana and Brazil in 2017-2019. And LEONA will
provide ground support to TARANIS French Micro-
satellite and ASIM  mission onboard the
International Space Station (ISS), which are
scheduled to be launched in 2017-2018 and carry
suites of instruments to observe TLEs and TGFs.

LEONA welcomes all scientists from Latin-
American institutions interested in joining the team,
and welcomes all scientists from European and other
institutions worldwide interested to collaborate in
this research.
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Preliminary Reports of Summer Sprite Observation
at The Top of Mt. Fuji, Japan

Y. Suzuka, T SuzukiL, M. Kamogawé,
Story of Miracle Earth (Kiseki-no-Chikyu-MonogatgaiiVV Production Team

! Department of Physics, Tokyo Gakugei University, Tokyo, Japan
2Jump Co.Ltd., TV Asahi, Japan

Many investigations of transient luminous eventsE3) such as sprites and elves have been carried
out since the 1990s. However, there are still wesbissues like the morphologies of spritesthis
study, we report a preliminary result of a mountaiservation which enables us to observe the TLEs
for a long term at the fixed point.

comparing with the aerial and balloon observation.

1. Introduction However, there are few examples of mountains

Many investigations of transient luminous eventsbservations, because sever experimental conditions
(TLEs) such as sprites have been carried out $ivece are required [1]. The period of the observation is
1990s. Recently, a low-cost highly sensitive CCHrom July, 2013 to August, 2013. Fig. 1 shows our
camera movie system with a motion capture softwaodservation Image. We observed from the top of Mt.
have been popular. High school students and amat&uwiji with sensitive black-and-white CCD cameras at
scientists in Japan have observed the transighe fixed point for one month and with the color
luminous phenomena by the system. However, thesagle-lens reflex camera.
are still unsolved issues like the morphologies of
TLEs. One of approach to investigate this issue & Result
statistical study with collecting many events from In the summer time of 2013, we detected several
various locations and altitudes. In this study, wevents of TLEs. Fig. 2 showsample of events of TLEs.
report a preliminary result of a mountain obsevati These image shows possibility that we observe TLEs
which enables us to observe the TLEs for a long tewithout cloud. It leads to solve of the structuféh
at the fixed point. TLEs in future by continuing observation in Mt. Fuj

2. Mountain Observation

In this study, we report a preliminary result of a
mountain observation which enables us to observe
the TLEs for a long term at the fixed point. The
mountain observation was conducted at the top of Mt
Fuji (3776 meter altitude) in Japan, which enables
to widely detect the TLEs above the central regibn
Japan, the west side of Pacific Ocean and the east
side of the Sea of Japan. In particular, the alé&taf
the top of Mt. Fuiji is located over the summer dou
covering the wide regions, so that the distant TLEs
can be observed ”
and low . (b) s
pressure and U Fig. 2 Example of events of sprite (a)lmage took by
clean air vyield black-and-white CCD camera (b)image took by color
better color single-lens reflex camera

8/2 1:46:4BJST

images of

TLEs. References )

Moreover, the [1] van der Velde, O. A.,, A. Mika, S. Soula, C.

lower cost s e e R e Haldoupis, T. Neubert, and U. S. Inan,
. ) Observations of the relationship between sprite

operation Is Fig. 1 Observation Image morphology and in-cloud lightning processes, J.

possible, Geophys. Res., 111, D15203 (2006)
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Displacement between Position of Winter Spritesand Strike Point of
Could-to-Ground Lightning

Y. Suzukt, T. Suzukt, M. Kamogawa
! Department of Physics, Tokyo Gakugei University, Tokyo, Japan

A various investigation of sprites, one of frequebservable transient luminous events (TLES), has
been reported. We examine the discrepancies anmengenter of sprites, the luminous center of
parent CG lightning over the thunderstorm, andatheerved strike point of the parent CG lightning
through an optical measurement, assuming thatdbitign of positive charges at the upper part of
thunderstorm is the luminous center of parent @@Bttiing over the thunderstorrive propose a
plausible model to explain such discrepancy.

Koganei, Tokyo and Shimizu, Shizuoka to observe

1. Introduction the sprites above the Sea of Japan near the wasit co
A various investigation of sprites, one of frequendf Japan.

observable transient luminous events (TLES), has
been reported since the 1990s. Sprites are inducdResult
from mesosphere to lower ionosphere by a strongDuring the campaign, more than 50 events were
electric field change attributed to the neutral@at captured. We analyzed the horizontal difference
of a large amount of positive charges at the uppger between sprite and lightning flash from CCD
of thunderstorm when cloud-to-ground (CGrameras records and estimate the sprite direction
lightning occurs. Many papers have implied that thieom star field on the image. Parent thunderstanth a
complex physics of sprite-induced CG lightningCG positions are investigated by radar echo and
namely parent CG lightning, causes variouseveral lightning location system, respectively. In
morphologies and lifetime of sprites and the timparticular, six sprite events were observed
delay of sprite occurrence, which have been some sifmultaneously in Tokyo and Shizuoka, which gave
unsolved issues in the TLES’ studies. In addittbe, the location of sprites. From the observations, we
major issue might be the Ilarge horizontafound that the most of lightning flash center was
displacement between the center of sprites and tloeated under the center of sprites but the regorte
observed parent CG lightning, which often reacheg3G location differed from them. We propose a
50 km [1]. On the other hand, we feel that a lot gflausible model to explain such discrepancy. Fig. 1
sprites occur just above the luminous center ofmtar shows example of events of sprite.
CG lightning from satellite observations. It is
expected that the luminous center of parent C
lightning over the thunderstorm is equivalent te th
horizontal position of positive charges at the upps
part of thunderstorm. Few study, however, discus
the horizontal discrepancies among the center
sprites, the luminous center of parent CG lightni
over the thunderstorm, and the observed striketpo
of the parent CG lightning. Thus, we investigate t
discrepancies among them through an optic
measurement, assuming that the position of positi
charges at the upper part of thunderstorm is tiss ;
luminous center of parent CG lightning over thiiEEEss"*

T

thunderstorm. Fig.

mpl of events of srite '

2. Observation References
We conducted sprite observation campaign frof] Bell, T.F., S.J. Reising, U.S. Inan, Intensetaauing
December, 2012 to February, 2013. High sensitive currents following positive cloud- to-ground lightg

black-and-white CCD cameras were deployed at associated withred sprite§eophys. Res. Lett., 25,
1285-1288 (1998)
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Positive streamer discharge inception from dielectrics

A. Dubinova, C. Rutjes, U. Ebert

Multiscale Dynamics group, Centrum Wiskunde & Informatica, Amsterdam, The Netherlands

We study inception of a positve streamer discharge from dielectrics of various shapes and
dielectric permittivities. Due to their polarizability, dielectrics modify the external electric field.
Electron attachment and emission on the dielectric surface can also play a role. This all can be
important in the context of lightning inception. For our studies, we developed a model based on
the fluid description of a streamer discharge. The electric field is calculated by solving the
Poisson equation on a domain with a dielectric interface inside.

1. Description of the model

In our simulations, we use the convection-
diffusion-reaction model in local field approximation
[1]. The ions are assumed immobile on the time scale
of interest. The electrons can drift in an external
electric field, diffuse, and ionize air due to impact
ionization and photoionization. Once an electron
reaches a dielectric surface, we assume that it stays
there building up a surface charge. The transport
equations are coupled to the Poisson equation which
is solved on the whole simulation domain, including
the dielectricc. The Ghost Fluid Method is
implemented to discretize the Poisson equation in
domains including dielectric or conductive interfaces
of arbitrary shape [2]. The discretization matrix is
inverted by calling MUMPS [3].

2. Source of electrons for positive streamers

For their propagation, positive streamers, unlike
negative streamers, need a source of free electrons
ahead of them. In air, the main source of free
electrons is photoionization. It is an intrinsically non-
local effect continuously providing free electrons
ahead of the streamer. The photoionization is
implemented according to Zheleznyak's model [4] and
approximated by a computationally more efficient
model based on solving Helmholtz's equations [5].

However, photoionization does not explain the
source of initial electrons, which are necessary for the
inception of a streamer. This can be a big issue under
certain conditions. For example in thunderclouds,
electrons quickly attach to water molecules and no
free electrons seem to be available. We study various
mechanisms that can potentially provide seed
electrons in the vicinity of a dielectric.

3. Results

We demonstrate how a positive streamer discharge
can incept from a dielectric in a sub-breakdown
electric field.

4. References

[1] U. Ebert, C. Montijn, T.M.P. Briels, W.
Hundsdorfer, B. Meulenbroek, A. Rocco, E.M. van
Veldhuizen, Plasma Sources Sci. Technol. 15 (2006)
S118-S129.

[2] S. Celestin, Z. Bonaventura, B. Zeghondy, A.
Bourdon, P. Segur, J. Phys. D: Appl. Phys. 4 (2009)
065203.

[3] http://graal.ens-lyon.fr/MUMPS/

[4] M.B. Zheleznyak, A.Kh. Mnatsakanyan, S.V.
Sizyh, High Temp. 20 (1982) 357-362.

[5] A. Luque, U. Ebert, C. Montijn, W.
Hundsdorfer,, Appl. Phys. Lett. 90 (2007) 081501.
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