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Abstract This chapter is concerned with the remote detection and analysis of thun-
derstorms and lightning flashes by electrostatic, electromagnetic and photographic
means, and the use of these methods for public warning of hazardous conditions.
Section 1 addresses the measurement of electrostatic fields in fair weather and
in response to the stronger fields of electrified shower clouds and thunderstorms.
Section 2 reviews various methods in place worldwide for the detection of the elec-
tromagnetic radiation from lightning. The observation of the evolution of lightning
flashes with video-camera observations is the subject of Sect. 3. The final Sect. 4
addresses the dissemination of the multitude of available observations for purposes
of improving lightning safety.
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1 Measurement of Electrostatic Fields

One of the earliest quantitative devices for registration of the electrical potential
gradient in fair weather conditions was Lord Kelvin’s water dropper [1, 2]. Water
drops are charged by induction in the electric field to be measured, and emitted from
an elevated water container electrically insulated from ground, until the electric
potential of the container matches that of the local potential of the atmosphere. The
potential of the container is then measured with a high-impedance electrometer (also
of Lord Kelvin’s design [2]. The value of this potential with respect to local ground is
the “potential gradient”, and also explains how this terminology entered atmospheric
electricity research in the early days.

Other instruments known as electric field mills are most commonly used [3] to
record the large departures from fair weather potential gradient (~100 V/m) associ-
ated with charge separation in electrified clouds and thunderstorms. Since precipita-
tion is almost invariably present in such circumstances, the use of the water dropper
described above is not practical. A field mill consists of a set of fixed stator plates,
isolated from ground, which are alternatively exposed and shielded by a motor-driven
rotating, grounded conductor. The surface charge density, o, induced on a stator plate
by the applied electric field E (in volt/m) is given simply by in Eq. (1).

o =¢,E Coulombs/m2 @)

It is the current flow to and fro from the stator plates that constitutes the field
mill “signal”, and is directly proportional to the imposed electric field one wishes to
measure. The sensitivity of a field mill can be increased by increasing the area of the
stator plates, and by increasing the frequency with which they are alternately exposed
and shielded. The time resolution of a field mill is set by this latter frequency. All field
mills have capability to resolve the abrupt changes in electrostatic field accompanying
both intracloud and cloud-to-ground lightning flashes, and so can be used to estimate
total lightning flash rates to distances up to 10-20 km from the parent storms.

Field mills can be installed and absolutely calibrated at the Earth’s surface by
flush-mounting the stator plates with a large grounded metal plate mounted directly
on a flat patch of earth’s surface. In the typical calibration exercise, a second large
metal plate can then be placed on insulator stand-offs over the operating field mill.
Well defined voltage differences can then be applied (with ordinary batteries) between
the covering plate and ground to replicate specific values of electric field in units of
volts per meter.

To protect against short-circuiting of the stator plates in heavy rainfall, so-called
inverted field mills can be installed on short grounded conductive masts, with the
field mill rotors and stator plates facing downward. The conductive mast serves to
distort the local electric field from uniformity, and so additional work is needed in
this kind of installation for absolute calibration.
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2 Electromagnetic Detection of Lightning Flashes

2.1 Introduction

Lightning discharges produced by thunderclouds can be broadly separated into two
main categories, ground flashes and cloud flashes [4, 5]. Cloud flashes are roughly 5
to 10 times more numerous than ground flashes, whereas ground flashes gain more
attention as they can cause severe damage to electric power transmission lines, wind
turbines, oil storage tanks, etc.. Ground flashes are manifest as a direct highly ionized
hot plasma with typical peak temperature reaching 30,000 K, a transient intense
current and high voltage injector, and an instantaneous source of electromagnetic
radiation [5, 6]. Detection of ground flashes serves to supply basic lightning data
for nowcasting and forecasting in specialized applications, protection of human and
industrial activity, damage recognition and verification, and for study of climate
change and many other lightning-prone areas [7-9].

Ground flashes, also known as cloud-to-ground (CG) flashes, are generally
grouped into four categories based on the specific pathway and its current directions
within the lightning channel: (1) the downward negative ground flash, (2) upward
negative ground flash, (3) downward positive ground flash, and (4) upward posi-
tive ground flash [10]. Complex transient electric discharge processes usually occur
in ground flashes within hundreds of milliseconds and even a few seconds from
cloud to ground. A CG lightning specifically consists of the preliminary breakdown,
stepped leader, attachment process, first return stroke, K-process, J-process, dart
leader, continuing currents, M-component, and subsequent strokes [10]. These indi-
vidual physical processes are associated with different characteristic electric and
magnetic fields corresponding to significant electromagnetic energy in the radio
frequency range from below 1 Hz to ~300 MHz [11]. Although the frequency of
electromagnetic radiation emitted by lightning can be up to 10?° Hz or more (such as
X-rays), this kind of emission is usually undetectable beyond ~1 km from the source
at ground level [12]. Large range (a few thousand kilometers) detection technology
of ground flashes generally chooses the practically and discernibly observable elec-
tromagnetic signals to infer lightning parameters. The acoustic and optical radiation
from a lightning source are limited to close detections due to their apparent attenua-
tion with distance. In this Section, the lightning processes and electromagnetic signa-
tures will be introduced in detail in Sect. 2.2. Principles of lightning detection are
addressed in Sect. 2.3. Section 2.4 describes the early history of lightning detection
and Sect. 2.5 presents some examples of modern lightning detection systems.

2.2 Lightning Processes and Electromagnetic Signatures

Most (accounting for ~90%) of CG discharges are initiated within the cloud charge
structure and transfer negative charges to ground in an overall downward developing
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direction, namely the downward negative lightning discharge. This kind of downward
negative lightning discharge is taken as an example to briefly depict the lightning
processes and its electromagnetic signature. The basic element in the CG discharge is
termed the component stroke, or simply ‘stroke’. A ground flash commonly contains
several (typically 3—-5) strokes with time intervals of tens of milliseconds [13]. These
strokes terminate at different ground points spatially separated by up to a few kilo-
meters in the 30-50% of all flashes. For video-camera documentation of the strokes
of a flash, see Sect. 3.

Ground flashes are initiated by the preliminary breakdown (PB) process, often
referred simply as ‘initial breakdown’ [14]. Preliminary breakdown occurring within
the cloud usually lasts a few tens of milliseconds and tends to produce impulsive
narrow radiation bursts on a microsecond scale. The PB process sets the stage for
the initiation of a downward-moving stepped leader (SL). This leader is an ionized
discharge channel and intermittently develops downward to ground with an average
speed of ~2 x 10° m/s over a time interval of a few tens of microseconds between
consecutive discrete steps [15]. Each step is associated with a current pulse of 1 kA
or greater and has a time duration of typically 1 ws and each develops over tens of
meters in length. The entire stepped leader process is usually transpiring within a time
scale of tens of milliseconds and with an average leader current of some hundreds
of amperes. New lightning channels are forged in the above breakdown stages and
in the process emit a dominant electromagnetic energy in the Very High Frequency
(VHF) band. During the SL process, a variation in electromagnetic radiation usually
occurs from impulsive radiation bursts associated with step development to contin-
uous radiation bursts accompanied by the leader approaching ground with complex
branched structure [16].

Generally, when a stepped leader is progressing downward to ground, one or
more upward-moving leaders with some tens of meters of length originate from the
ground or from the tips of objects and attempt to contact the associated branches
of the downward leader and generate single or multiple channel connections [17].
Successful connections represent the attachment process. The last connection stage
for the extending plasma channels of downward and upward leaders is known as
the break-through phase or ‘final jump’, indicating that the discharge channel in the
air transforms from a relatively low-conductivity streamer into a high-conductivity
plasma channel. Meanwhile, one downward moving return-stroke wave and another
upward moving return-stroke wave are launched from the junction point and propa-
gate along the lightning channel, thereby initiating the return stroke process. In the
case of a subsequent stroke, a second attachment process may occur with an upward
connecting leader length of ~10 m shorter to cater to the dart leader [13].

The return stroke is the most recognizable process of a ground flash in terms of
both the optical brightness and the electromagnetic signature. The return stroke serves
to neutralize the leader charge with a typical average speed of 1/2 to 1/3 of the light
speed and is accompanied with a transient brightening of the lightning channel [18].
The peak temperature of the lightning channel rises rapidly to ~30,000 K, creating
a high pressure of the order of 10 atmospheres or more and an outward propagating
shock wave during the channel expansion. The peak current of the first return stroke
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is typically some tens or even hundreds of kiloamperes with a risetime (from 10
to 90% of the peak current) of some microseconds and with a decay to half-peak
value within several tens of microseconds. By contrast, the current in the subsequent
return stroke usually shows a lower peak amplitude but shorter risetime in less than
a microsecond and a droptime to its 50% value in a few tens of microseconds. The
electric and magnetic field radiated by return strokes shows a conspicuous initial field
peak in the recorded waveforms beyond ~10 km. The mean initial electric field ranges
typically from 6-8 V m~! for the first return stroke and 3-6 V m~! for subsequent
return strokes, with range-normalizing to 100 km [19]. These return strokes emit
the most powerful electromagnetic radiation in low frequency (LF) and very low
frequency (VLF) ranges. A representative electric field changes radiated from a CG
flash (distance = ~60 km) is shown in Fig. 1 [20].

The maximum in radiated electric field for the lightning return stroke in the VLF
frequency range (see Fig. 2) can be understood by considering the vertical return
stroke channel as resonant antenna with length equal to a half-wavelength. For a
typical vertical length of 7 km (a typical height to the main negative charge of a
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Fig. 1 Representative electric field changes radiated from a CG flash (distance = ~60 km).

a Preliminary breakdown within the cloud. b First return stroke. ¢ A subsequent return stroke
in the preexisting channel [20]

Fig. 2 Illustration of lightning locating techniques and operating frequencies. The spectral

maximum lies in the upper VLF frequency range, in agreement with radiation expected from a
half-wavelength resonant dipole
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thunderstorm), the resonant emission has a dominant wavelength X = 14 km and a
dominant frequency f given by the dispersion relation in Eq. (2).

fr=c @)

where c is the speed of light. Solving for f gives ~20 kHz, in the upper VLF frequency
range.

Between the return stroke and the initiation of the dart leader, the J- (for junc-
tion) and K- processes occur within the cloud preceding a dart leader and transport
additional charge into the existing lightning channel [21]. The J-process is charac-
terized by a relatively steady electric field change lasting tens of milliseconds, which
is generally weaker than the field change induced by a continuing current. The K-
process generally produces transients and rapidly changing electric fields that are
superimposed on the overall electric field associated with the J-process at time inter-
vals of several to tens of milliseconds. The dart leader propagates downward with a
speed of ~ 107 m/s and typically shows a peak current of ~ 1 kA [22]. The occurrence
of the dart-stepped leader or stepped leader as a leader closing with ground depends
on whether the leader progresses following the path of the preceding return stroke
or not. A new termination will form when the dart or dart-stepped leader deflect
from the previous return-stroke path. The radiation from a dart leader is generally
continuous with variable amplitude and occasionally accompanied with some pulses
[16].

The continuing current process often follows subsequent return strokes and main-
tains a current magnitude of tens to hundreds of amperes for up to hundreds of
milliseconds. 30~50% of the negative ground flashes contain continuing currents
with durations in excess of 40 ms, often defined as the long continuing current [23].
The lightning channel during the continuing current process exhibits a relatively
faint luminosity and usually exhibits intermittent luminous surges superimposed on
that faint luminosity. These surges are called M-components, with a peak current of
typically hundreds of amperes and a risetime in the range 300~500 ps. The electric
field changes associated with M-components recorded at a close range (mostly 6 km
or less) exhibit a characteristic hook-like shape with a typical duration less than a few
microseconds [24]. For information on the video-camera detection of lightning M-
components, see Sect. 3. A representative E-field of the K-change, J-change, leader
and return-stroke, and M-component in a flash adapted from Thottappillil et al. [25]
is shown in Fig. 3.

2.3 Principles of Lightning Detection

Lightning information has wide and important applications and is expected to be
monitored in all corners of the world. A large number of ground-based and space-
based lightning detection sensors or systems have been invented to locate lightning
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Fig. 3 Partial electric field change of a flash at a distance of 2.5 km (Florida 2228:43 UT 1979).
K;1—Kj5 are five K-changes. The J-change, leader and return-stroke E-field change are presented.
M1—M3 are E-field changes of three M-components [25]

and measure its parameters. Space-based lightning detection sensors mainly monitor
total lightning (ICs and CGs) by capturing the optical transient from lightning. The
detection sensor is conceptually a high speed event detector onboard an Earth orbiting
satellite, which typically consists of a real-time event processor, a high speed Charge
Coupled Device (CCD) focal plane, a wide field-of-view lens, and a narrow-band
interference filter [26]. It has a wide detection coverage but with a relatively-low
spatial resolution (~1 km or less) and is generally incapable of distinguishing ICs
and CGs, limiting itself primarily to meteorological service. Space-based sensors can
also monitor the electromagnetic emissions (VHF) and detect lightning over large
regions [27-29], such as the lightning-associated VHF signal measured by the Fast
On-Orbit Rapid Recording of Transient Events (FORTE) satellite [30, 31]. There is
no publicly available VHF-based multi-satellite lightning geolocation system.
Ground-based lightning detection sensors monitor electromagnetic radiation in
different frequency ranges with selection based on multiple factors. Due to the
complexity in the wide-ranging amplitudes and waveforms associated with light-
ning, it is difficult to accurately locate an individual lightning flash with a single
ground-based sensor. Lightning detection geographical coverage and spatial resolu-
tion depend on the total number of sensors and the selected frequency. The monitoring
of radiation in the VHF range (30~300 MHz) will allow a lightning detection system
with a resolution of 1~10 m but will require more sensors more closely deployed
because of geometrical attenuation and the absence of over-the-horizon propagation.
If a lightning detection system uses the LF (30~300 kHz) or VLF (3~30 kHz) range,
the natural global waveguide can be exploited and the lightning detection coverage
area can be enlarged efficiently with a more modest numbers of sensors, but with
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substantial sacrifice of spatial resolution on individual lightning flashes. Uncertain-
ties of order 1 km or more for the LF approach and in the 10 km range for VLF
signals can be anticipated.

Three kinds of multi-station locating techniques are commonly used for detecting
the electromagnetic emissions from lightning: (1) magnetic direction finding (MDF),
(2) time of arrival (TOA), and (3) interferometry, which are each detailed in the
following discussion.

The magnetic direction finding (MDF) approach utilizes two horizontal orthog-
onal loops with directions oriented East—West (EW) and North—South (NS) to detect
the magnetic field emitted from a CG flash, a quasi-vertical electromagnetic radi-
ator from cloud to ground discussed earlier. Based on Faraday’s law of induction,
the acquired voltage of a given loop is proportional to the rate of change of the
magnetic flux through a region of space enclosed by the loop. Hence, the tangent
of the angle between north and the CG flash location as viewed from the sensor
is linearly related to the induced voltage ratio of the NS/EW loops. Two types of
crossed-loop magnetic direction finders are commonly used in lightning detection,
the narrow band (tuned) and the gated wideband magnetic direction finders. The
general frequency employed in narrow band magnetic direction finders ranges from
5-10 kHz to capture the peak frequency spectrum for lightning. The attenuation is
relatively low in the Earth-ionosphere waveguide. The narrow band magnetic direc-
tion finder has a long application history beginning in the 1920s but it has inherent
azimuthal errors (also named polarization errors, or site error corrections) on the order
of 10° in close (< ~200 km) lightning detection due to an undesired voltage induced
from the non-vertical lightning channel segments and also due to the inhomogeneous
conductivity of the ground beneath the station. The gated wideband magnetic direc-
tion finder was developed in the 1970s to overcome this shortcoming by adding a
gate on the sampling of magnetic field, focusing the analysis on the initial peak from
the return stroke. This initial peak contains radiation from the lowest hundreds of
meters of the lightning channel, where it tends to be straight and vertical. The gated
wideband magnetic direction finder usually operates in the frequency range of a few
kHz to 500 kHz and excludes the ionospheric reflections. Magnetic direction finders
are susceptible to the unwanted magnetic field from the surroundings. Therefore, it
is recommended to select a flat and uniform area, as well as one without conducting
structures or buried objects, so as to reduce the site errors.

The time of arrival (TOA) technique locates lightning on the basis of the arrival
times of electromagnetic signals at the detection sensors. These sensors usually
operate in different frequency ranges of VHF (30~300 MHz), LF (30~300 kHz),
and VLF (3~30 kHz), and can be generally divided into three types, (1) very short
baseline (tens to hundreds of meters), and (2) short baseline (tens of kilometers)
operated at VHEF, and (3) long baseline (hundreds to thousands of kilometers) oper-
ated at LF and VLF. A very short baseline TOA system consists of two or more TOA
receivers and locates lightning from the intersection of hyperboloids deduced from
the arrival time differences of every individual VHF pulse. It is capable of resolving
air breakdown processes with a time accuracy of tens of nanoseconds. A short base-
line TOA system typically uses 5—15 stations as a network to map lightning channels
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in three-dimension. This system can depict the temporal and spatial development of
lightning charges, which has become a major tool for lightning research and opera-
tional applications. A long baseline TOA system operates at LF/VLF and generally
needs four or more stations to assure a unique lightning location as the hyperbolae
from two arrival time differences intersect at two points on the Earth’s surface for a
remote lightning. The detection system is most sensitive to the return stroke and has
a wide coverage of lightning detection of hundreds to thousands of kilometers.

The interferometry technique detects the phase difference between narrow band
signals associated with the noise-like bursts produced from lightning by using two or
more closely spaced (usually several meters distance) sensors. There is no require-
ment to identify an individual pulse in this approach. A lightning interferometer
is usually composed by two or more identical antennas separated by a few meters
and connected by the same narrow-band filter and receiver. The phase difference
between two quasi-sinusoidal signals out of the two receivers is then converted into
a voltage by a phase detector. Three or more antennas are necessary to form two or
more orthogonal baselines in order to obtain the azimuth and elevation of a radia-
tion source. Interferometric systems usually operate in very narrow frequency bands
within the VHF band (30~300 MHz)/UHF (ultra-high frequency, 300 MHz-3 GHz)
and consist of two or more synchronized interferometers separated by some tens of
kilometers or more to locate lightning in three dimensions. These systems have high
sensitivity to the signal but also with relatively low signal-to-noise ratio due to the
high working frequency and antenna spacing limitation. In the installation of the
antenna array, the surrounding obstacles and other noise sources should be cleared
to eliminate perturbations and coupling between antennas.

2.4 Early History of Lightning Detection

Lightning has been studied for hundreds of years. In June 1752, Benjamin Franklin
performed the famous Kite experiment in Philadelphia and identified lightning as
an electrical discharge [32]. In 1895, Popoff used a coherer (a primitive form of
radio signal detector) and made the first measurement with purpose to investigate
the electromagnetic fields emitted by lightning [33]. The duration of lightning was
estimated by De Blois with using an ordinary wireless aerial of feeble damping
together with an oscillograph (of natural periodicity 5000-6000) and a rotating mirror
[34]. With the advent of the cathode-ray oscilloscope, Watson-Watt and Appleton
succeeded in recording the radiation field waveforms visually during 1922—1923 and
firstly analyzed the atmospheric radio signals quantitatively [35]. In the development
of radio communication, the electromagnetic radiations produced by lightning were
generally measured by the narrow-band radio receivers or antennas in the LF and
VLF ranges with a motivation to solve the interference problem in long-range radio
communication from lightning flashes (the ‘sferics’) [36].

During World War I, the narrow band VLF lightning detection system was utilized
and consisted mainly of two or more magnetic direction finders with a lightning
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location accuracy of tens of kilometers. The gated wideband magnetic direction
finder was developed in the 1970s to overcome this shortcoming of polarization
errors in the narrow band magnetic direction finder. The time-of-arrival technique
was developed in the 1930s, driven by the demands for marine navigation, and was
introduced into lightning location methods in the late 1950s. Oetzel and Pierce first
suggested the very short baseline TOA technique to be employed for line-of-sight
location of lightning VHF sources in 1969. Three years later, [37] used one pair of
antennas with operating frequency in the range 25-35 MHz and successfully verified
the TOA direction finding technique. Two short-baseline VHF TOA systems have
seen extensive use since the early 1970s, the 253 and 355 MHz systems developed
in South Africa and the Lightning Detection and Ranging (LDAR) system (central
frequency between 56 and 75 MHz) developed at the NASA Kennedy Space Center
[38]. The first long-baseline TOA system, implemented by a pair of receiving stations
separated by over 100 km in Massachusetts and operated at VLF and LF (bandwidth
of 4-45 kHz), enabled Lewis et al. (1960) to compare time arrival differences for
the two stations. Warwick et al. (1979) first designed an interferometer to detect
lightning. An improved version of the interferometric system was later developed by
the research group at the New Mexico Institute of Mining and Technology [39, 40].

More detailed description on the early history of lightning detection can be found
in Uman and Rakov [13] and Cummins and Murphy [36]. The following subsec-
tion 2.5 will introduce some modern lightning detection systems together with their
respective detection technique and operating frequency.

2.5 Examples of Modern Lightning Detection Systems

Substantial demand from the long-standing scientific interest and practical applica-
tion has motivated the advancement of lightning detection systems. The lightning
locating techniques and operating frequencies are illustrated in Fig. 2. The Lightning
Mapping Array (LMA) developed by New Mexico Institute of Mining and Tech-
nology will be first introduced as it can give the most complete record of the spatial
and temporal development of lightning channels. The typical LMA is also equally
sensitive to both intracloud and cloud-to-ground lightning detection, and so stands
apart from many of the other detection systems that will be described afterward. The
globally-oriented Earth Networks Total Lightning Network is also designed for intra-
cloud lightning detection. Many countries have developed their own lightning detec-
tion systems, such as the U.S. National Lightning Detection Network (NLDN), the
Canadian Lightning Detection Network (CLDN), the Brazilian Lightning Detection
Network (BrasilDAT), the LIghtning detection NETwork (LINET) and the European
lightning location system EUCLID, the Italian LAMPINET (LAMPI for ‘flash’ in
Italian, NET for network), the Spanish Lightning Detection Network (SLDN) and the
Catalan Lightning Detection Network (XDDE), the lightning detection networks in
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China, and the South African Lightning Detection Network (SALDN). Three addi-
tional lightning detection systems are aimed at the measurement of the global light-
ning, the World Wide Lightning Location Network (WWLLN), the Global Lightning
Dataset (GLD360), and the Earth Networks Total Lightning Network (ENTLN). All
these modern lightning detection systems will be briefly reviewed. In addition, single
lightning flashes of mesoscale extent (>100 km) can singlehandedly excite the global
Schumann resonance intensities 10—100 times the level of the “background” light-
ning activity, which can be located globally from a single receiving station equipped
with sensors for vertical electric field and horizontal magnetic field. The geo-location
method and characterization of these ELF transients is also introduced in brief.

(1) Lightning Mapping Array (LMA)

The deployable Lightning Mapping Array (LMA) was developed on the basis of the
Lightning Detection and Ranging (LDAR) system used at the NASA Kennedy Space
Center [38, 41]. The system uses six or more stations with time synchronized by GPS
technology to independently measure the arrival time of impulsive VHF radiation
(from both IC and CG flashes) and locate lightning by the VHF TOA technique [42].
Measurement stations are usually deployed over an area typically 60 km in diameter
with each station separated by 15-20 km and connected via wireless communication
links to a central site for processing. Each station monitors the peak intensity of
VHF radiation in a 6 MHz bandwidth centered at 63 MHz (an unused television
channel (channel 3)). VHF radiation (time and magnitude) is recorded in every 80—
100 ws time interval. The peak signal times are measured with a high-time resolution
(~50 ns) by a digitizer accurately phase locked to the 1 pulse-per-second output of a
GPS receiver [43, 44].

The LMA has provided unprecedented details on the temporal and spatial evolu-
tion of lightning discharges by locating thousands of VHF sources per flash in three-
dimensional space. Thomas et al. [44] has experimentally and theoretically inves-
tigated the location accuracy of the New Mexico Tech Lightning Mapping Array
(LMA) by using balloon sounding measurements, airplane tracks, and observations
of distant storms. They found that sources over the network are located with an
uncertainty of 6-12 m rms in the horizontal and 20-30 m rms in the vertical. The
resultant 3D location errors are less than 100 m for most VHF sources and the loca-
tion uncertainties for sources outside the network increase with distance [44]. The
LMA system is a powerful tool to study lightning and has now been installed in other
countries, such as the Brazil, Canada, China, France, Japan, United States, Spain,
and others.

(2) U.S. National Lightning Detection Network (NLDN)

The U.S. NLDN has been monitoring lightning in real-time since the early 1980s
and has provided continental scale (U.S.) information since 1989 [45, 46]. Its origins
lie in the gated wideband Magnetic Direction Finding (MDF, commercialized by
Lightning Location and Protection, LLP in the late 1970s) and currently employs
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the combined TOA and MDF location methods with operating frequency range of
400 Hz—400 kHz. This system is known as the Improved Accuracy through Combined
Technology (IMPACT) [36]. The U.S. NLDN now consists of more than 100 stations
typically separated by less than 350 km and fully covers the contiguous United States.
Both IC and CG lightning discharges can be separately identified and the peak return
stroke currents are estimated from the measured fields. The detection efficiencies
and location accuracy of the CG stroke and flash have been investigated by using
GPS-synchronized video cameras in conjunction with broadband electric field and
optical (light pulse) recordings in Southern Arizona, Oklahoma, and Texas [47], in
the Central Great Plains [48], and by the ground-truth rocket-triggered lightning at
the International Center for Lightning Research and Testing (ICLRT) in Florida [49,
50]. The stroke detection efficiency is estimated to be 76% (N = 3620) in Arizona,
85% (N = 885) in Texas/Oklahoma, 84% (N = 547) in the Central Great Plains,
and 76% (N = 139) at ICLRT. And the corresponding flash detection efficiencies are
93% (N = 1097),92% (N = 367), 91% (N = 342), and 92% (N = 37), respectively.
More information about the NLDN, such as the evolution of the NLDN, its enabling
methodology, and applications of NLDN data, can be found in Rakov and Uman ([13],
Ch. 17), Orville [45], Orville and Huffines [46], Orville et al. [51, 52], Cummins and
Murphy [36], Holle [53], and references therein.

(3) Canadian Lightning Detection Network (CLDN)

The Canadian Lightning Detection Network (CLDN), designed in 1997 and managed
by Environment Canada since 1998, consists of more than 80 sensors (mainly Vaisala
sensors including IMPACT- ES, LPATS-1V, LS7000, LS7001, and LS7002) and
detects lightning over most of Canada to approximately 65° N in the far west, 55°
N in the far east, and offshore to about 300 km [54, 55]. CLDN sensors utilize both
VLF and the LF band to detect cloud-to-ground lightning and a small percentage
of cloud-to-cloud lightning. CLDN determines the occurrence time, intensity, and
polarity of lightning from electromagnetic (EM) pulses that lightning produces. The
EM pulse information measured from each sensor is sent to the network control center
in Tucson, Arizona, together with the sensor information to determine the location
and other parameters of lightning [56]. The lightning information is transmitted to
various clients and Environment Canada’s Storm Prediction Centers. The cloud-to-
ground flash detection efficiency of the CLDN is better than 90% and less than 500 m
in location accuracy for a peak current threshold of 5 kA over its region of coverage
[55, 56]. The CLDN and NLDN comprise the North American Lightning Detection
Network (NALDN). More detailed information about the CLDN and its evaluation
can be found in Burrows et al. [55], Dockendorff and Spring [56], Abreu et al. [54],
Shostak et al. [57], Kazazi et al. [58], and references therein.

(4) Brazilian Lightning Detection Network (BrasilDAT)

The first systematic observations of CG lightning in Brazil were enacted in the 1960s
based on the number of thunderstorm days at different sites [59]. The first lightning
location system in southeast Brazil was a small regional network installed in 1988 and
consisted of four Lightning Positioning and Tracking System (LPATS) sensors using
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the TOA technology [60, 61]. It was later upgraded to include IMPACT sensors in
1996 and named the Brazilian Integrated Lightning Detection Network (RINDAT).
In 1999, another lightning location system was installed in northern Brazil to provide
ground truth data for the Lightning Imaging Sensor (LIS) in space [59]. BrasilDAT
is the integrated result of two main lightning location systems and other regional
networks. It has 47 stations at present including LPATS and IMPACT sensors [59].
The CG stroke detection efficiency is investigated by rocket-triggered lightning in
the Southeast region of Brazil and with high-speed video camera observations. The
detection efficiency is estimated to be about 55% for strokes and 87% for flashes [59,
62]. Additional information about BrasilDAT can be found in Pinto [61, 63] Pinto
et al. [64—-66] and references therein.

(5) Lightning Detection NETwork (LINET)

The LINET was developed at the University of Munich beginning in 1994 and oper-
ates in the VLF/LF range [67, 68]. It has steadily expanded and now consists of
more than 130 sensors (as of March 2014) across 17 countries, covering an area
extending from 10°W to 35°E in longitude to 30°N to 65°N in latitude [69]. The
LINET receiving station is a simple 4-part modular construction designed for easy-
to- handle and economical-to-manufacture or update. Two crossed loops (without
any active electronics) make up Module 1 to provide passive sensors for measuring
magnetic field components in the frequency range of 1 to 200 kHz. Module 2 supplies
the timing signal by using a GPS clock with an accuracy of <100 ns. Module 3 is a
single plug-in device consisting of the signal amplifier, filter, and A-to-D-converter.
Module 4 is a separately positioned processing unit. The incoming signal is sampled
at a rate of 1 MHz and recorded with 14-bit resolution in a continuous mode. The
pre-trigger time is 100 ps and standard time window length is 512 s to enable
inspection for occurrence of one pulse. A fast Fourier analysis and time coincidence
considerations among sensors are performed to discriminate signals and eliminate
noise. IC-CG classification is achieved by a specially adopted 3D-algorithm based
on height (instead of the waveform differences) in the central processing unit, but
the waveforms and other data are stored locally [70]. Each sensor collects data and
transmits packets of condensed information to the central station at Munich. Real-
time lightning location can be performed. The statistical average lightning location
accuracy is ~150 m verified by strikes to towers. More details about LINET can be
found in Betz et al. [6, 67, 68].

(6) European Lightning Location System (EUCLID)

The European lightning location system EUCLID was initiated by several countries
(Austria, France, Germany, Italy, Norway, and Slovenia) in 2001 and then expanded
to the European-wide region (Schulz et al. 2016a). The EUCLID network is now a
consortium of 19 national lightning detection networks and in 2014 has 149 sensors
manufactured by Vaisala Inc., 7 LPATS, 10 IMPACT, 31 IM- PACT ES/ESP and 101
LS700x sensors, and operated in the same frequency range with individually cali-
brated sensor gains and sensitivities. The data are processed locally by each national
lightning location system (LLS) [71, 72]. Additionally, the total data from all 149
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sensors are handled by a central processor in Austria at ALDIS (Austrian Lightning
Detection and Information System) in real-time. A full backup EUCLID processing
center is set in Germany with independent and direct data connections to all sensors.
Based on the ground truth data from direct lightning current measurements at the
Gaisberg Tower (GBT), the detection efficiency is 96% (93 % for validation by Séntis
Tower, [73] and 70% for negative flashes and strokes. The median location accuracy
is 89 m for the 100 strokes recorded at the GBT. The detection efficiency is 98%
for negative flashes and 84% for strokes based on video and E-field recordings [74].
More details about EUCLID can be found in Pohjola and Mikeld [75], Schulz et al.
[72], Azadifar et al. [71], and Poleman et al. [76].

(7) Lightning Detection Network in Italy (LAMPINET)

The Italian Air Force Meteorological Service built the Italian lightning detection
network-LAMPINET and started operation during 2004 [79] for the comprehen-
sive detection of atmospheric discharges. LAMPINET consists of 15 IMPACT ESP?
sensors quasi-uniformly distributed over Italy and utilizes both MDF and TOA tech-
niques [77]. The sensors monitor lightning electromagnetic field signatures and
waveforms with a frequency bandwidth 1-350 kHz by means of a parallel plate
capacitor for the electric field and crossed loops for the magnetic field. A GPS
clock, signal analyzer, and electronics for telecommunications link each sensor to
the central processing server located in the national weather center of the Italian Air
Force Meteorological Service (Centro Nazionale di Meteorologia e Climatologia,
C.N.M.C.A)). CG and IC classification are based on waveform criteria. C.N.M.C.A.
periodically conducts data comparisons with other systems that share the same oper-
ational area with LAMPINET [78]. The LAMPINET has a detection efficiency of
90% for normalized currents higher than 50 kA and a location accuracy of 500 m in
the central areas of Italy (claimed by the sensor manufacturer [78]. Larger errors are
evident in the border areas of Italy and beyond the network. More detailed information
about LAMPINET can be found in Biron [77], Biron et al. [78, 79].

(8) Spanish Lightning Detection Network (SLDN) and Catalan Lightning Detec-
tion Network (XDDE)

The first lightning measurement in Spain appeared in about 1904 and a keraunograph
was installed at the Observatori de I’Ebre [80]. In 1992, the modern Spanish Light-
ning Detection Network (SLDN) was built, consisting of 14 sensors and making
use of joint MDF and TOA techniques in the LF radio frequency range (similar to
NLDN sensors) [81]. Now the SLND has more than 30 sensors with several expan-
sions and covers the Iberian Peninsula, Canary Islands, and Balearic Islands [82].
The Catalan Lightning Detection Network (XDDE) was set up to detect both IC and
CG discharges with 2-D location of VHF sources and initially consisted of three
VHF interferometers (108—-116 MHz) and covered the area of Catalonia in North-
east Spain. The experimental evaluation of the XDDE was carried out with two
field measurement campaigns by means of electrostatic and electromagnetic field
measurements, and digital video recordings. Its CG flash detection efficiency was
found to lie between 86 and 92%. The XDDE can supply valuable data to evaluate
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the detection efficiency, stroke discrimination and location accuracy of the SLDN
[83]. More detailed information about the SLDN and XDDE can be found in Pineda
etal. [81, 84].

(9) Lighting Detection Network in China (BLNet and GHMLLS)

There are several 3D positioning systems for lightning radiation pulses (based on the
TOA or interferometry techniques) and long baseline lightning location networks
operating in China. The first 3D VHF lightning radiation source mapping tech-
nique installed in China operates at 270 MHz with a 3-dB bandwidth of 6 MHz and
processes peak events in a consecutive time window of 50 ps [85, 86]. A broad-
band electric field location system is synchronously running with an operational
bandwidth from 1.5 kHz to 10 MHz. This system has a horizontal error of 12—
48 m and a vertical uncertainty of 20-78 m for radiation sources validated by a
balloon-borne VHF transmitter [87]. A multiband 3D lightning location network
installed in Beijing, the Beijing Lighting Network (BLNet), is deployed with one
data center and sixteen substations utilizing the fast antenna, slow antenna, magnetic
antenna, and VHF antenna to cover a wide bandwidth from VLF to VHF [88]. The
average detection efficiency of the BLNet is 93.2% for total flashes. The location
error in the horizontal direction is 52-250 m based on lightning flashes to tall towers
[89]. Another lightning location network in Chongqing Province is composed of
14 lightning sensors to detect VLF/LF and VHF sources radiated by lightning, and
was introduced in Liu et al. [90]. The performance of lightning location systems
in Guangdong Province can be found in Chen et al. [91]. The information of the
Guangdong-Hong Kong-Macao Lightning Location System (GHMLLYS) is detailed
in Zhang et al. [92]. Additionally, two lightning observatories of the Guangdong
Comprehensive Observing Experiment on Lightning Discharge (GCOELD) and the
Tall-Object Lightning Observatory in Guangzhou (TOLOG) contribute comprehen-
sive observational data to understand lightning physical processes [92-94]. More
detailed information about the lightning location system and lightning observatory
in China can be found in Qie et al. [95], Shi et al. [96] and Zhang et al. [92].

(10)  South African Lightning Detection Network (SALDN)

The South African Lightning Detection Network (SALDN) consists of 24 Vaisala
LS7000 sensors [97]. The network was originally installed in 2005 and consisted
of 19 sensors. In late 2009-early 2010, three more sensors were added. A second
upgrade was performed in mid-year 2011 in which two more sensors were added to
the network and three of them relocated for better coverage [98]. A new flash density
map was created utilizing data from the SALDN from 2006-2011 [97]. Here, ground-
flash densities of 15-20 flashes/km?/year were found, indicating that the previous
map was underestimating the lightning incidence in the country. The network has
been evaluated against photographs of tall tower lightning events and high-speed
video lightning observations. These studies show that the detection efficiency of the
network has greatly improved with the addition of sensors and detects 92% of the
observed downward flashes in Johannesburg, South Africa with a median location
accuracy of less than 100 m [99-101].
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(11)  World Wide Lightning Location Network (WWLLN)

R. Dowden and is now operated by the University of Washington. This network now
consists of more than 70 sensors around the globe (maintained by different partic-
ipating institutions). This system utilizes a time-of-group-arrival (TOGA) method
based on the fact that lightning VLF signals propagating in the Earth-ionosphere
waveguide experience dispersion, in that the higher-frequency components arrive
earlier than the lower-frequency components. The sensors operate in the VLF range
(3-30 kHz) and measure the waveforms from sferics to calculate the TOGA [102].
Each lightning stroke location requires the TOGA from at least five WWLLN sensors.
The timing accuracy is 100 ns, maintained by GPS receivers, and the uncertainty in
the stroke timing is less than or equal to 30 us. Lightning location are characterized
by an accuracy of about 5 km [103, 104]. WWLLN can detect the majority of all
lightning-producing storms, even in regions with inter-station distances larger than
2000 km [105, 106]. The NLDN data have been used as the ground truth to investi-
gate the CG flash detection efficiency of the WWLLN. The DE has increased from
~3.88% in 2006-2007 to 10.3% in 2008-2009, as the number of sensors increased
from 28 in 2006 to 38 in 2009 [103]. For events with NLDN-reported peak currents
>130 kA, the detection efficiency is 35% [107, 108]. Recent research indicates a
detection efficiency for strokes with peak current greater than 30 kA is approxi-
mately 30% globally. More detailed information about the WWLLN can be found
in http://wwlln.net and in Lay et al. [109].

(12)  Global Lightning Dataset (GLD360)

The Global Lightning Dataset (GLD360) utilizes both TOA and MDF methods in
conjunction with a lightning waveform recognition algorithm [110]. The sensors are
strategically placed around the world but the exact total number of sensors is propri-
etary information and is unspecified. Each sensor stores a local empirical wave-
form bank (derived by using a VLF receiver and known lightning location data
from NLDN), which catalogs the expected sferic waveform shape, each indexed
by distance and ionospheric profile. The most reliable repetitive features (either the
rising portion of the ground wave or the zero-crossing of the first or second iono-
spheric reflection) are used to establish the precise arrival time of the sferic at the
receiver. Measured information is sent back to a central processor. All arrival time
data are aggregated to make a determination of the event’s time and location using
an optimization routine that minimizes the root mean squared error from all time and
azimuth measurements. The polarity of each stroke is inferred via the cross correla-
tion with the waveform bank. The stroke peak current is deduced from the measured
magnetic field, which is first corrected by the source-receiver distance using a prop-
agation model [110]. A lightning event must be simultaneously detected by at least
three sensors to be geolocated, though most are detected by more than three. Thun-
derstorm detection efficiency for the GLD360 is better than 99%, and event timing
precision is 1 microsecond RMS. The median location accuracy is 1.5-2.5 km. The
present flash detection efficiency is greater than 80% in most areas of the Northern
Hemisphere and between 10 and 80% in the Southern Hemisphere, with the lower
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efficiencies at latitudes south of 42 S. More detailed information about GLD360 can
be found in Said et al. [110, 111].

(13)  Earth Networks Total Lightning Network (ENTLN)

The Earth Networks Total Lightning Network (ENTLN) is a unique total lightning
detection system specifically targeting the signals emitted from both IC and CG
flashes based on over 1700 wideband sensors with frequency reception ranging from
1 Hz to ~12 MHz and now deployed in more than 100 countries worldwide [112]. This
system utilizes the TOA technique and extends the frequency range of the sensors
into the MF and HF frequency domains, aiming to detect weaker pulses at longer
distances than other VLF/LF systems with similar baselines. The sensors record
whole waveforms for each flash. The central server employs sophisticated digital
signal processing technologies to extract the location, polarity, amplitude, and other
stroke parameters from the rich signal measurement. The precise arrival times are
calculated by correlating the waveforms from all sensors that detect the strokes of a
flash. The type of discharge and polarity are determined by the polarity in the initial
half cycle for bipolar pulses and by the waveform in the measured electric field pulse
[113]. Strokes (or individual K-change cloud events) are clustered into a flash if they
are within 700 ms in time and within 10 km in space of the first detected stroke (or
cloud event). The ENTLN processors show a detection efficiency (DE) higher than
99% and 96% for flash and stroke detection, respectively, evaluated using ground
truth from natural and rocket-triggered lightning experiments in Florida [114]. More
detailed information about the ENTLN can be found in Heckman [115], Liu and
Heckman [112], Stock et al. [116], Marchand et al. [117].

(14)  Geo-Location and Characterization of Q-burst Transients at ELF Frequencies

At ELF frequencies, the attenuation of the electromagnetic wave propagation in the
Earth-ionosphere cavity is sufficiently small (~0.2 dB/Mm) that global resonances
are possible, and are now identified as “Schumann resonances”, after their predictor
W.O. Schumann [118]. Single lightning flashes of mesoscale extent (>100 km), and
often in the form of positive ground flashes, can singlehandedly excite the global
Schumann resonance intensities 10—100 times the level of the “background” lightning
activity, for periods of one hundred milliseconds or more. Ogawa et al. [119] named
these ELF events Q-bursts, because they are relatively Quiet at higher frequencies.
These extraordinary flashes can be located globally from a single receiving station
equipped with sensors for vertical electric field and horizontal magnetic field.
Theoretical frequency domain representations of the electric E and magnetic
H fields throughout a uniform Earth-ionosphere cavity, and produced by a single
lightning flash with vertical current moment IdS (coul-km/sec) are given by Eq. (3)

Ids v(v + 1) p%(—cos )
4R?’swh  sin(wv)

—Ids p!(—cos )

4Rh  sin(mwv)

E(w, ) =

H(w, §) =

3)
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where w is the angular frequency, R is the radius of the Earth, h is the height of
the waveguide, ¢ is the permittivity of free space, p is the Legendre function, v is
the complex eigenvalue defining the ionosphere, and 6 is the source-receiver angular
separation.

So long as the measurements are confined to the lower ELF frequency band from
3 Hz to the waveguide cutoff (1600 Hz at nighttime), only a single TEM waveguide
mode is present.

One can eliminate the (unknown) current moment source term IdS by dividing
the expression for the E field by the like expression for the H field, to form the wave
impedance Z [120], as shown in Eq. (4)

(v + 1) PY(— cos 6)
ReowP},(— cos 0)

Z(w,0) = E(w, 8)/H(w, 8) = “)

The wave impedance then becomes a meaningful indicator of the source-receiver
distance 6, the only other unknown quantity in Eq. (3). Once 6 is known, one can
recover the current moment IdS from either of Eq. (3). The direction to the source from
the receiving station is determined by comparison of two perpendicular calibrated
magnetic field antennas, aligned with geographical EW and NS axes. A Poynting
vector measurement (S = E x H) can be used to resolve the directional ambiguity
along the great circle path inferred from the magnetic direction finding. Given the
distance estimate and this great circle bearing, the geographical location of the Q-
burst source is uniquely obtained. In this fashion, global lightning maps can be
constructed from single station observations [121, 122]. No great locational accuracy
can be claimed for this procedure since the relevant EM wavelengths are comparable
to the size of the Earth, and the day-night asymmetry of the waveguide (ignored in
this application) causes degradation of the linear polarization of the magnetic field
that is used for direction finding. Uncertainties in location are of the order of a few
hundred km.

The majority of lightning flashes worldwide, and especially the delicate intracloud
flashes, do not stand out strongly against the background Schumann resonances, and
so cannot be located by the method described above. However, geophysical inver-
sion methods working on the background Schumann resonance spectra recorded at
multiple locations [123], [124] can be used to assign an integrated lightning “activ-
ity” (in units of coul? km?/sec) for regional “chimney” zones like South America,
Africa and the Maritime Continent. This lightning source is expected to have contri-
butions from all lightning flashes, because they all are expected to show some
vertical component of charge transfer, given that charge separation in thunderstorms
is gravity-driven.
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3 Lightning Photography
3.1 Introduction

While detection of lightning events through the propagation of radiated electromag-
netic fields is of great value, photographic and video observations also provides us
with valuable knowledge about physical lightning processes. In fact, with the advent
of modern high-speed video technology, such video studies have become integral
to analyzing the structural characteristics and development in time of the lightning
process, with thousands of frames per second (fps) allowing for the lightning process
to be viewed in microseconds. Such observations allow us to clearly view cloud-
to-ground lightning events, whether they initiate in the cloud or begin as upward
propagating leaders and it is even possible to infer the polarity from such videos.
Additionally, when coupled with GPS timestamps, high-speed video studies provide
invaluable ground-truth data for comparison with lightning detection and location
systems, allowing for detection efficiency and location accuracy to be evaluated.

Using photography to characterize lightning has in fact been attempted since
1926 [125]. Sir Basil Schonland captured images of a lightning leader progression
using a two lens streak camera known as a Boys camera (Scholand 1934, [126]).
Since then, other studies involving photographing or filming lightning have been
conducted involving some initial high-speed technology as well as lower frame rate
video recordings [127-130]. Some of the first modern high-speed studies were done
by Moreau et al. [131] observing lightning at 200 frames per second. Since then,
Ballarotti, Saba and Warner have pioneered high-speed studies of lightning, charac-
terizing both downward and upward lightning flashes, as well as both positive and
negative polarities [132—140]. This has led to high-speed studies being conducted
around the world [141-145].

3.2 Downward Flashes

Downward flashes are lightning flashes where the leader originates in the cloud and
propagates towards the ground. Propagation characteristics are based on the polarity
of the flash. Figure 4 shows a frame sequence of a negative downward flash. Negative
flashes will appear as branched (or forked) leaders, that continuously branches until
one of these branches connects to the ground (Fig. 4a—c). Negative leaders are brighter
on the tips than the channel formed during their propagation. The propagation of
positive flashes as captured by the cameras will depend on the frame rate used to
record. Positive flashes recorded at lower frame rates appear as continuous leaders
with no branching; at higher frame rates, repetitive pulses ahead of the leader tip can
be seen. Some of these pulses connect and extend the leader propagation towards
the ground, and are referred to as recoil leaders. The propagation leader for both
positive and negative flashes increases as the leader approaches the ground. From



56 A. Guhaet al.

12:14:24.750 671 12:14:24.751 004

:24.751 204 2. 538 12:14:24.754 403

12:14:24.776 464

24,777 597 12:14:24.778 263

12:14:24.778 396

Fig.4 Photo sequence of adownward flash. Images (a)—(d) show the downward leader approaching
the ground; Image (e) shows the return stroke; Image (f) shows the continuing current after the first
stroke; Image (g) shows a period of no current prior to the downward leader (h)—(i) that uses the
same path to reach the ground and is called the subsequent return stroke (j); Image (k) shows the
presence of continuing current in the subsequent return stroke and images (I) and (m) show the
current variation and (n) the sudden intense current variation known as the M-component



Lightning Detection and Warning 57

2D analysis of videos, negative flashes appear to have an average leader speed of
3.30 x 10° m s™! and positive flashes have an average leader speed of 2.76 x 10°
ms!.

When the leader arrives close to the ground, upward connecting leaders may
appear from the potential contact points (Fig. 4d). Only one of these upward
connecting leaders will in fact connect and the others will collapse back to ground.
These upward connecting leaders are seen to have an average 2D propagation speed
from 0.27 x 103 to 2.9 x 10° m/s before connecting to the downward leader. This
connection is known as the return stroke, when thousands of Coulombs are trans-
ferred to the ground in a few microseconds. From the camera view, a few very bright
frames appear and a fully formed channel is shown in the posterior frames (Fig. 4e
and f).

Kitagawa et al. [23], determined that some flashes were able to keep connected to
the ground for a longer period than the return stroke. This is seen as a permanence
of luminosity in the channel for longer periods and is called continuing current. The
continuous luminosity in the photography was correlated with the current through
the channel. When there is luminosity, there is charge being transferred between
the cloud and the ground. The duration of continuing current can be separated into
long (longer than 40 ms), short (between 10 and 40 ms) and very short (between
3 to 10 ms) [23, 60, 146]. The continuing current can be as long as hundreds of
milliseconds.

For negative flashes registered in Brazil, 55% of the return strokes were followed
by some continuing current [133]. For positive flashes, 97% of the strokes were
followed by continuing current (long, short or very short continuing current). To be
more specific, 68% of these cases had continuing currents longer than 40 ms [137].
On this continuing current, current pulses may be superimposed and are called M-
components (Fig. 4m-o). These superimposed pulses may be detected by lightning
location systems.

In addition to the first connection, followed by a continuous current or not, a flash
may present a time with no-current followed by a second downward leader using
the channel (fully or partially, or even creating a new path) to transfer more charge
(called as subsequent return stroke—Fig. 4h—j). Negative flashes commonly have
multiple return strokes—on average 3—4 times, and a maximum of 26 subsequent
return strokes has been recorded. The majority of positive flashes (84%) only have
one and only the return stroke.

The total duration of a flash is considered from the beginning of the first return
stroke until the end of the last return stroke (followed by continuous current or not).
For negative flashes the median total duration was 163 ms [133]. For positive flashes,
the median duration was 125 ms [137]. Negative flashes have longer total duration
due to the multiple return strokes, while positive strokes mostly have only one return
stroke with long continuous current (Fig. 5).

As the luminosity in the channel is associated with the current flowing between
cloud and ground, the luminosity schematics for downward flashes (Fig. 5) represent
the different lightning processes and how the channel current varies.
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Fig.5 Luminosity schematics for downward flashes

3.3 Upward Flashes

Upward flashes are flashes that initiate from tall structures and propagate toward the
cloud. These flashes may be self-initiated or triggered by nearby lightning activity
[145]. The specific component of nearby activities have been determined by recent
studies. An intracloud flash, return stroke from a downward flash nearby or a trig-
gering leader over the tower (T-leader) may trigger an upward leader from the tower
if it causes enough electric field vriation [136, 147]. Figure 6 shows the conditions
on the electric field variation to the occurrence of an upward leader from tower tip:
self-initiated or triggered by a nearby activity.

When the electric field was reached, an upward leader will initiate from the tower
tip towards the cloud base if the electric field variation is enough to pass the critical
value of the electric field (E.). This critical electric field value will be a function of the
meteorological conditions (wind, temperature, etc.) and tall structure characteristics
(effective height, material, etc.).

. E E
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. E¢| ‘L‘* ::—. }ara
L

Time Time Time

Fig. 6 a Upward leader self-initiated: conditions of the initial electric field during thunderstorm
are close enough to the electric field critical (Ec) that a slow variation will cause an upward leader
from the tall structure. (bl and b2) Upward leader triggered by nearby activity: initial electric field
is not enough to cause an upward leader from the tower tip, but due to a fast variation in the electric
field nearby (eg. intracloud, return stroke, T-leader) the electric field level surpasses the critical
value (Ec). (based on Schumann [136])
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For upward flashes, polarities are labelled based on the direction of charge transfer
to the ground. Therefore, positive upward flashes will have a negative upward leader
propagating towards the cloud base (Fig. 9). Similarly, negative upward flashes will
have a positive upward leader propagating toward the cloud base. The propagation
leader characteristics will depend on the polarity. Negative upward leaders (Fig. 8)
will propagate up with branching as the negative downward flashes do and the positive
upward leaders will propagate continuously and may exhibit recoil leaders (repetitive
pulses ahead of the leader tip as described in the positive downward flashes leader
propagation). These leaders will complete a path, also called a channel (multiple
channels in some cases—Fig. 8c), from the tower tip to the cloud, transferring charge.
When this process starts with an upward leader and transfers charge between the
cloud and the tower, it is called Initial Continuous Current (ICC)—Fig. 8a—k. This
process is not fast enough to be detected by most of the lightning detection systems
discussed in Sect. 2, although during this transfer some impulsive (ICC Pulses) events
may occur and these events can be detected [148]. As shown in the Fig. 8, ICC may
have multiple ICC pulses, the first one in Fig. 8 is the sequence (d—f) and the second
sequence of ICC pulses (g—i). Even though the connection used different channels,
the tower was receiving charge from at least one channel. The duration of the initial
continuous current is hundreds of milliseconds and ICC pulses are present in 50%
of upward flashes.

Figure 7 shows the luminosity schematic for an upward flash. Sudden events
appear brighter in the videos and are more likely to be detected by lightning location
network [100]

The majority of the upward flashes consist only of initial continuous current. But
when the ICC process finish, a period with no current in the channel can be observed.
After a while, a downward leader may use the path to transfer charge. This process is
similar to that of subsequent return strokes in the downward flashes (Fig. 81-0). An
upward flash may have multiple return strokes using the same channel of the initial
continuous current. Subsequent return strokes are present in 25% of upward flashes
[135]. These subsequent return strokes may have M-components (Fig. 8q).
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Fig. 7 Luminosity schematics for upward flashes
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Fig. 8 Photo sequence of a negative upward flash
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Fig. 9 Negative upward leader

The total average duration of upward flashes is 427 ms (with a maximum of
1143 ms) and is considered from the beginning of the initial continuous current to
the end of the continuous current of the last subsequent return stroke [135, 147].

3.4 Comparison with Lightning Detection Networks

As discussed in Sect. 2, the detection of ground lightning flashes through radiated
electromagnetic fields relies on multiple sensors detecting the event and then TOA
and MDF methods to geolocate the event. As such, it is possible that events may be
inaccurately located or not detected at all. Understanding how often this occurs given
a detection network is important to understanding the quality of data coming from
the network and is referred to as the performance of the network. The performance
of a network is usually determined from two parameters: detection efficiency—the
number of true lightning events versus the number of detected lightning events and
location accuracy—the median error in meters from where true lightning events
attached to where the events were reported to have attached.

In order to determine values for such performance criteria, a detection network
needs to be compared with ground-truth lightning events. Most notably, rocket-
triggered lightning studies in Florida have provided ground-truth cases with a known
location to evaluate both detection efficiency and location accuracy [50]. These two
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studies showed how the U.S. National Lightning Detection Network improved the
flash detection efficiency from 84 to 92% the median location accuracy from 600
to 308 m from 2003 to 2009. Other evaluations have been done with instrumented
tall towers—the European Cooperation for Lightning Detection (EUCLID) as regu-
larly evaluated against current measurements made at the Gaisberg tower [74, 149].
High-speed videos with GPS time-stamping provide invaluable ground-truth data
for such evaluations as well. Studies in Rapid City, USA by Warner et al. in Brazil
by Saba et al., in Austria by Schwaltz et al. and by Fensham et al. in South Africa
compare lightning detection network reports with high-speed observations of the
same lightning events [99, 100, 134, 135, 138, 139, 148, 150].

3.5 Detection Efficiency

A high-speed video study in Johannesburg, South Africa yielded 206 filmed flashes
in 24 thunderstorms from February 2017 to February 2018 [100, 147]. This included
downward and upward flashes of both polarities. From the high-speed footage, 667
strokes could be seen in the 206 flashes. Each of these flashes was GPS time-stamped
meaning the exact timing of every event (stroke, M-component etc.) in each flash
is known. The South African Lightning Detection Network (SALDN)—a lightning
detection network covering the entirety of South Africa, consisting of 26 Vaisala
LS7000 sensors [97]—was then queried for the times of the filmed flashes to correlate
the SALDN stroke reports with the ground-truth high-speed video records.

This is shown in Table 1, where can see that 175 of the 206 filmed flashes could
time-correlated with SALDN reports (or 457 stroke reports could be time-correlated
with the 667 filmed strokes). In other words, the SALDN detected 85% of the filmed
flashes and 69% of the filmed strokes. This is to be expected, as a flash only needs

Table 1 Number of SALDN reports correlated with high-speed lightning videos filmed in
Johannesburg, South Africa from February 2017 to February 2018 [100, 147]

Lightning events High speed videos SALDN detections Detection efficiency %
Flashes 206 175 85
Strokes 667 457 69
Downward flashes 163 151 93
* Strokes 604 417 69
* M-components 101 12 12
Upward flashes 43 24 56
¢ Upward leaders 55 0 0
¢ ICC pulses 387 57 15
* SRSs 63 40 63
* M-components 10 3 30
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one stroke to be detected and can be seen in the results presented by Nag et al.,
where the U.S.NLDN had a flash detection efficiency of 92% but a stroke detection
efficiency of 76% compared with rocket-triggered lightning [50]. However, given
the detail that can be ascertained about lightning events from high-speed footage,
such performance values can be interrogated further. Firstly, the number of downward
and upward events can be distinguished—it is often observed that lightning detection
networks do not detect upward events as well as downward events due to the slow
rise of the initial continuing current. Furthermore, the high-speed video allows us to
distinguish M-components from return strokes and subsequent return strokes as well
as identify upward leaders and ICC pulses [139, 140, 148].

Table 1 further breaks done the 206 flashes into 163 downward flashes and 43
upward flashes. This distinction already yields interesting results when compared
with the SALDN reports with 93 and 56% of the upward flashes being detected. As
expected, the detection of upward events is where most of the missed events occurred.
The upward events are further described and fractionated as in Fig. 7. Here we once
again confirm what was expected, that none of the 55 upward leaders (or initial
continuing current) resulted in a detection by the SALDN. However, some of these
upward events were detected due to ICC pulses. In other cases, subsequent return
strokes occurring after the initial continuing current were detected by the SALDN
meaning the upward flash was detected.

Table 2 shows a breakdown of the 43 upward flashes that were filmed. Of these
flashes, 16 were followed by subsequent return strokes and 27 were subsequent
return strokes (only initial continuing current). 94% of the upward flashes followed
by subsequent return strokes were detected whereas only 33% of the upward flashes
without subsequent return strokes were detected (due to ICC pulses instead). This
confirms the observation that lightning detection networks are able to detect most
lightning events, but the slow rise of the initial continuing current leads to non-
detected upward flashes.

It is apparent that the detection of subsequent return strokes is key to the ability
of a lightning detection network to detect lightning flashes—particularly upward
flashes. However, in the case of downward flashes, is it more likely that the first
return stroke will be detected than subsequent strokes? And will the multiplicity of a
flash mean a higher chance of detection? High-speed video can once again assist in
investigating these questions as all first and subsequent return strokes are observable
and time-stamped. Figure 10 shows the 163 downward flashes (or 604 strokes) from
the study conducted in Johannesburg, South Africa. These are further categorized

Table.Z Up wa rd flash Lightning event | High speed | SALDN Detection
detection efficiency [100, . . .
147] videos detections | efficiency %
Upward flashes |43 24 56
* With SRS 16 15 94
* Without SRS |27 9 33
(ICC Only)
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Fig. 10 Detection efficiency of subsequent return strokes. (Adapted from [100])

by subsequent return stroke number—first return stroke (RS), first subsequent return
stroke (SRS1), second subsequent return stroke (SRS2) etc. The number of each
SRS detected by the SALDN is determined and the stroke detection efficiency is
then plotted against the subsequent return stroke order.

It is clear that the first return stroke is detected more often than any of the subse-
quent return strokes with a detection efficiency of 80%. However, this is not the 93%
detection efficiency seen in Table 1 for downward flashes meaning that a number
of the downward flash detections are due to subsequent strokes. Interestingly, it
appears the first subsequent return stroke (SRS1) is detected less often than the
second subsequent return stroke (SRS2).

3.6 Location Accuracy

Ground-truth evidence of lightning attaching to a known location is needed in order
to evaluate the location accuracy of a lightning detection network. While high-speed
footage of lightning provides excellent ground-truth cases for detection comparisons,
itis not always clear where filmed lightning events attached. However, in some cases,
particularly events to tall towers, itis clear to see where the lightning channel attached.

The upward lightning flashes filmed in the study by Schumann et al. all initi-
ated from two tall towers in the Johannesburg city center—the Sentech tower and
the Hillbrow tower [99, 100, 147]. These are two tall communications towers both
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approximately 250 m in height and about 5 km apart. Figure 11 shows a geographical
plot of the Johannesburg region. The Sentech and Hillbrow towers are clearly indi-
cated in this figure at 26.1925° South, 28.0068° East and 26.1869° South, 28.0494°
East respectively. The location at which the high-speed cameras were placed during
the study is also indicated in the plot at 26.1628° South, 27.9598° East, and the field
of view is indicated looking South-East through the city with both towers clearly in
view.

The figure also shows the reported locations of the SALDN strokes time-correlated
with the upward lightning events filmed on the Sentech and Hillbrow towers. As
can be seen, a number of reported strokes are clustered around the location of the
Sentech tower (N = 45) and a number are around the Hillbrow tower (N = 53).
The cluster around the Sentech tower has a median location error of 75 m with a
maximum location error of 1.7 km. Similarly, the cluster around the Hillbrow tower
as a median location error of 51 m and a maximum location error of 3.8 km.

In both cases, the maximum error is due to a single stroke outlier, which asks
the question—why would one such stroke suddenly be so inaccurately located? We
can examine the high-speed footage. Figure 12 shows one frame from the high-
speed footage which correlates with the reported time of the stroke reported 1.7 km
northwest of the Sentech tower. We can see an intra-cloud (IC) flash as well as an
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Fig. 11 SALDN reported stroke locations for detections of lightning flashes to the Sentech and
Hillbrow towers, Johannesburg, South Africa. (Adapted from [100])
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+— Hillbrow Tower Sentech Tower —»

Fig. 12 Image explaining the outlier in the Sentech Tower data [100]

upward leader from the Sentech tower. It appears that this IC flash occurred within
the same time that the upward flash was occurring and was therefore classified as
part of the upward event. However, from the video footage, it is clear it is a separate
flash and appears that the SALDN misclassified an IC event as a CG stroke.

Figure 13 shows a sequence of frames from the video footage time-correlated with
the reported time of the SALDN stroke reported 3.8 km South-West of the Hillbrow
tower. The upward flash in question was of a negative polarity. In the first image we
see an attempted ICC pulse to the Hillbrow Tower. In the second image, a positive
subsequent return stroke makes attachment with the attempted ICC pulse in mid-air.
The SALDN detected this attachment giving the geographical location of the outlier
seen in Fig. 11—to the right of the tower from the perspective of the camera. This
agrees with where the attachment took place in the second image in Fig. 13.

44— Hillbrow Tower = Hillbrow Tower 44— Hillbrow Tower

Fig. 13 Sequence of images explaining the Hillbrow Tower outlier [100]
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4 Thunderstorm Warning by Media and Mobile Apps

4.1 Introduction

Lightning is recognized as one of the most powerful natural hazards. Worldwide,
lightning is a more potent killer than any other natural disaster, causing the deaths of
at least 6000 people annually, in addition to causing huge damage to livestock and
property. In recent years, many laboratory and field experiments have confirmed that
a robust relationship exists between lightning flash characteristics and thunderstorm
dynamics and other microphysical parameters. Therefore, information on lightning
derived from detection networks described in Sect. 2 can be used for meteorological
applications such as warning of severe weather and for improving numerical weather
prediction. Many agencies have launched many apps aimed at prediction and have
successfully provided safety measures to the benefit of society. The main purpose of
this section is to decrease deaths and injuries caused by lightning around the world
by encouraging gathering and disseminating data to public safety planners, NGOs,
policy makers, and others who are in positions to improve safety from lightning for
all of their citizens. This section of the chapter will cover methods for reaching the
public, particularly the most vulnerable populations, through media and mobile apps.

4.2 Thunderstorm Warning by Media and Mobile Apps

A huge explosion of mobile phone and social media usage has occurred in recent
years throughout the developing world. Mobile phones are used for accessing health
messages on HIV, child care, and other areas, for information on crops and animal
husbandry, for checking market and fuel prices, and for transferring money [151-
154]. This mobile phone and social platform may be used effectively for the purpose
of thunderstorm warning. The Arab Spring and daily political protests in Venezuela
were driven by text messages, Snapchat, and other social media mainly because all
other media sources have been shut down [155-157]. In partnership with Airtel, free
3-2-1 service on Human Networks International’s started in Madagascar in 2010
and was generating over 250,000 calls per month by 2015 (HNI.org). These are all
examples of person-accessed messages, not broadcast warnings.

4.3 Thunderstorm Warning by Media and Mobile Apps
in India

The Indian Institute of Tropical Meteorology (IITM) launched ‘Damini’, a free
mobile-based application that can warn people about lightning 30—45 min lead times
Whenever a person is within 20-km radius of a lightning event, the app will send
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Fig. 14 Sample snapshot from the Damini app showing safety measures to society. With help from
this app one may get a warning about lightning hazard within 20 km radius from one’s current
location

warnings. The alert can be sent 30 min to 45 min before the event and can help people
get to safer locations. The warnings can be given in Hindi and English.

IITM has installed 85-sensor Lightning Location Network over India to investigate
the damages caused by lightning over the country. Lightning detection networks
use the ‘time of arrival (TOA)’ technique to estimate flash location, as discussed
previously in Sect. 2. The network gives some vital information about lightning
characteristic such as the location and peak power of lightning. The output from this
network is being used to study the relation between different lightning parameters
and number of lightning deaths and to generate Lightning alerts which are shared
with different authorities dealing with disaster management [158] (Fig. 14).

https://play.google.com/store/apps/details 7id=com.lightening.live.damini&hl=
en_IN

4.4 Thunderstorm Warning by Other Mobile Apps

In addition to mobile apps developed by Governmental agencies, other commercial
and community based warming tools also extend their services to the common people.
One such app named ‘WeatherBug’ integrates lightning data from Earth Networks
and provides advisories to common people for an impending thunderstorm. The app
may be downloaded from the following link.

https://play.google.com/store/apps/details 7id=com.aws.android&hl=en_IN

Another community based project www.blitzortung.org serves the same purpose.
The mobile app may be downloaded from the link below.

https://community.windy.com/topic/6605/real-time-lightning-strikes-on-windy-
com


https://play.google.com/store/apps/details%3Fid%3Dcom.lightening.live.damini%26hl%3Den_IN
https://play.google.com/store/apps/details%3Fid%3Dcom.aws.android%26hl%3Den_IN
http://www.blitzortung.org
https://community.windy.com/topic/6605/real-time-lightning-strikes-on-windy-com

Lightning Detection and Warning 69

4.5 Television, Radio, and Print Media

Television and radio are probably the most effective means of delivering safety
messages and other information about lightning and thunderstorms. They require
no literacy; the broadcasts are usually free and often in the prevailing language
in the area where the safety message is needed. The disadvantage is the frequent
unavailability of electricity to power them and the cost of television sets. Radios
are much less expensive and more easily battery powered. Everyone recognizes
that print media are dying, at least paper versions. Although, the print media may
be important for educating people in advance where access to electricity is poor.
Effective dissemination is dependent on the popularity of the print venue, literacy,
and where the message is located in the publication. If it is buried in the middle of
the publication, it is unlikely to be seen.

4.6 The Challenges

Trengove and Jandrell [153] posited that the use of mobile phone texting to issue
lightning warnings and education would have the following impacts:

Reach a large number of people

Reach rural people

Bridge the digital divide by providing the same service to rich and poor
Could use existing mobile telephone infrastructure

Could geographically target lightning warning messages.

Nk W=

Some of these hypotheses have been verified, while others are still question-
able. Unfortunately, despite decreasing costs in many countries, smartphones remain
prohibitively expensive for the poor and rural populations of most countries. Tushe-
mereirwe and Cooper [159] noted that while 92% of Ugandans surveyed had mobile
phones, only 4% had smartphones. Floods, drought, and severe storms tend to dispro-
portionately affect women since they are more commonly responsible for farm labor,
food security, and household management in developing countries. The majority of
farmers in Uganda are women, yet gender disparities limit their access to information
on which to base decisions and adjust to climate shocks [160]. This circumstance is
caused by women'’s restricted access to technology and communication channels, by
lower education levels, and by culturally defined roles in household chores such as
raising children and cooking. In Africa, women are 23% less likely to own a mobile
phone than are men [161]. Financial barriers such as the inability to pay fees or
even to own a mobile phone or radio can leave them uninformed of weather-related
impacts. Airtime can be expensive and unreliable. Electricity may be available only
erratically, leading to mismatches between a person or home’s allotted electricity
window and the internet provider’s window. As in most countries, there are multiple
airtime providers so that not all of the population would likely be covered, and it
would require funding by each company. For the HNI-Airtel partnership mentioned
earlier, HNI, through private funding, provides the translated messages and Airtel
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provides a monthly allowance of free calls to promote customer loyalty. Not all
telephone services are this benevolent [162].

Of course, targeted warnings in either of these settings would depend on GPS coor-
dinates, reliable and consistent internet or cell phone availability, how long thunder-
storms last in this region, and the speed of movement of a thunderstorm. Additional
factors include the quality and timeliness of the forecast and the willingness and
funding of the meteorological service to implement such a system.
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