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It is not easy to predict atmospheric phenomena such as lightning in the medium and long

term. However, based on the experience acquired during more than 40 years of research
on this phenomenon, the objective of this paper is to propose research topics on lightning
that could be addressed in the coming decades to provide scientific answers and lay the
foundations for technological innovations, currently unknown but that, with continuous,
systematic, and rigorous work, will arrive. The future of lightning research could focus on
four major topics: lightning in the intertropical zone, prediction, protection, and cloud-to-
ionosphere lightning. Significant advances have currently been made in these areas, but it
is necessary to delve deeper into them and work collaboratively with aerospace agencies
such as NASA, the European Union, and global research groups that have already achieved

excellent results in scientific interpretation and technological innovation.
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Lightning in the intertropical zone

Modern research on the physics of lightning began in the early
20th century with the work of Wilson.! In the global circuit context,
Wilson first suggested that electrified shower clouds played an equally
important role to thunderstorms in the upward charge transport and
maintenance of the global electrical circuit. Whipple?> compared the
diurnal variation in Brooks’ results® and in the initial electric field
measurements over the ocean, thus finding evidence that the global
circuit contribution is dominated by a superposition of effects from
three major zones of convection: tropical South America, Africa
and the Maritime Continent (Southeast of Asia and Australia). More
recent observations* of the ionosphere’s potential and NASA satellite
observations support this idea.’

Although tropical South America, Central Africa and the Maritime
Continent areas were identified at the beginning of the 20th century as
having high atmospheric electrical activity, the information available
in the world on the characteristics and magnitudes of lightning was
based mostly on studies carried out in semitropical or temperate zones,
but scarce in Tropical Zones. Today there is better information about
lightning in the tropics, thanks to the results of research in tropical
countries such as Brazil and Colombia. But there is still a need to
delve deeper into the subject of the intertropical zone.

This research work is very important to continue to statistically
verify the variation of the lightning parameters such as the Keraunic
level, the ground flash density, the lightning peak current etc., in
the tropical zone, with respect to the temperate zone as in the USA,
Europe or Asia.® These results are fundamental for the design of
protection against lightning and its statistical variation makes that
the standards of temperate latitudes of protection again lightning,
such as IEC62305, IEEE1410, EN50536 and others must take into
account this spatial variation and thus mitigate the high mortality by
lightning”® or the high failure of electrical and electronic equipment’
that occurs in the tropical zone.'"” Today in Colombia, for example,
there are national technical standards that have been developed based
on research results from the Colombian intertropical zone.!!

Research on lightning prediction

In the near future, lightning research will focus on lightning
prediction, which will allow for risk reduction and protection in
different productive sectors.

Based on the knowledge acquired about the lightning phenomenon,
the PAAS-UN research group, through master’s and doctoral
work, has developed equipment that allows activity to be predicted
approximately 30 minutes in advance. These systems can offer highly
reliable predictions (90%), with a coverage radius of 20 km, and their
operation is still isolated from that of other information systems.
Some solutions can be achieved through further study of the data
provided by these systems and their integration into storm tracking
and prediction algorithms using Artificial Intelligence.

Electrostatic field sensors are among the most used thunderstorm
detection devices in lightning warning systems. A field mill was
designed and manufactured in the National University of Colombia'>!3
named PreThor. The main operational characteristics of the PreThor
sensor are summarized in Table 1. Eight induction windows are
periodically shielded by a metallic helix rotating at 2250 r.m.p. The
320 Hz output signal is digitalized at 100 kS/s using a resolution of
14 bits. Amplitude and polarity of the incident electrostatic field are
computed by processing the digitalized signal; last process provides
finally 5 samples per second of the measured electric field. The time
stamp is provided by a GPS Garmin 18 x antenna.

Table | Field Mill (PreThor) Characteristics

Parameter

Sensitivity 500 pV/V/im

Resolution 2,44V/m

Digital resolution 14 bits signed

Maximum sample rate 140 MS/s

Range +/- 20 kV/m

Output signal +/- 10V

Motor Brushless

Time stamp Synchronized with a server

Figure 1 shows the experimental field mill PreThor. It was inverted
in order to reduce measurement interferences caused by the rain and
nearby storms.

Research on lightning protection

Experiences on lightning control using lasers technology and
lightning prediction systems: The development of a laser lightning rod
could be an innovative tool to reduce the damages done by lightning
on critical parts of electrical networks, nuclear power plants, or any
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other lightning-sensitive installation. The working principle of such a
lightning protection system would be to create, during a thunderstorm,
a long plasma channel by focusing a laser beam in the air above a tall
grounded structure. This conductive plasma channel would then act
as a path through which the lightning channel would develop, causing
lightning to hit the chosen ground structure, and thereby preventing
it from striking other nearby installations. In addition to protection
purposes, this active lightning rod could also be useful to test the
resistance to lightning of various equipment’s or simply be a powerful
instrument for scientific investigation of lightning phenomena.'*!>

PreThor -
20 km Shm |'h.'

Impending storm

. 1 | #Lead-time) 10 - 30 minuts
--------------------------- #Probabllicy of Detection (POD) greater than 95%
Range 2030 km

Figure 1 General scheme of lightning prediction with the equipment Electric

field mill PreThor.

Since the 1970s, many researchers have studied the triggering and
guiding of electrical discharges in laboratory with different types of
laser systems.!®!

Laser lightning protection is one of the applications of Laser
Directed Discharges (LDD)."* Works are being performed in this
direction.’”?® However, its realization has a number of technical
troubles. In particular, there are problems with lightning channel over
commutation to LDD channel in case of the main type of lightning
discharge - negative." Ultraviolet pulses of 200 fs duration and low
energy (~0.2m i) have a sufficiently high peak power to ionize oxygen
and nitrogen by three- and four-photon ionization, respectively. It is
shown that the resultant ionization channel induces a lightning like
discharge at half of the natural self-breakdown voltage in nitrogen
or air.!

Revel et al."” report recent developments and tests performed using
the ENSTA mobile, with the objective to sort out the main issues of
using the femtosecond laser technology to develop active lightning
protection system. According to this report, there are still questions
to be answered about filamentation generation in real life conditions
and it is necessary organize a measurements campaign to validate the
lab results.

Cloud-ionosphere lightning research

Cloud-to-ground lightning is, to date, the electromagnetic
phenomenon most widely interpreted by all civilizations in languages
such as myth, and in the last millennium it is the natural phenomenon
most investigated by modern science. Unfortunately, some recent
reports in the print media provide unreliable and misleading
information about electromagnetic phenomena such as cloud-to-
ionosphere lightning, describing them as “strange”.

However, lightning generated between clouds and the ionosphere
is an electromagnetic phenomenon that has only recently, nearly 30
years, been systematically studied worldwide. The focus of interest
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lies in very high-frequency radiation (gamma rays), which are very
different from the rays studied so far in the radiofrequency range

The general phenomena known as Terrestrial Luminous Events
(TLEs), which is divided into two major phenomena: TERRESTRIAL
GAMMA RAY FLASHES (TGF) and TRANSIENT LIGHT
EVENTS (TLE) are currently being investigated by several research
groups worldwide, including Colombia with the PAAS-UN group of
the National University of Colombia.

The name Terrestrial Luminous Events (TLEs) is the generic
name for a set of short-duration (milliseconds to seconds), very
energetic phenomena observed in the Earth’s atmosphere, between
the stratosphere and the ionosphere (20-100 km) and associated with
stormy areas with abundant lightning. However, the first records
reported in the literature are from the 1990s.'?

In 2011, a group of scientists presented a new scenario in an
article published in Physical Review Letters> based on space
observations of the gamma radiation flux from thunderstorms (TGF).
The analysis suggests that thunderstorms located in the upper layers
of the atmosphere sometimes generate electron fluxes with energies
exceeding 100 MeV. Figure 2 is the representation of TGFs and TLEs
in space: Blue jets, red sprites, and elves.
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Figure 2 Representation of TGFs and TLEs in space. Blue jets, red sprites,
and elves.

Although the mechanism by which these high amounts of energy
are produced is still unknown, they show that the propagation of
energetic charges through the air acts as a kind of particle accelerator
and therefore represents an energy source of inestimable proportions.
Terrestrial gamma-ray flashes (TGFs) are high-energy particle
emissions detected by Earth-orbiting satellites. NASA’s Reuven
Ramaty High Energy Solar Spectroscopic Imager (RHESSI) mission,
launched on 5 February 2002, demonstrated that a large proportion of
TGFs are closely associated with tropical storm systems.?

They have been given amusing names, such as “red sprites,”
“blue jets,” and “green elves,” which refer to their different shapes
and colors (see Figure 1). They are discharged from the tops of storm
clouds at the same time as lightning discharges within the clouds.
“Red sprites” occur at mid-altitude in the atmosphere and are shaped
like the stem of a carrot plant. Blue jets are pulses of light with flared
ends, like the mouth of a trumpet. “Green elves” are almost invisible,
flattened, jellyfish- or amoeba-like shapes that extend high into the
atmosphere.
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The impact of these events and their ability to generate NOx
compounds is currently an open and active field of research. Future
generations of researchers will ask many questions about cloud-
ionosphere lightning that will advance scientific knowledge and
provide the foundation for technological innovations regarding TLEs
that are currently unknown. With continued, systematic, and rigorous
work, these scientific truths will be revealed.

TLEs are therefore classified into three types:
Red Sprites,

Blue Jets, and

Elves,

The latter is called Luminous Sprites, a reference to Shakespeare’s
play A Midsummer Night’s Dream. These phenomena are much more
common than expected, occurring across the entire Earth’s surface.
They are associated with terrestrial areas with high atmospheric
lightning activity, such as Colombia. They occur between the cloud
layer and the ionosphere. Their morphology and dynamics are much
more complex than expected. Their longitude distribution indicates
that they are more frequent over continents, in tropical areas such as
Colombia.

Ground-based gamma-ray flashes (TGFs) were discovered in 1994
by the Compton Gamma Ray Observatory, the second of NASA’s
Great Observatories, in honor of American physicist Arthur Holly
Compton, Nobel Prize winner for his work in the field of gamma-
ray physics. They are bursts of high-energy photons that originate
in Earth’s atmosphere in association with thunderstorms. It has
been theoretically shown that as TGFs pass through the atmosphere,
the large amounts of energetic electrons knocked out by collisions
between photons and air molecules generate excited species of
neutral and ionized molecules, generating a significant amount of
optical emission. These emissions represent a novel type of Transient
Luminous Event (TLE) in the vicinity of cloud tops. This predicted
phenomenon has been shown to illuminate a region noticeably larger
than the TGF source and to have detectable levels of brightness.
The terrestrial origin of the intense bursts of Gamma GFR radiation
discovered in the atmosphere is one of the mysteries of lightning
physics that remain unsolved.

Since the discovery of gamma-ray emission in Earth’s atmosphere,
observations have linked the appearance of these emissions to the
presence of lightning. The Atmosphere Space Interaction Monitor
(ASIM) research project’s mission aims to clarify this point.

The ASIM project was born to understand the electromagnetic
phenomena TGF and TLE, which requires placing measuring
instruments outside our atmosphere, in outer space, to study
thunderstorms from above. The initial idea for the project dates back
to 2003, promoted by the Technical University of Denmark. The main
part of the project began development in 2010.

The main scientific objective of the ASIM project is to establish the
spatiotemporal correlation between TLE, TGS, and cloud-to-ground
lightning phenomena and to develop a unified model to explain their
extraordinarily different frequency scales (1-100 cloud-to-ground
lightning strikes per second, 1 TLE per hour?, 1 TGF per day?).

The Observatory Kit, located on the International Space Station
since April 2018, will be dedicated to Earth observation in the optical,
UV, X and wide-field Gamma ranges (in Gamma the entire Earth)
with optical equipment equipped with high spatial resolution and
very high temporal resolution (10-5 seconds) to make simultaneous
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and systematic observations of TGFs and LETs from space at about
400 km from Earth. These data are compared daily with data from
the equipment located at the Dabeiba lightning research station in
Barrancabermeja, Colombia.

The methodology proposed to contribute to the development of
the ASIM project designs questions that will be answered through
master’s or doctoral theses, such as, for example, the identification
of ground lightning hotspots in tropical regions such as Colombia,
for application in communication towers, wind turbines, electric
power towers, among others, or studies that contribute to a better
understanding of electrification processes during storms in the tropics
with equipment such as the Lightning Mapping Array - LMA and
information from meteorological radars.

A first result of these investigations has been the height of the
electric charge centers in the tropics, which varies spatially with
latitude. For Colombia, a tropical region, the average electric charge
height was calculated at 9.95 km, with a maximum height of 15.9 km.
This average height is different from that found in the USA (Florida,
semitropical region) between 10 and 12 km, and from that found in
Japan, a temperate latitude: between 2 and 4 km.

A PhD thesis* presents the characterization of electrical structures
and lightning leaders in thunderstorms and their relationship with
terrestrial gamma-ray initiations (TGFs). The research provides
detailed information on electrical charge distributions, their spatial
boundaries, vertical development, lifecycle evolution, and the
identification of charge centers and complex charge distributions.

Based on the results obtained,** it can be concluded that the
interaction of a leader propagating at a height of 15 km with a
potential of approximately 590 MV and under an electrical charge
configuration composed of four layers, generating a negative electric
field of approximately -874 kV/m, could be considered a scenario for
the origin of TGFs.

The characterization derived from this doctoral thesis was of great
interest, first, in the detailed study of electrical structures in tropical
storms; second, in the analysis of lightning leader propagation in the
tropics; third, it provided the spatial conditions and electrical charge
configurations that were recreated through the development of a
leader model; and finally, it contributed to the study of the electrical
conditions favorable for the production of TGFs.

With information from the earth station in Barrancabermeja,
Colombia, and that received from NASA’s International Space
Station, we follow the paths of the luminous elves, Elfos, who could
shed light in the future on many questions and projects that have
emerged from this research that has been going on for more than four
decades in Colombia:

For example,

a) the relationship between the electromagnetic phenomena TGF
and TLE with global warming,

b) the possibility of successfully completing Tesla’s early 20th-
century idea and patent on lightning and wireless electrical power
transmission.?

c) establishing the spatiotemporal correlation between these
phenomena (TGF, TLE, and cloud-to-ground lightning) and
developing a unified model that explains their extraordinarily
different scales in terms of frequency (1-100 cloud-to-ground
lightning strikes per second, 1 TLE per hour?, 1 TGF per day?),
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d) investigating upward leaders originating from elevated structures
on land in tropical regions, and the implications this will have on
wind turbine protection,

e) identification of ground lightning hotspots in tropical regions
such as Colombia, for application in communication towers,
wind turbines, electric power towers, among others (MSc thesis
completed in 2021).

f) measurement of Schumann resonance and ionospheric potential
in the tropics.

g) studies that provide a better understanding of electrification
processes during tropical storms using equipment such as the
LMA and information from meteorological radars (MSc and PhD
thesis completed in 2019).

In the future, more detailed studies of meteorological conditions
during lightning leader propagation will be necessary using the
LMA system and including information from meteorological radars,
particularly in tropical regions. These types of studies would provide
a better understanding of electrification processes during tropical
storms.

These and many more questions and projects will provide scientific
answers in the future and lay the groundwork for technological
innovations that we don’t know about today. However, with
continuous, systematic, and rigorous work, they will arrive, because,
as Sir Francis Bacon famously said, “Truth is the child of time, not of
authority.”
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